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Preface

This volume, like others in the Practical Approach Series, is infended to be pri-
marily a practical guide to the subject, and as such, no attempt has been made
by contributing authors to provide comprehensive reviews of the literature. As
the title suggests, this work is devoted entirely to the Fmoc/fBu approach of solid
phase peptide synthesis. This is not intended as any slight on the Merrifield
technique; it was felt best to restrict the scope of this volume, in view of the
limited space available, the number of similar works covering the Merrifield
techmique already in print, and the numerous innovations made in the
Fmoc/Bu method over the last decade.

In the years since the publication of Atherton and Sheppard’s seminal
volume in this series on Fmoc/tBu solid phase peptide synthesis, the technique
has matured considerably to become the standard approach for the routine
production of peptides. The problems outstanding at the time of publication of
this earlier work have now, for the most part, been solved. As a result, innova-
tors in the field have been able to focus their efforts on developing new
methodologies and chemistry for the synthesis of more complex structures.
The focus of this new volume is therefore much broader, and covers not only
the essential procedures for the production of linear peptides but also more
advanced techniques for the preparation of cyclic, side-chain modified, phos-
pho- and glycopeptides. Many other methods also deserving attention have
been included: convergent peptide synthesis; peptide—protein conjugation;
chemoselective ligation; and chemoselective purification. The difficult prepa-
ration of cysteine- and methionine-containing peptides is also covered, as well
as methods for overcoming aggregation during peptide chain assembly.

Many of the techniques developed for the production of large arrays of
peptides by parallel synthesis, such as T-bag, SPOT, and PIN synthesis, have
naturally been included. Finally, a survey of available automated instrumenta-
tion has also been provided.

W.C.C.
P.D.W.
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(in some literature, this is also abbreviated to ivDde)
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reduced glutathione
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liquid crystal display

liguid chromatography-mass spectrometry
multiple antigen peptide
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1-methylimidazole

methionine &
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xxii
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Pbf
PBS
PDP
Pip
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PEG-PS
PEO-PS
Phacm
Pic

Pip
Pmc

PS
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Pyr
RP-HPLC
RT
SAMA
Scm
SDS
Snm
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iBu
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TBDPS
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Abbreviations

4-methoxybenzyl
muliiple peptide synthesis
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4-methyltrityl
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polyethylene oxide-polystyrene
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room temperature
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N-succinimidyl 3-(2-pyridyldithiol)propionate
solid-phase peptide synthesis
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Introduction—a retrospective
viewpoint

R. C. SHEPPARD

The Chemical Society publication Arnual Reports on the Progress of Chemistry
for 1963 attempted to inform readers of all the highly significant advances in
all the major fields of pure chemistry during that year. Fortunately, the section
on peptide chemistry (1) drew attention to a paper by R. B. Merrifield which
had just been published in the Journal of the American Chemical Society (2):

A novel approach to peptide synthesis has been the use of a chloromethylated poly-
styrene polymer as an insoluble but porous solid phase on which the coupling reactions
are carried out. Attachment to the polymer. constitutes protection of the carboxyl
group (as a modified benzyl ester), and the peptide is lengthened from its amino-end
by successive carbodiimide couplings. The method has been applied to the synthesis of
a tetrapeptide, but incomplete reactions lead to the accumulation of by products.
Further development of this interesting method is awaited.

I remember thinking at the time that in this paper we had possibly seen both
the beginning and the end of the interesting new technique of solid phase
peptide synthesis. To many organic chemists, the described result was that
anticipated—difficulty in bringing heterogeneous reactions to completion re-
sulting in impure products. Both this and purification problems were expected
to worsen as the chain length was increased beyond Merrifield’s tetrapeptide
limit. In fact, I probably had at the time an inadequate appreciation of the dif-
ference between truly heterogeneous or surface reactions and those in the
solvated gel phase. The latter approaches much more closely the solution situa-
tion. However, the new technique also flouted many of the basic principles of
contemporary organic synthesis which required rigorous isolation, purification,
and characterization regimes following each synthetic step. In Merrifield’s new
technique, isolation consisted simply of washing the solid resin, there was no
other purification of the products of each reaction, and little or no character-
ization of resin-bound intermediates was attempted. The first two of these are
of course the important characteristics which give the method its speed and
simplicity and contribute to its efficiency. Small wonder, though, that in many
minds there was doubt about the future of the new technique.
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Before the 1963 volume of Annual Reports was even published the situation
had changed dramatically. A second paper from Merrifield appeared in the
same journal (3) and was noted rather cryptically:

Added in proof: The method has now been developed further and used in a synthesis
of bradykinin.

By any criterion this was an outstanding synthesis. Improvements in the
chemistry were described which enabled the nonapeptide sequence of
bradykinin to be assembled in four days and isolated, purified, and fully
characterized in a further five. The overall yield of highly pure, fully active
material was 68%. These results greatly exceeded any which could be
achieved by contemporary solution methods and triggered an explosion of
activity in solid phase peptide synthesis.

Merrifield’s development was well timed, coming in a period when natural
peptide hormones, antibiotics, and other biologically active peptides were
being isolated apace and subjected to vigorous structural and functional
study. The new technique was adopted with enthusiasm by biochemists,
pharmacologists, and others who saw in solid phase peptide synthesis an
answer. to their pressing need for synthetic analogues of the new natural
peptides. Some 10 years later, Meienhofer in his important 1973 review (4)*
was already able to list more than 500 published solid phase syntheses. Such
an output would have required commitmeént of prodigiously greater resources
had it been achieved by contemporary solution methods. Application of solid
phase peptide synthesis has continued to grow vigorously and expanded with
equal success into the very important field of oligonucleotide synthesis.

Of course, not all of the early synthetic products were obtained without
difficulty or in a satisfactory state of purity. Chemical problems, limitations in
available purification procedures, and the absence of reliable analytical
techniques applicable to the solid phase must have led to many failures, some
going unrecognized. Peptide chemists in many laboratories had been active in
solid phase synthesis during this time, but real understanding of the system
was slow to emerge in a period when the emphasis was on applications. Of the
many variants in detail suggested (4) during this early period, few achieved
any widespread popularity. Indeed in some laboratories the 1964 Merrifield
technique is still practised today with only minor changes.

The chemical problems associated with solid phase peptide synthesis are
now better understood. Some, for example difficulties caused by vigorous
reaction conditions aad differential lability of temporary and permanent
protecting groups, are associated with the particular chemical implementation
of the method. Others, notably the need for near quantitative conversion at

*In this Introduction, references not given specifically are contained, prior to 1972, in
Meienhofer’s review (4), prior to 1939 in Solid Phase Peptide Synthesis. A Practical Approach (5),
and prior to 1993 in the European Peptide Symposium Josef Rudinger Lecture (6). Reference 5
gives a general survey of the development of Fmoc-based solid phase synthesis up to 1989.
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every stage and the effect of solvation an_d tl?e nature of th(f, polymer support
on internal structure and reactivity, are infrinsic to the solid phase pnn_clple
itself. Solvation effects within the sohd‘ support.have proved to be h_1gh1y
significant. Initially, solid phase synthesis was \f\qdely thought to Prowde a
complete solution to the solubility problems which had besle!; solution phase
eptide synthesis for the previous two decades.l In fact, solubility problems are
not completely avoided, they simply reappear in different form (see. later).

Merrifield’s improved technique (3) (Figure I) .mac_ie use of protecting groups
based predominantly on benzyl and #-butyl denv’atlves.‘Selectlvc cleavage of
the terminal #-butoxycarbonyl-amino derivative 1s r'eqmred at every cycle of
amino acid addition. Both this temporary provtectmg group and the more
permanent benzyl derivatives used for side cham and carquy te_rmmal pro-
tection (peptide—resin linkage) are acid labile, and selectlylty in _cleavag_e
cannot be absolute. Concomitant loss of some small proportion of side chain
protecting groups and of the peptide-resin linka_lge must.a]so occur at every
cycle. The former results in liberation of reactive fun‘ct}onal groups in the
peptide sequence with potential for side reactions and impure final produc.ts;
the latter in progressive loss of peptide from the po}yme.r support w1.th
lowering of final yield and appearance of undesired functlonaht_y on the resin.
It is a credit to the conditions devised for the Merrifield technique that both
side reactions are usually held to acceptable levels. :

A further inevitable consequence is that the more permanent !Jenzyl de-
rivatives will require substantially stronger acidic conditions. for their eventual
cleavage. Vigorous reagents such as liquid hydrogen fluoride are commonly
used. Not all peptide sequences are entirely stable to 'such reagents, and‘ as
synthetic targets have become more and more ambitious, destructwe. srd.e
reactions have become potentially more serious. Liquid hydrog;g ﬂuorlde. is
also a particularly unpleasant and hazardous reagent requiring special
equipment for its safe handling. .

Over the years, these considerations have concerned many chemists.
Indeed Merrifield himself must have been early concerned about the need for
mild reaction conditions. His original technique (2) employed the very stz}ble
benzyl-nitrobenzyl a-amino-protecting group-resin linkage cor_nbmatlon,
soon to be replaced in his bradykinin paper (3) by the more labile r-butyl/

HF HF

CHyCO,—-Bal “GHy04-Bz)

Me;COCOA-NHCHCO-OH  + HgNCHCO-O‘:—CHQ—O—CHZ—POIymer

1 DCCI H
TFA coupling agent HF
Acid labile peptide-resin linkage
Acid-labile N-protecting group .
Figure 1. The Merrifield strategy illustrated for the synthesis of a dipeptide. Typical

cleavage reagents for the various protecting groups are shown.
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benzyl system. Other relevant suggestions during the carly period (4) centred
around development of more acid-labile «-amino-protecting groups. N-Trityl,
o-nitrophenylsulphenyl, a,o-dimethyl-3,5-dimethoxybenzyloxycarbonyl, and
biphenylisopropoxycarbonyl (Bpoc) were among those explored with perhaps
the last being the most promising. In combination with a more acid-labile p-
alkoxybenzyl ester peptide-resin linkage, Bpoc groups provided an altern-
ative system (7) with milder reaction conditions, but it failed to displace or
even seriously compete with the by now well-established Merrifield tech-
nique. Probably difficulties of compatible side chain protection and the lack of
commercially available amino acid derivatives were significant factors at the
time. The conservatism shown by many practitioners of solid phase peptide
synthesis has been strongly evident throughout its history.

Development work on solid phase peptide synthesis began in our labora-
tory in Cambridge in 1972. Recognizing the need for accelerated methods of
synthesis in a biology laboratory, we hoped to devise a new system which
would avoid or at least ameliorate some of the difficulties mentioned above.
As a first step, my colleague Eric Atherton successfully developed a new polar
solid support compatible with polar reaction media which took into account
the special solvation requirements of both solid phase peptide (8) and oligo-
nucleotide (9) synthesis. For the test sequences studied it had advantages over
the customary apolar polystyrene resin. In peptide synthesis it was used
initially with a similar combination of acid-labile protecting groups to those of
the standard Merrifield technique. As the new resin was applied to longer and
more complex sequences, however, we felt that the substantial exposure to
acidic regents involved in both the repeated cleavage of +-butoxycarbonyl
(Boc) groups and in the final detachment reaction might now be a limiting
factor. Furthermore, I could not fail to notice that the rigorous safety pre-
cautions in handling liquid hydrogen fluoride in the laboratory which were
initially practised so assiduously seemed to become progressively less im-
portant. This was a matter of great concern, especially as I had recently

encountered a peptide chemist friend at the European Peptide Symposium

with a serious and long-lasting hydrogen fluoride burn on his wrist.

An obvious next step was to rearrange the overall protecting group strategy
so that the exposure to acidic reagents was reduced. Eric Atherton had earlier
shown in a trial assembly of bradykinin that basic reagents could be used to
cleave peptides resin-bound through a base-labile p-carboxybenzyl alcohol
linking agent. Alternative assignment of base-lability to the N-terminal pro-
tecting group would allow t-butyl or other very acid-labile groups to be used
for side chain and C-terminal (resin linkage) protection. This could eliminate
completely treatment with liquid hydrogen fluoride or other hyperacidic
reagents and provide a chemically much milder overall system.

A range of base-labile N-terminal protecting groups was therefore
investigated for application in solid phase peptide synthesis (5). Carpino’s
9-fluorenylmethoxycarbonyl (Fmoc) group (10) soon proved to be quite
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exceptionally suitable. Carpino had-proposed this a_mino-protecting group in
1972 but it had atiracted little attention. The reason it had not f(-)und favour. in
solution chemistry is easy to see. Most of .the established amino-protecting
groups are cleaved with the formation of inert, often volatile or therw1se
casily eliminated co-products. Fluor_egxlmethoxyc.arbonyl derlvatn.'es are
cleaved by organic bases with the initial formatl(.n‘a of non-volatll.e %}nd
reactive dibenzofulvene with the potential .for ac_ldmon or polyms:nzatlon
reactions. This problem is largely avoided in sohdl phase syntbesm where
soluble co-products are eliminated by simple washing. In continuous flow
solid phase synthesis (see below), soluble co-products are r'emoved from
contact with the resin almost as soon as they are formed, reducing further the
possibility of undesired side reactions.
We learned later that Hans Meienhofer and his colleagues at Hoffman—}a
Roche in Nutley, New Jersey, were following a similar line of development. in
polystyrene-based solid phase series. The results from the two laboratories
were published nearly simultancously (11, 12). . .

Fmoc-based chemistry (Figure 2) provided an efficient alternatlve. to the
Merrifield technique. The full range of Fmoc-amino acids were readll.y pre-
pared using fluorenylmethyl chloroformate (5), althougl_l care was required in
their purification. Some laboratories reported early difficultics now recog-
nized as due to impure reagents. An early improvement was the use hydrqu-
succinimide esters in the preparation of Fmoc-amino acids (13). Che'mlcal
companies were quick to recognize their potential and the full range of smllple
and side chain protected amino acid derivatives soon became commell'aally
available. This was an important factor encouraging widespread adoption of
the method. Pentafluorophenyl esters and, later, esters of dihydroon-
benzotriazine provided convenient storable reagents suitable for use in
automatic synthesizers (5).

Our enthisiasm for the Fmoc-based solid phase procedure was finally con-
firmed in 1993 when an independent comparative evaluation of the Boc and
Fmoc procedures was carried out simultancously in a number of laboratories.

TIFA TFA
1 []
1

1
1 1
CH,CO,—-Bu CHz0--tBu

—CHQOCOENHCHCO-OH + HZNCHCO-OJ:—CHz—Q—OCHakPolymer
I |
. Piperidine TFA

Acid labile peptide-rasin linkage

Base-labile N-protecting group

Figure 2. The Fmoc strategy illustrated for the synthesis of a dipeptide. A variety of
coupling reagents (carbodiimides, pentafluorophenyl esters. aminium salts) may be
used, :
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Compelling evidence was obtained for the benefit of the milder reaction
conditions provided by the Fmoc method (14).

Introduction of the Fmoc procedure brought with it another advantage
which has had far-reaching effects on the practise of the method. Fluorene
derivatives have strong ultraviolet absorption in an accessible part of the
spectrum. This property provided the basis for a simple method of analytical
control in solid phase synthesis. Take-up of fluorene derivatives from solution
onto the solid phase and vice versa could now be easily followed spectro-
metrically. It encouraged the development of the continuous flow method of
synthesis in which reagents were pumped continuously through a stationary,
physically supported resin bed (3). Inclusion of a UV cell within the flowing
reagent stream provided a complete and immediate record of the acylation
and deprotection steps of the synthesis as they were occurring. At its simplest
it provided important reassurance to the chemist that all was progressing
normally or enabled operator or synthesizer errors to be corrected in good
time. At a higher level it enabled the construction of fully automatic syn-
thesizers in which progression from one step to the next was controlled by
computer interpretation of the analytical data. This is in contrast to earlier
solid phase techniques which were commonly operated completely blind.

The ultraviolet absorption of fluorene derivatives also encouraged more
detailed analytical studies of solid phase reactions. In particular, it allowed
careful examination of the so-called ‘difficult sequence’ problem (6, 15). For
some peptide sequences, sudden, sometimes catastrophic reduction in the
rates of both deprotection and coupling reactions are observed as the resin-
bound chains lengthen. This is believed to be a consequence of association of
the peptide chains within the resin matrix, i.e. to inadequate solvation.
Frequently synthesis cannot be completed satisfactorily because of these very
low reaction rates. ‘Difficult sequences’ are encountered in using both Boc
and Fmoc chemistry, although in the latter the generally lower solubility
(solvation) of Fmoc derivatives may also contribute, They are minimized but
not eliminated through the use of more powerfully solvating media of the
dimethylformamide or dimethylsulphoxide types. Inclusion of tertiary amide
bonds within the peptide sequence as with proline residues reduces the
occurrence of ‘difficult sequences’, suggesting that interchain hydrogen
bonding may be an important factor. '

A spectrometric study of the effect of amino acid compaosition, side chain
structure and protecting groups, and solvent on the rate of Fmoc-cleavage
reactions provided much further information regarding ‘difficult sequences’
(15). In particular, it established that tertiary amide bonds need be inserted in
the peptide chain only at about every sixth residue to eliminate interchain
association, making the use of temporary alkyl or aryl N-substituents a
practical possibility. Massive steric hindrance is usually encountered during
acylation of, for example, N-benzyl peptide resins {(as in I, R; = R, = H), but a
substitution pattern in the aromatic ring (I, Ry = OH; R, = OMe) was estab-
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lished which provided both an acid-labile, easily removed protecting group
and a facile mechanistic pathway for the acylation reaction (16). Coupling of
the incoming Fmoc-amino acid now occurs at the relatively unhindered ortho-
hydroxy group with internal base catalysis provided by the nearby secondary
amino function. An intramolecular O — N shift then completed the coupling
reaction. This last migration step was not as rapid as we had anticipated,
probably due to crowding in the cyclic intermediate, but it provided a very
workable system which offers promise of a complete solution to the ‘difficult
sequences’ problem. Equally importantly, it also solved the critical solubility

-problem which has for so long prevented the development of efficient and

general solid phase fragment condensation procedures. Fmoc-based solid
phase synthesis can now be used for the preparation of freely soluble, easily
purified protected peptide fragments which can be efficiently assembled on a
solid support into synthetic proteins (17).

HII\I—CHR-CO—NH----resin

CH;y
Ry

Ry

Fmoc-based solid phased peptide synthesis is now firmly established
alongside the Merrifield technique. It has proved both efficient and versatile,
providing stepwise (single residue addition) and fragment assembly pro-
cedures, analytical and monitoring techniques, and solutions to some of the
previously limiting chemical problems. It encouraged the development of
continuous flow methods and the construction of sophisticated automatic
peptide synthesizing equipment with analytical feedback control. It has been
applied to the synthesis of modified peptides including phosphorylated and
glycosylated derivatives, to the multiple synthesis of peptides, and in
combinatorial techniques, and generally offers promise as the method of
choice for the synthesis of peptides,
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PETER D. WHITE and WENG C. CHAN

1. The solid phase principle

Construction of a peptide chain on an insoluble solid support has obvious
benefits: separation of the intermediate peptides from soluble reagents and
solvents can be effected simply by filtration and washing with consequent
savings in time and labour over the corresponding operations in solution syn-
thesis; many of the operations are amenable to automation; excess reagents
can be employed to help to drive reactions to completion; and physical losses
can be minimized as the peptide remains attached to the support throughout
the synthesis. This approach does, however, have its attendant limitations. By-
products arising from either incomplete reactions, side reactions, or impure
reagents will accumulate on the resin during chain assembly and contaminate
the final product. The effects on product purity of achieving less than 100%
chemical efficiency in every step are illustrated dramatically in Table I. This
has serious implications with regard to product purification as the impurities
generated will, by their nature, be very similar to the desired peptide and
therefore extremely difficult to remove. Furthermore, the analytical techniques
employed for following the progress of reactions in solution are generally not
applicable, and recourse must generally be made to simple qualitative colour
tests to detect the presence of residual amines on the solid phase.

The principles of solid phase synthesis are illustrated in Figure I. The C-
terminal amino acid residue of the target peptide is attached to an insoluble
support via its carboxyl group. Any functional groups in amino acid side chains
must be masked with permanent protecting groups that are not affected by the
reactions conditions employed during peptide chain assembly. The temporary
protecting group masking the a-amino group during the initial resin loading is
removed. An excess of the second amino acid is introduced, with the carboxy
group of this amino acid being activated for amide bond formation through
generation of an activated ester or by reaction with a coupling reagent. After
coupling, excess reagents are removed by washing and the protecting group
removed from the N-terminus of the dipeptide, prior to addition of the third
amino acid residue. This process is repeated until the desired peptide
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Table 1. Effects of accumulated errors on final product yields

No. of reactions Yield of each reaction (%)

100 99 95 90
10 Overall yields 100 90 __ 60 35
20 100 81 _ 36 12
30 100 74 21 4
40 100 67 13 1
50 100 61 8 <1

sequence is assembled. In a final step, the peptide is released from the support
and the side-chain protecting groups removed. Generally, side-chain
protecting groups and resin linkage are chosen such that protecting groups are
removed and the assembled peptide released under the same conditions.

For a general account of peptide synthesis and many of the techniques
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X = Temporary amino protecting group %
Y = Permanent side-chain protecting group
A = Carboxy aclivating group

Deprotect a-amino function

Repeat

Deprotect o-amino function
and ¢leava from resin

Figure 1. The solid phase peptide synthesis (SPP3) principle.
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described later in this volume, the reader’s atiention is drawn to the recently
published book by Williams, Albericio and Giralt (1).

2. Merrifield SPPS

The principal features of the Merrificld technique (2-4), as it is now practised,
are illustrated in Figure 2. The C-terminal amino acid is anchored to the
support through formation of a benzyl ester with hydroxymethylphenylace-
tamidomethyl polystyrene (PAM resin). (The original support, chloromethyl
polystyrenc, is now rarely utilized, as its use can give rise to side-reactions,
especially during the synthesis of longer peptides, owing to the limited acid
stability of peptide—benzyl ester linkage.) The teri-butoxycarbonyl (Boc)
group is used for temporary protection of the a-amino group. Removal of this
group is usually effected with neat trifluoroacetic (TFA) or TFA in dichloro-
methane (DCM). The resulting trifluoroacetate is neutralized prior to coupling
with diisopropylethylaming (DIPEA) in DCM, or neutralized in situ during
the coupling reaction. Coupling was originally carried out by activation of the
incoming amino acid with dicyclohexylcarbodiimide (DCC) in DCM, but
nowadays the use of pre-formed amino acid symmetrical anhydrides or
benzotriazolyl esters in DMF or N-methylpyrrolidone (NMP) is favoured. For
masking of the side-chains of trifunctional amino acids, a range of benzyl-
based protecting groups have been developed, chemically fine-tuned to suit
the requirements of particular functional groups by substitution of the benzyl
ring with appropriate electron donating or withdrawing groups. Release of
the peptide from the resin and removal of the side-chain protecting groups is
usually effected with anhydrous hydrogen fluoride.

With improvements in the quality of base-resin material and Boc-protected
amino acids and the introduction of improved HF cleavage protocols, the
Merrifield method has developed over the years into an extremely powerful.
tool, which in skilled hands has enabled the remarkably efficient synthesis of a

.number of large peptides and small proteins (2). However, the need to use

highly toxic liquid HF in a special polytetrafluoroethylene (PTFE)-lined
apparatus has generally deterred most newcomers to the field from taking up
this method, with the unfortunate result that the number of practitioners of
the Merrifield method is gradually dwindling.

3. Fmoc/tBu SPPS

Unlike the Merrifield approach (Figure 2) which utilizes a regime of;
graduated acidolysis to achieve selectivity in the removal of temporary and
permanent protectiom, the Fmoc/fBu method (5) is based on an orthogonal
protecting group strategy, using the base-labile N-Fmoc group for protection
of the a-amino group and acid-labile side-chain protecting groups and resin-
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Figure 2. Merrifield SPPS.

linkage agents. Since removal of femporary and permanent protection is
effected by compietely different chemical mechanisms, side-chain protecting
groups and linkage agents can be employed that are removed under
considerably milder conditions than those used in the Merrifield method, In
practice, t-butyl- and trityl-based side-chain protection and alkoxybenzyl-
based linkers are used as they can be removed with TFA., This reagent is an
excellent solvent for peptides, can be used in standatd glass laboratory
glassware, and being volatile is readily removed by evaporation. Indeed, it is
this convenience of the cleavage reaction and the ease with which the method
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Figure 3. Fmoc SPPS.

can be adapted to multiple peptide synthesis that are undoubtedly the reasons
for the popularity of the Fmoc/tBu approach.

The salient features of the Fmoc/fBu approach are summarized in Figure 3.
The C-terminal residue is anchored to a TFA-labile linkage agent. The side-
chain functionalities are protected with TFA-labile protecting groups. The
temporary N*-Fmoc protecting group is removed with 20% piperidine in
DMEF. Coupling is typically carried out in DMF or NMP with pre-formed
active esters or using activation reagents that generate in sifu benzotriazolyl
esters. Cleavage of the peptide from the resin and global side-chain
deprotection is effected with 95% TFA. The background and development of
the Fmoc approach to SPPS has been the subject of a number of excellent
reviews (6, 7). :

3.1 Resins

For the preparation of more than 50 wmol of peptide, synthesis is normally
carried out on beaded resins? Two practical procedures are in common usage,
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Reagents in
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Figure 4. Batchwise (a} and continuous-flow (b) synthesis.

known as paichwise and_continuous-flow, which differ principally in the
method employed for washing of the resin between synthetic steps { Figure 4).
In the- batchwise process, the peptidyl resin is contained within a fritted
reaction vessel, and reagents are added portionwise through the top of the
vessel and removed by the appropriate application of positive nitrogen
pressure or vacuum (Chapter 13, Section 2). In continuous-flow synthesis, the
resin is packed into a column and washing is achieved by pumping solvent
through the resin bed (see Chapter 13, Section 3).

For batchwise synthesis, the base matrix used is almost invariably 1%
divinylbenzene cross-linked polystyrene (PS). It is relatively inexpensive
to produce, swells in the solvents most commonly used in peptide syn-
thesis, namely DCM, DMF, and NMP, and can be readily functionalized
using the Friedel-Crafts reaction with chloromethy), aminomethyl, and
benzhydrylamind groups. ¢

Polystyrene-based resins can also be used in continuous-flow synthesis,
provided the beads are co-packed with glass beads and/or low flow rates are
used. However, this arrangement is not entirely satisfactory, and the use of
one of the supports especially manufactured for this purpose is preferred as
they are designed to withstand the pressures generated in pumped-flow
systems. The first commercially available continuous-flow supports consisted
of a dimethylacrylamide carrier polymer contained within the pores of a rigid
kieselguhr (Macrosorb®, NovaSyn K®) or polystyrene (Polyhipe®) matrix.
These materials were somewhat friable and had a tendency to degrade over
the course of long assemblies. Furthermore, being prepared from irregular-
shaped particles, the beads did not always pack evenly, which led to problems

14
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Table 2 Properties of base-matrices” used in Fmoc SPPS

Particle size {.m) Loading {mmolg™)  Swelling (mlg™)

Resin
g e DCM DMF
Arminomethy] 75-150, 38-75 0.4-15 7 3
lystyrene et
An?:i)n\c,) T\éntagel *P. 90 0.2-0.3 5 5
PEO-PS 75-150 0.15-0.20
PEGA 150-300° 0.2-0.4 13 11
CLEAR 90-250 0.2-0.4 7 8.5

2 gefore addition of linker.
bgwollen in water.

with channelling and uneven distribution of reagents through the resin bed. In
recent years, these supports have been superseded by materials based on
polyethylens glycol (PEG): The two most frequently utilized are Tenta}gel 1
and PEO-PS 2, which are prepared by grafting of PEG to low cross-linked
polystyrene. The -beads of these materials are spherical, pack well into
reaction colunms, are able to withstand high back-pressur®s, and can be used

in batchwise as well as continuous-flow synthesis, More recently, supports -

based on cross-linked PEG have also been developed (PEGA 3 and CLEAR
4)—although not widely used, indications are that their performance compares
favourably with the previously described composite PEG-PS supports. The
properties of the resins discussed above are summarized in Table 2.

The requirement for small amounts of large numbers of peptides, particularly
for antigen-mapping, has led to the developmient of various novel non-beaded
supports designed especially for this purpose. The two most notable examples
are PINS and SPOTS, the uses of which are described in Chapter 14.

3.2 Linkers

The purpose of the linker (or handle) is to provide a reversible linkage
between the synthetic peptide chain and the solid support, and to protect the
C-terminal a-carboxyl group during the process of chain extension.

The choice of linker determines the C-terminal functional group in the final
product. Most linkers are designed to release peptide acids or amides upon
treatment with TFA, with the concentration of TFA required to effect
cleavage dictating whether the product is released in a fully deprotected form
or still retaining the acid-sensitive side-chain protecting groups. Linkers are
also available in which the peptide—resin linkage is cleaved with nucleophiles,
used for the preparation of C-terminally modified peptides such as peptide
esters and secondary amides (see Chapter 6, Section 1.2), and by light, which
are used for applications such as one-bead-one-compound libraries. The
linkers most frequently used in Fmoc/fBu SPPS are listed in Table 3; those
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amides

Linker resins

Acidolysis to peptide acids

X
o}
H
ide—N

Y

/lll'

HOAQ\O

Wang resin

HOA@\D/\NW

0
4-Hydroxymethylphenoxy acetyl
e.g. NovaSyn® TGA resin

Hyperacid labile linker

ome QH

MeO o/\g

Rink acid resin
) OMe

3

HO

s

0 Ny

0
4-(4-Hydroxymethyl-3-
methoxyphenoxylbutyryl (HMPB}

oA
@ ®
-

2-Chlorotrityl chloride resin
OMe

2

)0

SASRIN resin

Cleavage conditions

H
— » Peptide—N \/cozH

o Q) .

90-95% v/v TFA, 1-2 h *°

90-95% v/v TFA, 1-2h *®

On treatment with a mild acidic solution, these typically vield protected peptide acids

10% AcOHin DCM, 1.5 h

0.2% TFA in DCM, 3 min

1-6% TFA in DCM, 5 min

90% viv TFA

1% TFA in DCM, 2-6 min

90% viv TEA #?
AcOH-TFE-DCM {1:1:8), 15-60 min

1-6% TFA in DCM, 1 min

20% HFIP in DCM, 3-5 min

1% TFA in DCM, 5-10 min

17

Table 3. Linker resins commoenly used for the synthesis of peptide acids and peptide

Refs

10
10

11

12,13
14

15
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Table 3. Continued
Linker resins
OMe

HO (o]

Me) OA/\)JNW

5-{4-Hydroxymethy!-3,5-
dimethoxyphenoxy}valeryl {HAL}

o} O@
O

Chlarotrityl 4-carboxy

o

Acidolysis to peptide amides

. o X
H
Peptide—N
eptide \)J\”

S

Y

r'

OMe NH-Fmoc

Rink amide resin

X' = CHa: Myt

™

o]

Cleavage conditions Refs
0.1% TFAiIn DCM, 1h 17
90% viv TFA

AcOH-TFE-DCM (5:1:4}, 30-60 min 18
1-5% TFA in DCM

90% viv TFA

H
—» Peptide—N ~_-CONH

~Q

B0% TFAInDCM, 1 h 10
90-95% v/v TFA, 1h & &¢ 19

OCMe
Fmoc—N O
H /\/\)J,W\, 90-95% v/iv TFA, 1-2 h &P 19,20
MeQ (8]

5-(4-N-Fmoc-aminomethyl-3,5-
dimethoxyphenoxylvaleryl (PAL)

Hyperacid labile linker

TFA-DCM-DMS (14:5:1), 2 h 20

On treatment with a mild acidic solution, these typically yield protected peptide amides

WNH-Fmog

O O X!
© " Q
Sieber amide resin

x'= CHg; HyC

0]

2% TFA in DCE, 5-10 min 21
1-5% TFA in DCM, 5-15 min 22,23
90% viv TFA© 23
&
18
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Table 3. Continuad

Linker resins

Cleavage conditions Refs

Nucleophilic displacement to C-terminal modified peptides (Base-cleavable linkers)

”

0 Nu
H H
Pepﬁde—N\/H\o/\Q_\j‘ —_— Peptide—N\/ﬁ\
H : N
S e

0L
0]
4-Hydroxymethyl benzoyl

HO
0N

]
3-Nitro-4-hydroxymethyl benzoyl

HaWN ‘-.S/\/\rrvvv
I
VAV
3-Carboxypropanesulphonamide

(Ellman’s ‘safety-catch’ linker}

u

\R1

Ammonia in MeQH, 24 h

H,0-Bu,NF, 40 min gives peptide acids; 27
MeOH-KCN, 6 h gives peptidyl methyl esters;
N-substituted amines in DCM, 15 h gives amides

{i} lodoacetonitrile-DIPEA (20:5 eq.) in 28

NMP, 24 h; followed by {ii} nucleophile
{e.g. amines or alcohols, 2-5 eq.} in DCM, 12 h

Photolysis to peptide acids and amides (Photocleavable linkers)

o Y
. H
Peptide N\_/u\x2 = |
iR1
X% = 0; NH

X2
OoN
0

X2 = OH; NH-Fmoc
3-Nitro-4-hydroxymethyl benzoyl or

3-Nitro-4-N-Fmoc-aminomethyl benzoyl

X2 = OM; NH-Fmog
a-Methyl-6-nitro-veratrylamine
(alcohol} based handles

i H
— » Peptide—n vcosz

0

hv (350 nm}, 12-24 h 29

Phosphate-buffered saline, pH 7.4 containing
5-50% DMSO, hv {365 nm), 1-3 h
{use of NH,NH, as scavenger is recommended}

:Recommended for routine synthaesis of peptides.

Typical recommended TFA-cocktails are: TEA-H,Q-EDT-triethylsilane/tri-isopropylsilane (90:6:3:1) or
the TFA-reagent R {20) TFA-thioanisole-EDT-anisole (90:5:3:2). Under such conditions, global
deprotection of acid-labile side-chain protecting groups is achieved.

*Prolonged treatment of benzylic resins (X, = CH,) is not recommended.

24,25, 26

30
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recommended for the routine synthesis of peptide acids and carboxamides are
highlighted. '

3.3 Side-chain protecting groups

More than half of the amino acids commonly encountered in proteins have
side-chains that contain reactive functional groups. In solid phase synthesis, it
is usual for all of these potentially reactive groups to be masked because of
the rather harsh conditions employed and the need to achieve the highest
level of efficiency in all chemical reactions. For routine synthesis, protecting
groups that are removed with TFA are usually emploved as this allows the
peptide to be globally deprotected at the same time as it is cleaved or released
from the support. Furthermore, a wide range of groups is also available which
can be selectively removed on the solid phase, thus enabling the selective
modification of side-chains of individual residues within the peptide chain,
These find application in the synthesis of cyclic peptides, phosphopeptides,
and biotinylated peptides (see Chapter 6). Table 4 lists the most commonly
used side-chain protecting groups, together with the conditions required for
their removal; those recommended for routine use are highlighted. v

x
D

u’(( .

X“;[ g’,.“:lj

3.4 First residue attachment

The first step in the process of solid phase peptide synthesis is the attaching,
or loading, of the resin linker with the C-terminal amino acid. The satisfactory
execution of this process is particular important because, first, the extent of
thisreaction will determine_the yield of the final product and, second, sites on

the resin_not reacted in this initial process can potentially be acylated in
subsequent cycles, leading to the generation of related C-terminally truncated
by-products. In the case of resins in which the anchorage point is a hydroxyl
group, this process is often accompanied by enantiomerization, owing to the
harshness of the conditions applied to effect this esterification. The problem is
most serious with histidine and cysteine, and for these residues the use of
trityl-based resins is recommended as these are loaded under conditions
which do not cause loss of chiral integrity (Chapter 3, Section 5.2 and Chapter
4, Section 3.2.1).

Peptides containing proline or N-alkylated amino acids in the C-terminal
dipeptide sequence present special problems because of the ease with which
these dipeptides cyclize to give the corresponding diketopiperazine (Figure
5). This not only results in a reduction in yield of the desired product, but may
also lead to the generation of truncated sequences through subsequent
acylation of the regenerated starting resin. This side-reaction is most
problematic with supports in which the dipeptide in anthored by a benzyl
ester, and for this reagon resins in which attachment is via a more hindered
trityl ester should be used (Chapter 3, Section 5.2).

26
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N (_,HO N N—R" HO
s )

R o g

Figure 5. Diketopiperazine formation.

3.5 Coupling step ‘
Most methods of amide bond formation involve chemical a_ctivatlon gf the
carboxy component. Those commonly er_nployet.:l in organic synthems are
generally regarded as too harsh to be used in peptide synthesis, legdln.g to th.e
formation of over-activated intermediates, which are unse]ectlve_m their
reactions and consequently prone to side-reactions. Peptide chemlsts_ have
therefore sought milder activating methods, mostly based on the formation of
active esters, pre-formed or generated in siti. .

Those in most frequent use are listed in Table 5, together with cross-
reference to the relevant protocols in later chapters. -

3.6 N-Fmoc deprotection reaction

In solid phase synthesis, removal of the N-Fmoc group is usually achieved by
treatment with 20-50% v/v piperidine in DMF. The mechanism of the Fn}qc-
deprotection reaction is shown in Figure 6. The k.ey step is ir.11t1a]
deprotonation of the fluorene ring to generate the aromatic cyclopentad.lent?-
type intermediate. This rapidly eliminates to form dibenzofulvene, which is
scavenged by piperidine to afford the adduct 5. The _ products gf Fhe
deprotection reaction absorb UV strongly, offering potential for mqmtormg
of this reaction. In continuous-flow peptide synthesizers this is achieved by
following the change in optical density of the column effluent with time. The
curve shown in Figure 7a was obtained at 304 nm using a 0.1 mm path-length
quartz flow-cell and is typical of that obtained during a deprotection reaction
that follows normal reaction kinetics. For such reactions (providing flow rate
and column volume are kept constant), the progress of peptide chain
assembly can be assessed by comparing the area under consecutive curves.
With sluggish deprotection reactions (Figure 7b), such as those encountered
with agsregated sequences, the area under the deprotection is reduced and
can Mlly compared with that of the previous cycle.

In synthesizers operating in the batchwise mode of synthesis, monitoring of
the deprotection reaction is carried out by taking aliquots and measuring the
- change over time of the optical density or conductivity of the sample.

Whilst deprotection with piperidine is effective in most cases, it has bee?n
shown that for long peptides incomplete Fmoc deprotection can occur even i1
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Peter D. White and Weng C. Chan
reduces the extent of broadening of UV Fmoc-deprotection peaks.,ln batch

J/Synthesis, it is advisable when using DBU to also add 2% piperidine to the

deprotection mixture in order to scavenge the dibenzofulvene produced on
Fmoc removal, and thus prevent alkylation_of resin amino groups (71 ).

3.7 Aggregation

With the improvements in linker, protecting group, and cleavage strategies
made over the last decades, the cause of failure in Fmoc SPPS is now most

likely to be aggregation. Growmg peptide chains built up on a resin matrix

can form secondary structures or aggregates either with other peptide chains

or with the polymer support. This causes lower reaction rates and therefore
low coupling yields. Shrinking of the resin matrix indicates aggregation in
batch synthesis. In continuous flow synthesis, it is detected by flattening and~
broadening of the deprotection profile. The driving force for this intra- and
Interchain association is thought to be hydrogen bonding and hydrophobic
forces This association leads to incomplete solvation of the peptide-resin
complex sudden shrinkage of the gel matrix, and reduced reagent penetra-
tion, ultimately resulting in failure of either the acylation or deprotection
reaction or both. A detailed discussion on identifying and overcoming the
effects of aggregation is given in Chapter 5.

Apggregation can occur from as early as the fifth residue coupled (72). The
tendency for aggregation depends on the nature of the peptide and side-chain
protecting groups, with sequences containing a high proportion of Ala, Val,
Ile, Asn, Gln residues showing particular propensny for this effect.

~ The insertion of a proline or N-alkyl amino acid residue into a sequence is
known to dlsrupt formation of R-sheetsiand other secondagr_structures
Vthought to'be responsible for the aggregation (73). The effects can be long
§__,gp with the outset of aggregation often being postponed for as many as six__

esidues, or eliminated altogether. Recently, two independent approaches

Thave been developed which exploit this principle. The approach by Sheppard E

and co-workers utilizes temporary N-2-hydroxy-4-methoxybenzyl {Hmb
protection of the peptide backbone amide and is discussed in detailed in
Chapter 5. :

Mutter’s methad involves reversible conversion of serine or threonine
_;esidues into a pseudoproline residue, via formation of an oxazolidine

1pth1de (74, 75). The pseudoproline is introduced as a dipeptide unit,
overcommg the gzoblems normally associated with acylation of secondar

aming acids. This has the added advantage of extending the peptide chain by "

two residues in one step. As the pseudoproline unmit is stable to
AcOH/trifftuoroethanol/DCM, . peptides prepared on extremely acid-labile
resiiis, such as 2-chlorotrityl chioride, can be isolated withsthe pseudoproline
moiety still in place. This can be advantageous when preparing peptides for
use in fragment condensation reactions or when dealing with intractable
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w CH3

HiC o

R \{/ y
/L‘rN TFA
wnr
H i
° Q X OH
X=H,CHs

Figure 8. Ring-opening of oxazolidine dipeptides.

sequences since_peptides _containin rolin n_exhibit
markedlv improved solubility properties. Regeneration of the Thr or Ser
esidue from the oxazolidine can be effected by treatment with TFA in the
normal manner (Figure 8).

3.8 Enantiomerization

Of the 20 amino acids that are commonly found in proteins, with the
exception of glycine, all have a chiral centre of L-configuration at their o-
catbon atoms, and two, isoleucine and threonine, also have a chiral centre in
their side-chains. The biological properties of proteins and peptides are
critically dependent on the configuration of the backbone chi.ra] centres, SO
maintaining the integrity of these centres is of paramount importance in

peptide synthesis.
In afl 19 optically active amino acids, oné of the substituents on the a-

carbon is a_potentially acidic_hydrogen atom. Removal and subsequent
reattachment of this proton represents a potential mechanism for
enantiomerization of this chiral centre. Chiral integrity is particularly at risk
during_coupling as the acidi this proton is greatly enhanced when the
carboxy group is activated. In practice, direct enolization does not appears to
be an important mechanism for enantiomerization except for amino acids
such as phenylglycine, which offer an additional mode of enol stablhzrfltlon

The other mechanism by which enantiomerization occurs involves
dejgrotona:tion and ring opening of an oxazolone intermediate, which is
generated by attack on the activated carboxy group of the adjacent amide
bond (Figure 9). Oxazolone formation occurs easily with carboxy-activated
peptldes but can alsg_occur with N-urethane-protected amino acids if the
carboxy group is strongly activated. Oxazolones derived from.urethane—
protected amino acids are quite resistant to deprotonation and, in ggneral,
"enantiomerization is rarely encountered in stepwise synthesis, except with the
special cases of histidine and cysteine, and during attachment of the C-
terminal residue to hydroxy-functionalized resins (Chapter 3, Section 5). J_]}_
practice enantiomerization via oxazolone formation is mainly associated with
the fragment condensation approach as this inevitably involves carboxy,
activation of peptide fragments. For this reason, fragments are normally
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Figure 9. Enantiomerization via oxazolone formation,

Joined at glyeine, which is achiral, or proline, which is resistant to oxazolone
formation.
Enantiomerization of cysteine can occur during coupling and during
plperldlne~med1ated removal of N*-Fmoc, when the cysteine residue is
“anchored to the resin via an ester bond, and may involve a 3-elimination- type
mechanism,; these problems are discussed in Chapter 4. With histidine, it is the
proximity of the basic w-nitrogen of the jmidazole side-chain to the a-
hydrogen is thought to account for the facile enantiomerization of carboxy-
activated histidine derivatives. This is not normally a problem during routine
chain extension using Fmoc-His(Trt) derivatives, but may become an issue
with aggregated sequences where slow reactions are encountered. In such
_ cases, the use of derivatives in which the wr-nitrogen is blocked, such as Fmoc-
| His(Bum)-OH (58), is recommended.

i 3.9 Side reactions

Newcomers to solid phase peptide synthesis reading any review on the subject
may be forgiven for believing that the technique is fraught with difficulties
e and that it is virtually impossible to prepare any peptide without encountering
: major side-reactions. Side-reactions do certainly occur, but most are well
i documented and can be generally avoided by careful planning of the synthesis
Al and by the appropriate selection of protecting groups and resin linker.
| The side-reactions that can occur during chain assembly are listed in Table
b 6; those associated with the cleavage reaction are given in Chapter 3, Table 5.
J . Aspartimide formation requires special mention as this is the side-reaction
b most likely to be encountered in routine synthesis, the others being normalty
| only observed if the recommendations given in this and subsequent chapters
‘ are not followed. The reaction involves attack of the nitrogen attached to the
a-carboxy group of aspartic acid or asparagine on the side-chain ester or
amide group respectively, resulting in formation of a five-membered imide.
This intermediate can suffer a number of fates; it can undergo ring opening

Table 6. Side-reactions that can occur during chain assembly
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based protection, such as Plpf and Pmg
Use pre-formed active esters, such as

Fmoc-Asn-OPfp, or use a side-chain
protected derivative, such as Fmoc-

Addition of HOBt inhibits lactam
© Agn(Trt)-OH

formation. Slow reactions may need
repeating with fresh reagents

Prevented through the use of sulphonyl-
Avoid prolonged exposure

Possible action

foiaes

conditions, leading to formation of

«- and B-aspartyl peptides. Most

Deamidation. Can oceur in agueous
problematic with peptides

during the activation of Asn when
the side-chain carboxamide is not
media, particularly under basic

protonation or acyl-based groups
protected

are used for protection of the

guanidine side-chain
containing Asn-Gly and Asn-Ser

3-Lactam formation. Results from
Cyanoalanine formation. Occurs

Ornithine formation, Occurs when
attack of the N®-atom on the

activated carboxy group. Most
problematic with Arg PSAs

Comments

Structure/s formed
Hz

wanH N

Occurrence

affected

Residue
Arg

Asn
Asn




"BPLIPAYUE {EILIIBWIWAS paLLICy-aid “ySd

‘uoieayIpoW a1nsyluAs-1sod ‘4 JAjquissse-uteys Bulinp 1220 Aew ‘g Bundnos BULINP $4N200 Y ISNUILLIBL-N 18 Pa1B3Q| UBUM ‘N ISNUILLIBI-D 1B Paledo] uaym 9

"LUNLIUiWeE 01 aw) ueiveloidap
dag) ‘suisal 13110 104 'SUISDI
paseq-|Aua1 9sn ‘spioe sapiided 104

.Nco_“umm.vhmuamr_uvmv._xor_a_:m

3unpey "sisydsowule yaulsapun
suisas-jApndad pue sapidad 197 8|puey

SUIS9) peseq-|Alldl asn

{L'g uonoag ‘g Jaydeyn)
PoYIaLL 8pLIO{YD JAOZUSGOIO|YIIP Sy}
10 "dY NG/ s didQ Buisn uisal peon

|5 jeulunal-py Suiuieuon
sapndad jo uoneredaid syl pioay

Frvem g ey T

WNWIMW € 01 W1 Uoioalosdap daay
TRl ATV TR “y

(€2 uondeg
‘y 1@1dey) sulsal pazi|euooUN-ou| e
03 payoene sAD Y1im INo2o 10U $80(

__Lzrguonoeg
'y 1a1deyD) utsed peseq-1AL B BS(
- A A AR
‘t 121deyD) SAD JO LUOIIPPE 104 UOIIEAILOE
; 190H/21Q 10 didQ psuwlioj-aud e asny
0 Q/.A_..«@_\,VQ_

!

ainsodxs pabuojoad ploay

dsy jo uoippe 01 Joud poe
oulwe paslold-quiH- & a1e1odiooy]

uonae ajqissog

apndadip [eumua)-) Bulssiw
$80UaNnbas PlESUNI] JO UOIBUIIOY
Ui }insad 0sje ABlAj “uISal wody
apidadip [euiwiel-3 o SO} U)
s1|nsay ‘uonewl oy suizesadidolayig

sapidad Buiuiguoo

1917 Buiajoaul suoiendiueL

[ Bunp 1o ues "UBTHERIXQD
sulsal pazijeuoaung

-AX0ipAy 01 SIH Jo Wwawysene
Bulnp oo ue) "uolezLIBWONURUY

pasn $1 aplipAyue

|EOLIIBWILIAS ) SUIS3) PazI|BUGIOUN,
-AxoapAy 01 A|D) Jo Bujpeo| Buunp
IN290 ued "ucnewlo} apndadig

pajoaloud jou
uleyo-apis 4 eipaw snoanbe o1pioe
Ul SIN92Q) 'UCHEWIO) S1eweln|BolAy

sdnouf paseq-|Azuaq Yy pajosiold
uleya-apis ‘n|o jeuwal-N Guvieiuos
sapiidad Yyum [eA0ISa sow 4-y Bunnp
1230 AR 'uoltewl o) slewein|Boliy

SUIS3J PazZI|euctouni-AXQIpAY
01 Payoene SAD) YIM IN230
UED 'uolEwloY sulve|RIALIPLIadIY

|eaQuial sou4
uanbasqns pue suIsal pazijeuonoun)
-AxQupAy 01 sAD JO Juauyoene

Buunp sinoa0) “uopeziiswonueuy

uolleZIIAWORURUT

elpatl snoanbe J1p19e Ul paaeapo
Almols st puoq spiwe oigd-dsy ay

seouanbas (owg)Bay 1y 19g
HLUSY "AID = X) X—{nglo)dsy yum
anews|qoad yso 'sapndad jJAuedse-g
saplpuadid-g pue -0 Jo UOLIBLLIOY U]
3Nsal ue) "uoneWIO) aplwIHEedsy

STTETHTTT Y

=

2 Gld
e}
{ﬁMZI.})\.
=0
191y
2 SIH
2 AD
O
H
N
d’N uie

nio

sAD

d olg-dsy

dsy

pajoaye

pauwio} sjainoniyg ULINDDD anpisay

panuwjuoy g sige]

35




) ‘BpPLPAJUE |BIUIRWWAS pawiog-aid ‘ysd
“uciEdIpOW JBluAs-isod ‘g tAlquissse-uieyd BulLinp N30 Aewl ‘g Buljdnoo BulINp SIN00 v ISNUIULIAI-N ¢ PO1es0] uaym ‘N snuiwIal-9) 18 Paledo| uaym ‘0

Ul 1INsaJ 0S|B AB|A| "UIS3] WO
daay ‘suisal 1830 104 "SUISAI apndadip |eulwg}-) JO SSO| UI
peseq-jAlL] asn ‘spioe sapidad 104 sinsay "uoneuLo) auizeladidolayig

i

aspndadip jeuiuwig)-) Buissiw N
$80USNDhas Paleount] Jo Lo WIG) N
"WNWuiwe 01 awll ucnososdsp

2 o.d

f
35

P
(g vonoes “y Ja1deyn) spixoydins sapndad Buiuielucs
sonpay aiaydsowe yauy Japun -18|A] Buiajoau) suonejndiuew S=—
sulsal-|Apndad pue sapudad ey 2|pueH |1e Buunp anaoo uey .coa_mwn_xo \ 18N

SUiS3J pazieuonauny
-Ax0IpAY 0} SIH JO uBWYoRE

suisal peseq-lAl3 asn Buunp Inaoo ue) "uolleZUAWONURUY o) SIH
pasn s1 spupAyue
{1°g uonoag ‘caaydeyny [EOLI1BWIWAS 1 SUIS3) pazi|euolouny
POUIBW 8pLIOIYD JAOZUSGOIOIYIIP B3 -AXOIPAY O3 AID mn,. Buipeo| BuLnp
10 ‘dyiNQ/Le1se dido Buisn uisel peon 1N220 ued "uonew oy spixdadiq o) AlD
o]
H
, pevale.d Jou N
Wi |eu|ual-y Buiuieluoo uLey3-apis J eIpaw snoanbe o1pioe XLKVHO .
sapidad j0 uonesedaad ayl ploay U1 S1N200) "UonewIo) eweIn|BoiAg d'N ulD
NPT , _— O e i
Trem e W ey sdnoub paseq-|Azuaq yim paroeioad H
N .. 2 UlBYz-apis ‘n|D |eujwsal-N Buiuieluos N
ST ST T sappdad yum jeacwad ooy Buunp 0
wnwithus e o3 s uonaaloidap dooy  1N220 Ae "UOIIRLLIOY B1BWIRIN|BOIAY N no
PRI St DA Br P WNA "y o

(£°Z'€ uocioag Suisad pazijeucoun-Axoiphy
‘t 1a}dey D) SUISal paz||BusIUN-OUIWIE 0} payoepe $sAD yum Inooo
0] PaySeNE SAD YN INA0 20U S30(] ueg -uollewloy auiueje|Auipaadig o}
[eACLUS) DOW Y
uenbasqns pue suisal pazijeuoyiouny
__ _Lzeuonoag -AX01pAY 0} SAD Jo Juswydene . e
‘v t81deyD) uisas ummmf@#m.m%b Buunp $1n22Q "uonEzZAWONUERUT ) o M_J,,,,ﬁ_.v.., v 5
. . ) \“‘NJN.M m._lnw_”_..omm . ) ..”_. R 4 o o ,.\,,,.../u ,..u_..
v 121deyn) sAD Jo UCIPPE 10} UOIIBAILOE AR o 8
» IHOH/DIQ 10 didO pawicy-ald e asny uonezswonueuy 5 .25 A v sAD va Y
3 o o
prea TGN elpaw snoanbe s1pioe ul paAes|d f/,
ainsodxe pabuojold ploay AJmo|s s1 puoq apiwe oid-dsy ay d o.d-dsy v
o
H 0
savuanbas (owdibiry ay . ‘1eg N N s
‘HLusy 'AID = X) X-(nERO)dsy yum o O
onewa|qoud 1sop "sepidad jAuedse-g
dsy o uoIppe o1 Joud proe sapipiadid-g pue -© jo uoeWIo) U N °
oulwe pajoeloid-quH-Ny & dlelodioou) 1nsal ued "uoIEULO) splwHedsy O S dsy
g9 4 peloaye
uonae aqissogd SjUBWIWoY POWIOL SfAINIINNLG  aJUaNII(0  AnpiIsay

- panunuoy g ajqel




Peter D. White and Weng C. Chan

e
1 O
O rod
N M, O
""\aN NH,,HA — ""\-.N Nv\,,_,_ _L., a + ﬁ
H H N
0 o . an, NH,
N
X = 0'Bu, NH, H I
OH™
0 o]
o
OH + N
NH, OH
My i Ty
H H
o o]

Figure 10. Agpartimide formation.
%* # \(,‘

iy ted ;ﬂ
with ﬁfperidinc during Fmoc-removal, leading to formation of the corres-

ponding a- and B-piperidides, or it can survive cleavage from the resin, to | .
later hydrolyse in solution, giving the corresponding o- and B-asparty]l
peptides (Figure 10). The reaction is highly sequence dependent, but occurs |

most frequently with peptides containing the Asp(OtBu)-X motif, where X =

Asn(Trt), Gly, Ser, Thr (76). This has particular implications in post-synthetic
global phosphorylation strategies where Ser and Thr are commonly |
incorporated without side-chain protection. The only ¢ompletely effective 4

solution to this problem involves temporary protection of the nitrogen of the §

preceding residue, which is most easily achieved by incorporating an N-Hmb-

protected amino acid before the problematic Asp or Asn residue (77). The |}
N-Hmb group offers complete protection against the generation of asparti- &
mides during chain assembly but is removed in the course of the standard

TFA-mediated cleavage reaction. The preparation and use of N,O-bisFmoc-

N-Hmb-amino acids are described in Chapter 5.

3.10 Cleavage reaction

The cleavage of peptides from acid-sensitive linkers is discussed in Chapter 3,
Section 10; cleavage with nucleophiles from hydroxymethylbenzoyl resins is .

dealt with in Chapter 6, Section 1.2.

3.11 Limitations

It is obviously extremely difficult to make generalized statements as to the
limitations of any synthetic technique, particularly with one such as solid
phase peptide synthesis, where there are so many factors other than just the
success of chain assembly that can affect the overall overcome of the
procedure. Nevertheless, it is not unreasonable to expect peptide sequences
of up to 50 residues in length to be prepared in moderate to good purity by
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the standard methods, subject to the important caveat that aggregation during
. i t occur,

cha® assvegl bz?; ‘iilccl‘;n(glain length increases, separation of the target pepti.de
7 Hﬂ;ﬁe ;ccumulated by-products becomes increasingly difficult. With
ot larly long peptides, the small and almost undetectable levels .of

Elrtlcl'l‘asyin protected amino acid derivatives and solvents, together Wllth
imp'mmeb -products arising from incomplete Fmoc-removal and coupling
o or )‘;egin to have an ever-increasing impact on the outcome of the
ey For these reasons, methods of chemoselective ligation, a technique
y nthelils.smaller more mana:gﬁ;able peptides are coupled together in aqueous
'thl“e and chemoselective purification, a method whereby the target peptlde
i ll;:’e chemically tagged to assist purification, have been increasm_gly
Canloi’[e:d for the production of large peptides and small proteins by chemical
:;Ethesis. These powerful techniques are dealt with in detail in Chapters 11

and 12.

References

illi ici iratt, E. (1997). Chemical approaches to

. Lloyd-Williams, P., Albericio, F., and Glr.a ,
the );ynthesis of peptide and proteins (Series ed. C. W. Rees). CRC Press, New
York. :
Kent, S. B. H. (1988). Ann. Rev. Biochem., 57, 957. ' .
. Barany, G., Kneib-Cordnier, N., and Mullen, D. G. (1987). Int. J. Peptide Protein
Res., 1987, 705. . . .

Stewart, J. M. and Young, I. D. (ed.) (1984). Solid phase peptide synthesis (2nd
edn). Pierce Chemical Company, Rockford. . -
. Ath)erton, E., Fox, H., Harkiss, D., and Sheppard, R. C. (1978}. J. Chem. Soc.,
Chem. Commun., 539. - _
. Tields, G. B. and Noble, R. L. (1990}. Int. J. Peptide Protein Res., 35, 161.
. Grant, G. (ed.) (1992). Synthetic peptides. W. H. Freeman & Co., New York.
. Wang, S.-S. (1973). J. Am. Chem. Soc., 95, 1328. . '
. Sheppard, R. C. and Williams, B. J. (1982). Int. J. Peptide Protein Res., 20,451.
. Rink, H. (1987). Tetrahedron Lett., 28, 3787. . _
. Florsheimer, A. and Riniker, B. (1991). Peptides 1990: Proceedings of the 21si
Europegn Peptide Symposium (ed. E. Giralt and D. Andreu), p. 131. ESCOM,
Lieden. N _
. BRatlos, K., Gatos, D., Kallitsis, J., Papaphotiu, G., Sotiriu, P., Wenging, Y., and
Schafer, W. (1989). Tefrahedron Lett., 30,3943, '
. Barlos, K., Gatos, D., Kapolos, S., Papaphotiu, G., Schafer, W., and Wenging, Y.
(1989). Tetrahedron Lett., 30, 3947. )
. Barlos, K., Chatzi, O., Gatos, D., and Stavropoulos, G. (1991}. Int. J. Peptide
Protein Res., 37, 513. S
. Bollhagen, R., Schmiedberger, M., Barlos, K., and Grell, E. (1994). J. Chem. Soc.,
Chem. Commun., 2559. .
. Mergler, M., Nyfeler, R, Tanner, R, Gosteli, J., and Grogg, P. (1988).
Tetrahedron Lett., 29, 4009,

37



T T T

17.
18.
19.
20.

21,
22.

23.

24,
25.

26.
27.
28.
29,

30.
3L

32.
33.
34.
3s.

36.
37
38
39.
40,
41,
42.
43,
44,
45,

46.

Peter D. White and Weng C. Chan

Albericio, F. and Barany, G. (1991). Tetrahedron Lett., 32, 1015.

Bayer, E., Clausen, N., Goldammer, C., Henkel, B., Rapp, W., and Zhang, L.:- 3
(1994). In Peptides: chemistry, structure and biology (ed. R. 8. Hodges and J. A,

Smith), p. 156, ESCOM, Leiden.

Bernatowicz, M. §., Daniels, S. B., and Késter, I1. (1989). Tetrahedron Lett., 30, : 1

4645,

Albericio, F., Kneib-Cordonier, N., Biancalana, S., Gera, L., Masada, R. . &

3

Hudson, D., and Barany, G. (1990). J. Org. Chem., 55, 3730.
Sieber, P. (1987). Tetrahedron Lett., 28, 2107,

Chan, W. C., White, P. D., Beythien, J., and Stejnauer, R. (1995). J. Chem. Soc, :

Chem. Commun., 589.

Han, Y., Bontems, S. L., Hegges, P., Munson, M. C., Minor, C. A, Kates, S. A, E 3

Albericio, F., and Barany, G. {1996). J. Org. Chem., 61, 6326.

Bray, A. M., Valerio, R. M., and Maeji, N. J. (1993). Tetrahedron Lett., 34, 4411,
Bray, A. M., Jhingran, A.G., Valerio, R. M., and Maeji, N. J. (1994). J. Org.
Chem., 59, 2197,

Atherton, E., Logan, C. J., and Sheppard, R. C. (1981). J. Chem. Soc., Perkin T

Trans. 1, 538. :

Nicolds, E., Clemente, I., Perell, M., Albericio, F., Pedroso, E., and Giralt, B, ' :

(1992). Tetrahedron Lett., 33, 2183.

"3055.

Hammer, R. P, Albericio, F., Gera, 1, and Barany, G. (1990). Int. J. Peptide

Frotein Res., 35, 31.

Holmes, C. P. and Jones, D. G. (1995). J. Org. Chem., 60,2318,

Atherton, E., Sheppard, R. C., and Wade, J. D, (1983). J. Chemn. Soc, Chem.
Commun., 1060.

Fujino, M., Wakimsu, M., and Kitadu, C. (1981). Chem. Pharm. Bull., 29, 2825,
Ramage, R. and Green, J. (1987). Tetrahedron Lett., 28, 2287.

Ramage, R., Green, J., and Blake, A. J. (1991). Tetrahedron, 47, 6353.

Carpino, L. A., Shroff, H., Triolo, S. A., Mansour, M. E., Wenschuch, H., and E

Albericio, F. (1993). Tetrahedron Leit., 34, 7829.

Schwyzer, R. and Dietrich, H. (1961). Helv. Chim. Acta, 44, 2003,

Okada, Y., Iguchi, S., and Kawasaki, K. (1987). J. Chem. Soc., Chem. Commun.,
1532,

Okada, Y. and Iguchi, S. (1988). J. Chem. Soc., Perkin Trans. 1, 2129,

Trzeciak, A. and Bannwarth, W. (1992). Tetrahedron Lett., 33, 4557,

Kates, 8. A., Solé, N. A., Johnsen, C. R., Hudson, D., Barany, G., and Albericio, |

F. (1993). Tetrahedron Lett., 34, 1549.

Dessolin, M., Guillerez, M.-G., Thieriet, N., Guibé, F., and Loffet, A, (1995).

Tetrahedron Leit., 36, 5741.

Chan, W. C., Bycroft, B. W., Evans, D. J., and White, P. D, {1995). J. Chem. Soc.,

Chem. Commun., 2209.
Yue, C. W, Thierry, J., and Potier, P. (1993). Tetrahedron Lett., 34,323,
Sieber, P. and Riniker, B. (1991). Tetrahedron Lett., 32, 739.

Wegand, F., Steglich, W., Bjarnason, J., Ahktar, R., and Chytil, N. (1968). Chem.

Ber., 101, 3623.
Wegand, F,, Steglich, W., and Bjarnason, J. (1968). Chem. Ber., 101, 3642,

38

Backes, B. 1., Virgilio, A. A., and Ellman, I. A. (1996). J. Am. Chem. Soc., 118,

2: Basic Principles

Friede, M., Denery, S., Neimark, J., Kieffer, S., Gausepohl, H., and Briand, J. P.
" (1992). Peptide Res., 5, 145.
Hiskey, R- G-, Mizoguchi, T., and Igeta, H. (1966). /. Org. Chem., 31, 1188.
. vVeber, D. F., Milkowski, J. D., Varga, S. L., Denkewalter, R. G., and Hirschmann,
" R, (1972).J. Am. Chem. Soc., 98, 5456.
Kamber, B. (1971). Helv. Chim. Acta, 54, 927. .
" Fujii, N., Okata, A., Funakoshi, S., Bessho, K., and Yajima, H. (1987). J. Chem.
) Soc., Chem. Commun., 163. ‘ ' .
Wweber, U. and Hartter, P. (1970). Hoppe-Seyler’s Zeitschrift fiir Physiologische
" Chemie, 351, 1384,
McCurdy, S. N. (1989). Peptide Res., 2, 147.
: Munson, M. C., Garcia-Echeverria, C., Albericio, F., and Barany, G. (1992). J.
Org. Chem., 57, 3013. o )
_ Barlos, K., Gatos, D, Hatzi, O., Koch, N., and Koutsogianni, S. (1996). Int. J.
Peptide Protein Res., 47, 148.
Sieber, P. and Riniker, B. (1987). Tetrahedron Lett., 28, 6031.
: yYamashiro, D., Blake, |, and Li, C. H. (1972). .. Am. Chem. Soc., 94, 2855.
: Colombo, R., Colombo, F., and Jones, J. H. (1984). J. Chem. Soc., Chem.
Commun., 292,
. Chang, C. D., Wakai, M., Ahmed, M., Meienhofer, J., Eundell, E. D., and Huang,
1.D. (1980). Ins. J. Peptide Protein Res., 15, 59.
. Thieriet, N., Alsina, I., Giralt, E., Guibé, F., and Albericio, F. (1997). Tetrahedron
Lett., 38, 7275.
. Bycroft, B. W, Chan, W. C., Chhabra, S. R., and Hone, N. D. (1993). J. Chem.
Soc., Chem. Commun., T78.
. Chhabra, 8. R., Hothi, B., Evans, D. ., White, P. D., Bycroft, B. W., and Chan, W.
C. (1998). Tetrahedron Let., 39, 1603.
. Aletras, A., Barlos, K., Gatos, D., Koutsogianni, S., and Mamos, P. (1995). Inz. /.
Peptide Protein Res., 45, 488. _
. Beyerman, H. C. and Boniekoe, 3. 8, (1961). Proc. Chem. Soc., 249.
. Callahan, F. M., Anderson, G. W., Paul, R., and Zimmermann, J. E. {1963). J. Am.
Chem. Soc., 85, 201.
. Barlos, K., Gatos, D., Koutsogianni, S., Schafer, W., Stavropoulos, G. and Yao, W.
Q. (1991), Tetrahedron Lett., 32, 471. .
. Barlos, K., Gatos, D., and Koutsogianni, §. (1998). J. Peptide Res., 51,194
. Fischer, P. M. (1992). Tetrahedron Lett., 33, 7605. _
. White, P. (1992). Peptides: chemistry and biology (ed. J. A. Smith and J. E. Rivier),
- p. 537. ESCOM, Leiden.
. Wade, J. D., Bedford, J., Sheppard, R. C., and Tregear, G. W. {1991), Peptide Res.,
4,194,
. Kates, 8. A., Nuria, A., Solé, M., Beyermann, M., Barany, G., and Albericio, F.
(1996). Peptide Res., 9, 106. _
. Bedford, J., Hyde, C., Johnson, T., Jun, W., Owen, D., Quibell, M., and Sheppard,
R. C. (1992). Int. J. Peptide Protein Res., 40, 300.
. Toniolo, C., Bonora, G. M., Mutter, M., and Pillai, V. N. R. (1981). Makromol.
Chem., 182, 2007. :
. Mutter, M., Nefzi, A., Sato, T., Sun, X., Wahl, F., and Wohr, T. (1995). Peptide
Res., 8, 145.

39




75.

76.
1.

Peter D, White and Weng C. Chan

Wohr, T., Wahl, ., Nefzi, A, Rolwedder, B, Sato, T., Sun, X., and Mutter, v {8

(1996). J. Am. Chem. Soc., 118, 9218,
Lauer, I. L., Fields, C. G., and Fields, G. B. (1994). Lett, Pept. Sci., 1,197,

Quibell, M., Owen, 1., Packman, L. C., and Johnson, T. (1994). 7. Chem. Soc. I

Chem. Commun., 2343.

40

3

Basic procedures

WENG C. CHAN and PETER D. WHITE

1. Introduction

A number of excellent descriptions of the techniques related to peptide chain
assembly have already been published (1-3). These processes are also de-
scribed in the operator manuals supplied by the peptide synthesis instrument
manufacturers. Accordingly, the treatment of the subject presented here has
been kept brief in order to provide more space in this volume for those topics
not covered in detail in other publications of this type.

The protocols have been written as they would be carried out using a
manual peptide synthesis vessel. Whilst it is appreciated that most scientists
preparing peptides will be using automated peptide synthesizers, it is not
possible, given the wide variation in operating procedures, to describe how
such methods may be applied to individual instruments. Particular emphasis
has been given here to those operations which are typically carried out off-
instrument, such as first residue attachment and peptide-resin cleavage.

2. Manual synthesis

The operations described in this chapter can be carried out in a purpose-built
peptide synthesis vessel or in a sintered glass funnel fitted with a three-way
stopcock (Figure 1). The operation of the system is extremely simple: solvents
are added from the top of the vessel, ensuring any resin adhering to the sides
is rinsed down into the resin bed; the resin bed is agitated by setting the tap to
position 1 to allow flow of nitrogen to the reaction vessel; solvents and re-
agents are removed by setting the tap to position 2 to connect the vessel to the
vacuum. The use of such vessels has previously been described in detail (4).

3. Resin handling

Peptide synthesis resins are extremely fragile and the beads, if wrongly
handled, can easily fracture, leading to the generation of fines which can block
teaction vessel filter-frits and solvent lines.




Underivatized polystyrene resins do_not swell particularl in_dimeth -
ormamide (DMF),%W ]
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Pasition 1 .
“— Nitrogen

Posttion 2% :

— Vacuum

Figure 1. Manual peptide synthesis bubbler vessel.

It is particularly important that the correct method is used for mixing the resin
and soluble reactants. Polystyrene-based Supports are best agitated by #

bubbling an inert gas through the resin bed, or by shaking or vortexing the 1

reaction vessel. Whilst all of these approaches are employed in commercial
synthesizers, gas-bubbling and shaking are the most appropriate for use in 3
manual synthesis. PEG-PS and PEGA resins once swollen are sufficiently §
tigid to be packed in columns and washed in a continuous-flow fashion by £
pumping liquid through the resin bed. They can also be agitated by gas- 3

bubbling and shaking. Agitation of any resin with a mapnetic stirrer is not §

e ended as the action resuits in attrition of the ro in particles.
All'resins must be swollen with an appropriale solvent before use, with the }
exception of PEGA resins which are supplied as a shurry in methanol or water.

#
¥

swollen in dichloromethane o
(DCM). In contrast, PEG-PS resins can be packed dry into the reaction Vesse] :

and be swollen directly with DMF. In continuous-flow instruments, pumping

the solvent up the reaction column is an effective way to remove air bubbles
trapped in the resin bed.
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ins are normally washed between reaction steps. wit.h DMF as it is an
RelIS;llt solvent both for protected amino acid derivatives and for most
gxce

ed in peptide synthesis. _
rengn i thesis or_before long-term storage, resins must be

pronk and dried to remove all traces of solvent from withi rticles
shr

= described in Protocol 1C. Many resins, when dry, adhere strongly to glass

as:jjeplastic surfaces, making it difficult to remove the last fraces of the
an

ial from the reaction vessel or filter funnel. An_y resin remaining after
ma'el 1 of the bulk of the material can be washed with DMF down into the
T Orner of the filter-frit, washed with DCM, being careful not to spread
?[gtr(::irf %ack up the sides of the vessel, excess DCM removed, and the damp
resid reg: (;Z:i(lllsv ;ﬁ:’t :If\i:;(l: .be handled in the swollen state as the rfasin beads
1-,55 no structure when dry. Following chain assembly the resin can be

“washed successively with DMF and DCM, excess DCM removed, and the

\

|

resin transferred to the cleavage reactor as a damp cake.

Protocol 1. Basic resin-handling procedures

. Swelling (Polystyrene-based resins}

Place the dry resin in a peptide synthesis reactor (Figure 7).

Add sufficient DCM to cover resin with three-times bed volume.

Shake reaction vessel gently to remove air bubbles and form a sus-
pension of resin.

. Leave for_30 mib.
. Apply vacuum to remove DCM. \‘

WM

N

[ 0

. Washing

. Add three bed volumes of solvent.
. Agitate for 1 min.

. Apply vacuum to drain resin.

. Repeat step 1 four times.

= W N =@

O

. Drying-down resin _ . .
1. Wash resin successively {as described in B} with mther..DNiF, DCM,
MeQH, and/or hexane (polystyrene-based resins); or, F, isoprg anoIS
hexane {loaded 2-chlorotrityl resins); or DMF, DCM, ether {PEG-P

resins). : ‘
. Air-dry the resin by application of the vacuum for 10 min.

. Transfer resin to a sample tube.
Dry in vacuo for 18 h.

& WwN
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‘amides, and protected peptide fragments are commercially available.

‘\/ (a) All reagents and glassware must be dried thoroughly before use as the ':
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4. Resin functionalization

Attachment of linkage agents bearing carboxyl functional groups to amino, i thyl-based resins  Aminomethyl-basedresins  Trityl chloride resins
functionalized resins can be effected using any of the standard peptidc g Hydroxymethy oy N

coupling methods described in Section 7. However, for linkers containing ¢ - ”/\Qo ~0

‘hydroxyl groups, such as hydroxymethylphenoxyacetyl (HMPA) and hydro-3 GO o ™Q

methylbenzoyl (HMBA), the use of coupling methods which do not involve

the addition of a tertiary base are recommended if self-acylation is to bell
voided. An unusual amino acid such as norleucine inserted between the resin iy
and the

linker can serve as an internal standard, enabling attachment and] !
cleavage yields to be easily determined by amino acid analysis following acid

1" ble Commonly used resins for SPPS
a .

MP) resin 1 )
w‘(ﬁ‘_""‘"—" Trialkoxybenzhydrylamine

{Rink amide} resins 9

M/UO/T”\_/O u,«ﬁ

HMPA resin 2
i

linker is provided in Chapter 6, Section 1.2.2.
Polystyrene, PEG-PS, and PEGA-based resins pre-functionalized with alfy
the standard linkers required for the production of peptide acids, peptides

Trialkoxybenzylamine
{PAL) resins 10

A(Eukr\/@ (LI g

9-Aminoxanthenyl (Sieber}

n=1,MHPAresin3 resin 11
=3,HMPB resin 4

00y

Trialkoxybenzhydrol (Rink acid) resin

T 0

HMBA resin 6

4-(Chloro{diphenylimethyl}
henzoyl resin 8

5. Attachment of the first residue

Anchoring of the first residue to the synthesis support is one of the most I
critical steps in peptide synthesis; an injudicious combination of linker, §
loading method, or amino acid derivative can have a highly deleterious effects ]
on the purity of the final product, and the use of poorly loaded resins is simply
just a waste of expensive reagents. } |
The properties of the various linker-derivatized resins used in Fmoc SPPS ]
have already been discussed and were summarized in Chapter 2, Table 2. For |
the purpose of selecting the appropriate procedure for attachment of the first :
residue, these can be conveniently separated into three calegories on the basis J§
of their reactive functional groups (hydroxymethyl-, trityl chloride-, and ]
aminomethyl-based resins); the mostly commonly used are listed in Table 1. |

5.1 Hydroxymethyl-based resins ,
{The protocols described in this section are applicable to all linker-derivatized §
resins in which loading involves esterification of the first amino acid to a linker |
hydroxyl group. The ease of esterification with Fmoc-amino acids increases in-
theorder§<3~4<6<1~2,

Formation of ester bonds is considerably more difficult than that of amide 1
bonds; harsher conditions than those normaily used for chain elongation must |
be employed which, unless carried out under controlled conditions, can lead §
to low substitution, enantiomerization, and dipeptide formation. To ensure }
satisfactory results when using these protocols it is important that the §
following precautions are observed: : '

V(b) Amino acids containing water of recrystallization should be dried eithc.r by
dissolving in ethyl acetate, drying the solution over anhydrous magnesium
sulphate, and isolating by evaporation; or by repeated evaporation from
dioxane.

Vi (c) Reactions should be conducted using the minimum volumes of solvent, to
ensure maximum reagent concentration.

(d) For the synthesis of peptide acids containing C-termina} cysteine, histi-
dine, proline, methionine and tryptophan residues, it is better ‘ to use
trityl-based resins, such as 2-chlorotrityl resin; for details see Section 5.2.

Alternative protocols for attachment of Cys are also provided in Chapter
4, Section 3.2.1.

presence of moisture can severely affect loading efficiencies.
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W/(e) Peptides containing C-terminal glutamine and asparagine residues arg

best prepared using amide-forming resins such as 9 and 10 loaded with o

t-butyl esters of glutamic or aspartic acid.

v {f) If aminium or phosphonium coupling methods are to be used for su
sequent chain extension, unreacted resin-bound hydroxyl groups shoulg

be capped, following attachment of the first residue, to prevent growth of

deletion sequences from these sites.

(g) After each reaction, the loading efficiency should be checked using th
method described in Profocol 14 and, if necessary, the reaction repeated i

using fresh reagents.

5.1.1 Symmetrical anhydride method
This approach is the most commonly used method for esterification of

hydroxyl-functionalized resins (Figure 2). The reaction is typically carried out ]

in DMF, using 5 eq of anhydride and 0.1-1 eq of 4-dimethylaminopyridin

(DMAP} (5), and is usually > 70% complete within 1 h. In cases of difficalty;

the esterification should be repeated with fresh reagents rather than extend:
ing the reaction time. With argining, this reaction may need to be repeated ag

many as three times to achieve acceptable loading, owing to rapid conversation] :

of the symmetrical anhydride to the unreactive 8-lactam.

Fmoc-NHCHRCO
N

' Q
0.1 eq. DMAP, DMF R o
o o1& DMAT, OV w}

Fmoc-NHGHRCO HO NH
(5eq.)
12

Figure 2. Symmetrical anhydride method for first residue attachment.

v Owing to the basic character of DMAP, some enantiomerization and;
dipeptide formation can be expected; the amount depends on the quantity!

used, the duration of the reaction, and the nature of the amino acid

Enantiomerization is particularly problematic with cysteine and histidine (6).
" For most other amino acids, however, the levels of enantiomerization can be.
generally controlled to within acceptable limits by keeping the amount of!

DMARP used to a minimum. Dipeptide formation can be a problem with this 3§

method, particularly during the loading of glycine (7).4f

Protocol 2. Attachment to alcohol-based resins using
symmetrical anhydrides

Reagents .
¢ Fmoc-amine acid derivatives « Dry, acid-free DCM
e DIC | = DMF

» Hydroxyl-functionalized peptide synthesis resin » DMAP
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Method
Place the resin in a dry reaction vessel.

- swell and wash with DMF as described in Protocof 1.

3. Prepare the appropriate Fmoc-amino acid anhydride (5 eq)? according
- to Protocol 9. Dissolve in minimum volume of DMF and add to resin. If
necessary add extra DMF to ensure complete coverage of the resin
bed. _

Dissolve DMAP (0.1 eq)? in DMF, and add this solution to the resin/
amino acid mixture. Stopper the vessel and allow the mixture to
agitate at room temperature for 1 h.

ar——

5. Wash the resin with DMF (5 times).

8. Transfer 10 mg of resin with a wide-mouth Pasteur pipette to a small
sintered glass funnel. Wash and dry-down as described in Protoco! 1C.
Determine the extent of loading using Profocol 14. If the loading is
below 70%, repeat steps 2-5. '

7. Add benzoic anhydride {5 eq)? and pyridine (1 eq)? in DMF, and agitate
for 30 min.

8. Wash and shrink-down the resin as described in Protocol 7C.

#Ralative to resin substitution level {loading).

5.1.2 Dichlorobenzoyl chloride method

This method, although requiring longer reaction times than the symmetrical
method, results in products virtually free of impurities arising from enantio-

merization and dipeptide formation (6). It involves formation of a mixed
anhydride between an Fmoc-amino acid derivative and 2,6-dichlorobenzoyl
chloride (DCB) in DMF/pyridine (Figure 3). This anhydride effects esterifica-
tion of resin-bound hydroxyl groups in yields of typically > 70% in 18 h.
Levels of p-isomer and dipeptide formation for most amino acids are typically
less than 1%, with S-acetamidomethyl cysteine giving the most enantio-
merization (6.5% D-isomer) of the amino acids tested (8).

Repeating this reaction with fresh reagents appears to result in little
improvement in yield. Sites not acylated by Fmoc-amino acid are apparently
capped, presumably with 2,6-benzoyl groups. For this reason, if is not
essential to cap following this reaction.

DBC (5 eq.), pyridine (8.25 eq.),

Fmoc’NH

Figure 3. DCB method for first residue attachment.

Fmoe-NHCHAGOH
{58q) DCM, HO
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Protocol 3. DCB method

Reagents
* Fmoc-amino acid derivatives + DMF
» DCB « Pyridine

+ Hydroxyl-functionalized peptide synthesis resin

Method

1. Place the resin in a dry reaction vessel.

2. Swell and wash with DMF, as described in Protocol 1. Add extra DMF if
necessary 1o ensure complete coverage of the resin.

3. Add the appropriate Fmoc-amino acid (5 eq)?, followed by pyridine
{8.25 eq)®. Gently agitate until the amino acid has dissolved com-
pletely.

4. Add DCB (b eq)? and agitate the mixture gently for 18 h.

B. Wash and shrink-down the resin as described in Protocol 1C.

?Relative to resin loading.

5.1.3 MSNT/Melm method

Originally developed for DNA synthesis, this method has in recent years been]
increasingly used in peptide synthesis for the esterification of protected aming;
acids to solid supports (9). It has proved particularly effective in loading]
Fmoc-amino acids to the relatively unreactive hydroxyl group of HMBA.§
derivatized resins (10) and in situations where enantiomerization is a problem!
(11). The reaction involves treating the protected amino acid in DCM with
1-(mesitylene-2-sulphonyl)-3-nitro-7 -1,2 4-triazole (MSNT) 13 and 1-methyl-§
imidazole (Melm) (Figure 4). The process is extremely moisture sensitive and§

Use.
I

CH
13
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Q
MSNT (5 eq.), Melm (3.75 ecﬂ, R le)

DCM. Ho w)_
! \@ NH

Frmoc-NHCHACO:H (5 eq.}

Fmoc”

F-'gure4 MSNT/Melm method for first residue attachment.
i .

protocol 4. MSNT/Melm method

Reagents ]

. Fmoc-amino acid derivatives « Dry, acid-free DCM
« MSNT + Melm

« Dry THF +« DMF

. Hydroxyl-functionalized peptide synthesis resin

Method

1. Place the resin in a dry reaction vessel.

2. Swell and wash with DCM as described in Protocol 1. Add sufficient
BCM to cover resin and flush vessel with nitrogen. Seal with a
septum.

3, Weigh the appropriate Fmoc-amino acid (5 eq) into a dry, round-
bottomed flask, equipped with a magnetic stirrer. Add dry DCM to
dizsolve the amino acid derivative {approximately 3 ml/mmel}. One
or two drops of THF can be added to aid complete dissolution.

. 4. Add Melm (3.75 eq) followed by MSNT (5 eq). Flush flask with
nitrogen and seal with a septum, then stir the mixture until the MSNT
has dissolved.

5. Using a syringe, transfer the amino acid solution to the vessel
containing the resin.

6. Allow the mixture to stand at room temperature for 1 h, with gentle
agitation.

7. Wash with DCM (5 times} and DMF (5 times).

8. Transfer 10 mg of resin with a wide-mouthed Pasteur pipette to a
small, sintered glass funnel. Wash and dry-down as described in

Protocol 1C. Determine the extent of loading using Protocol 14. If the
loading is below 70%, repeat steps 2-7,

9. Add benzoic anhydride {5 eq} and pyridine {1 eq) in DMF and agitate
gently for 30 min.

. Wash and dry-down the resin as described in Protocol 1C.
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5.2 Trityl-based linkers

Two trityl-based supports are presently in common use for the production ot
peptide acids by Fmoc SPPS: 2-chlorotrityl chloride resin 7 (12) and 4%
(chloro(diphenyl)methyl)benzoyl resin 8 (13). -
Jhese resins are extremely(moisture sensitive and so it is essential that il
reagenis and glassware should be dried thoroughly before use. 2-Chlorotri
chloride resin can be stored desiccated at room temperature; 4-(chlorod
(diphenyl)methyl)benzoyl resins should be generated from the precursoy
trity] alcohol immediately before use as described in Protocol 5. The chemicy| i@
gharacteristics of 7 and 8 are identical. -
2-Chlorotrityl chloride resin is normally supplied with a displaceabldilf
chlorine content of 1.0-1.6 mmol/g. For the purposes of peptide synthesisjilf
this substitution can sometimes be too high and can be reduced by treating thejl
resin with a_sub-stoichiometric amount of amino acid derivative and thenflt
capping unreacted sites with MeOH, '
Since coupling to trityl chloride-type resins does not involve activation of
the incoming amino acid derivative the process is free from enantiomerizationfli
and dipeptide formation (14), making these supports ideal tools for thefl
preparation of_peptides containing C-terminal histidine or cysteine residues (
Their use is also recommended for the synthesis of peptides containing C:3f
+/ terminal proline (15), methionine, or {ryptophan residues (14). Proline.-;' :
containing dipeptide attached to standard benzyl alcohol-based supporisi g
such as 1 and 6, can undergo diketopiperazine formation with concommitantiif
loss of peptide chains during Frmoc group removal. Methionine and typtophan i
residues can be alkylated by the cations generated from a benzyl-based IinKerjlf
during the TFA-mediated cleavage reaction, leading to reattachment of the
peptide to the solid support with a corresponding reduction in vield. Theff
extent of both of these side-reactions appears to be significantly reduced whenf ;
trityl-based resins are used, a fact which has been attributed to the bulk of the 3
linker group. 1

Protocol 5. Chlorination of trityl alcohol resins

Reagents

« Dry toluene

+ 4-{Hydroxy(diphenyhmethylibenzoyl
aminomethyl resin

* Freshly distilled acetyi chloride {AcCH
* DI’Y DCM

Method

1. Place the resin in a sintered glass funnel.

2. Swell and wash with DCM as described in Protocol 1.
3. Wash with toluene {5 times).
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Transfer resin as a damp cake to a round-bottomed flask. Add
sufficient toluene to cover resin bed.
. Add AcCl (1 ml/g resin). Fit flask with reflux condenser and CaCl, guard
tube.
6. Heat mixture at 60°C for 3 h.
" 7. Allow to cool to rcom temperature.
‘g, Slurry resin with toluene into a dry reaction vessel and wash with

DCM.
9. Load immediately as described in Chaqter 9, Protocol 1.

' 5.3 Aminomethyl-based linkers

For the addition of the first amino acid to supports de.rivatizesl with peptide
amide-forming linkers, such as trialkoxybenzhydrylamine 9, trml?{qubel_)__z.yl—
amine 10, and aminoxanthenyl 11 resins, any of the standard peptide coupling
methods described in Sectiorn 7 can be used. Since lba51c reagent§ such as 4_1-
dimethylaminopyridine are not required to effect. this transformatlon, there is
no risk of enantiomerization or dipeptide formation. Many resins qf FhlS ty.pe
are supplied Fmoc-protected and these should be treated w1th. plperldllle'PI’IOI’
to the addition of the first amino acid. With automated peptide synthesizers,
Fmoc removal and loading with the C-terminal residue can be programmed to
occur as part of the normal coupling cycle. ‘ .
V/ The addition of the first residue to dimethoxybenzhy@rylamme—basefl ESLE
can be sluggish, particularly the 3-branched amino acids, such as valine and
isoleucine. Repeating the coupling after 1 h with fresh reagents generally
leads to complete resin derivatization. _ o
Coupling through the side-chains of the a-t-butyl esters of.glutamatlc acid
or aspartic acid (o amide-forming linkages provides a facile route to C-
terminal glutamine- and asparagine-containing peptides (16, 17).

6. Fmoc removal

Removal of the Fmoc group from the N-terminus of the resin-bound peptide
chain is normally achieved by treating the peptidyl reSiI:l \jVith 20—50‘%
piperidine in DMF. The reaction is typically complete W"lthm 4710 min,
depending on the nature of the peptide being synthesized. With pcptld(?S con- v/
taining aspartic acid and asparagine, inclusion of 0.1 M HOBt in tbi
deprotection mixture has been found to be partially effective in suppressing
aspartimide formation (18).

In the case of sequences which have become aggregated the standard treat-
ment with piperidine in DMF may not always be effective. Even ex.tendmg
the time of deprotection reaction considerably does not always result in com-
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plete removal of Fmoc groups; in such cases, the use of the non-nucleophilig }
base 1,8-diazabicyclo[5.4.0]lundec-7-ene (DBU) is recommended (19). It s
normally employed in combination with piperidine as a solution in DMp
(20)—piperidine is included to scavenge the dibenzofulvene that is formed op
Fmoc removal, thus preventing alkylating of the newly liberated amino group, #
The efficacy of this reagent has beenn demonstrated in the synthesis of the €
notoriously difficult polyalanine sequence, H-(Ala);-Val-OH (20). However $E
care_should be exercised with peptides containing aspartic acid angd §
asparagine > residues as it has been found  to promote aspartimide formation 38

(182D). o

pature of the active species and the peptide sequence b_eing assel.nbled and on
the concentration of the reagents and resin functionality. For hlghly reactive
species, such as those generated in situ using activating reagents h}<e TFFH 14
2), PyBOP 15 (23), TBTU 16 (24), and HATU 17 (25), 30 min is usually

gfﬁcient. However, when coupling together hindered residues, such as_[3-

pranched amino acids or N-substituted amino acids, or when preparing pep-
{ides that have become aggregated, reaction time may need to be increased

considerably. In manual synthesis, it is standard practice to check the‘ com-
jeteness of the coupling reaction before proceeding tlo.the next step in the
synthesis cycle. For this purpose a number of sonsﬂwe tests have been
developed to detect the presence of residual amine on the solid support

(Protocol 13).

N\ 3
- N
(HSC)EN\:I,_/N(CHa)a PFe N// PFs

F

Protocol 6. Manual removal of Fmoc groups

Reagents
¢ 20% Piperidine in DMF {v/v} or DBU/piperidine/DMF (1:1:48 vivl \/

Method
1. Place the peptidy resin in a sintered glass funnel or manual SPPS

reaction vessel. 14 15
2. If the resin is dry, swell the resin as described in Protocol 7A.
3. Wash resin with DMF (5 times). (HCIN._y_N(CHa), (HICIN .y NICHa)z
4. Add deprotection reagent to cover resin. \IL/ NN
5. Agitate gently for 2 min. Drain off reagent. @ ;N BF, [ P SN FFe
6. Repeat steps 4-5 twice. N+ N T:’
7. Wash resin with DMF (5 times). 1 o . o

With peptides that have become aggregated it is frequently not possible to
obtain complete reaction, even after carrying out multiple acylation reactions.
In such cases it is often necessary to repeat the synthesis, incorporating an
Hmb-protected residue (Chapter 5) or an oxazolidine-dipeptide (26-28) two,

7. Coupling methods

The stepwise introduction of N®-protected amino acids in solid phase syn- §§
thesis normally involves in situ carboxy activation of the incoming amino acid to four residues before the repion prone to aggregation.
or the use of pre-formed activated amino acid derivatives. In order to drive $§ The order of efficiency of the methods described below is: OPfp esters/
the acylation to completion an excess of activated amino acid derivative is B v HOBt < DIC/HOBt < HBTU = PyBOP < HATU. The reader is directed to
utilized, typically 2-10 times the resin functionality. The excess used depends §§ a recent discussion on coupling reagents by Albericio and Carpino (29).
on the nature of the activated species and on the resin loading and void
volume of the reaction vessel employed. The most important consideration is i
to maintain as high an effective concentration of reagents as possible. In 3§
small-scale synthesis and with low-functionality resins, large cxcesses may 3§
need to be used as the dead volume of such systems tends to be quite high; §
conversely with resins of high functionality lower excesses can be utilized. |
The coupling time required to effect complete acylation depends on the ‘§§

7.1 DIC/HOBt o

The reaction of an Fmoc-amino acid with an equivalent amount of DIC and
HOBt results in formation of the corresponding OBt ester 18. The reaction is
fastest in_non-polar solvents like DCM, (30} but also works well in DMF,
provided the mixture is allowed to pre-activate before being added to the
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JXesin. The use of DIC is preferred to that of dicyclohexylearbodiimide
because the urea generated by the former is soluble in DMF. This procedure &
is also effective for the generation of OAt esters 19 (25).
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FmocNHCHRCO FmocN-lCHROCIF

|
o} o}
| N Ill
# &
N = N
18 19

Protocol 7. Synthesis of OXt esters

Reagents

* Fmoc-amino acid derivatives « HOXt {HOBt or HOAY)
« DIC » DMF

Method

1. Place the appropriate Fmoc-amino acid (5 eq) and SOXEB8d)? in a dry
round-bottomed flask or sampie vial, equipped with a magnetic stirrer,

2. Add the minimum of DMF to dissalve.

3. Add DIC dropwise (5 eq). [et s bewt 9o for. § minds Yy acdld H

4. Stir the mixture for 20 min and add the solution to the N-deblocked &l
peptidyl resin.

5. Agitate resin gently for 1 h.

6. Transfer 10 mg of resin with a wide-mouthed Pasteur pipette to a
small, sintered glass funnel. Wash and dry-down as described in
Protocol 1C. Perform Kaiser or TNBS test {Protoco! 13). If positive,
repeat steps 5 and 6.

7. if resin still gives a positive colour test after 4 h, wash resin with DME
{5 times} and repeat coupling reaction with fresh reagents.

8. Collect the derivatized resin as outlined previously.

?Relative to resin functionality.

&

W

7.2 Active esters

Of the various active esters that have been exploited in solution phase peptide §
synthesis, only the pentafluorophenyl esters (OPfp) 20 have found wide =
application in Fmoc/tBu solid phase synthesis. They are efficient acylation 3
agents, particularly when used in conjunction with an equivalent of HOBt,

54
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and their use is generally regarded to be free from side-reactions (31).
PDerivatives are commercially available for most proteinous amino acids.

Protocol 8. OPfp esters

Reagenis
« Fmoc-amine acid pentafluorophenyl ester « HOBt

+ DMF

Method

1. Weigh the appropriate Fmoc-amino acid pentafluorophenyl ester
{5 eq)? and HOBt {5 eq} in a dried sample vial.

Add the minimum volume of DMF to dissolve.

Add the solution to the N-protected peptidyl resin.

Agitate resin gently for 1 h.

Transfer 10 mg of resin with a wide-mouthed Pasteur pipette to a
small, sintered glass funnel. Wash and dry-down as described in
Profocol 1C. Perform Kaiser or TNBS test (Protocol 13). If positive,
repeat steps 4 and 5,

6. If resin still gives a positive colour test after 4 h, wash resin with DMF
{6 times} and repeat coupling reaction with fresh reagents.

7. Collect the derivatized resin as outlined previously.

LAl S

2 Relative to resin functionality.

Fmec-NHCHRCO —O F

20

7.3 Symmetrical anhydride

Reaction of an Fmoc-amino acid with 0.5 eq of a carbodiimide in DCM
generates the corresponding symmetrical anhydride 12 (Figure 5). If the
symmetrical anhydride is to be used directly in solid phase synthesis, DIC
should be used as the dehydrating reagent.

Some Fmoc-amino acids are not readily soluble in DCM and will require the

addition of DMF to assist complete dissolution. Many Fmoc—amino. anhy(;lrides
are also poorly soluble in DCM and will precipitate from the reaction mixture
as they are formed. However, this is not a problem, since they re-dissolve in
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DIC (1 eq.}, DCM Fmoc-NHcHHCO\
Fmoc-NHCHRCO,H (2 eq) — 2 2 o (1ouy
Fmoc-NHCHRCO e
12

Figure 5. Formation of symmetrical anhydride.

DMF following removal of DCM by evaporation. This procedure is not ' _
appropriate for activation of asparagine residues with unprotected amide 38

side-chains as this can lead to cyanoalanine formation (32).

Protocol9. Symmetrical anhydrides

Reagents

+* Fmoc-amino acid derivatives « Dry, acid-free DCM
e DIC « DMF

Method

1. Place the appropriate Fmoc-amino acid {10 eq)® in a dry, round-
bottomed flask, equipped with a magnetic stirrer.

2, Add dry DCM to dissolve the amino acid derivative, using approxi-
mately 3 ml/mmol. One or two drops of DMF may be needed to aid
complete dissolution,

3. Add a solution of DIC {5 eq)? in dry DCM to the amino acid solution.

4. Stir the mixture for 10 min at 0°C, keeping the reaction mixture free of
moisture with a calcium chloride drying tube. If a geiatinous solid
{symmetrical anhydride} precipitates, add dry DMF dropwise to
redissolve. Continue stirring for a further 10 min.

5. Remove the DCM by evaporation under reduced pressure using a
rotary evaporator.

6. Redissolve the residue in the minimum volume of DMF, and add the
solution to the N-deprotected peptidyl resin.

7. Agitate resin gently for 1 h.

8. Transfer 10 mg of resin with a wide-mouthed Pasteur pipette to a
small, sintered-glass funnel. Wash and dry-down as described in
Protocol 1C. Perform Kaiser or TNBS test (Protocol 13). If positive,
repeat steps 7-8.

9. If resin still gives a positive colour test after 4 h, wash resin with DMF
(6 times) and repeat coupling reaction with fresh reagents,

?Relative to resin functionality.

56

3: Basic procedures

4 Aminium/phosphoniom activation methods _
. cent years, aminium- (until recently referred to as uronium) and

7

In 1€ honium-based derivatives have become the preferred tools for in sifu

fﬁ)sgxyl activation. The most popular reagents PyBOP 15 (23), TBTU 16
c

-ami ids, in the
HBTU 21 (24, 33) smoothly convert .Fmoc amino acids,
@), and f a tertiary base, to their corresponding OBt esters (Figure 6).

ce O .
If’{r:s:::tly, analogous derivatives HATU 17 (25) and PyAOP 22 (34) which

erate QAL esters have become commercially avail'al?'lé. These fure used in
genidentical manner but have been shown to give super.mr _results in terms of
zr:,th coupling efficiency and suppression of enantiomerization (34-37).

R A
(]
Ol DIPEA 0
Friioe-NH == Fmoc-NH

o] o}
l HEBTU
B A cl:H3
meNH/k’rOBtﬂ——— Fmoc-NH/‘WoYCE) CHs . ™OBt
° HSC/N\CHS

Figure 6. Generation of an OBt ester using HBTU.

HyCleNo_ 4 N(CHz) +
N {(j
N
N\N PFe” d ] N\N ’
Y, 8 # -
N/+ . N PFg

|
(o]
21 22

The reactivities of analogous aminium and phosphonium derl_vatwes are
essentially equivalent, However, aminium—bas?d reagenis can, hlff use;ltil(;lr;
appropriately, cause capping of resin-bound amino groups thrpug orm on

Jof N-terminally guanidinated peptides 23 (38). This side-reaction occurs m

CHj
HzC—N
3 }—NH \!VVV‘—
HsC—N +
CHj, 29
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frequently during on-resin cyclization reactions where, by the very nature of }
the reaction, exposure of the amino component to the activator cannot be 1
avoided. Hence for this application, phosphonium derivatives such as PyBOP 1§

(o WG iy E

or PyAQOP should be used.

On automated peptide synthesizers, the activation reaction is generally :' ]
carried out by dispensing solutions of reagents to vials containing the appro- §&

priate amino acid derivatives. TBTU is preferred to PyBOP for this application
as solutions of TBTU in DMF have greater stability.

Protocol 10. TBTU/PyBOP activation

Reagents

» Fmoc-amino acid derivatives « TBTU or PyBOP
s HOBt » DIPEA

« DMF

Method

1. Weigh out into a dry glass vial Fmoc-amino acid? {5 eq)®, HOBt¢ (5 eq),
and PyBOP (5 eq) or TBTUY (4.9 eq).

. Add a minimum amount of DMF to effect total dissolution.

- Add DIPEA (10 eq) and mix thoroughly.

Add the solution immediately to the N-deblocked peptidyl resin.

Agitate resin gently for 1 h.

- Transfer 10 mg of resin with a wide-mouthed Pasteur pipette to a
small, sintered glass funnel. Wash and dry-down as described in

Protocol 1C. Perform Kaiser or TNBS test (Protocol 13). If positive,
repeat steps b-6.

7. If resin still gives a positive colour test after 4 h, wash resin with DMF
(5 times) and repeat coupling reaction with fresh reagents,

- I R SR OO

#Considerable enantiomerization occurs during aminium- or phosphonium-mediated coupling
" of Fmoc-protected cysteine derivatives {39, 40). Cysteine is best introduced using the

appropriate symmetrical anhydride or OPfp ester.

®Relative to resin functionality.

“HOBt may be omitted, although this may increase the risk of enantiomerization of susceptible

amino acids.

It is advisable to use a slight deficiency of aminium reagent to ensure that no unreacted

material remains in the reaction mixture.

Protocol 11. HATU activation

Reagents
* Fmoc-amino acid derivatlves « DIPEA,
« HATLU » DMF
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Method

1. Weigh out into a dry glass vial Fmoc-amino acid® (5 eq)” and HATU

(4.9 eq)°.

Add a minimum amount of DMF to effect total dissolution.

Add DIPEA {10 eq} and mix thoroughly.

Add the solution immediately to the N-deprotected peptidyl resin.

Agitate resin gently for 30 min.

Transfer 10 mg of resin with a wide-mouthed Pasteur pipette to a

small, sintered glass funnel. Wash and dry-down as described in

Protocol 1C. Perform Kaiser or TNBS test {Protocol 13). If positive,

repeat steps 5-6.

7. If resin still gives a positive colour test after 4 h, wash resin with DMF
(5 times) and repeat coupling reaction with fresh reagents.

oMW N

aConsiderable enantiomerization occurs during aminium- or phosphonium-madiated coupling
of Fmoc-protected cysteine derivatives {39, 40). Cysteine is best introduced using the
appropriate symmetrical anhydride or OPfp ester.

b Relative to resin functionality.

It is advisable to use a slight deficiency of aminium reagent to ensure that no unreacted
material remains in the reaction mixture.

7.5 Acid fluorides
Acid fluorides are less reactive than acid chlorides (41) but, nevertheless, are
extremely powerful acylating agents. Fmoc-amino fluorides are stable.in the
v presence of tertiary amines, unlike the corresponding acid chlorides Wthl:l are
rapidly converted to less reactive oxazolones (42), making them 1df3al
reagents for peptide synthesis (43). They can be generated and isolated using
y reagents such as TFFH (44), diethylaminosulphur trifluoride (DAST) (45), or
cyanuric fluoride (46). However, the most convenient strategy is to generate
the acid fluoride in sitz using TFFH 14 as a coupling reagent (47). The
reaction is carried out in DMF under conditions compatible with normal
protocols used for solid phase synthesis, by reacting the protected amino acid
derivative with TFFH in the presence of 2 eq of DIPEA.

Fmoc-amino acid fluorides have proved to be extremely effective tools for
the preparation of peptides containing contiguous N-alkyl and o,o-
disubstituted amino acid residues (43, 47, 48).

Protocol 12. TFFH activation

Reagents
¢ Fmoc-amino acid « DIPEA
» TFFH « DMF
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Protocol 12. Continued

Method

1. Weigh out into a dry glass vial Fmoc-amino acid (5 eq) and TFFH
{4.9 eq).

2. Add a minimum amount of DMF ;co effect total dissolution.

3. Add DIPEA (10 eq} and mix thoroughly.

4. Add the solution immediately to the N-deblocked peptidyl resin.

5. Agitate resin gently for 1 h.

6. Transfer 10 mg of resin with a wide-mouthed Pasteur pipette to a

small, sintered glass funnel. Wash and dry-down as described in
Protocol 1C. Perform Kaiser or TNBS test {Protoco! 13). if positive,
repeat steps 5-6.

7. If resin still gives a positive colour test after 4 h, wash resin with DMF
{5 times} and repeat coupling reaction with fresh reagents.

8. Assembly of the peptide chain

The addition of each successive amino acid in the peptide chain involves
carrying out a combination of the protocols described above. A typical
procedure for effecting addition of one amino acid s given in Table 2. DMF jis..
usually employed as the wash solvent, although NMP or DMA can also be
used. If the synthesis has to be interrupted, it is best to halt the synthesis after
the DMF wash step following removal of the N-terminal Fmoc group. Fmoc-

protected peptidyl resins have a tendency to lose Fmoc on storage, generating -

dibenzofulvene, which is able to react with and effectively block the newly
exposed N-terminal amino group.

Table 2. Typical reaction cycle for addition

of one amino acid residue, starting from
washed, Fmoc-protected resin

Procedure Time Repeat Protocol
{min)

Deprotect 1. Add 20% piperidine, agitate for 2 min 6 6, steps 4-6
and drain

Wash 2. Wash resin with DMF 1 5

Acylation 3. Add activated amino acid derivative 7-12
dissolved in DMF to resin .
4. Agitate gently 30 Vv

Test 5. Remove resin sample for colour test
6. Continue agitation if necessary

Wash 7. Wash resin with DMF 1 5
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The exceptions are peptides containing an N-terr}linal' glutamine remdl.;g

i t side-chain protection and polymer-bound dlpeptldes—t}?ese. shou
witho in order to prevent intramolecular cyclization, For
V e stored Fmoc-protected, in order to p zation for
e riod of a few days, the peptidyl resin can be stolred swoll_en in a
goce For longer periods, the resin should be stored in the dried state; such

resins should be re-swollen in DME for 18 h before use.

9. Analytical procedures

.1 Resin tests . o
'?‘hi ninhydrin test, devised by Kaiser (49),_ is the most widely uszc}4 qura;llltattgi
test for the presence or absence of free amino groups (Profocol 13A4). ! ; ot
is simple and rapid, although it should be noted that. some deprot'ecte ami '
. §3m50 not show the expected dark blue colour typical of free primary amino
- s (50) (e.g. serine, agparagine, aspartic acid) and that proline, being a
groupdar amindm, does not yield a positive reaction. Fgrthermore,
seconic:)nzi(Hy false_pegative results are observed, particularly with strongly
OCCE:Z ated sequences. Other methods such as picric acid monitoring (51) or
%ﬁg%T_gT\I”B#S test (52) (Protocol 13B) are also available. For proline, the
chloranil test (53) is recommended (Protocol 13C).

Protocol 13. Qualitative amine tests

A. Kaiser test

Reagents

« 5% Ninhydrin in ethanol {(wiv}
» 80% Phenol in ethanol (wiv)

+ KCN in pyridine {2 ml 0.001 M KCN in 98 ml
pyridine]}

Method . -
1. Sample a few resin beads and wash several times with ethanol.

2. Transfer to a small glass tube and add 2 drops of each of the solutions
above.

3. Mix well and heat to 120°C for 4-6 min. .

4. The presence of resin-bound free amine is indicated by blue resin
beads.

B. TNBS test

Reagents

« 5% DIPEA in DIMF (v/v} ¢ 1% TNBS in water {w/v}

Method '
1. Sample a few resin beads and wash several times with ethanol.
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Protocol 13. Continued
2. Putthe sample on a microscope stide, add 1 drop of each solution.
3. Watch the sample under the microscope and look for changes in colour®

4. The test is positive when the resin beads turn yellow or red within 10
min and negative when the beads remain colouriess.

C. Chloranil test
Reagents

s 2% p-Chloranil in DMF {wiv} * 2% Acetaldehyde in DMF {vjv)

Method

1. Add 1 drop of acetaldehyde solution and 1 drop of p-chloranil solution
to a few mg of resin beads placed on a microscope slide.

2. Allow to stand at room temperature for 10 min.

3. Blue stained resin beads indicate the presence of amines,

?it may be more convenient to perform this procedure by placing the resin beads in a 2 ml

ignition tube, adding 3 drops of each reagents, and leaving the suspension for 10 min. Decant

off the supernatant, re-suspend the resin beads in HPLC-grade acetone or DMF, and look for
colaration of the beads, :

v 9-2 Bromophenol blue monitoring :
Bromophenol blue monitoring is a non-destructive technique for following ¥

the progress of coupling reactions (54). Bromophenol is an indicator which

changes from blue to yellow on protonation. It binds to unacylated resin-
bound amino groups, staining the resin beads blue. The test is carried out by 3%
simply adding 3 drops of 1% bromophenol in DMA to the coupling reaction,
As the reaction proceeds the blue coloration fades to yellow, indicating 3%

complete acylation.

9.3 Fmoc determination

The method described below provides a quick and casy means of obtaining
the substitution of any Fmoc-functionalized resin. The theoretical substitution &
of a peptidyl resin can be calculated from the substitution of the base resin 3

vsing Equation 1.

A = theoretical substitution (mmol/g);

B = substitution of starting resin (mmol/g);

M = molecular weight of target peptide, plus all protecting groups;

X = 18 for hydroxymethyl; 36 for trityl chloride; 17 for aminomethyl-based
resins, but 239 if resin is initially protected with Fmoc.
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protocol 14. Estimation of level of first residue attachment

Equipment and reagents

» Absorption spectrophotometer
» Fmoc-amino acid resin

« 20% Piperidine in DMF

Method 3
1. Take 3 x 10 mm matched silica UV cells.

2. Weigh dry Fmoc-amino acid resin (approx. 1 pmol with respect to
Fmoc) into two of the cells. o .
3. Dispense freshly prepared 20% piperidine in DMF (3.00 ml} into each
of the three UV cells. . .
4. Agitate the resin suspension with the aid of a Pasteur pipette for 5-10
il . % piperidi lution
5. Place the reference cell containing only the 20% piperidine so
. into a spectrophotometer and zero at 290 nm. . |
6. Place, in turn, the cells containing the settled resin into the spectro;
. photometer and read the absorbance at 290 nm. Take an average o
these two values.
. . ion 2. |
7. Calculate the loading using Equation "
Loading (mmol/g) = (Absgmpte) / (Mg of sample X 1758 2]

For polystyrene-based resins that have high substitution levels (> 0_.4 r.nmollg) andhhave been
extensively dried in vacuo, leave the suspension |with occasional agitation) for, 2-3 h.
- bBased on & = 5263 M em™,

9.4 HPLC analysis
Reverse-iahase HP{C is the standard an_al)ftical tool used for thefcontrgl Oolf
the purity of synthetic peptides. Analysm is most commonly Eer ormla‘3 o
reversed-phase HPLC columns, consisting of 3-5 pm, 100-300 A pore silz. »
or C18 silica; the larger pore material is generally favou.red for tht? anafyms !
larger peptides (> 30 residues). Samples are (f,]uted with a gradient orlr)ntih
between water and acetoniirile. An ion-paflr.mg reagent is added tob f{;
solvents to improve resolution and selectivity. The most popular buffer
isted in Table 3. ‘
Syslf'f)rrnilfl;z\lifsgeptides, it is good practice to use an exploratc)?y gradlell; startI;
ing at 5% acetonitrile, tising to 90% over a period of 29—40 min, de}lzen 1lng on
the particle size of silica used and the length and_ diameter of the cl:;i.u}ind.
Once the chromatographic behaviour of the peptide has beex} esta 1sl ed,
shorter or shallower gradients can be used for more detailed analysis.
itoring i mally performed at 210-230 nm. o
M%ﬁ:;“;%;;:ﬁ;g sa);fples for analysis, it is essential that the peptide is
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Table 3. HPLC systems

Starting buffer

0.1% TFA in water

0.01 M Ammonium
acetate in water
0.056 M Triethylammonium  0.05 M Triethylammonium phosphate (pH 2.25)/acetonitrile;
phosphate (pH 2.25) in 2:3{v/v)

water

Developing buffer

0.1% TFA in 90/10 acetonitrile/water {(v/v}
0.01 M Ammenium acetate in 90/10 acetonitrile/water (v/v}

completely dissolved, otherwise an unrepresentative result may be obtained.
Basic peptides will generally dissolve in dilute aqueous acetic acid. For acidic

v peptides, addition of a drop of ammonia will generally effect dissolution.

Mixtures of acetonitrile and water are excellent solvents for synthetic pep-

+/ tides, although the acetonitrile concentration must be kept to a minimum or A
peak splitting can occur. DMF can also be used in small amounts, provided =

that the elution gradient is maintained at 5-10% acetonitrile until the DMF
has been fully cluted. Some peptides dissolve in denaturants such as
guanidine hydrochloride or urea. For extremely intractable sequences,
trifluoroacetic acid can be employed but, if used at high concentratjons, it can

/ dissolve the silica at the top of the column, leading to peak broadening and

splitting.

Liquid chromatography-mass spectrometry (LC-MS) is an extremely
power tool for the analysis of peptides, providing not only information on the
purity of the product but also conformation of structures. The system typically
consists of a microbore HPLC system coupled to an electrospray mass spec-
trometer. Using such a system the composition of a crude peptide mixture can
be quickly determined and by-products identified, enabling synthetic
protocois to be rapidly optimized.

Further, detailed information on HPLC and other techniques that are

vapplied for the analysis of synthetic peptides has been reviewed exten-

sively(55, 56).

10. TFA-mediated cleavage

This section describes the procedures used for cleavage of peptides from acid-
sensitive linkages. The protocols for the release of peptides from base-
sensitive linkages are given in Chapter 6.

10.1 Preparing the resin for cleavage

Before the cleavage reaction can be performed, it is essential that the peptidyl
resin is thoroughly washed to remove all traces of DMF, as described in
Protocol 1C.
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10.2 Cleavage reactions releasing fully deprotected peptides
Owing to the variability in the behaviour of different peptide resins, it is
recommended that a preliminary small-scale cleavage of peptide—resin using
20-30 mg sample be carried out to determine the optimum cleavage con-
ditions, such as the choice of scavenger(s) and length of reaction. This will
enable the extent of cleavage (e.g. by quantitative analysis of the reference
amino acid attached to the linker, where appropriate) and the quality of the
crude cleaved peptide (by LC-MS} to be determined.

10.2.1 TFA cleavage

Release of peptides anchored to alkoxybenzyl alcohol and trialkoxybenzyl-
antine linkages is generally achieved by treating the peptidyl-resin with 95%
TFA for 1-3 h. Under these conditions, #-butyl-based protecting groups, Pmc
and Pbf from arginine, and I'rt groups from asparagine, glutamine, histidine,
and cysteine are also cleaved, resulting in the formation of the fully side-
deprotected peptide. During this process highly reactive cationic species are
generated from the protecting groups and resin-linkers which can, unless
trapped, react with and modify those amino acids containing electron-rich
reason various nucleophilic reagents, known as scavengers, are added to the
TFA to quench these ions. ' '

The most frequently used scavenger is water, which is moderately effective
at scavenging t-butyl catiops and the products of the cleavage of
arylsulphonyl-based protecting groups. 1,2-Ethanedithiol (EDT) is the best
scavenger for 7-butyl cations and, like water, also offers some protection to
unprotected tryptophan against sulphonation. It also assists in the removal of
the trityl protecting group from cysteine. Suppression of methionine oxida-
tion can be effected by addition of ethylmethyl sulphide, ethanedithiol, or
‘thioanisole. The last reagent is also known to accelerate removal of Mir, Pmc,
and Pbf from arginine residues; however, care should be exercised in its use as
there is some evidence to suggest that it can cause partial removal of Acm, -
butylthio, or -butyl protecting groups from cysteine residues {57).

Phenol is thought to offer some protection to Tyr and Trp residues (58).
Trialkylsilanes, such as triisopropylsilane (TIS) and triethylsilane (TES), have
been shown to be effective, non-odorous substitutes for EDT (59}, particularly
for peptides containing Arg(Pmc)/Arg(Pbf} and Trp(Boc) (60, 61). These
reagents are also very efficient at quenching highly stabilized cations liberated
on cleavage of Trt (59), Tmob {61, 62), and the Rink amide linker, and hence
their use is strongly recommended when these moieties are present.

A number of universal cleavage mixtures have been advocated, the most
popular of which are Reagent K (TFA/thioanisole/water/phenol/EDT
82.5:5:5:5:2.5 v/v) and Reagent R (TFA/thioanisole/anisole/EDT 90:5:3:2 v/v)
(58). However, with recent developments in protecting group chemistry, in
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Table 4. Cleavage cocktails

Cocktail
Peptides containing all amino acids except Arg{Mtr}  TFA/TIS/water
CysiTrt), Met, and unprotected Trp ) 95:2.5:2.5 (viv)
Peptides containing all amino acids except Arg{Mitr)  TFA/TIS/water/EDT

andfor unprotected Trp 94:1:2.5:2.5 {v/v)

All peptides
phenolEDT
82.5:5:5:5:2.5 (viv)

?Depending on number of Arg{Mtr} residues present.

TFA/thicanisolefwater/ 1.5-18 h?

Time
1.5-3h

1.5-3

particular the introduction of Trp(Boc) and Arg(Pbf/Pmc}, the use of such #
complex mixtures containing toxic and odorous rcagents are no longer 3
necessary, except in certain circumstances. In general, the cleavage cocktails §
listed in Table 4 will give excellent results in most cases. In those instances §

where difficulties are encountered, Table ¥ can help in the identification of the

problem and in the location of a possible solution.

Protocol 15. General TFA cleavage

Method
1. Place dry resin in a flask and add cleavage reagent (Table 4).

sintered glass funnel. Wash the resin iwice with clean TFA.?

to repeat the cleavage reaction.

3. Remove the resin by filtration under reduced pressure through a

4. Combine filtrates and isolate the peptide as described in Protocof 17. 3 j

?The expended resin should not be discarded but retained, in case it should prove necessary

2. Flush flask with N,, stopper and leave to stand at rcom temperature | 3
with occasional swirling for 1.5-18 h, depending on sequence {Table 4).

10.2.2 TMSBr cleavage

Trimethylsilyl bromide (TMSBr) in TFA (63) cleanly removes all acid-labile f-i
protecting groups used in Fmoc/tBu SPPS. The reaction is extremely rapid, §

with the complete deprotection of a peptide containing four Mtr protected 3%

arginine residues having been achieved within 15 min (64). The use of this §
reagent also suppresses the formation of sulphonateéd by-products arising |
from inter- and intrg-molecular transfer of sulphonyl-based protecting groups §

from arginine to the indole ring of tryptophan.
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Table'5. Side reactions encountered during cleavage reactions

Possible remedies

Possible explanation

Residue affected

Mass

difference
=71

Repeat cleavage omitting thioanisole

from cleavage cocktail

Loss of Acm

Cys

Omit silane scavengers frorm the

Reduction of the indole ring of Trp

Trp

+2

cleavage cocktail and substitute for

EDT

ZT

Use peroxide-free ether for peptide

Sulphoxide formation. A small amount of

Met

+16

precipitation and include EDT or EMS
in cleavage cocktail. Ensure Met used is

sulphoxide formation is not uncommon

{~5%}

free of sulphoxides. Reduce sulphoxides
using method in Chapter 4, Protocol 1
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Lyophilize peptide from 0.1% AcOH aq.

Repeat as necessary

Incomplete decarboxylation of

Trp(CO,H) intermediate

Trp(Boc)

+44

COgH

Re-treat peptide with cleavage cocktail,

monitoring reaction by HPLC

Incomplete removal of £Bu groups

+56

Increase EDT content of ¢cleavage

t-Butylation

Cys, Met, Tyr, Trp

+56

cocktail. Resynthesize peptide using Trt-

Ser, Thr, and Tyr, and Fmoc-Trp(Boc) for

protected derivatives for introduction of
addition of Trp



‘(oogydif
-oouwly Buisn apndad azisayiuAsey
w41 u gyl Buisn afeaead yeadey

J71dH Ag uonoeas Bupioluow
‘llepp09 abeasoio yum spnded jeall-ay

(miNjusy

-oowd Buisn apndead sziseyiuAsay
*IdH AG uonoeas Suiloyiuow

e sfeaesto yum apidad 1eaioy

sujewas g ou

jirun ssa00.d Jeaday "y4] Jo uoneiodeas
noyua ‘1syla yum Aj103l1p 1onposd
alendidaiyg "g)1 pue 13 Buiwiejuos
1iepto00 abeaes|o yum apndad jessi-ay

Jayla yum
8jesny) pue aesodeay “uiw g 104 JINQ
ul sulpladid 9,0z Yyum spndad jeal)

“(oogjdi) -oowy pue (4qd)Bry
-o0w Buisn apiidad azisayluissy
W41 utlgsin L Buisn aeaea)d Jeaday

"$4a4)B1y
-oow 4 Buisn apndad szisayiuAsay

w41 Ul 1ggSINL Buisn abeaead
1eaday "27dH Ag uonoeas Buuoyuow
‘llexio02 abeaea|d yum spndad ean-ay

{cog)diy

-oow4 Buisn spudad azisayjuAsey

V4L Ul 1gsine Buisn abeaead Jeaday
"aLU) UOHJEA. LWNLWIUIW 24NSUg 01 DdH
Aq uonoeas Bunloliuows ‘ebeaes|o leaday

salpawial a|qissog

uonisodutos ypnposd uo 1ays

ou sey uonoeal abeAes|d syl BuipusIxg
Jwinuoads AN onsualoeIeyd AQ

PaRIIUSD] “IW4/qd AQ di) jO uoneOYIPON

Jwd/jad 4o |eaowal aysjdwucou)

] O jeacwal 819]dwioou)

H] Jo [erowad 81adwooy|

ucioeas abeaea)n
o1 Joud dnolb souwg aacwual 0} palug

uolyisodwos Jonposd uo 108ya

ou sey uolioeal abeaeald ay) Buipualxg
(£ amnBi4) wnapeds AN ousUsORIRYD
Ag paynuep] A Agq dig Jo uonesyipo

1IN 4O [BAOWIRY )aidwiodu]

B1y wol) uoizosioad

NI Jo [BACWAY BY) BulInp paAIasqo
Ajjensn ‘sjiepo00 sbeaesto Buruieiuoo
-1a3 1o di] 3o sunsodxs pabuojoid ayy
Yt PaleIoossy "UOIBLUICY [219Y0IYI

uoneue|dxa ajqissoy

di) pue {owdyad1Biy 99Z/vSz+
{ouid)iiad)bay 99zZ/vaTt
(MLIUSY [eULLII-N Zpe+

o)

SAD Zvet

/U et

di] pue {p)Bry Zle+
By ZLe+
H
N
diy TLLH
wu.._m._ut._u
pajaajje anpisay Sse

panupuoy g ejqey

69

68




Weng C. Chan and Peter D. White

Protocol 16. TMSBr cleavage

Reagents

» TFA » m-Crasol

» EDT * » Thicanisole
+ TMSBr * Peptidyl resin
Method

1. Place dry resin in a flask and add m-cresol {0.25 ml/g resin), EDT
{1.25 ml/g resin), thioanisole {2.35 ml), and TFA {18 ml/g resin).

. Add peptide resin and cool to 0°C.

. Flush fiask with Ny and quickly add TMSBr (3.3 ml/g resin).
Flush flask again with N, and stopper.

Leave stand for 16 min with occasional agitation.

S G oawN

Remove the resin by filtration under reduced pressure through a
sintered glass funnel. Wash the resin twice with clean TFA.

7. Combine filirates and isolate the peptide as described in Protocol 17.

10.3 Peptide isolation

Following the cleavage reaction, the peptide is usually precipitated by the
addition of cold diethyl or -butyl methyl ether. The precipitation can be done
directly from the TFA solution, or following evaporation of the TFA and
volatile scavengers. The latter approach generally gives better yields, par- 2§
ticularly of small peptides, but can lead to incomplete deprotection of S-trityl #

cysteine residues due to the reversibility of the reaction.

Since it is beyond the scope of this book to give a detailed descriptions of

the techniques employed for the purification of synthetic peptides, readers are
recommended to refer to the following reviews (55, 63).

e

3: Busic procedures
Add cold ether slowly (equal to volume of original solution), being
careful not to disturb the film of peptide adhering to the walls of the
flask.
_ Wash the peptide film by gently swirling the ether around the flask.
. Decant the ether? and repeat the washing process four times.
_ Allow the peptide to air-dry.
. Dissolve in a suitable aqueous buffer and lyophilize.

B. Fiftration

. Carry out steps 1-3 of Protocof 17A, or add the TFA solution {i.e.
cleavage mixture) directly to a 10-fold volume of cold ether.

. Suspend the peptide in the ather solution by triturating the sides of the
flask with a spatula.

. Filter the precipitated peptide through a hardened filter paper in a
Hirsch funnel under light vacuum.

4. Wash the precipitate further with cold ether.?
5. Dissolve the peptide in a suitable aqueous buffer and lyophilize.

. Centrifugation

. Carry out steps 1-3 of Protoco! 17A, or add the TFA solution directly
to a 10-fold volume of cold ether.

. Suspend the peptide in the ether solution by triturating the sides of
the flask with a spatula.

3. Transfer the suspension to a centrifuge tube and seal.
4. Place the tube inside a larger tube and seal.

. Centrifuge for 10 min using a bench-top instrument. It is essential
that a spark-proof centrifuge is used for this purpose.

Protocol 17. Peptide isolation

Equipment and reagents

+ Rotary evaporator equipped with CO,/
acetone cold finger and oil pump protected
by a soda-lime trap

» Peroxide-free diethyl ether or tbutyl
methyl ether

A. Quick method

1. Transfer the cleavage mixture to an appropriate sized round-bottomed
flask.

. Carefully decant the ether from the tube.?
. Add fresh ether, seal and shake the tube to re-suspend the peptide.

. Centrifuge.
. Repeat steps 6-8 four times.
. Dissolve the pellet in a suitable aqueous buffer and lyophilize.

?Faor small-scale multiple synthesis the evaporation step is best carried out in a multi-sample
concentrator such as a Genevac®.

bThe ether washings should be retained until the yield of product has been established. If a
poor vield is obtained, the washings should he evaporated in vacuo to dryness and the

precipitation procedure repeated.

2, Evaporate the TFA and scavenger mixture to a glassy film.?
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10.4 Monitoring the cleavage reaction

It is often helpful to follow the progress of the cleavage reaction, particularly §
if the peptide of interest contains residues that are difficult to deprotect, such §
as Arg(Mir), or it is suspected that side-reactions are occurring during this §
process. This is done by removing a small portion of the solution, evaporating :
the TFA and isolating the peptide using one of the methods given in Protoco] $K
17. The peptide can then be analysed by LC-MS or by HPLC equipped with 3
diode-array detection. The latter method is a particularly valuable tool for $
identifying modifications to tryptophan residues that cannot be unequivocally B
assigned by MS (Figure 7). If such post-column detection methods are un- &

available, the following rules of thumb may prove helpful in the interpretation
of HPLC elution profiles: 1

10.5 Release of fully protected peptides from hyper-acid
labile supports with 1% TFA _

peptides attached to resins 3, 4, 5, 7, 8, apd 1n can be releaseq under con-
ditions that leave most standard side-chain protecting groups intact. These
supports are therefore valuable tools fqr the preparation of full_y protec?ed

eptides for use in fragment condensation or cychzati_on strategies. Peptide
felease is normally effected by repetitive treatment with 1%_ TFA in [?(_ZM;
for resins 5, 7, and 8 this can also be achieved under even milder conditions
using TFE in DCM, as described in Chapter 9, Protocol 3. _ .

Careful experimentation is essential if premature loss of side-chain protect-
ing groups is to be avoided. Ideally, the cleavage should be Qarned outina
sealed manual peptide synthesis reaction vessel, and the filtration effected by
applying nitrogen pressure rather than by the use of a vacuum, o p{‘evgnt
evaporation of the highly volatile DCM. Tor peptides contallnmg methionine
or tryptophan, 1% EDT should be added to the cleava‘lge mixture to prevent
reattachment of the peptide; this is not essential with trityl-based resins. If th.e
peptide contains a C-terminal tryptophan residue, the use of Trp(Boc) is
strongly recommended (66). ‘ - _

The purification of protected peptide fragments is described in Chapter 9,
Protocol 4.

1. Partially protected and modified peptides generally elute later than the
corresponding unmodified peptide; the greater the number of protecting §

groups remaining, the more strongly it is retained on the reversed-phase -
HPLC coilumn. '

2. Partially protected and modified peptides usually can be distinguished by 1
performing a time course study; the proportion of the former will decrease ¥
during the course of the reaction, whereas the converse is true for the latter, .

3. Methionine sulphoxide-containing peptides invariably elute ecarlier than E'E
the corresponding unoxidized material. '

Protocol 18. Cleavage with dilute TFA solution

Key Reagents
B TP(C0H) + 1% TFA in DCM « 10% Pyridine in MeOH
! — = Trp
N - — - Trp(dithioketal) Method
1 1 % . N
Vo U Trp(Mt) 1. Pre-swell the peptidyl-resin (1 mmol} with DCM in a manual peptide
= |\ : ‘\ """" Arg(Mtr)-Trp synthesis vessel, and then wash with DCM (3 times).
£ '
g VA 2. Drain off excess DCM.
§ \ | 3. Add the TFA solution {10 ml), stopper the funnel and agitate gently
o
© \ for 2 min.
\\ 4. Remove stopper and replace with quick-fit adaptor connected to a

low-pressure nitrogen supply.

B. Filter solution by applying nitrogen pressure into a flask containing
pyridine solution (2 ml).

6. Repeat steps 3-5 up to 10 times.

7. Wash the residual protected peptide from the resin with DCM and
MeCH.

8. Check filtrates by TLC? or HPLC,

L)
230 270 ’ 300
. Wavelength (nm)
Figure 7. UV spectra of some commonly encountered Trp modifications.
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Protocol 18. Continued

9. Combine product-containing filtrates and evaporate under reduced
pressure to 5% of the volume.

10. Add water {40 ml) to the residue and cool mixture with ice to aid
precipitation of the product.

11. Filter the precipitated peptide through a hardened filter paper in a
Hirsch funnel under light vacuum.

12. Wash product consecutively with water {3 times), 5% NaHCO, aq.
(2 times), water (3 times}, 0.05 M KHSO, (2 times) and water (6 times).

13. Dry the peptide sample in a desiccator in vacuo over KOH pellets.

“TLC Analysis of protected peptide fragmenits is described in Chapter 9, Protocol 2. Typically,
the maximal concentration of peptide may be contained in the first wash or in one of the later
washes, depending on the buffering capacity of the amide bonds and other functional groups
present.
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Preparation and handling of
peptides containing methionine and
cysteine

FERNANDO ALBERICIO, IOANA ANNIS, MIRIAM ROYQ, and
GEORGE BARANY

1. Introduction

Among the genetically encoded amino acid residues, methionine (Met) and
cysteine (Cys) are special because they each contain an atom of sulphur. The
present chapter describes how these residues are incorporated into peptides
in the context of an Fmoc/tBu solid-phase synthesis strategy, as well as further

1,2065. : . . . iy
. ) . . . i considerations once the synthetic peptide is released from the support. Of
58. ;H;g D-S., Fields, C. G., and Fields, G. B. (1990). Int. /. Peptide Protein Res., 3¢, 1t added interest, some manipulations of Cys are advantageously performed at

the level of the assembled peptide-resin, prior to cleavage. Many of the
aspects discussed here also carry over to the preparation of peptides using a
Boc/Bzl strategy.

The major problems associated with management of Met reflect the
susceptibility of the thioether to alkylation and oxidation (1-3). One of the
merits of the Fmoc/tBu strategy, in contrast to Boc/Bzl, is that in the former
strategy Met is usually introduced without recourse to a protecting group for
the thicether side-chain. As documented in this chapter, a proper under-
standing of acidolytic cleavage conditions and the availability of selective
procedures to reverse any inadvertent oxidation are likely to lead to success in
obtaining homogeneous peptides containing Met.

Management of Cys provides additional significant challenges (4-8). For
some targets, Cys is required with its side-chain in the free thiol form, whereas
for other targets, an even number of Cys residues pair with each other via
disulphide linkage(s) to provide cystine residue(s). Disulphide bridges play an
important role in the folding and structural stabilization of many natural
peptides and proteins, and their artificial introduction into natural or designed
peptides is a useful approach to improve biological activities/specificities and
stabilities. Furthermore, use of a disulphide bridge is a preferred method to
conjugate peptides to protein carriers for increasing the response in immuno-
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logical studies, to link two separate chains for developing discontinuoyg

epitopes, and to generate active site models. This chapter describes Cys

protecting groups, how they are removed to provide either free thiols or}

disulphides directly, and various strategies and practical considerations to
minimize side reactions and maximize formation of the desired products.

2. Methionine

The thioether side-chain of Met is subject to alkylation and oxidation side 3
reactions, either during the synthetic process or during subsequent handling #
of the Met-containing peptide. Alkylation of Met by carbocations proceeds 3
rapidly under acidic conditions to give relatively stable sulphonium salts (9); 1

in Fmoc/tBu synthesis, the risk is during the final acidolytic deprotection/ ]
cleavage step. Suitable scavengers must then be used that compete with §
peptide alkylation, and hence serve to minimize by-product formation. Any of §
a variety of cocktails developed for complete removal of side-chain protecting 4
groups in the Fmoc/fBu strategy are also satisfactory for preventing Met ]
alkylation; these include Reagent K (TFA-phenol-H,O-thioanisole- |
1,2-ethanedithiol (82.5:5:5:5:2.5), ref. 10), Reagent R (TFA—thioanisole- §
1,2-ethanedithiol-anisole (90:5:3:2), ref. 11), and Reagent B (TFA—pheno]- 1
H,O-triisopropylsilane (88:5:5:2), ref. 12). As has been shown for peptides |
synthesized by Boc/Bzl chemistry, where the risk is present at each step 3E
during the repetitive acidolytic N*-Boc removal, the tert-butylation of Met is 3K
ultimately reversible {9). Thus, crude peptides that include as components the 8
unwanted tert-butyl sulphonium salts may be heated at 50-55°C for 24 h,
either in the solid formorin I M aqueous AcOH solution, and then submitted 4 .

to chromatographic purification (9),

Complete oxidation of Met to its sulphone takes place only under severe BB

conditions, and has not been reported as a problem for synthetic peptides.

However, for some sequences, partial oxidation to methionine sulphoxide ¥
[Met(O)] can occur relatively easily upon prolonged exposure to air (13). ¥
Such oxidations are possible upon handling/storage of the peptide-resin, or 8
during work-up of the peptide once it has been cleaved from the resin: they 38
are minimal when operations are conducted under an inert atmosphere, How- 7
ever, the conditions under which photolabile linkers are cleaved lead to 2

almost quantitative Met(Q) formation (14, 15). Finally, Met is susceptibie to $
modification (along with Trp, and to a lesser extent Tyr) when peptide-resins ;

While the sulphoxide can be reduced at a later stage (see following), its 8
mere presence via partial oxidation of the thioether may complicate handling p |
and analysis of the peptide. Sulphoxide moieties are chiral, and thus peptide $
samples can be resolved into at least three components, the unoxidized

thioether and the two sulphoxide diastereoisomers (15).
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ses do arise when protection of Mef is indicated even in concert with
e hemistry, and this is achieved by intentional incorporation of a Met(O)
.(()jc : (16). In fact, the corresponding course is followed widely in Boc/Bzl
rest l'wtr “where the use of Met(O) is recommended to prevent alkylation
cpemlza;’ions (1). The standard ‘high’ conditions for final cleavage of side-
Slde‘ : rotecting groups in Boc chemistry, involving strong acids such as HF or
d;gmolr)omethylsulphonic acid (TFMSA), are such as to leave the sulphoxide
u l;fected but the parent thioether is conveniently regenerated when strong
un’?is are I;SCCI in the presence of a high concentration of (CHj),S, the first
af;ge of recommended ‘low/high’ cleavage methods (17). Fmoc-Met(Q)—OH
;as been recommended in the preparation of. protect‘led peptides in con-
vergent strategies, not only to avoid unwanted side I’eaCtIOI‘IS, but -also due to
the beneficial effect of the extra polarity fro;n the sul‘phox_lde moiety for. the
urification steps. In addition, some synthetic strategies directed at pf':ptu-ies
which will contain disulphide moieties and Met t'ogether may rely.on 0x1dat‘10n
methodologies to create the sulphur—sulphur bridges that are incompatible
with unprotected Met; in these cases, Met(0) s_hould_ be u§ed. _
When Met(O) residues are present in a peptlde,_el_ther me‘ld\.fertently due to
partial oxidation, or because the corresponding 0x1(.11zed building blocks were
used during synthesis, a separate step must be carrleq out to reduce these to
the thioethers. Several methods have been' descrll?e‘d for reduction of
Met(O)-containing peptides under relatively m]ldvcondltlons.l When these are
applied to disulphide-containing peptides, there is often a risk that alreac_iy—
formed bridges could be partially reduced and/qr s.crambled. A method using
trimethylsilyl bromide (TMSBr) and 1,2-ethanedithiol (EDT) under anhydrous
conditions is particularly suitable for the reduction of large n.umbe;s o.f pep-
tides, for example as prepared by multiple synthesis anfi combinatorial h})rar.y
techniques, although it is not compatible with disulphides (18). Reduction is
successful with TFA as solvent, meaning that Met(O) reduction can be con-
ducted simultaneously with the final cleavage of peptide from support -(1_8).
Moreover, no side reactions have been observed for Trp- and Tyr-contaming
peptides. A different strategy defers the conversio.n ur}til a later stage (_)f the
overall process, that is after work-up of the peptide is comp!ete and it has
been dissolved in an aqueous milieu. Among numerous reducing agents that
were tested, N-methylmercaptoacetamide (NMA) proved to have the best
kinetic parameters (19). Even so, complete reaction with -NMA takes more
than a day, and the reagent is apparently not compatible with the presence of
disulphides (19). A further method, based on the redox systt'am T1ClWaI,
gives rapid reduction to the thioether (20, 21). Howeve;r, reaction conditions
are difficult to control, and with extended time disulphide bonds are recluce_d
and Trp residues are unstable. Finally, reduction by NH4If(CH3)2.S in 'I:FA is
compatible with the presence of disulphide bridges, as well as w1th H]S' and
Tyr (6, 16, 22-25). When the treatment was carried out on a peptide with a
single free thiol, the corresponding peptide homodimer formed (25). Trp

Fm

b

or free peptides are treated with oxidizing reagents, for example, with the goal ;
to prepare disulphide bridges (discussed later in Section 3.3), ;
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residues may dimerize through 2-indolylindoline derivatives, but this side
reaction can be minimized due to the presence of (CHjy),S, and by carefy|
control of reaction times (25).

Protocol 1. Reduction of Met{O)-containing peptides

Equipment and reagents

» Glass-stoppered flask + Screw-cap centrifuge tubes

» Met{O})-containing peptide *« AcOH

» Anhydrous solvent: CH,Cl,, MeCN, DMF, « EDT

or TFA » TMSBr

« Disthyl ether « tert-Butyl alcohol
+ NMA e (CH,),S

» CCly « NH,I

A. TMSBr-EDT reduction (18)

Reduction of individual peptides

1. Dissolve the peptide {ca. 20 mg = 20 mM)} in a suitable anhydrous
solvent {10-20 mi; CH,Cl,, MeCN, DMF, or TFA can be used; in some
cases, for improving solubility, 5% (v/v} of AcOH can be added} in a
glass-stoppered flask.

2. Add EDT (15.7 ul/ml sobvent; final concentration 0.2 M) followed hy
TMSBr (13 pl/mi solvent; final concentration 0.1 M) to the above stirred
solution. A fluffy colourless precipitate forms after a short time.

3. After 15 min at 25°C, remove the solvent in vacuo.

4. Add chilled disthyl ether to the remaining residue.

5. Centrifuge the suspension of the precipitated reduced peptide, wash
twice with diethyl ether.

6. Dissolve the pellet and lyophilize from fert-butyl alcohol-H;O {4:1).

Simultaneous reduction of multiple peptides

1. Place the peptides (1-2 mg = 1-2 mM) in screw-cap centrifuge tubes
and dissolve in TFA {1 ml/mg peptide).

Add EDT {15.7 pl/ml TFA) followed by TMSBr {13 pl/ml TFA).

Close the tubes tightly.

After 15 min at 25°C, add chilled diethyl ether (8 mi/tube).

Centrifuge and wash the precipitated peptides with diethyl ether.

M oW N

Simuitaneous reductive cleavage of multiple peptides from the polymeric

support

1. Subject the peptide-resins {50 mg} to the usual protocols for the
cleavage of peptides, with the exception that the cleavage cocktails
{0.5 ml} must omit H,O as a scavenger.

a0

4; Preparation and handling of peptides containing Met and Cys

2. Add EDT (8 pl} and TMSBr (6.5 pl) to the mixture 15 min before the end
of the cleavage time,

3. Isolate the peptide as usual.

B. N-Methylmercaptoacetamide reduction (19)

_ Dissolve the peptides in 10% aqueous AcOH, to a concentration of
1-10 mg/ml {= 1-10 mM}.

2. Add NMA (10 eq).

3. Flush the mixture with N, and leave for 12-36 h at 35-40°C.

4. Lyophilize the solution, and purify the peptide by HPLC.

C. NHJ-(CH3),S reduction (16, 24, 25}

. Dissolve the peptide in TFA to a final concentration of ~ 2 mg/ml
{= 2 mM). S

2. Cool the solution to 0°C.

3. Add (CH3),5 {(~ 30 eq) and NH,4l {~ 30 eq), and vigorously stir the
resultant suspension for 3 h.

4. Quench the reaction by adding 4 volumes each of H,O and CCl,.
5. Wash the aqueous phase with CCl, {3 x).

6. Evaporate in vacuo volatile components from the aqueous solution,
and lyophilize the solution.

3. Cysteine

3.1 Cysteine protection

The cysteine protecting groups that are most useful for an Fmoc//Bu strategy
are listed in Table I (see also Chapter 2, Table 4), together with indications of
conditions under which they are stable, as well as preferred methods to
remove them. In contrast to most other side-chain protecting groups, where
cleavage provides the parent functionality, the removal of proiecting groups
from cysteine can yield the free thiol, thiolate metal salt (mercaptide), or
disulphide, depending on the reagent(s) applied and the precise reaction con-
ditions. The availability of several cleavage methods becomes useful in
designing regioselective routes to peptides with multiple disulphide bridges
{discussed later, in Section 3.3.5). The Fmoc synthesis of peptides with N-
terminal Cys involves some special considerations which are covered
elsewhere in this chapter (Section 3.3.4).

For many-applications, the most convenient protecting groups are those
that are removed concurrently with all other side-chain protecting groups and
simultaneous cleavage from the support. Given that the last step in the
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Fmoc/iBu strategy uses nearly neat TFA, together with appropriate scavengers, 3
suitable Cys protecting groups include S-9H-xanthen-9-yl (S-Xan) (26), S-4. 30
methoxytriphenylmethyl (S-Mmt) (27), §-24,6-trimethoxybenzyl (S-Tmob) S
(28), and S-triphenylmethyl (S-Trt) (29) (ordered by decreasing relative rate &
of cleavage). Convenient deprotection/cleavage cocktails include Reagent K §
(10), Reagent R (11), and Reagent B (12). With relatively few exceptions, the ¥
deblocked Cys residues are obtained in the predominantly free thiol form asa §
result of these treatments. The more labile of these protecting groups have §
the additional advantage that their removal can be carried out selectively §
while the peptide is still anchored to acid-labile handle supports. Thus, S-Xan @

and S-Tmob can be cleaved in the presence of the same scavengers, but at
substantially reduced TFA concentration, e.g. 1 and 7%, respectively, that do ¥
not cleave common anchors such as PAC and PAL (26, 28, 30). This approach $§
provides thiol substrates for resin-bound oxidation to disulphides. Finally, the 38
S-Xan, S-Tmob, S-Mmt, and S-Trt groups can all be oxidized directly to

disulphides with appropriate reagents (Section 3.3.3).

The TFA-stable protecting groups, S-4-methoxybenzyl (S-Mob) and $-4- §
methylbenzyl (S-Meb), used normally in the Boc/Bzl strategy, can also be of
value in Fmoc strategies (1, 5, 7, 8). The aforementioned protecting groups 8
will survive many of the manipulations involving other Cys residues that are §
protected with more labile groups, and hence can provide an extra level of §
selectivity in regioselective schemes. Ultimately, removal of S-Mob or S-Meb 8§
with HF-anisole (9:1) or HF—p-cresol (9:1) at 0°C will liberate additional thiol #
groups rteady for chemical manipulation. Alternatively, S-Mob can be S
removed with CH,SiCl;-Ph(SO)Ph-TFA (31) to furnish a disulphide directly.
In a similar approach, the properties of the S-ters-butyl (S-fBu) group can be
exploited: $-fBu is stable to TFA, and even to short treatment with HF-m- §
cresol at 0°C, although S-7Bu is removed with neat HF at 20°C, and at 0°C @
with HF in the presence of anisole and/or sulphur-containing scavengers gi
such as thiophenol and thioanisole (5, 32-34). Moreover, S-fBu is similarly §
-converted to disulphides with CH;SiCl;-Ph(SO)Ph-TFA (31). 2
" The S-acetamidomethyl (S-Acm) (35) group and its phenyl analogue §- §
phenylacetamidomethyl (S-Phacm) (36, 37} are essentially stable to acid §
conditions; their removal is mediated by certain metals or electrophilic re-
agents in properly chosen solvents. Treatment of Cys(Acm)-containing SE
peptides with either thallium(III) triflucroacetate [TI(tfa)s] in TFA (23) or §
with iodine in AcOH-H,O mixtures (38, 39) leads directly to the correspond-
ing peptides with a disulphide bond. Alternatively, S-Acm removal occurs B
upon reaction with either mercuric acetate [Hg(OAc),] in pH 4.0 buffer (35) B
or with a TFA solution of silver trifluoromethanesulphonate in the presence
of anisole (40, 41). For each of these latter procedures, the initial mercaptide §&
is next treated with excess either hydrogen sulphide, B-mercaptoethanol, or }
dithiothreitol to remove the metal and provide the free thiol. All of the ‘- .
aforementioned transformations can be carried out both in solution and in the 3
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Table 1. Cysteine protecting groups compatible with Fmoc/tBu solid-phase peptide synthesis 2
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solid-phase mode (5, 7, 8). An advantage of the latter is that removal of
noxious reagents and by-products can be achieved by simple filtration and
washing. :

In the context of developing regioselective routes for the preparation of

multiple-cystine peptides, the use of S-Phacm is particularly promising '
S-Phacm is removed selectively, even in the presence of Acm groups, by 34

means of penicillin G acylase (PAH) from Escherichia coli (EC 3.5.1.11), an -

enzyme with Py specificity for the phenylacetyl residue (36). A convenient 7§
way to facilitate work-up involves the use of enzyme that is immobilized on §

either a dry fibre or acrylic beads. Under the enzymatic cleavage conditions

(pH 7.8, 35°C}), the unstable S-aminomethyl intermediates decompose to the 2

thiols, but these undergo further oxidation to form disulphides (i.e. an intra-
molecular cyclic product if the product has two appropriately positioned Cys
residues or a symmetrical homodimer if a single Cys) (37).

Protocol 2. Enzymatic deprotection (37)

Reagents

¢ Penicillin G acylase (PAH) immobilized « Agqueous buffer: ELN-AcOH or NH,0Ac
on actylic beads (Eupergit-PcA; Robm o, AcOH-H,0 (9:1}
Pharma)

Method

1. Dissolve the peptide in either Et;N-AcOH (0.02 M) or NH,0A¢ {0.05 M)
pH 7.8 aqueous buffers at 35°C, to obtain a final concentration of
0.2 mg/ml (= 0.2 mM}.

2. Add PAH immobilized on acrylic beads {Eupergit-PcA; Rohm Pharma,
Weiterstad, Germany} (1 EU/umol of Phacm), and monitor the reaction
hy HPLC.

3. On completion of the reaction (usually 24 h), add ~ 3 vol. AcOH-H,0
{9:1).

. 4. Filter the mixture through a disposable pipette with a glass wool ptug,
and lyophilize the filtrate.

5. Purify the peptide using preparative HPLC.?

2Yields of 80-90% have heen reported.

Mixed disulphides are usually precluded as cysteine protecting groups in
the Fmoc/tBu strategy, because such functions are relatively unstable on ex-
posure to piperidine. However, the S-fert-butylmercapto (S-StBu) group (42) -
is sufficiently hindered to be compatible; its removal is achieved by treatment
with either B-mercaptoethanol, dithiothreitol (DTT), tri-n-butylphosphine
(BusP), or other reducing agents (5, 6).

86

4: Preparation and handling of peptides containing Met and Cys

The S-4-picolyl group has been used only rarely in solid-phase synthesis,
but it might become useful for the synthesis of large peptides because its
presence could confer improved solubility (43, 44). Removal is achieved
cither by electrolytic reduction or (preferably) by means of Zn-AcOH (44).

3.2 Solid-phase synthesis of cysteine-containing peptides
3.2.1 C-terminal cysteine peptide acids

Racemization during the esterification of protected amino acids onto
hydroxymethyl functionalities of substituted benzyl anchor-resins is a well-
documented problem in solid-phase peptide synthesis (1-3, 45). This side
reaction is exacerbated when couplings are mediated by carbodiimides in the
presence of the catalyst 4-dimethylaminopyridine (DMAP), especially in the
case of cysteine (46-48). Standard methods provide as much as 10-40% of D-
Cys. Safer ways to anchor C-terminal Cys involve the use of halomethyl
functionalized resins, such as the 2-chlorotrityl chloride resin (48, 49), the
4-(bromomethyl)phenoxyacetamide resin (similar to Wang resin) (50), and
the bromo-SASRIN resin (51, 52) (Figure 1). With these resins, the esterifica-
tion step is a nucleophilic displacement of the halogen group by the carboxy-
late of the protected amino acid derivative, and racemization levels are
significantly lower (0.3-2.5%, depending on the S-protecting group; $-Trt
relatively more prone to racemization) (53).

Chierotrityl chloride resin Bromomethylphenoxy acetamlide resin Bromo-SASRIN resin

Figure 1. Functionalized resins used for the solid-phase synthesis of peptide acids with C-
terminal cysteine.

Protocol 3. Esterification of Fmoc-Cys{Trt}-OH onto 2-chlorotrityl
chloride resin? (49, 53)

Reagents

« 2-Chlorotrityl chloride resin + CH,Cl,

s Fmoc-Cys{Tr)-OH + DIPEA

* MeOH « DMF

+ Piperidine » Isopropanal
Method

1. Wash the 2-chlorotrityl chloride resin {typical loading 1.0 mmol/g) with
CH,Cl,.
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Protocol 3. Continued
2.

Add a solution of Fmoe-Cys(Trt}-OH (3 eq with respect to Cl groups on
rasin} and DIPEA (3.3 eq) in a minimal volume of CH,Cl,.

3. Stir the mixture for 5 min at 25°C,
4. Add a further 6.6 eq DIPEA and stir the mixture for 2 h.
5. Terminate the reaction by adding MeOH (1 pi/1 pmol of starting

chloride).

After 10 min stirring, filter the Fmoc-Cys{Trt)-CITrt resin, and subject
the filtered resin to the following further washings and treatments:
DMF, CH,Cl,, DMF, piperidine-CH,Cl,-DMF (1:10:10, 10 min), piperidine-
DMF {1:4, 16 min),? DMF, isopropanol, DMF, isopropanol, and MeOH.

Dry the resin in vacuo.

2 Also refer to Chapter 9, Section 2.2.1.
®As a general practice, amino acyl esters to the 2-chlorotrityl chioride resin are hest storad
with the free amino group, after Fmoc removal.

4: Preparation and handling of peptides containing Met and Cys

_ After 5 min, add solid PyAQP (5 eq).
. Stir the reaction mixture for 2 h at -20°C.

_ Remove the cooling bath and stir the suspension for an additional 2 h
at 256°C.
. Filter the suspension and wash the resin thoroughly with DMF.

Even if C-terminal Cys is safely anchored as an ester, further eEirnerization
fay OcCCur_upon chain assembly, specifically during repetitive N“—_F‘_rggc
“emovals_promoted by the base piperidi . With p-alkoxybenzyl ester
anchoring, the degree of epimerization was found to vary with the
S-protecting group in the order S:Bu (34% after 16 h of treatment with
piperidine—DMF, 1:4) > Trt (24%) >> Acm (11%), Bu (9%). However,
racemization was not detected when starting with 2-chlorotrityl chloride resig’,
erhaps due to steric hindrance from the resin (48). Another effective strategy,
confirmed experimentally to circumvent racemization in the synthesis of
C-terminal Cys peptide acids, involves side-chain anchoring of Fmoc-Cys fBu

ester via its free thiol to a 5-(9-hydroxyxanthen-2-oxy)valeric acid handle,
which then becomes attached to amino-functionalized supports by standard

When carrying out esterification of Fmoc-protected cysteine derivatives to 3 5
hydroxymethyl functionalized resins, two methods that avoid the use of
DMAP appear promising to reduce the level of racemization. One involves
the use of 2,3-dihydro-2,5-diphenyl-4-hydroxy-3-oxo-thiophen-1,1-dioxide 3

coupling methods (57) (Figure 2). Finally, there is no racemization when the
C-terminal Cys is anchored as an amide to PAL and related supports (30, 47).

3.2.2 Chain assembly using protected cysteine derivatives

| (TDO) esters (54, 55), and the other applies PyAOP in the presence of |

DIPEA at low temperature (56).

Protocol 4. Incorporation of Fmoc-Cys{Trt}-OH onto

hydroxymethyl functionalized resins

Reagents

It has recently become appreciated that cysteine derivatives can undergo sub-
stantial levels of racemization specifically at the step where they are in-
corporated (58-60). For example, standard protocols for coupling mediated
by the recently popularized phosphonium and aminium (uronium) salts
(BOP, PyAOP, HBTU, HATU) (61) typically involve 5-min pre-activation
times and are conducted in the presence of suitable additives, such as HOBt
or HOAL, plus a tertiary amine base, such as DIPEA or NMM. Under such

« Fmoc-Cys{Trt)-TDO ester » DIPEA el ’ * ' - .
» DMF « PYAQP conditions, the levels of racemization in a model peptide were in the range
* « Fmoc-Cys(Trt}-OH « CCl, - 5-33% (60). However, these levels were in general reduced by a factor of six-

A, Use of TDO esters (54, b5)

1.

Add a solution of Fmoc-Cys(Trt)-TDO ester (3 eq with respect to hydroxyl
function) and DIPEA (3 eq} in minimal amount of DMF to the resin.

Gently shake the suspension for 2 h at 25°C.

or sevenfold by avoiding the pre-activation step (60). Additional strategies to

Q0

11 1
H™ “GH, —0—~C—NH—CH-C—0'Bu

3. Filter off the red solution and wash the resin thorcughly with DMF. FHe
s
O
B. Use of PyAOP (56) mo@m_g_w_@
L
1. Add a solution of Fmoc-Cys(Trt)-OH (5 eq with respect to hydroxyl o

function) and DIPEA (10 eq) in the minimal volume of DMF to the resin
at -20°C (dry ice—CCl, bath].

a8

Figure 2, Side-chain anchoring strategy for solid-phase synthesis of peptide acids with
C-terminal cysteine.
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applied in a volume to ensure high peptide dilution once cleavage has occurred,
has been reported to minimize these side reactions (67). Similarly, alkylation
of the carboxamide group of Asn was reported during the treatment of the
tripeptide Boc-Asn-Cys(Acm)-Pro-OBzl with HCl in diglyme (68), and the
hydroxyl groups of Ser and Thr were modified on removal of the S-Acm
group with metal ions reagents Tl(tfa); and Hg(OAc), (69). The latter side
reaction was circumvented by adding a trivalent alcohol, i.e. glycerol, as a

scavenger.

Bl reduce racemization involved change to a hindered and/or weaker base such}
i as 2,4,6-trimethylpyridine (TMP, collidine) or 2,6-di-fert-butyl-4-(dimethy)
'ER Vv amino)pyridine [DB(DMAPY)] (62); twofold reduction in the amount of base;:
: and change in solvent from neat DMF to the less polar CH,Cl,- DMF (1;1) ;
(60, 63). ,

Coupling methods for the safe incorporation of cysteine with minimaj;
racemization (< 1% per step) include aminium or phosphonium salts/HOB{ §
or HOAY/TMP or DB(DMAP) (1:1:1) without pre-activation in CH,Cl,-
DMF (1:1); DIC/HOBt (or HOAL) (1:1) with 5-min pre-activation (avoiding]
the pre-activation step notably increase racemization in this case); and]
preformed OPfp esters in CH,CL-DMF (1:1) (60, 63). 1

3.3 Formation of disulphides
3.3.1 General strategies and potential problems

Once the linear sequence of a cysteine-containing peptide has been assembled
satisfactorily, additional steps are needed should the desired synthetic prod-
uct include one or more disulphide bridge(s). Further considerations apply
depending on whether the cysteine residues involved are on the same chain or
on different chains, i.e. intramolecular or intermolecular bonds, respectively
(the preparation of two-chain parallel symmetrical dimers bridged by two
disulphides is a special case, and different from the corresponding antiparallel
dimers). Intramolecular oxidations are often plagued by the unwanted form-
ation of dimers and higher oligomers, a problem which can be mitigated but
not necessarily eliminated by working under high-dilution conditions. A
further option, often useful, involves disulphide formation from resin-bound
precursors, taking advantage of the pseudo-dilution phenomenon which can
favour intramolecular cyclization (1, 70, 71).

. For many peptides with a single intramolecular disulphide, the most con-
venicnt way to create the needed sulphur-sulphur bridges needed is by
oxidation of the corresponding linear precursors with two free sulphydryls
{(Scheme I, Approach A). Deprotection/oxidation of the precursor with the
sulphydryls protected (Scheme I, Approach B) can be applied as well

cysteine to the resin. Although not recognized at the time, this side reacti Peptides with four, six, or eight cysteine residues present a statistical obstacle,
explains a failed literature synthesis (65) of a peptide acid that started with _since they can, in principle, give rise to 3, 15, and 105 different intramolecular
C-terminal Fmoc-Cys(S/Bu)-Wang-P$ resin. In a systematic study (64), ¢ isomers. Nevertheless, random co-oxidation (generalization of Approach A)
greater amount of 3-(1-piperidinyl)alanine adduct was detected with PS resin und_q highly optimized conditions can often be successful to produce a major
compared with PEG-PS supports, with S-Acm protection compared with regioisomer with the naturally occurring pairing, since the polypeptide chains
S-Trt, and with C-terminal anchoring to Wang-type resins compared with in their reduced poly(thiol) form may fold into native-like conformations that
PAL. In contrast, the side reaction is negligible when C-terminal peptide] favour the proper alignments of disulphides. Alternatively, regioselective
amides are prepared starting with Fmoc-Cys(Trt)-OH. : routes aimed at multiple intramolecular disulphide peptides {(and inter-
Although the S-Acm group has been reported to be completely stable to molectlﬂar parallel symmetrical dimers) are readily contemplated; these extend
prolonged TFA treatment, and even to anhydrous HF, loss of Acm can occu the pairwise co-oxidation approaches with at least two families of selectively
during final TFA acidolysis (66, 67). This loss can result in premature disul: remoyable S-protecting groups. The challenge is to avoid scrambling side
phide formation, as well as transfer of the Acm group to suitably positioned feactions, that is the breaking of already formed disulphide bridges with
acceptors such as a*Tyr residue (alkylation ortho to the phenolic function] resultant production of non-desired isomers.
(67). Reagent K, which includes phenol among the scavengers in its recipe: The preparation of peptides with intermolecular disulphides also requires

3.2.3 Side reactions
The most important family of side reactions, namely potential loss of con
. figuration at various stages of solid-phase anchoring and chain assembly, has
g been mentioned already (Sections 3.2.1 and 3.2.2). Other problems should bé
' considered as well. Oxidation and alkylation of the thioether of S-protecteq
Cys is always a possibility, but such processes appear to be less severe in the
case of Cys than with Met. A number of side reactions are likely to bg
g sequence dependent; some of these involve modifications of other residues by
: species released during deprotection and/or oxidation. :
v When C-terminal cysteine peptides are synthesized, a 3-(1-piperidinyl
alanine residue can form at the C-terminus (64). This side reaction might be
explained by a base-catalysed p-elimination of the protected sulphur of the
side-chain, to give a dehydroalanine intermediate which is trapped by a
nucleophilic addition of the deprotection base piperidine, Occurrence of
side reaction is diagnosed by mass spectrometry, i.e. a peak of 31 Da higher
mass for peptides synthesized with Trt, and 20 Da lower for those synthesiz
with Acm. The amount of undesired by-product depends on the polyme
support, the side-chain protecting group, and the linker used to anc
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i \_[,'\\ sulphydryl groups. A variety of oxidation Procedurfas can then .b.e, investi-
P SH 8H ated, and it should be stressed that the precise experimental conditions, such
. Approach A 0] as pH., ionic stren_g.th, organic co-so_lvent_, te.mpe_rature, time, and_concentra-
BER Xy= X, / Deblock ~H,0 \_ Oxidation ion, are often critical (1-8, 72). High dilution is recommended in order to
XX avoid physical aggregation and the formation of dimers, oligomers, or intract-
1NE Approach B able polymers. However, the formation of such intermolecular covalently
B X2 X, Oxidation .dged by-products cannot always be avoided and ‘recycling’ of non-mono-
; \_TS; Ns?“ Lt i > \19,/4_\3““ zlrerigc specics through alternation of reduction/re-oxidation steps is also quite
' £ X%z difficult to achieve in practice (5, 73).
Approach C For many peptide targets, it is generally helpful to pre-treat the crude
Xyt Xy material with appropriate reducing agents, such as DTT or 3-mercapto-
Activation (X, —»X7) and -HX, ethanol. Tertiary phosphines, particularly the wate?—soluble tris(2-carboxy-
_ 2z ethyl)phosphine (TCEP) (74), can also be used for this purpose and they have
seleciive datlocking - (X4) o the added advantage of being effective at somewhat acidic pH. Regardless of
ST e the reduction protocol followed, the resultant-poly(thiol) linear precursor is
& SUSxe then purified, at acidic pH, to minimize unwanted premature inter- or
i | intramolecular disulphide formation, and to ensure that only discrete linear
; gch'l".mkz :i' gymh?ttri]c appr:o;;: he:ato thtzi;c:::ﬁr:g]czr;;zfisrzﬁ?iiggsbriggésaT?iJe?L%gesttq 3} onomeric species, free of oligomeric or disulphide-mispaired contaminants,
M | E . . . . -
inf’ierifnening ::si?ilue:)r c(:min gr difr;::ent (intermolecular reaction; dot‘:ed line ind;g:t:: o will be subjected to the oxidation/folding process.
discontinuity) chains. X, and X, designate S-protecting groups that are stable to chain |
itions. * not he , in R | ) ) ] L
e dastod metnac Roaetionscan ba srred sutevher on-resinor Protocol 5. Pretreatment to reduce undesired disulphide bridges
in solution; this facet and additional considerations are described more fully in the text. 3

Reagents

» Peptide » Concentrated HCl{aq)
« 0.1 M NH,HCO, » Buffer: 0.1 M Tris-HCI, 6 M guanidine-
« DTT hydrochloride {Gdm-HCI), and 1 mM EDTA

+ 10% AcOH{aq)

the use of two different S-protecting groups, together with chemistry for 4
‘directed’ disulphide formation (Scheme I, Approach C). While one might - §
contemplate a simple co-oxidation of the two chains in either the free thiol or @
- the S-protected form, such strategies are of limited reliability because of the %
statistical formation of both unwanted homodimers. In the directed approach, §
one cysteine is differentially activated (either directly due to the structure of §
an appropriate S-protecting group, or after selective deprotection and con- &
version to an activated form); a subsequent displacement reaction from a 3
second cysteine, which has been separately deblocked, gives the disulphide 2
bond. Conditions must be found for minimal disproportionation, that is con- ‘3§
version of the desired unsymmetrical intermolecular heterodimers to sym-
metrical homodimer species. Directed approaches are also sometimes g
beneficial for intramolecular cyclizations.

A. Reduction with DTT (75-77}

1. Dissolve the crude peptide in 0.1 M NH,HCO;, pH 7.9-8.0, to obtain a
final concentration of 1-3 mg/ml (= 1-3 mM).

2. Add DTT (5 eq relative to the number of desired thiol groups), and
flush the mixture with N, and leave standing for 2-6 h at 25°C.*

3. Add 10% AcOH{aq) to adjust the reaction mixture to pH 2-3, and
lyophilize the mixture.

4. Remove the excess DTT and other low molecular weight components
by gel filtration.

3.3.2 From free thiol precursors
The simplest method for the preparation of disulphide-containing peptides in
concert with an Fmoc/tBu synthesis strategy is represented by Approach A in
Scheme 1. On completion of linear chain assembly using the same TFA-labile §!
protecting group (i.e. §-Xan, S-Tmob, $-Mmt, or S-Trt) for all Cys residues, § !
the final acidolytic cleavage/deprotection generates the precursor with free .

B. Reduction with DTT under denaturing conditions (78)

1. Dissolve the crude peptide, to a concentration of 1-10 mg/ml (= 1-10
mM), in a buffer ® containing 0.1 M Tris-HCI, 8 M guanidine hydro-
chloride (Gdm-HCI}, and * mM EDTA, . pH 8.58-8.7.
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Protocol 5. Continued
2. Prepare a 0.8 M stock solution of DTT using the above buffer solution,

3. Add to the reaction mixture a portion of the DDT stock solution, to
achieve a final DTT concentration of 0.03-0.1 M (20-50 eq relative to
the number of thiol groups).

4. Flush the reaction mixture and leave the mixture under N, at 25°C.?
5. Reaction times are found to vary from 3 to 16 h.

6. On compiletion of reaction, add concentrated HCl{aq), to adjust the
mixture to pH 2-3.

7. Carry out semi-preparative HPLC to purify the peptide. ©

2Can be carriad out at higher temperatures when needed.
5Degas and flush the buffer with argon.

°Sometimes, the reduced peptide is prone to rapid re-oxidation, not necessarily to the desired k-
praducts. In these cases, it is recommended to earry out a rapid {< 2 min} desalting by passing 3
the reduced peptide through a PD-10 column {Sephadex G-26M, Pharmacia), eluted with the
buffer chosen for the disulphide formationffolding process.

Disulphide bridge formation from free sulphydryl precursors may also be o
carried out while the peptide is retained on the solid support (5, 8, 30, 65, 71,
79-81). This approach has several advantages, including elimination of prob-
lems of peptide solubility, and facile removal of oxidizing agents and solvents
by filtration. In addition, the already discussed pseudo-dilution phenomenon
that applies to solid-phase reactions favours intramolecular disulphide forma-
tion over intermolecular side reactions. Alternatively, chains with a single free
sulphydryl can be subjected to on-resin intermolecular dimerization. In all of
these cases, Cys residues which are protected by $-Xan, S§-Tmob, S-Mmt, or
$-SBu are first sclectively deblocked by mild acid, or by thiolysis (Section
3.1). On-resin oxidation is then carried out (sometimes in the presence of a.
second family of paired orthogonally S-protected Cys residues) and, at an
appropriate stage, the peptide is released from the support by cleavage
cocktails that do not affect the formed disulphide bridge(s).

3.3.2.1 Air oxidation

The most convenient oxidation is carried out in the presence of atmospheric
oxygen, at high dilution, and generally under slightly alkaline conditions
(1-8). This widely used approach may be subject to one or more of the
following limitations: (a) dimerization or worse, despite precautions to carry
out reactions at low concentrations of substrate; (b) inadequate solubility for
basic or hydrophobic peptides; (c) very long duration {(up to 5 days) some-
times required for complete reaction; (d) difficulty in controlling oxidation,
because the rate depends on trace amounts of metal ions; and (e)
accumulation of side products due to oxidation of Met residues.
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protocol 6. Air oxidation

Reagents

« Peptide {free thiol form) « Buffer?
» Peptide-resin + NMP
L] Eth

A. Oxidation in solution (1, 5, 8, 80, 81)

1. Dissolve the peptide (free thiol form) in an appropriate buffer® at a
concentration of 0.01-0.10 mg/ml {= 0.01-0.1 mM). ®

2. Stir the solution in an open atmosphere, or with oxygen bubbling

through it. . .
3. Monitoring of reactions should be carried out by HPLC. Reaction times
are found to vary from a few hours to a few days.

B. On-resin oxidation (71, 79, 80, 81)

1. Suspend the peptide-resin in a solution of Et;N {0.02-0.175 M, 2-10 eq)
in N-methylpyrrolidone {(NMP).

2. Gently bubble air or oxygen through the suspension for 5-36 h at
26°C.° :

aguffers used for air oxidation typically have pH vafues of 6.5-8.5, with the rate of oxidation
higher with increasing pH {assuming that the substrate Is solubfg at the pH value chosen). The
most widely used agueous buffers are 0.1-0.2 M Tris-HC| or Tris-acetate, pH 7.7-8.7; 0.0:I M
phosphate buffers, pH 7-8; 0.2 M ammonium acetate, pH 67; and 0.01 M ammaonium
bicarbonate, pH 8. For the oxidation of certain peptides, the use of. organic co-solvents
{methanol, acetonitrile, dioxane, TFE} and the addition of tertiary amines (I\_IM‘M, EtaN.,_or
DIPEA) is recommended (72, 80, 81). Gdm-HCI (2-8 M) is sometimes added to aid in s?olublhty,
and to increase the conformational fiexibility of peptides—this is reported to result in overall
improvements of the rates and yields of air oxidations. Addition of CuCl, (0.1-1 pM} has also
been reported to improve certain oxidations.

®Concentrations as low as 1 pM and as high as 1 mM have been repc_:rted. )

*Other polar solvents that swell the resin can also be used. Both intra- and intermolecular
disulphides have been made in this way.

3.3.2.2 Oxidation in the presence of redox buffers

When poly(thiol) precursors are oxidized in the presence of n.nixtures of low
molecular weight disulphides and thiols, overall rates and yields are often
better than in the case of straightforward air oxidation. This is becausc the
mechanism changes from direct oxidation (free radical in!:ermediates) to thlol
~disutphide exchange (thiolate intermediate), which facilltatt.as the reshuffling
of incorrect disulphides to the natural ones. Mixtures of oxidized and reduced
glutathione, cysteine, cysteamine, or B-mercaptoethanol are cc.)m_monly used.
As before, high dilution of the peptide or protein substra.te is necessary (o
maximize yields of the desired intramolecular disulphide-bridged species, and
avoid formation of oligomers (5, 73).
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Protocol 7. Use of redox buffers (5, 8, 73, 76, 81-84)

Reagents

« Poly{thiol} peptide
¢ Gdm-HCl or urea
» Aqueous buffers

» Redox buffer: Tris-HCI, EDTA, reduced and
© oxidized glutathione

Method

1. Prepare a buffer of 0.1-0.2 M Tris-HCI, pH 7.7-8.7, containing 1 mM
EDTA, reduced {1-10 mM) and oxidized {0.1-1 mM) glutathione.?
Typically, the optimal molar ratio of the reduced to oxidized
compound is 10:1, but ratios of up to 1:1 have been reported.

2. Dissolve the previously reduced and purified poiy(thicl) peptide in the
above redox buffer to a concentration of 0.05-0.1 mg/m| (= 0.05-
0.1 mM}.

3. In cases where formation of physical aggregates occur, add a non-
denaturing chaotropic {1-2 M Gdm-HCI or urea).

4. Allow the oxidation to proceed at 25-35°C, and monitor the progress
of the oxidation by HPLC; 16 h to 2 days are common reaction
times. °

5. Concentrate the oxidized peptide by lyophilization and purify by gel
filtration on a Sephadex G-10 or G-25 column, using aqueous buffers
at acidic pH.

2Cysteinefcystine, cysteamine/cystamine, B-mercaptoethanol/2-hydroxyethyl disulphide,
reduced/oxidized dithiothreitol can be use as alternatives.

bif intractable precipitates form during this procedure, an alternative folding/oxidation is
recommended in which the peptide is oxidized against a series of redox buffers with a slow pH
gradient from 2.2 to 8 (85, 86},

3.3.2.3 Dimethylsulphoxide-mediated oxidation
Addition of dimethylsulphoxide (DMSO) is often useful for promoting
oxidation of free thiols to disulphides (87, 88). The oxidant is miscible with
water, so concentrations of up to 20% (v/v) can be used to promote faster
reactions. Oxidation occurs over an extended pH range (pH 3-8), meaning
that conditions can be found under which the substrates that undergo §
oxidation have improved solubility characteristics. Side reactions involving
oxidation of sensitive side-chains (Met, Trp, or Tyr) have not been observed. §
Sometimes, complete removal of DMSO presents problems (30).
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Protocol 8. DMSO mediated oxidation

Reagents

» Crude peptide » AcOH
- [NH,),CO; » DMSO
+ TFA « CHCN

« Phosphate buffer

A. Oxidation under slightly acidic pH conditions (81, 88}

1. Dissolve the crude peptide in AcOH and water (as required).

2. Dilute the solution to obtain a final peptide concentration of 0.5-1.6
mg/ml {= 0.5-1.6 mM}, and a final concentration of 5% AcOH in water.

3. Adjust the pH to 6 with (NH,),CO,.

4. Add DMSO (10-20% by volume}, and allow the oxidation to proceed
for 5-24 h at 256°C (monitor by HPLC).

5. Dilute the final reaction mixture twofold with 0.05% aq. TFA—S%
aqueous CH;3CN.

6. Load the solution onto a preparative reversed-phase HPLC column for
DMSO removal and product purification.

B. Oxidation under slightly basic pH conditions (81, 88)

1. Dissolve the crude peptide in 0.01 M phosphate buffer, pH 7.5, to
obtain a final concentration of ~ 1 mg/mi (= 1 mM).

2. Add DMSO (1% by volume) and leave the reaction mixture at 25°C

3. Monitor the reaction by HPLC, and after completion {~ 3-7 h),
lyophilize the mixture.

3.3.2.4 Potassium ferricyanide-mediated oxidation

Potassium ferricyanide is a relatively mild inorganic oxidizing reagent that is
used widely for the conversion of bis(thiol) to disulphides (5, 6, 8). Since
K;I'e(CN), is slightly light sensitive, reactions are best conducted in the dark.
Oxidation side products are possible when Met or Trp residues are present in
the substrate (89, 90).

Protocol 8. K;Fe{CN)g mediated oxidation

Reagents
+ Peptide {free thiol form} » Buffer
o KyFelCN}, « AcOH
» Peptide-resin « DMF
s CH,CI,
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Protocol 9. Continued

A. Oxidation in solution (91, 92)

1. Dissolve the peptide {free thiol form) to a concentration of 0.1-1 mg/ml
{= 0.1-1 mM)}, in a suitable buffer {acidic or basic, depending on the
solubility characteristics of the peptide}.

2. Siowly add the above peptide solution to a 0.01 M aqueous K;Fe(CN);
solution, under nitrogen, at 25°C. *°

3. On completion of reaction, adjust the pH to 5 with 50% aqueous AcOH.

4. Filter the solution, first through Celite and then {(under mild suction)
through a weakly basic anion exchange column {AG-3) to remove
ferro- and ferricyanide ions.

5. Wash the AG-3 column with water, and apply the filtrate, along with
the washes, to a weakly acidic cation exchange column or a Sephadex
column equilibrated with 50% aqueous AcOH.

6. Elute to obtain the peptide. Yields of 20-50% purified product are
typically obtained.

. On-resin oxidation (65, 81)

Swell the peptide-resin in DMF for 1 h.

. Drain off the DMF.

Add a homogeneous solution of 0.1-0.5 M KzFe(CNJg in H,O-DMF (1:1
to 1:10). ¢

Gently agitate the suspension overnight at 25°C in the dark.

5. After 12-24 h reaction, wash the peptide-resin several times with H,0,
DMF, and CH,Cl,.

6. Dry the oxidized peptide-resin in vacuo, and cleave the peptide from
the resin with an acid cocktail of choice that excludes thiol scavengers.

w N = om

=

" 2The amount of oxidant used should be in 20% excess over theory, and the pH of the reaction

solution should be kept constant at 6.8-7.0 by controlled addition of 10% aqueous ammonia.
Addition times vary between 6 and 24 h, with purer products noted upon slower addition. For
the formation of intermolecular homodimers, the peptide thiol solution must be more
concentrated {> 1 mg/ml = 1 mM}), and addition is carried out inversely, i.e. oxidizing solution
added to peptide solution.

bFor peptides containing Trp and/or Met, which have side-chains susceptible to oxidation in
the presence of excess KaFe(CN)s, Misicka and Hruby {90) proposed a modification of the
above procedure: add simultaneously the peptide solution and the oxidant solution {same
concentrations as above), very slowly and at the same rate, to a reaction flask. This modi-

fication allows for peptide and ferricyanide to be at the equimolar highly-dilute concentration - |

believed to allow for optimal intramolecular cyclization without side reactions.

°The averall amount of KyFe{CN}g used is calculated to be 10-20 eq with respect to the amount
of SH groups on the peptide-resin, and the higher concentration of oxidant in aquecus solution
requires correspondingly less of the DMF co-solvent.
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3.3.2.5 Oxidation mediated by solid-phase Ellman’s reagent

Ellman’s reagent, 5,5'-dithiobis(2-nitrobenzoic acid) (developed originally in
the context of an assay for measuring free thiol concentration under
physiological conditions (93)), when bound through two sites to a suitable
solid-support (PEG-PS or modified Sephadex) is an effective, mild oxidizing
reagent that promotes the formation of intramolecular disulphide bridges (94)
(Figure 3). This approach presents several advantages, including circum-
vention of potential problems due to solubility characteristics of substrates as
well as reagent, the chance to carry out reactions under mild conditions con-
ducive to product formation and to drive reactions to completion with excess
reagent, the ready separation of reagent and concomitant isolation of product
by simple filtration, and the recovery of reagent suitable for regeneration and
reuse. In addition, the pseudo-dilution principle for polymer-supported re-
actions favours intramolecular reactions, so the level of dimer formation is
reduced and often negligible. The rates and yields are dependent on the
substrate’s intrinsic propensity to be oxidized, as well as pH, resin loading,
and the solid support. The main side reaction involves covalent adsorption of

NG,
AQE#NH
SH SH g o
+
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S
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"Capture” C-NH
NO, NO.
ﬁ—N
SH s g o
HS
0
1l
C-NH
NO,
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8 $ ., we
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Ml
C—NH
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Figure 3. Intramoecular disulphide formation mediated by solid-phase Ellman’s reagents.
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the substrate to the support through intermolecular disulphide bridges; this

diminishes the yield but does not affect the purity of the desired intra-
molecular disulphide which is isolated. Moreover, the thiol substrate can be
recovered by reduction, and recycled through the oxidation process.

Protocol 10. Oxidation mediated by solid-phase Ellman’s reagent
(94)

Equipment and reagents

« Plastic syringe fitted with a polypropylene ¢ CH,Cl;

frit +« DMF
« Rotary shaker « Solid-phase Ellman's reagent: 5,5 -dithiobis
« Peptide {free thiol form) (2-nitrobenzaic  acid) (DTNB}-derivatised

« Buffer-CH;CN-CH;0H solld support

Method

1. Dissolve the peptide (free thiol form)}, to a concentration of 0.1-1
mg/ml {= 0.1-1 mM), in a suitable agueous buffer pH 2.7-7.0 -
CH;CN-CH30H (2:1:1).

2. Separately, weigh the solid-phase reagent {e.g. ~50 mg/ml| peptide
solution, at 0.2 mmol/g corresponding to 15-fold excess based on
DTNB functions) into a plastic syringe fitted with a polypropylene
frit.

3. When the parent solid support is PEG-PS, swell the resin in CHyCl,,
wash with DMF follow by CH,Cl,, and drain. In the case of Sephadex,
only DMF washes are necessary, prior to draining.

4. Plug syringe tip using a small septum or a plastic lock cap.

5. Add the solution of peptide substrate to the syringe already con-
taining the solid-phase Ellman’s reagent.

6. Gently stir magnetically or agitate the reaction mixture on a rotary
shaker at 25°C, and monitor the reaction by taking aliquots from the
liquid phase for HPLC analysis.

7. Reaction times are found to vary from 0.6 h to 30 h depending on the
buffer pH, solid-support, and ease of oxidation, with significantly
faster rates in more basic pH, and on PEG-PS.

8. On completion of oxidation, as judged by disappearance of the

a vial using positive air pressure.

9. Wash (3 x) the residual resin with the buffer, pH 2.7-7.0 — CH3CN-
CHZOH (2:1:1).

reduced substrate peak in the HPLC trace, drain the liquid phase into '.

10. Combine the washes with the drained liquid phase.
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11. Lyophilize to give the oxidized peptide. If the peptide in the free thiol
form was pure, no additional purification of the oxidized peptide is
required.

3.3.3 From protected thiol precursors

Disulphide bridges can also be formed directly from certain S-protected
cysteine residucs, without the intermediacy of free bis(thiol) intermediates
that might undergo unwanted premature oxidation (Scheme 1, Approach B).
Both of the cysteine residues to be paired are protected with the same kind of
protecting group, and the approach can be generalized in experiments aimed
at the regioselective construction of multiple disulphide bridges.

Suitable oxidative reagents include iodine (38), Tl(tfa); (23), and alkyltri-
chlorosilanes—sulphoxide (31). The deprotection/oxidation step can be carried
out either in solution, once the free peptide has been cleaved from the resin,
or while the protected peptide is still on the resin. In a variation on the theme,
silver-mediated deprotection can be followed immediately by a mild oxidizing
environment, e.g. acidic DMSO (40, 41, 95). As specified in the subsections
that follow, caution is required when peptide substrates contain sensitive
residues, especially Met and Trp (38, 96).

3.3.3.1 lodine oxidation

Iodine-mediated oxidation has been applied in conjunction with $-Xan, S-
Tmob, S-Mmt, S-Trt, and S-Acm protection (5, 8, 26-28, 38). Optimal
solvents include AcOH-H,O (4:1), MeOH-I1,0 (4:1), and DMF-H,0 (4:1)
(39). The main caution with iodine is to avoid over-oxidation of the thiol
functionality to the corresponding sulphonic acid, as well as to prevent or
minimize modification of other sensitive amino acid side-chains (Tyr, Met,
Trp) (5, 8, 38). It is advisable to monitor reactions, e.g. by HPLC; once
complete oxidation is verified, quenching should be carried out so as to lessen

the extent of any possible side reactions. Other oxidizing agents, such as

cyanogen iodide (97) or N-iodosuccinimide (98), can be used.

Protocol 11. lodine oxidation

Reagents

+ Peptide « Peptide-resin (protected with S-Acm, &-
* AcOH Xan, §Trob, or 5-Trt}

+ lodine « DMF

+ CCl,

A. Oxidation in solution (38, 39, 81, 99)

1. Dissolve the peptide in AcOH-H,O (4:1), to a final concentration of
about 2 mg/mi {(= 2 mM).
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Protocol 11.

2. Add iodine (10 eq) to the above solution in ore portion,

3. Stir the reaction mixture for 10 min to 1 h at 25°C.

4. On complete oxidation, revealed by HPLC monitoring, quench the
reaction by diluting to twice the volume with H,0, and extract the
iodine with CCl, {5-6 times, equal volume each time).

5. Lyophilize the agueous phase, and purify the product by preparative
HPLC.

Continued

B. On-resin oxidation (26, 81)

1. Swell the peptide-resin {(protected with S-Acm, S-Xan, S-Tmob, or
S-Trt) in DMF,

2. Add iodine {10-20 eq) to the suspension.

Gently stir the mixture at 25°C for 1-4 h.

4. Wash, drain, and dry in vacuo the oxidized peptide-resin. Oxidation

w

efficiency by this procedure is in the range 60-80%.

3.3.3.2 Thallium{(Ill} trifluoroacetate oxidation

Thallium{111} trifluoroacetate [TI(tfa);] is a mild oxidant that sometimes gives 4
better yields and purities of desired disulphide products, with respect to §
methods using I, (23). TFA is the solvent of choice for reasons both of -
solubilization and chemistry, but DMF is an acceptable solvent for on-resin
oxidations in conjunction with TFA-labile anchoring linkages (71). His and
Tyr survive exposure to Tl(tfa),;, but Met and Trp are compatible only if pro- 3
tected (23, 96). Thus, the only way that the use of Tl for disulphide formation 3

in the presence of Trp can be reconciled with the Fmoc/tBu strategy is when

Trp is protected with N™-Boc (100) and solid-phase oxidation is applied (the 3
Boc group is removed during TFA cleavage, so oxidation cannot be carried 3
out in solution; also the N"-For (1, 5-7, 101) group favoured in conjunction,§
with Boc/Bzl chemistry is lost under the conditions of N*-Fmoc removal). §
When starting with bis(S-Acm) sequences, only a slight excess of TI(tfa); §
should be used. Bis(S-Trt) sequences cannot be oxidized at all with this 3
reagent, while bis(Tmob) sequences tolerate a range of reagent excess (28). 1
The major limitation of this reagent is its high toxicity. As with other metals, ]
thallium can be difficult to remove entirely from sulphur-containing peptides.

Protocol 12. Tl{tfa); oxidation

Reagents

» Peptide {S-Acm or S-Tmob) « TFA
o Tlitfa)y ' » Anisote

« Bis{S-Acm) peptide-resin « Diethyl ather
« DMF + CH,CI,
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 Oxidation in solution (30)

. Dissolve the peptide in TFA-anisole {19:1), to a final concentration of
about 1.1 mg/ml {= 1.1 mM).

_ Chill the solution to 0°C,

3. Add Ti(tfa);{1.2 eq) and stir the resultant mixture for 5-18 h at A°C,

4. Concentrate the reaction mixture, and add diethyl ether {~3.5 ml for
each pmol peptide) to precipitate the crude product.

5. Triturate the product with diethyl ether for 2 min, followed by centri-
fugation and removal of the ether by decantation.

6. Repeat the trituration/centrifugation cycle three times, to ensure the
complete removal of thallium salts. Yields of 35-50% of crude cyclic
peptide have been reported.

B. On-resin oxidation (30, 71)

1. Swell the bis{S-Acm) peptide-resin in DMF.

2. Drain, and add Tl(tfa); (1.5-2 eq) in DMF-anisole {19:1, ~0.35 mI/25 mg
resin).

3. After 2-18 h at 0°C, wash the resin with DMF and CH,Cl; to remove the
excess Tl reageni. Yields of up to 80-95% have been reported.

3.3.3.3 Alkyltrichlorosilane—sulphoxide oxidation

Mixtures of alkyltrichlorosilanes and sulphoxides can cleave several
S-protecting groups (e.g. S-Acm, S-tBu, $-Mob, §-Meb) resulting in the direct
formation of disulphides (31, 102-106). The reactions are fast, and are re-
ported to be compatible with pre-existing disulphides formed in an ortho-
gonal scheme. Depending on the protecting groups present in the substrate,
certain chlorosilane-sulphoxide combinations are more effective than others;
the most generally effective milieus apply diphenylsulphoxide [Ph(SO)Ph]
with either CH;SiCl; or SiCly (102). The method is compatible with most
amino acid side-chains, although not with Trp, because the side-chain indole
can become fully chlorinated under the oxidizing conditions (77).

Protacol 13. Alkyltrichlorosilane-sulphoxide oxidation (33,77,
102, 104-106)

Reagents

« Peptide-resin  {S-Acm, S5-tBu, S-Mob, or « Anisole
S-Meb protected} » NH,F

 TFA « Diethyl ether

» CH,SiCl, o ACOH

+ Ph{SO}Ph
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Protocol 13. Continued

Method

1. Dissolve the peptide (5-Acm, $-tBu, §-Mob, or 5-Meb protected) in
TFA, to a concentration of 1-10 pg/mi {= 1-10 pM).

2. Add sequentiaily Ph{SO}Ph {10 eq}, CH3SiCl; (100-250 eq), and anisola
{100 eq).

3. Allow the reaction to proceed for 10-30 min at 25°C.

4. Add solid NH,F {300 eq) in order to quench the reaction.

5. Precipitate the crude product by addition of a large excess of dry
diethyl ether.

6. Collect the precipitate by centrifugation.

7. Purify the product on a Sephadex G-15 column, eluting with 4 N
aqueous AcOH.

8. Lyophilize the collected fractions, and the product can be further
purified by preparative HPLC. Yields of 20-40% have been reported.

3.3.3.4 Silver trifluoromethanesulphonate-DMSO-aqueous HCI

deprotection/oxidation

The use of metal reagents such as silver trifluoromethanesulphonate to re- 8

move S-Acm and S-Mob groups in acid media has been alluded to earlier &
(Section 3.1). Fujii and co-workers have developed a two-step procedure to
prepare disulphides based on the idea that the mercaptide intermediate can B
then be oxidized directly, for example by treatment with DMSO (40, 41, 95), §
The oxidation is carried out in the presence of aqueous HCI, lcading to
concomitant precipitation of AgCl. These conditions are reported to avoid
oxidative decomposition of Trp residues, and to not affect pre-existing B
disulphides formed in an orthogonal scheme (41). 3

4: Preparation and handling of peptides containing Met and Cys

3. Add ice-cold diethyl ether (15 volumes) and collect the resulting
precipitate. '
4, Wash the precipitated product with ice-cold diethyl ether (3 times).

5. Dissolve the peptide product in DMSO-1 M HCl{aq) (1:1), to achieve a
final peptide concentration of 0.1 mM.

6. Allow the oxidation reaction to proceed for 7 h at 25°C.
. 7..‘Remove the AgCl precipitate by filtration.

8. Dilute the filtrate with H,O and apply to preparative reversed-phase
HPLC to purify the product. Yields by this procedure are in the range
+ B0-60%: ' ) - -

3.3.4 Directed disulphide formation o :

Directed methods of disulphide bridge formation (Scheme 1, Approach C)
offer control whenever two different peptide chains must be linked (1,4,5,8,
107).. (The applications of directed methods for intramolecular disulphide
formation can be gleaned from the original publications (32, 108-110) and are
not covered here:) One chain will have a Cys residue with a free thiol,
prepared by methods already described (Section 3.1), whereas in the other
chain the Cys residu¢ needs to be blocked by a suitably activated form, such
as §-3-nitro-2-pyridinesulphenyl (S-Npys) (111-113), S-2-pyridinesulphenyl
(S-Pyr) (33, 34, 114), S-methoxycarbonylsulphenyl (S-Sem) (115, 116), or S-
(N-methyl-N-phenylearbamoyl)-sulphenyl (S-Snm) (110, 116). This latter
need immediately raises a problem in the context of the Fmoc/fBu strategy for
chain assembly, because the mentionied dual-purpose S-protecting/activating
groups are labile to bases such as piperidine used for repetitive N*Fmoc
removal. Thus, if the plan is to incorporate a protected Cys residue without
further transformations, it must be the N-terminal residue (fortunately, a
convenient position when the goal is conjugation to a protein carrier). Boc-

- Protocol 14. AgOTf and subsequent DMSO-aqueous HC|

deprotection/oxidation {40, 41)

Reagents

» Peptide {5-Acm, §-Mob protected} « TFA

« Anisole o AgOTf
+ Diethyl ether « DMS0
« 1 M HCl{ag)

Method

1. Dissolve the peptide {5-Acm, S-Mob protected} in TFA-anisole (99:1),
to a concentration of 1 mg/ml (= 1 mM).

2, Add AgOTTf (100 éq) and leave for 2 h at 4°C.
104

Cys(Npys)-OH (111, 112) and Boe-Cys(Snm)-OH (110, 116) can be used in
this way.

Generation of internal activated Cys residues, as needed for directed
methods of disulphide formation, involves multi-stage procedures whereby a
different S-protecting group is used to incorporate the Cys into the linear
sequence. Accordingly, S-Trt, S-Acm, S-Tmob, or S-Xan protected peptide-
resins, as well as peptides in solution containing those same S-protecting group
or a free thiol, can be treated with appropriate sulphenyl chlorides as follows:
(1) methoxycarbonylsulphenyl chloride in chloroform and/or methanol will
give S-Sem (107, 115, 116); (2) consecutive reactions in CH,Cl, with chloro-
carbonylsulphenyl chloride, followed by N-methylaniline, will give S-Snm
(110, 116); (3) Pyr-Cl and Npys-Cl in acetic acid will give respectively S-Pyr
(117) and $-Npys (111, 112, 118) (Figure 4). Sulphenyl chlorides are highly
reactive electrophilic reagents which are sometimes difficult to manipuiate;
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0 o
N— N=
—s—s@ —s—s@ —s—s—lcg-moon3 —~s~s~g~|r©

CH,
NO, 3
SNpys S-Pyr &Scm S55nm

Figure 4. Dual S-protecting/activating groups for cysteine residues.

they will cause irreversible modification of Trp, and it is not possible tq -3

o0
achicve selective activation with muitiple Cys. An attractive and milg §
alternative is to prepare the peptide where the Cys is obtained in its free thig] 4]
form, and then carry out reaction with a reagent such as 2,2'-dithiobispyridine =
(34, 114, 119, 120) or 2,2'-dithiobis(5-nitropyridine) (DTNP) (121) to give
respectively S-Pyr and S-Npys. Reaction with DTNP is particularly fast
requiring less than a minute between pH 3.5 and 6.5, and proceeding at ap
acceptable rate in aqueous AcOH (121). The aforementioned transform.
ations are usually achieved with a purified peptide, but in some cases, th
aromatic disulphides have been used to quench the thiols directly as they arn
liberated in an appropriate S-deprotective step (34, 114). Another reagen
which can be used to activate a Cys-containing peptide preparatory to directed
disulphide formation is bis{ters-butyl)azodicarboxylate (Boc-N=N-Boc), which
is used to generate an isolable sulphenyl hydrazide intermediate (122, 123
(Figure 5). '

Directed reactions to form disulphide bridges, applying the various acti- ;
vated forms already described, are often rapid, facile, and readily driven to
completion due to the electronmic characteristics of the leaving group. As
described in the leading references, reactions can be conducted in solution or
on-resin, in aqueous or organic milieus, and under acidic or mildly basie
conditions.

N N—= N N=

2,2'-Dithiobis(5-nitropyridine}

—

2,2-Dithiopyridine  Bis{tert-butylazodicarboxylate

Figure 5. Reagents used for the activation of ¢cysteine residues.

Protocol 15. Directed disulphide formation

Reagents

« Peptide (free thiol form) » 2,2'-Dithiohis(5-nitropyridine) {DTNP)
o AcOH + TFA :

s Diethyl ether + CHCl,

« DTT . + Keyhole limpet haemacyanin (KILH}

» Acetate-buffered saline + NaOH
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+ n-Propanol-0.1 M Tris

+ 2,2’-Dithiopyridine

« 10% ad. sodium carbonate solution
« Ar-saturated DMF

« Tri-n-butylphosphine
» MeCN-0.1 M Tris

» Boc-N=N-Boc

+ Diethy| ether

¢ NH,COz

A.

Disuiphide formation through activation with DTNP (121} and

conjugation fo a carrier protein (113)

. Dissolve DTNP (3-5 eq) in a minimal amount of AcOH-H,0 {3:1).
. Add the peptide with the free thiol function in one portion with

vigorous stirring.

. After 4-6 h reaction, add AcOH (3 volumes) and lyophilize,
. Extract the resultant solid with 0.1% agueous TFA, sonicate, centri-

fuge, and finally lyophilize the supernatant to obtain a powder.

. Wash with diethyl ether—CHCI; {7:3) to remove residual organic

reagents and by-products.

. Separately, partially reduce the carrier protein (keyhole limpet

haemocyanin, KLH) by adding DTT (1.16 mg) to a solution of KLH
{7.5 mg} in acetate-buffered saline (ABS; 0.1 M sodium acetate, 0.1 M
sodium chloride, pH 4.5; 0.5 ml),

. Allow the mixture to react for 1 h.

8. Purify on a Sephadex G-25 column (1 X 19 cm} by eluting with ABS,

1.
12.

13.

and UV monitoring at 220 nm.

. Pool the protein fractions (3-4 mil}.
10.

Add to the protein solution, the Cys{Npys)-peptide (5-10 mg,
tvophilized powder) from step 5.

Adjust the pH to 5.0 with 1 M NaOH.

After stirring overnight, adjust the solution to pH 7.0 by addition of
1 M aqueous NaOH, and stir for another 3 h.

Dialyse the solution against 10 mM NH,CO; (3 X 200 ml). The
peptide:protein ratios are determined from acid hydrolysates of the
conjugates.

. Disulphide formation through activation with 2,2’-dithiopyridine (114)
. Dissolve the peptide with the free thiol function in n-propanol-0.1 M

Tris pH 8 {1:1}.
Add tri-n-butylphosphine (1.1 eq)} and allow reaction to proceed for
16 h under Ar atmosphers.

. Add a solution of 2,2"-dithiopyridine {40 eq) in n-propanol-0.1 M Tris

pH 8 {1:1).

. Stir the resultant mixture for 10 min.
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Protocol 15, Continued

5. Purify by chromatography on Sephadex G-10, eluting with 0.1 M AcOH
to give the activated peptide.

6. Dissolve the second peptide, containing a free thiol, in ACOH—HZIO
{1:9), .

7. Add to a solution of the activated peptlde {from step 5} in MeCN-0.1 M )
Tris pH 8 (1: 1. .

8. Adjust the pH to 6 with 10% aqueous sodium, carbonate solution,

9. After 30 min, concentrate the reaction mixture and purify the product
disulphide by preparative HPLC,

C. Disulphide formation through activation with Boc-N=N-Boc (122)

Add dropwnse a solution of a peptlde {with a free thiol function) in Ar-
saturatéd DMF to a solution of Boc—N= N—Boc {1 eq) in Ar-saturated
DMF, under vigorous stirring. .

-—

“Allow the’ reactlon to proceed for 12 h at 25°C,

. Remove the. bulk ofthe solvent by evaporatlon in vacuo

. Triturate the reSIdue with diethyl ether. - )

Collect the precipitate, wash with diethyl ether, and dry in vacuo.

g:g.n-l:-m.N

Dissolve. the above peptide product {containing an activated thiol;
1 eq} in Ar-saturated DMF. :

7. Add dropwise the activated peptide solutlon foc.a solution of peptide
{with a free thiol function; 1.4 eq} in Ar-saturated DMF, with stirring at
25°C.

8. After 24 h, repeat steps 3-5 to obtain a preCIpltate and purlfy further by
Sephadex chromatography.

'3.3.5 Regioselective formation of disulphides
Regioselective formation of disulphides can be tackled by applying som¢ &
of the already described methods (1-8). The general approach, when the
disulphides are intramolecular, involves graduated deprotection (often ortho:
gonal) and/or co-oxidations of pairwise cysteine residues, as specified by the
original protection scheme. If an intermolecular disulphide is part of the
target, a directed method is used to link two chains. Although these pr1n01ple§ :
are reasonably self-evident, their implementation in practice retains a su
stantial measure of art and empiricism. Selectivities in the Cys deprotecti |
chemistries, compatibilities with sensitive residues, stabilities of alreadye
formed disulphides to subsequent transformations, and solubility consid
ations are among the factors that influence success. For more complicat
targets, the yields (if reported at all) tend to be quite low. The following para‘
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graphs provide a brief overview, but readers interested in more information
hould consult the aforementloned general reviews and ongmal literature
contrlbutlons cited therein: -

“.For the preparation by the Fmoc/fBu strategy of peptides containing two
dlsulphldes the best combination appears to be an acid-labile protecting
group (S-Trt, S-Tmob, or S-Xan) for two of the Cys, and S-A¢m for the
remaining two Cys (5, 30, 81). The formation of the first disulphide brldge
occurs either in solution or on-resin after selective acidolysis has given a
bis(thiol), bis(Acm)- intermediate. In a subsequent step, deprotection/
oxidation of Acm is-carried out to form the second bridge. An-alternative
two-dimensional orthogonal strategy uses acid-stable, thiolysable S-StBu to
protect the. two Cys residues that are joined first, and again S-Acm for the
remaining two Cys (66, 122). In addition, the S-Phacm/S-Acm combmatlon
has been demonstrated for a simple parallel cystine dimer (37). ‘

The extra selectivity to prepare peptides containing three disulphides can
be pr0v1decl by 1ncorp0rat10n of more acid-stable groups such as S-Mob or $-
tBu. Deprotect10n]ox1dat10n upon treatment with alkyltrichlorosilanes—
sulphoxides, or related procedures, may give the last disulphide; while strong
acid, for example HF at 0°C or TFMSA at 25°C in the presence. of carefully
chosen scavengers, provides a free thiol which may be manipulated further in
favourable cases (34, 80, 124).

It may be adequate to adopt an intermediate partlally regloselectlve strategy
with the goal to obtain peptides with a multiple disulphide array, The idea is
to use-one class of protecting groups to control the pairing of one particular
set of Cys residues, and the second class to block all of the remaining Cys.
Thus, one’ ‘might hope that establishment of the initial disulphide bridge might
bias the 0x1dat10n process that creates the subsequent bridges. Literature
precedents are ayallable when this was done in concert with chain assembly
by eithér Boc/Bzl (125, 126) or Fmoc/fBu (127) chemistry.
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Difficult peptides

MARTIN QUIBELL and TONY JOHNSON

1. Introduction

Solid phase peptide synthesis (SPPS), first proposed by R. B. Merrifield in
1962 (1), has evolved over three decades into a tremendously powerful
method for the preparation of peptides and small proteins (2, 3). An absolute
prerequisite for successful syntheses in all solid phase schemes is that
reactions which accumulate solid supported products, and by the very nature
of the technique contaminating by-products, must proceed cleanly and
efficiently. During the earlier years of SPPS this optimal situation was not
always achieved, primarily due to contaminated reagents and ill-defined
polymers in combination with pootly flexible protection strategies (4, 5). As
the methods of SPPS gained popularity and more widespread application,
reagents and protection strategies were improved and refined (6, 7). How-
ever, reports of notable successful syntheses were accompanied by then
unexplained failures, which have since been collectively termed ‘difficult
peptides’ (8, 9). This chapter describes how an intrinsic understanding behind
the occurrence of ‘difficult peptides’ has accumulated, leading to a general
synthetic solution—the utilization of a backbone amide protection strategy.

2. Difficult peptides—an overview

2.1 Background

Within a few years of the introduction of SPPS, it was recognized that the
assembly of some peptide sequences posed a special synthetic problem. The
main feature evident during these syntheses was a sudden decrease in reaction
kinetics, leading to incomplete amino-acylation by activated amino acid
residues. The unreacted sites were readily detected by the Kaiser test for free
amine (10); however, couplings showed no significant improvement even
upon repeated or prolonged reaction. Efficient reactions are known to occur
within a fully solvated peptide-polymer matrix, where reagent penetration is
rapid and unhindered (11). This optimal situation no longer exists during the
assembly of a difficult peptide, where the normally accessible solid phase
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reaction matrix becomes partially inaccessible during assembly. This situation
arises suddenly, typically 6-12 residues into the synthesis, and may then persist
tor a number of cycles before easing, or in extreme cases remain throughout
the completion of the assembly. The,crude products are particularly poor if
slower coupling B-branched residues (isoleucine, valine, threonine) are intro-
duced after the onset of synthetic difficulties. The principles underlying the
occurrence of difficult peptide sequences have for many years been the focus
of intense debate and research (8, 9, 12). An intrinsic feature of the numerous
ideas proposed is that aggregation occurs resulting in poor solvation within
the peptide—polymer matrix. T '

In a fully solvated system, the reactive peptide amino termini are well
separated and readily accessible, along with polymer chains and cross-links
that are extended and mobile. This is eloquently represented in Figiire 1a,
along: with scenarios in which partial collapse .or aggregation could occur
leading to hindrance of the amino termini. In scenario b, the once solvated
peptide chains have self-associated, possibly through intramolecular-hydro:
gen bonding, minimizing. interaction between-the feaction medium: and the
amino termini and limiting the-accessibility of .reagents. Scenario ¢-depicts 3
poor solvation of the polymer backbone, again hindering reagent access to the
peptide chains. Scenario d depicts peptide- chain . association, - but now via 3§
interchain as opposed to intrachain bonding as in b. This effectively produces
a more highly cross-linked matrix that is less mobile or accessible than shown
in the optimal situation a. : e o

During the early 1970s it was suggested that the occurrence of diffienlt pep-
tides possibly arose due to an incompatibility between the apolar polystyrene
resins, polar peptide chains, and apolar reaction. media, such as dichloro-
methane, used for SPPS as depicted in Figure Ib or 1¢ (13). This prompted the
investigation of alternative polymer supports and reaction- media to the

(©) )

Figure 1. Scenarios depicting the possible solvation or aggregation states of a-polymer-
bound peptide sequence. {a} Peptide and polymer chains (bold) are fully solvated. (b)
Peptide chains are intramolecularly aggregated whilst polymer is solvated. (¢} Peptide
chains are well solvated whilst the polymer backbone is poorly soivated. (d) Peptide
chains are intermolecularly aggregated whilst polymer is solvated, effectively increasing
the overall level of cross-linking in the matrix. (Reproduced from ref. 7 with permission:}
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original Merrifield system. Since peptides are polyamides, a major advance in
compatibility was the introduction by Sheppard and co-workers (14) of a
polyamide—based polymer support along with the use of dipolar aprotic amide
solvents. These new protocols enabled the successful preparation of the deca-
;peptide sequence from the acyl carrier protein (ACP)-(65—74), which was not
:prepared readily by standard solid phase technigues (15, 16). However, this
breakthrough in the synthesis of difficult peptides did not provide the com-
plete solution since some sequences still remained prone to aggregation (17).
It is now accepted that a major contributing factor to the phenomenon of
difficult peptides originates in the intrinsic properties of the peptide sequence
itself. A wealth of physical evidence has been accumulated (see later) to show
\jthat -aggregation primarily occurs through the self-association of polymer-
‘bound peptide sequences by infermolecular hydrogen bonding as depicted in
Figure 1d. Thus, a general solution to difficult peptide syntheses requires in-
hibition of the root cause of the problem, intermolecular backbone hydrogen

bonding. ' |
2.2 Identifying the effects of aggregation _

Following the introduction of polyamide supports, Sheppard and co-workers
advocated a milder orthiogonal Fmoc/f-butyl chemistry for SPPS in place -of
the somewhat harsh Boc/benzyl protocols of the original Merrifield scheme
(18, 19). This new chemistry, along with the advent of a flow stable physically
supported polyamide gel, led to the widely adopted continuous flow Fmoc-
polyamide technique for SPPS (20-22). This proved to be a pivotal con-
tribution in the understanding of the ditficult peptide phenomenon through
the real-time spectrophotometric monitoring of a fluorene derived chromo-
phore, released at each N*-Fmoc deprotection cycle, into the solvent stream.
The unhindered release of fluorene derivatives from a fully solvated
peptide—polymer matrix results in a characteristic ‘bell-shaped’ elution profile
(20} (Figure 2a). Syntheses that exhibit such profiles throughout their assembly
are generally of an excellent crude quality. In the case of difficult peptide
sequences, the slowing of reaction kinetics at the onset of aggregation is
readily observed as a broadening of the release of fluorene derivatives from
the reaction matrix (Figure 2b). In severe instances, the monitored release of

@ ®) ©
K k_ T

Time

Abs

Figure 2, Typical Fmoc deprotection profiles {measured at 2756 nm) observed during
continuous flow SPPS. {a) Unhindered release of fluorene chromophore from a fully
solvated peptide-polymer matrix. (b} Release from a partially aggregated peptide-
polymer, (c) Release from a fully aggregated peptide-polymer matrix. .
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fluorene shows a dramatically flattened profile, indicating slow and possib[y
incomplete removal of the N*-Fmoc group (Figure 2c), occasionally seen a4
Fmoc-terminated products in the crude peptide (23). 3
Numerous non-invasive methods for the identification of difficult peptidel :
sequences have been described, each adding to an overall understanding o
the phenomenon. A ‘swellographic’ -method, which is based on the actyg|}
physical bed volume of a swollen gel peptide-resin matrix (24-27) providey; §i
compelling visual evidence for aggregation. All the popular polymeric go 38
supports used for peptide synthesis absorb organic solvents and swell to many
times their dry bed volume. As a resin-bound peptide sequence is extendeq
the swollen bed volume of the matrix increases (12). However, in the3
synthesis of a difficult peptide sequence, the swollen bed volume suddenly
decreases by up to 50%, reflecting the increased cross-linking introduced$
through intermolecuiar hydrogen bonding between the peptide chains. ;
The fundamental physiochemical properties of difficult peptide sequenceg
have been investigated using infrared (28-31) and NMR analysis of polym
bound peptide sequences. Infrared measurement of peptide-polymer g
matrices clearly show the formation of B-secondary structure on transition of
a fully solvated to an aggregated sequence. On aggregation, clear bands at
1220, 1240, and 1300 cm! in the amide TII region and 1665 cm™ in the amide |
region, characteristic of a B-sheet secondary structure, are observed. A similag
effect has been described by Narita et al. (32) correlating protected peptide
solubility in solution with structure. With Fmoc/polyamide SPPS techniques,
the ortho-substituted phenyl ring of residual Fmoc may be observed at 1025
cm™ on deprotection of a difficult peptide sequence (29). Mapelli and
Swerdloff (33) have described the >C NMR of a gel polymer-bound ACP-
(65-74), showing a broadening of the NMR line widths upon aggregation.

2.3 Effect of resins, solvents, and additives on aggregation

Numerous modified SPPS protocols have been suggested to improve the
{quality of difficult peptide syntheses. A common theme among the majority of il
these protocols is an attempt to limit the extent of B-sheet secondary structure g
formation by altering the solvation properties of the polymer, the polymer:
bound protected peptide, and/or the surrounding reaction media.

The last decade has seen a resurgence in the development of new polymer
supports, which exhibit improved solvation during the synthesis of difficult
peptides. A graft polymer of polyethylene glycol-polystyrene (PEG-PS) has
shown impressive improvements in the synthesis of a difficult polyalanine.
sequence when compared to a polystyrene-based support (34). Meldal (39):
has described the use of a polyethylene glycol-polydimethylacrylamide
(PEGA) based polymer in an improved preparation of ACP-(65-74). An

.J important factor to consider in the performance of any polymer support is the
overall functional loading and the distribution of that loading, highlighted in:
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n investigation by Tam and Lu (27). The use of low-substitution resins
(typicauy 0.1-0.4 mmol/g) may be advantageous since a high density of
peptide chains may mimic an increased degree of cross-linking and poor
solvation. However, Tam and Lu conclude that many such commercial resins Vv
may not be evenly functionalized and can contain areas of highly clustered
functionality resulting in very poor solvation,

Alternatively, attempts have been made to improve the solvation prop-
erties of the reaction media, rather than those of the polymer support alone.
virtually all SPPS, regardless of the type of polymer support, is now per-
formed in dipolar aprotic amide solvents originally suggested by Sheppard
and co-workers (14). Additionally, numerous additives that may facilitate the
disruption of secondary structure formation through the potential elimination
of peptide-chain intermolecular hydrogen bonds have been investigated. The
addition of chaotropic salts such as potassium thiocyanate (36) or lithium V'
chloride (37), typically at a concentration of 0.4 M, or detergent (38) at 1%
v/v has been suggested. Improved solvation has been described upon the
addition of trifluorcethanol (39), hexafluoroisopropanol (40), N-methyl-
pytrolidinone (41), and dimethylsulphoxide (42) to reaction media.

Each of the aforementioned modifications has undoubtedly provided im-
proved crude products in a number of such syntheses. However, improved
solvation of the polymer—peptide/reaction media, although extremely
desirable, only aims to limit the effects and extent of B-sheet secondary
structure formation. The potential for intermolecular backbone hydrogen
bonding, the fundamental cause of the phenomenon, still exists.

3. Predicting difficult peptide sequences

In order to effectively assembly difficult peptides, more complex protocols
aimed at the disruption of secondary structure formation need to be intro-
duced prior to the omset of synthetic difficulties. Ideally, this could be
achieved if a predictive method describing where and when PB-structure
formation will occur, based simply on examination of the primary sequence,
was available. Unfortunately, there is no complete solution available to date,
although a number of groups have developed reasonably successful guide-
lines. Current predictive methods are derived from four main investigations:

1. Statistical analysis of data gathered during the SPPS of hundreds of
peptides (43-46);

2. Ab initio calculations based upon Chou and Fasman parameters (47) from
known protein structures (28);

3. Correlation of protected peptide solubility in solution with structure (32,
48, 49, :

4. The effects of host-guest substitutions within a given difficult peptide

framework (50, 51).
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. A statistical analysis method has been used to. ascribe an. aggregation 1
parameter for each amino acid (44, 45) based on the change in swollen volumg
of a peptidyl-resin on couplings in 87 unrelated sequences. Amino acids such

v as proline, arginine, and histidine were rarely present towards the carboxy §
terminus of sequences that showed subsequent aggregation and were accorg.
ingly given low indices. Conversely, amino acids such as alanine, isoleucing;
methionine, and lysine were often present and went on to give difficult

MIAK '/peptide problems. The method predicts difficult peptide  syntheses . with

reasonable success, through a run of high aggregation parameter residues in
the, 6-9 carboxy-terminal residue region of an assembly. The predictive
methods of Van Woerkom and Van Nispen (43) are based on the analysis of
696 couplings from 88 sequences. Residues that are difficult to couple with,
and the effects of chain length on these couplings, are described. -

Narita et al. (48) developed a predictive method which can potentially
identify soluble protected peptide.intermediates for solution-based fragment
condensations. A fully solvated peptide—polymer is considered to contain a
‘soluble” peptide chain, whilst:an aggregated matrix. contains a partially
soluble or ‘insoluble’ chain (12). Thus, the-findings of Narita er al.-might be
used to predict isolid phase difficult peptide syntheses if one considers the
addition of each..amino acid during assembly as the formation of a new:
protected segment and access that segment accordingly. The single most
striking conclusion from the work of Narita et al. was the onset of an un-
ordered structure in solution of -a -segment containing. an appropriately

-y positioned tertiary amide bond. Such segments showed substantially ims
proved solubility (32, 49).

The host—guest substitution investigations of Sheppard and co-workers weré
based on the introduction of guest residues into a host sequence (I) with 4 ;
strong tendency towards aggregation, followed by continuous flow SPP3
monitoring of the N*Fmoc fluorene-derived chromophore released at each
cycle (51). After introduction of the two guest residues, the syntheses were ' §
continued by addition of alanine residues until aggregation was observed ¥
through broad Fmoc deprotection profiles. - - T |

RPH

. H-(Ala),-X-X-(Ala)s-Val-polydimethylacrylamide - . (I “ng
Figures 3a-d show the deprotection profile peak heights as a function of chain - !
length and guest residue and a number of conclusions were clearly apparent.

VALLE v The hydrophobic guest residues alanine, valine, isoleucine, leucine, and 4
phenylalanine showed a strong tendency to aggregate on the addition of only 3
one or two more alanine residues (Figure 3a).” A similar result based on
aggregation parameters was obtained by Krchnak er al. (44, 45). The side-
chain protecting group of trifunctional residues, e.g. ranging from the bulky
hydrophobic trityl to the relatively polar acetamidomethyl for a series of

~ Cysteine derivatives, showed little effect on the propensity for aggregation

4
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Figure 3. Deprotection peak heights as a function of host rasidue (-X-X-) and chain length
in the SPPS of the known difficult peptide test sequence H-{Ala),-X-X-(Ala};-Val-poly-
dimethylacrylamide (l). {a) General hydrophobic residues. (b} Effect of side-chain pro-
tection of cysteine. (c) Effect of trityl protection of side-chain carboxamide of glutamine
and asparagine. {d} Effect of arginine and tertiary amino acids proline and sarcosine.
{Reproduced from ref. 51 with permission from Munksgaard International Publishers Ltd.,
Copenhagen.)

(Figure 3b). An exception was the side-chain carboxamide protection of
glutamine and possibly asparagine by trityl, which showed a beneficial effect
in delaying aggregation (Figure 3c). The introduction of arginine delayed the
onset of aggregation significantly, as did the introduction of histidine (data
not shown) (Figure 3d). The most striking result was the introduction of the
tertiary amide residue such as proline or sarcosine which abolished the pro-
pensity for aggregation until a further six alanine residues were added (Figure
3d), this being the minimum length at which polyalanine itself aggregated
(Figure 3a).

- The host—guest results, along with the segment solubility results of Narita et
al. (48, 49) and Blackmeer et al. (52), suggested that the difficult peptide
problem might be eliminated by the introduction of a reversibly N-alkylated
amino acid residue prior to aggregation. .

121




Martin Quibell and Tony Johnson

4. The N-(2-hydroxy-4-methoxybenzyl) (Hmb)
backbone amide-protecting group

4.1 Development and preparation of (Hmb)amino acid
derivatives

Numerous factors required consideration during the development of 3
secondary amide protecting group suitable for use in Fmoc/t-butyl SPPS,
Complete stability to the repetitive acylation and piperidine-mediated A=
Fmoc deprotection cycles was essential. Additionally, a group readily removeq
upon the acidolytic side-chain deprotection and C-terminal peptide-handle
cleavage, mediated by trifluoroacetic acid, was desired. These requirements
pointed to N-aralkyl-substituted amino acid residues and a range of methyl-
and methoxy-substituted benzyl, furfuryl, and thienyl derivatives were pre-
pared which exhibited the desired chemical properties (53). Unfortunately,
following incorporation into a peptide chain, such derivatives proved ex-,
tremely difficult to N-acylate quantitatively. This obstacle precludes the
general use of N-aralkyl derivatives in SPPS. However, the problem of slow
N-acylation was largely overcome by the introduction of a 2-hydroxyl
substituent into the 4-methoxybenzyl system (see Figure 4). Acylation of the §
N-(2-hydroxy-4-methoxybenzyl) residue is achieved through an internal base- %

Fmae-N-CHR-COQOPIp

(a)

Me O-Fmoc

H;N-CHR-CO-_.... Resin Fmog-N-CHR-CO-NH-CHR-CO-... _Resin

£,
MeQ 0-Fmoe

20% pipenidine f OMF

E——

Fmoc-NH-CHR"-CO-Acl
Fmee-NH-CHR*-CCO NH-CHR-CO-NH-CHR-CO-.... Resin ~Ha,
' - 0 NH -CHR-CO-NH-CHR-CC-.. . Resin

MeOr MO

Fmoc-NH.CHR"-CO-N-CHR'.CO-NH-CHR-CO-____Resin H\U"H‘N_(;HR‘ CO-NH-CHR-CO- _ Resi
-CO-NH- -C0- in

] {d)
MeO OH MeC

Figure 4. Scheme for the incorporation of N,O-bis(Fmoc)-N—(Hmb)-[;rotected pentafluoro-
pheny! esters {a) into a peptide chain. Key hydrogen-bonded tautomer {c) catalyses
esterification to {e} which undergoes O —N acyl transfer.
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catalysed esterification providing 4e, favoured via tautomer 4c, followed by an
intramolecular O —N acyl transfer giving 4f. The acyl transfer mechanism

{ overcomes the severe steric hindrance encountered during the direct acylation

of the N-aralkyl secondary amino group and although coupling of the in-
coming activated residue is relatively slow compared to standard reactions,
full incorporation may be achieved in the vast majority of cases.

The Hmb-substituted amino acids of non-functional and side-chain +-butyl/
Boc-protected derivatives are readily prepared from commercially available
2-hydroxy-4-methoxybenzaldehyde and amino acid residues by reductive
amination (Protocol I). To- date the following Hmb residues have been

repared: Ala, Arg(Pmc), Asn(Trt), Asp(O'Bu), Cys(Acm), Glu(O'Buy),

P h
/ Gln(Trt), Gly, Ile, Leu, Lys(Boc), Phe, Ser(‘B‘u), Thr(‘Bu), Tyr{‘Bu), and Val.

Protocol 1. Preparation of N-(2-hydroxy-4-methoxybenzyllamino
acids P :

Reagents

» Amino acid +« KOH }

» 2-Hydroxy-4-methoxybenzaldehyde + Ethanol )

» Sodium borohydride ¢ 1M NaOH .

« Concentrated HCI « MeOH

« Phosphorous pentoxide

Method

1. Dissolve the amino acid {10 mmol} with stirring in water {10 ml)
containing potassium hydroxide {10 mmol). Note that some of the
more hydrophobic side-chain protected derivatives, e.g. O-t-butyl
tyrosine, require the addition of ethanot to achieve fu]i dissolution.

2. Add a solution of 2-hydroxy-4-methoxybenzaldehyde (10 mmol) in
ethanol {10 ml) in a single portion and stir the resultant bright yellow
solution at room temperature for 30 min.

3. Add a solution of sodium borohydride {10.1 mmaol} in water {5 ml
containing a few drops of 1 M NaOH) dropwise over 15 min, resulting
in effervescence and some colour loss.

4. Heat the mixture briefly on a water bath at 60°C until the vellow
solution becomes essentially colourless {requires no longer than 10
min), and then cool slowly to room temperature.

5. Acidify the cooled solution to pH 4 with concentrated hydrochloric
acid. if product precipitation is not abserved, concentrate the acidified
mixture in vacuo to approximately half-volume. \

6. Leave standing at 4°C overnight, collect the precipitate and wash
carefully with cold 20% aq. MeOH (3 x 50 ml), water (2 % 50 ml}, and
finally vacuum dry over phosphorous pentoxide.

.
\x
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Protocol 2. Preparation of N,0-bis{Fmoc)-N-(2-hydroxy-4-
methoxybenzyllamino acids

Reagents :

s N-{2-Hydroxy-4-methoxybenzyl)amino acid- e Sodium carbenate decahydrate
« 1,4-Dioxane » Fmoc-Cl

+ Diethyl ether « 0.5 M HCI

+ Na,50, « MeOH

« CHCl;

Method

1. Add the N-{2-hydroxy-4-methoxybenzyl}amino acid (5 mimol) to an ice-
cold stirred solution of sodium carbonate decahydrate {16 mmol, 3.2
excess) in. water (b0 mi).. Add 1,4-dioxane (30-50 ml) to ensure
dissolution. :

2. Add dropwise a solution of Fmoe-Cl {10.5 mmol, 2.1 excess) in dioxane
{10 ml}-over 1 h.

3. After a further 1-2 h reaction, monitored by reverse-phase_AHPLC, the
original clear solution should thicken with the precipitated product.-

4, Quench the reaction mixture with diethyl ether (100 ml}, and extract
the aqueous layer with further ether {2 X 100 ml).*

5. Wash the combined ethergal extracts with 0.5 M HCI (2 > 100 ml), dry
over Na,S0,, and evaporate in vacuo to an oily solid.

6. Dry the solid in vacuo overnight.

7. Purify the crude derivative using Kieselgel 60 (Merck) (20 g silicalg
crude product), initially packed and sample loaded in CHCI,. Elute the
column with CHCI; until the UV positive material no longer elutes.

8. Gradually change the elution solvent up to 5% MeOH in CHCi,.?

9. Pool the desired fractions and evapora'te in vacuo to a crystalline solid.
Isolated vields are generally around 20% based on the starting
{Hmb)amino acid.

?These ethereal layars contain the sodium salt of the desired bis(Fmoc) product.
®|n general the bis{Fmoc} derivatives elute at A; = 0.3 {5% MeOH in CHCI,).

. §: Difficult peptides

‘dominately the monoFmoc species are isolated. The bisFmoc acid derivatives

of (HmMb)Ala, (Hmb)Asp(O'Bu), (Hmb)Gly, (Hmb)Lei, (Hmb)Lys(Boc),
(Hmb)Phe, and (Hmb}Val along with a selectlon of the pentafluorophenyl
esters are available from Novabjochem. - ‘)

Protocol 3. * Preparation of N, O-bis{Fmoc)-N-(2-hydroxy-4-
" methoxybenzyllamino acid pentaflucrophenyl esters

Réégents

« N,O-bis(Fmoc)-N-(2- hydroxy 4- methoxy « THF
K benzyl)ammo acid, ! ‘ e Pentafluorophenal
T Det - . . .« CHCl,

Method

1. Dlssolve N, 0 bls(Fmoc) N- (2 hydroxy 4~ methoxybenzy!)amlno acid
s "’_'(10 mmof) and pentafluorophenol (11 mmol) in dry THF (40 ml} W|th
' stlrrlng ahd'ice- -cooling. :

"7'2; _Add dropW|se a solution of pce (10.5 mmol) in dry THF (10 ml) over'

* 7B min, leave at 0°C for 30 min.

3. Stir overmght at room temperature -
4, Fllter off the precrpltated dlcyclohexylurea wash W|th THF. (2 X 10 -ml},

and discard. o

. B.: Evaporate in vacuothe combined THF solution to give an oily solid..

- 6.7 Purify the crude ester using Kieselgel 60 {Merck) (10 g silica/g crude
e product) packed with CHCI; and load the sample 'in CHCI,. Elute the.
o columin with CHCl, until UV- positive material: ‘no longer elutes.

"7 Combine the appropriate fractions and evaporated to dryness in

" vacdo. Triturate the' residual materral with hexane.

““8. Collect the pUI‘Ierd ester by filtration and dry in vacuo. Isolated ylelds

are typlcally > 90% based on startmg acid.

A key point to note in the synthesis of the N,0-bis(Fmoc)-N-(2-hydroxy-4-.
methoxy benzyl)amino acid derivatives is the balance of water to dioxane in
the reaction mixture. Improved yields are obtained if the sodium salt of the
desired product precipitates in the reaction mixture on its formation, since-the

Fmoc group present on the 2-hydroxyl as a carbonate is femoved slowly by
aq. Na,COj;. Thus, if!. the proportion of dioxane present in the reaction
mixture is sufficient to keep the desired product is solution, then pre:
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42 Incorporation of N-(2-hydroxy-4-methoxybenzyl)amino

acid residues

iThe incorporation of (Hmb)amino acid residues is con'venicn.tly achieved
through 1-hydroxybenzotriazole activation of the N,0-bis(Fmoc)-N-(IImb)-

protected pentafluorophenyl esters (Figure 44). A number of groups have

recently described the successful use of the N*-Fmoc-N-(Hmb)-amino acid
derivatives (54, 55) in the synthesis of difficult peptides. However, we have
previously found that the monoFmoc derivatives of residues other than

glycine or alanine couple slowly to resin-bound peptide chains (56). The slow
coupling of these species is attributed to the formation of a relatively low
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v general, we have found that the fully protected, pentafluorophenyl este

v (Protocol 4), urethane-N-carboxy anhydride (58), or pre-formed acid fluoride :
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Table 1. (Fmoc-AA-),O/DCM coubling times {in hours) to terminal (Hmb)AA...resin 2%

Nterminal (Hmb}amino acid residue
Gly Ala Leu Asp(OBul Phe GIn(Trt) Val

Incoming residue

Gly 025 025 05 1 1 3 3
Ala 025 025 1 2 2 4 5
Leu 0.5 1 3 4 5 24 24
AsplO'Bu) 1 2 4 8 24 2 24
Phe 1 4 6 24 24 24 24
Val 1 e e e e

?Cenditions: 10 equiv. of anhydride in a minimum of dichloromsthane. Note that some anhydrideg
are not very soluble, e.g. Phe, Cys(Acm), to which a maximum of 10% v/v DMF may be added to aid:
solubility. Acylations still proceed adequately if the anhydride remains gelatinous. :
bReadily monitored by the Kaiser amine test {10).

© Slow reactions; not reaching completion even upon prolonged coupling.

reactivity  4,5-dihydro-8-methoxy-1,4-benzoxazepin-2(3H)-one, a  seven:,
membered lactone, upon activation of the monoFmoc derivative (54, 57). Iy

activated derivatives give superior results. As standard, the N,0-bis(Fmoc).
N-(Hmb)-protected pentafluorophenyl esters are coupled at a_threefold:
excess. Even the most hindered additions, e.g. Fmoc-N-(FmocHmb)lle:
OPfp/HOBt onto H-lle—PepsynKA®, proceed quantitatively with an Quer-’
night reaction. _ :

Quantitative N-acylation of the terminal Hmb residue, even with the aid of
the acyl transfer mechanism, requires special attention. As illustrated in .
Figure 4, an initial base-catalysed esterification occurs which is favoured :
through tautomer 4c. Optimal acylation occurs via symmetric anhydride (7)

(59) in the apolar aprotic solvent dichloromethane, conditions which preserve
the crucial hydrogen-bonded structure 4c. Typical acylation times are detailed
in Table 1. :

Protocol 4. General preparation of symmetric anhydrides for
Hmb residue acylation

Equipment and reagents

« 50 ml Falcon tube « DCM
« Fmoc-amino acid derivative « DMF
« DIC s MeOH
» Resin-bound N-terminal {Hmblamino acid » Ether
Method

1. Dissolve the Fmoc-amino acid derivative {20 eq excess to resin

leading} in DCM (5 m¥mmal amino acid) with stirring and ice-cocling
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in a 50 ml Falcon tube. If the amino acid appears particularly insoluble,
then add DMF {500 pl) to aid dissolution. Note that some residues will
still appear only partially soluble, e.g. Phe, Ala, CystAcm).

2. Add DIC (10 eq} in DCM (1 ml) over a few minutes—initially the
mixture generally becomes much mare soluble.

3. Stir the mixture at 0°C for 30 min.

4. Add the resin-bound N-terminal (Hmb)amino acid to the anhydride
solution.?

5. Either dilute the reaction volume with additional DCM or evaporate

briefly in vacuo until the resin mixture is just covered. Seal the Falcon
tube to minimize solvent evaporation and leave the reaction mixture

for an appropriate length of time.?
6. Collect the resin by filtration and wash the resin with DMF (5 vol.}
followed by methanol {2 vol.) and ether (2 vol.}.

aa number of anhydrides appear fairly insoluble, but experience has shown that acylation

does oCCur.
#Refar to Table 1.

4.3 Site selection for Hmb backbone protection
The choice of site for Hmb protection is based on the appli(_:ation of a set of
standard considerations of the difficult peptide being synthesized:

v 1. Protection must be implemented prior to aggregation to be effective.

v2. Backbone protection need only be introduced a maximum of each i'igclh
residue (51, 60, 61). As the synthesis extends this becomes more ﬂe_mble.
Thus for a 20 residue sequence containing no proline residues, a maximum
of 2 or 3 Hmb residues are required located approximately at residues 5-8
and 12-15.

¥3. The amide bond to be protected needs to be compatible with Hmb
chemistry. The main restriction here is that incoming 3-branched residues
(Val, Ile, Thr) do not couple quantitatively to Hmb residues other than
glycine. All other combinations may be protected.

¥4, Aspartyl bonds prone to base-catalysed transformations, e.g. Asp(O'Bu)-
Asn or Asp(O‘Bu)-Gly, require protection (62).

5. Given a choice of position for Hmb protection, dependent on the desired
sequence, the chemically easiest bond to synthesize is protected (see
following example).

The details of synthetic improvements upon the introduction of Hmb pro-
tection into a wide range of difficult peptides have been published, illustrating

the decisions (55, 60, 61, 63-66).

127




- B

Martin Quibell and Tony Johnson

4.4 Improved dlﬂicult peptlde syntheses through Hmb
backbone protection :

The following examples illustrate the dramatlc 1mpr0vement obtalned 1n diffj

cult peptide syntheses on. the- introduction of only. one or two judicious}

placed Hmb residues and exemplifies the decision processes undertaken whe

choosmg the optlmal backbone amlde bond for protectlon

4.4.1 Example 1. An HIV-related octadecapeptide sequence

The syntheses were performed on 0.1 mmol/g Pepsyn KA® resins (No
biochem) under standard - conditions (7) using a Crystal® “automate
synthesizer (Novabiochem). The 18-mer target (ID) which constituted the C 'E
terminal section of a larger 44-residue target was ‘originally prepared without/y
side-chain protection for. Asn™ or. Gln'! and. dxfferentlal protectlon of th
cysteine residues as Cys*(Trt) and.Cys”(Acm). - e

H-Leu'-Ile-Asn-Cys(Trt)-Asn’-Thr(‘Bu)- Ser(‘Bu) VaI8 Ile-Thr(’Bu) Gln11
~ Ala-Cys(Acm)-Pro-Lys(Boc)- Val- Ser(’Bu)-Phelg-Pepsyn KA® (I

N-Fmoc deprotection monitoring showed a dramatic broadening at -Val
which is situated six residues from the p-structure inhibiting tertiary residu
Pro'*. Subsequent additions of the remaining seven residues were extremel
slow, especially Thr(’Bu)6 and Cys(Trt)4 and could not be driven to co
pletion even on repeated couphngs (as judged by the Kaiser tést; ref: 10); TH
resultant crude product was of a poor quality ‘containing only 33% (by HPL
integration) of the desired. materlal _along  with. numerous. impuri
(Figure 5a)..
The synthesis was repeated usmg trrtyl side- cham protectlon of the Gln
carboxamlde (cf results illustrated in Figure 3c). The broadening of de
protectlon proﬁles was inhibited by three additional tesidues from Valg
Asn®. ' However, synthetic difficulties persisted throughout the remamder o
the assembly, with only a modest improvement in the final crude product.”
~‘With'the above observed delay of aggregation onset by the introduction o
Gln(Trt)™, the addition of a ‘single appropriatély placed' Hmb residue 3
predicted to’inhibit aggregation throughout the remaindér of the assem
Since the point of Hmb introduction needs to be prior to -aggregatio
difficulties (4.3 rule:1), this defined residucs Asn —Thrg ‘Bu)!%-as-possibilit
taking into account the presence of Pro'. Since the use of an incoming B
branched residue onto an Hmb residue (other than .Gly) is not quant1tatlv
(4.3 rule’ 3), the poss1b1]1tles are limited to Cys(Trt)“ onto (Hmb)As
Ser('Bu)’ onto (IImb)Val®, The optimal point of introduction for ba )
protection was chosen as Val® (4.3 rule 5) which was ‘predicted to delayf
apgregation for at least a further: six residues which. would - complete. the}
majotity  of .the “assembly.  (Hmb)Val®: was: coupled via'3-eq- FmOC*N
(FmocHmb)Val- Opr!HOBt onto H-Ile’—Pepsyn KA® in 6 h. This' wils
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Ro) . ®

Abs (215 nm)

' Time {min)

Flgure5 HPLC profiles of total crude products from the assembly of octadecapeptide Il
{a) Standard assembly without side-chain protection of Gln . aggregation onset at Val®,
{b) Introduction of GIn{Trt)"" and {Hmb}Val®, no aggregation during assembly. Conditions:
Aquapore RP-300 Gy (250 X 4.6 mm}); 0-20%: B in A linear gradient over 25 min, 1.5
ml/min, 215 nm. UV detection, where solvent A = 0. 1% ag. TFA and solvent B. = 90%
acetomtnle/w% ‘solvent A. (Reproduced from ref 61 wnth permlssu:m from Munksgaard
|nternationai Publlshers Ltd Copenhagen )

followed by 10 eq (FmocSer(‘Bﬁ)T)ZO (prépared via Protocol 4 in DCM) for
24 h and a repeated coupling of the anhydride. No synthetic difficulties were
observed dufing the remainder of the assembly and a dramahcally improved
quahty of product was obtained (Fagure 5b) '

44.2. Example 2. A myelm sheath related dodeeapeptlde sequence

The syntheses were performed on 0.2 mmel/g PEG=PS resin (Novabiochem)
under- standard’ conditions (7) using a Pionéer® automated synthesizer

(Pérceptive Biosystems). The 12-mer target (I} was an in-house request for

a rheumatmd arthritis related pr()]ect

" H-Leul-Val-Val- Asn(Trt) Lys(Boc) IIe-Arg(Pmc)7 Ala®-Thr(‘Bu)-
Phe- Lys(Boc) Ser(’Bu) PEG-PS (1)

: The standard synthems produced a crude product that contained a main

cortect component along with four significant impurities (Figure 6a). The five

ecomponents were identified by electrospray mass spectrometry as (referring

to: Figure Ga): R, = 6.2 min, desLeu!; 6.8 min, desVal® or desVal’; 7.8 min,
correct material; 13.8 min, Fmoc-Leu!-----Ser'>NH, + desVal® or desVal®;
14.7 min, Fmoc-protected full-length material. Since the Pioneer® synthesizer
does not detail the pomt ‘of aggregationi through extended deprotection
P}‘Oﬁles we needed to predict where the synthetic difficulties began and
implemment’ appropriate Hmb protection. Since one of the main impurities in
the crude product is desVal?* or desVal?, one can conclude that aggregation

Probably started on deprotection of Val® or Asn(Trt)* If aggregation began at
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+ plemented between Lys(Boc)® and Ala® in order to be effective for the

- precious) Hmb residue to prepare.
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Figure 6. HPLC profiles of total crude products from the assembly of decadecapeptide Iif}
(a} Standard assembly without backbone protection. {b) Introduction of {Hmbj}Ala?, ;j’E
aggregation during assembiy. Conditions: Phenomenex C, (250 X 4.6 mm); 0-90% B in A
linear gradient over 25 min, 1.5 mifmin, 215 nm UV detection, where solvent A = 0,1% ag}
TFA and solvent B = 90% acetonitrile/10% solvent A. ;

Lys(Boc)®, then one would expect to see a significant desAsn* product. This
later position for aggregation onset, at residue 3 or 4, is consistent with thg
inhibiting effect exhibited by Arg(Pmc)’ (¢f. Figure 4d, Arg(Pmc) behaves in
a similar manner to Arg(Mtr)). Thus Hmb protection needs to be im

remainder of the synthesis. The three available options are between
Asn(Trt)* and Lys(Boc)®, Lys(Boc)® and Tle®, or Arg(Pmc)” and Ala®. Each of
these options is reasonable, thus the decision point is simply based on the
bond with the least steric constraints and the easiest (and therefore least
" The assembly was repeated using (Hmb)Ala®, coupled via 3 eq Fmoc-N-;
(FmocHmb)Ala-OPfp/HOBt onto H-Thr('Bu)>—PEG-PS in 4 h. This was
followed by 10 eq FmocArg(Pme)’),0 (prepared via Protocol 4 in DCM) fof;
12 h. No synthetic difficulties were observed during the remainder of thes
assembly and a substantially improved quality of product was obtained§
(Figure 6b).
4.4.3 Example 3. Acyl carrier protein, ACP-(65-74) o
This decapeptide sequence (IV) is a classic difficult peptide synthesis that ha$
been used to assess the performance of new coupling procedures (8),
additives (67), resin supports (35}, backbone protection (60), etc. g

H-Val®-Gln-Ala-Ala®.Tle-Asp-Tyr-Tle-Asn-Gly™*-OH (IV)

2
&

B
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A standard Fmoc continuous flow synthesis of ACP-(65-74), on Pepsyn
K AP, exhibits aggregation upon the deprotection of the penultimate GIn®
residue (51, 60). Addition of the final residue Val® is now very hindered and
occurs to around 85% under conditions that would normally give quantitative
jncorporation in a non-aggregating synthesis. The cn.lde product contains an
cartier eluting desVal® impurity along with the des.lrecl full-length maten%;
(Figure 7a). The choices for positioning of an Hmb residue range ber§en Ala
ond Tyr'™- The Asp”-Tyr"! bond is not particularly prone to aspartimide form-
ation (4.3 rule 4), thus the protection of this bond is not obligatory. Tl}e option
of Ile® onto (Hmb)Asp™ is not viable (4.3 rule 3). Chemically, t.he easiest bond
10 form (4.3 rule 5) is between the residues Ala® and Ala%, this oceurs before
the point of aggregation and was chosen as the optimal bond for protection.

The assembly was repeated using (Hmb)Ala®, coupled via 3 eq Fmoc-N-
(FmocHmb)Ala-OPfp/ HOBt onto H-Tle®—Pepsyn KA® in 2 h. This was
foltowed by 10 eq (FmocAla®"),0 (prepared via Protocol 4 in DCM) for 1 h.
No synthetic difficulties were observed during the remainder of the assembly
and a substantially improved quality of product was obtained (Figure 7b).

4.5 Use of Hmb protection to increase solution solubility

Peptide insolubility occurs when the combined inter- and intrapeptide ionic and
hydrophobic interactions outweigh favourable peptide-solvent interactions.

) ®)

Abs (215 nm)

- | S PP . L
15 20 25 1% 20 25

Time (min)

Figure 7. HPLC profiles of total crude products from the assembly of decapeptide IV. (a}
Standard assembly without backbone amide protection. (b) Introduction of (Hmb)Ala®,
no aggregation during remaining assembly. Conditions: Aquapore RP-300 Cg {250 X 4.6
mm}; 10-50% B in A linear gradient over 25 min, 1.5 ml/min, 216 nm UV detection, where
solvent A = 0.1% aq. TFA and solvent B = 80% acetonitrile/10% solvent A. (Reproduced
from ref. 80 with permission from The Royal Society of Chemistry.}
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As-destribed in the preceding discussions, when this situation arises withip 4]
resin-bound peptide chain, aggregation octurs. When this occurs in solytioy
individual peptide - chains ‘associate leading to - precipitation, the Majop
interaction being interchain hydrogen bonding, mediatéd primarily via. thy]
secondary amide bonds along the peptide backbone. As detailed -carligy
Narita and co-workers (32, 48; 49, 68) have shown that these preci_pitate_sfat
an-ordered B-structure by FT-IR. We have shown through light micrescop
and  X-ray diffraction. that . the hydrophobic- p-amyloid-(34-42) C-termin
forms ordered precipitates insolution (69). - .. .. o o
- The key. to:solubilizing such sequences:is.the elimination .of ordered:p
structures. Narita et al. (49) and Blaakmeer et al- (52) have described th
./ chain dissociating and powerful solubilizing-effects gained through protectig
of an amide bond in . solution with the:- 2;4-dimethoxybenzyl (Dmgb)
protecting group. Retention of the structurally similar Hmb:amide-protectin,
group .shows the same solubilizing -effect on an. _oth,efwise free peptid 0
solution. However, the Hmb group was.initially. designed to be labile to
fluoroacetic acid. Thus, . an - Fmoc/-butyl. protection-based . solid.. ph
synthesis cannot be directly cleaved to the free peptide whilst still retaining §
Hmb protection. This may, however, be achieved by aitenuation of the aci
lability of Hmb, in a fully reversible manner, by simple acetylation of the 2
hydroxyl functionality (70}). A
This protocol was successfully applied in the preparation and purification
the poorly soluble protein B-amyloid-(1-43) (63). The sequence was assemble
with Himb protection of Gly******" and Phe™ to eliminate the potential for g
resin-bound aggregation. Simple acetylation of the Hmb 2-hydroxyl moieties, j§§
mediated by acetic anhydride and diisopropylethylamine in DMF, and
subsequent TFA cleavage produced the crude intermediate B-amyloid-[1-43
(AcHmb)Phe®, (AcHmb) 23337 This backbone-protected intermediat
exhibited excellent solubility at > 150 mg/ml in a mixture of 0.1% aq. TFA/
acetonitrile (1:1) allowing straightforward purification by standard reverse-
phase HPLC techniques (63). The equivalent sequence without backbone pro
- tection is very poorly soluble in aqueous acetonitrile solutions and extremely
difficult to purify by standard HPLC techniques. Following purification, th
w AcHmb-protected intermediate was treated with 5% hydrazine-hydrate in
DMF to de-O-acetylate, restoring the Hmb group and TFA lability.
The retention of Hmb backbone protection on fully protected peptid
segments in solution also gives extraordinarily soluble materials (71, 72)
Backbone-protected segments are readily purified by standard reverse-phas
HPLC and subsequently couple smoothly and cleanly in either DMF or DCM
due to the highly concentrated. coupling solutions prepared.

ol
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1. C-terminal modifications
1.1 Peptidyl N-alkyl amides

Several important hormones such as oxytocin, secretin, and LHRH are known
to be peptidyl amides (1-3). In addition to these, other peptidyl amides such
as indolicidin and the protegrins have been shown to exhibit potent anti-
microbial activity (4, 5). The in vivo production of such compounds is via
endogenous enzymatic cleavage of propeptides (6), making their synthesis by
genetic engineering notoriously difficult. Furthermore, to facilitate the survival
of synthetic peptidyl amides in vivo, an obvious defence against the action of
carboxypeptidases is the N-alkylation of the carboxylic amide terminus. Such
secondary amides would be expected to exhibit vastly different solubility and
transport properties to primary amides, thus their chemical synthesis is of
immense importance.

1.1.1 Synthesis of peptidyl N-alkyl amides
The solid phase synthesis of peptidyl amides and peptidyl N-alkyl amides is
centred around two main strategies:

1. Ammonolysisfaminolysis of resin-bound esters (Figure Ia; see Section 1.2).

2. Use of resin-bound primary amines, which may in turn be chemically
modified to generate novel secondary amine functionalized linkers for the
synthesis of peptidyl N-alkyl amides (Figure 1b).

1.1.2 Use of 9-(fluorenylmethoxycarbonylamino)xanthen-3-
yloxymethyl polystyrene and its chemical modification to
resin-bound secondary amines

Early examples of the use of resin-bound amines for the solid synthesis of

peptidyl amides involve the use of linkers such as benzhydrylamine or benzyl-

amine. Following peptide assembly, these linkers require highly acidic (e.g.
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Addition of first activated amino acid
l l of alternative approaches have recently been reported (12-14).

Protocol 1. Synthesis and use of N-alkylated 9-aminoxanthenyl
{Sieber) resin
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Figure 1. (a} Ammuonolysisfaminolysis of resin-bound esters. (b} Synthesis of peptidy'l‘
amides and peptidyl N-alkyl amides using amine-based linkers. A. Synthesis of N-alkylated 9-aminoxanthenyl (Sieber) resin
Prior to undertaking the reaction, ensure that all glassware is oven-dried.
1. Pre-swell the 9-(Fmoc-amino)xanthen-3-yloxymethyl polystyrene
{Sieber amide) resin {0.05 mmol, ca. 100 mg} in DCM for T h in a
peptide synthesizer column.
2, Treat the resin with 20% v/v piperidine in-DMF {10 min at 2.6 ml min’
© or 4 X B min batchwise).
3. Wash the resin with DMF {15 min at 2.5 ml min™").
4. Remove any excess DMF from the resin, and ensure that the resin is
suspended in 0.75 ml of DMF.

5. Add the required aldehyde (0.25 mmol) followed by glacial acetic acid
{15 wl, giving a 2% v/v sclution in DMF) and allow the reaction to
proceed for 46 min with accasional agitation.

6. Wash the resin briefly with DMF {2 min at 2.5 ml min™).

HF) mediated cleavage, and hence simultaneous removal of acid-labile side-
chain protection groups occurs and may cause problems.

Systematic modifications of these linker-resins by substitution with electron-
donating substituents have resulted in the generation of numerous linker-resins
with increased acid sensitivity. Notably, the 4-(2’ 4'-dimethoxyphenylamino- i
methyl)phenoxy derivatized (Rink) resin 1 (7), which is cleavable by 95% viv. i
TFA, and the 5-(2-fluorenylmethoxycarbonylaminomethyl-3,5-dimethoxy)- 8
phenoxyvaleric acid (PAL) linker 2 (8) acidolysed by 75% v/v TFA.

Greater acid lability has been achieved using the xanthenyl derivatized
resin, 9-(fluorenylmethoxycarbonylamino)xanthen-3-yloxymethyl polystyrene
(Sieber amide) resin 3 (9, 10), which besides being cleavable by 1% v/v TF
holds the added advantage of readily undergoing reductive N-alkylation (o
afford resin-bound secondary amines for the synthesis of peptidyl N-alkyl
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Protocol 1. Continued

7. Repeat steps 4 and 5, or repeat step 4 and then add the requireq

aldehyde {0.25 mmol) followed by trimethylortheformate (0.20 ml). polystyrene resin

8. After a further 75-min reaction time with occasional agitation, wash

Table 1. N-acylation efficiencies and estimated product purities
for N'-Fmoc-phenylalanyl-N-alkyl aminoxanthen-3-yloxymethyl

; Alkyl grou, % Efficienc % Purit
: the resin with DMF (5 min at 2.5 mi min™'}. v group ° v oruny
' L. 3-Phenylpropyl 94 92
9. Remove any excess DMF, and ensure that the resin is suspended in 3,3-Dimethylbutyl 99 98
1.50 ml of DMF. Propyl 99 98
10. Add sodium borahydride {8 mg, 0.20 mmal), followed immediately 3 Cycionexylpropy! - o
by 0.20 i of methanol. Benzyly 55 98

11. Add further amounts of sodium borohydride {12 mg, 0.30 mmol)
portionwise over a period of 30 min.

12. Gently agitate (by stirring) the reaction mixture for a further 90 min.
13. Thoroughly wash the resin with DMF {20 min at 2.5 ml min™").

Table 2. Reaction efficiencies and estimated product purities for
acylation of N-isobutylaminoxanthen-3-yloxymethyl polystyrene

resin
B. Acylation of N-alkylated 9-aminoxanthenyl (Sieber) resin Amino acid % Efficiency % Purity
The synthesized 9-(N-alkyl)aminoxanthenyl resin is then acylated with an Fmoc-Asp{OBu)-OH 100 a2
N-Fmoc-protected amino acid. Fmoc-Ser(OBu}-OH 88 97
, . . Fmoc-Pro-OH 67 94
1. Remove DMF by applying a positive pressure to the resin-bed Fmoc-Val-OH 50 a4

contained in the column,

2. {n a dry 5-ml round-bottomed flask or an appropriate sample-bottle, dis-
solve the N-Fmoc-amino acid {0.25 mmol} in DMF {0.8 ml)}, and add to-
the solution HOAt (0.1 mmol), HATU (0.25 mmel), and DIPEA {0.5 mmol).

. Leave the resultant solution for 2 min, and then add to the resin.

‘Fmoc-substitution’ as a measure of reaction efficiency and RP-HPLC as an
estimate of purity, it was established that the reaction generally generates
products of high purity. However, the acylation efficiency, although generally
good, is decreased markedly if the resin-bound alkyl amine is particularly
sterically hindered (Table I). Likewise, comparing the acylation of resin-bound
isobutylamine using a variety of N-Fmoc-amino acids, it was also observed that
“acylation efficiency decreases as the acylating species becomes more bulky
(Table 2). These considerations must therefore be part of any synthetic
strategies for the solid phase construction of peptidyl N-alkyl amides.

. Gently agitate the suspension for 18 h.

. Wash the resin with DMF {15 min at 2.6 ml min™).
. The derivatized resin may be used immediately for peptide synthesis | g8
using standard Fmoc/tBu procedures® or collected using a Buchner
funnel, and washed with dichloromethane (20 ml} and hexane {10 mf} . |§

hefore being dried in vacuo for storage.

o N a W

1.2 Use of the 4-hydroxymethylbenzoic acid linkage agent
for the synthesis of C-terminal modified peptides

1.2.1 Introduction

Since the original concept for the use of linkage agents coupled separately to
polyacrylamide resin was proposed by Sheppard and co-workers (15-17) it
has become commonplace to use custom-designed moieties to allow" C-
terminal modifications during cleavage of assembled peptides from the solid
y8upport, 4-Hydroxymethylbenzoic acid 4 is one of the most versatile of the
linkage agents described by Atherton ef al. (18) due mainly to its susceptibility
to nucleophilic attack combined with an inertness to strong acids. The
acylated linkage agent is cleaved readily with ammonia (19) and was therefore

?Fellowing peptide assembly, the protected peptidyl N-alkyl amide may be cleaved from the

linker-resin by treatmant with 1-2% TFA/0.1% triethylsilane in DCM (6 X 2 min, 2-3 ml for each |3
treatment). If a fully deprotected peptidyl N-alkyl amide is required, it is recommended thata [§
two-step procedure is applied: (a} cleave the peptide from the solid support by exposureto 5% |
TFA/0.1% triethylsilane in DCM (10 ml) for 10 min, filter under gravity to remove resin, wash |
with 5% TFA in DCM (20 ml), and evaporate in vacuo the filtrate to dryness; (b) treat the residue - |33
material with a standard 90% TFA cocktail for complete acidolysis of side-chain protecting |4
groups. :

—

Numerous resin-bound alkyl amines have been génerated using th
reductive alkylation - technique. Their subsequent acylation with TFmoc
phenylalanine has been used to assess the effectiveness of the reaction. Usingg
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v (7, 20). For preparation of peptide amides on a large scale, however, 4

following cleavage. As with most linkage agents, it is recommended that a

Sarah L. Mellor et al.

HOCHZ—QCOOH

4

originally used for the preparation of peptide amides. The flexibility is ey
hanced by the ability to remove side-chain protection before or after cleavage !
of the peptide from the resin, hence side-chain protected peptide amides ¢y
be prepared for subsequent fragment assembly. In a complimentary fashig
the linkage can be cleaved with hydrazine to produce hydrazides for sup
sequent activation as azides, for coupling in fragment assembly. The benz
ester functionality is stable to piperidine used for removal of the Fmoc grou
making the linkage agent equally applicable to Boc or Fmoc chemistry.
The use of 4-hydroxymethylbenzoic acid for routine preparation of peptid
amides has been somewhat superseded by acid-labile linkage agents tha
liberate the amide with simultaneous cleavage of the peptide from the resj

hydroxymethylbenzoic acid is still favoured economically.

In more recent years, the need to create molecular diversity for peptid
libraries has resulted in somewhat of a renaissance for the 4-hydroxy
methylbenzoic acid linkage agent. The ability to cleave the peptide-to-resin
ester with many nucleophiles including hydroxide, alkoxides, and primary
amines has added to the library workers arsenal. :

However, 4-hydroxymethylbenzoic acid is not without its drawbacks as a
finkage agent. Peptides containing C-terminal proline are particularly prong:
to diketopiperazine formation (21) due to cleavage of the dipeptide from the:
resin by its own internal nucleophile, This can often be overcome by insertion:
of a ‘Boc¢’ amino acid as the second amino acid in the chain. Acidolytic;
removal of the Boc group affords fugitive protection of the amine as a sal
which can be neutralized Jn sifu during the next amino acid coupling. Th¢:;
reactivity of other sites in the peptide towards nucleophiles should not be
overlooked when assessing the applicability of the linker to assembly of a
specific peptide (e.g. rearrangement of aspartic acid residues to aspartimide i
not uncommony).

1.2.2 Coupling 4-hydroxymethylbenzoic acid to the solid support

The linkage agent can be coupled to amino-functionalized resin as th
preformed trichlorophenyl ester using the protocols described by Atherto
and Sheppard (22) or activated in situ using diisopropylcarbodiimide and 1
hydroxybenzotriazole as described in Protocol 2. Although 4-hydroxymethyl
benzoic acid can be used with many amino-functionalized supports, it is besty
used in conjunction with polyacrylamide where the solvation properties of the

6: Synthesis of modified peptides

internal reference amino acid such as norleucine is coupled to the resin prior
to the linker (23). This allows the use amino acid analysis to assess resin
joading and ultimately the extent of cleavage.

Protocol 2. Attachment of 4-hydroxymethylbenzoic acid to the
support

Equipment and reagents

+ Solid phase peptide synthesis reactor” « Amino functionalized resin

« 4-Hydroxymethylbenzoic acid {(HMBA]) « DIC
« Aqueous sodium hydroxide solution + HOBt
(1 ME:DMF (1:1 viv} » DMF

« Reagents for Kaiser test (see Chapter 3)

Method v v

1. Dissolve HMBA (3 eq) and HOBt (6 eq} in the minimum amount of
DMF required to swell the amino-functionalized resin. ‘

2. Transfer the solution to the amino-functionalized resin {1 eq} con-
tained in the solid phase reactor.? v

3. Stir the mixture {by nitrogen bubbling} and add DIC {4 eq).

4. Allow the reaction to proceed for 2 h before removing a small sample
{(~2-5 mg) for analysis. Wash the sample with DMF (3 X 1 ml} by
filtration or decantation. Submit the sample to the Kaiser test. A
positive result {blue coloration of the solution and/or resin beads}
indicates that the reaction is not complete.

5. If the reaction is not complete allow the reaction to proceed overnight.

6. If the reaction is not complete after overnight reaction, draw off the
reagent mixture and replenish the reaction as described in steps 1-3
above.

7. When the reaction is complete, subject the resin to 10 X 2 min
washes with the resin bed volume? of DMF.

8. Stir the resin with a solution of aqueous sodium hydroxide solution
{1.0 MY:DMF {1:1 vfv} for 15 min.®

9. Subject the resin to 5 X 2 min washes with the resin bed volume of
DMF/H,0 {1:1 vv) followed by 10 X 2 min washes with the resin bed
volume of DMF.

10. The resin is now ready for coupling of the C-terminal amino acid in
the peptide sequence.

7A manually operated solid phase peptide synthesis reactor of the type described by Atherton
and Sheppard (24) is suitable for most simple operations. .

*Various resin types have different swelling characteristics. The bed volume of the wetted
resin is a good estimate for the velumes of the wash solvents required.

J“The wash with aqueous sadium hydroxide removes any unwanted polymerization of the 4-
hydroxymethylbenzoic acid on the resin following the coupling.

resin allow more facile recovery of the peptide from the pores of the suppor
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1.2.3 Coupling the C-terminal amino acid to 4-
hydroxymethylbenzoyl resin

Precautions should be taken to avoid racemization of the C-terminal amin 3

acid during the acylation reaction. Coupling with the carboxylate sait of the; §
first amino acid to the halogenated finker is now popularly employed ang
many other methods have also been described to reduce enantiomey
formation. 4
The procedure described in these protocols, using DIC for activation and%‘ :
a catalytic amount of the hypernucleophile 4-dimethylaminopyridine
(DMAP) for ester bond formation, reduces racemization down to amounts.
that are not detectable if the conditions described in Protocol 3 are Strictly
adhered to. ;

Protocol 3. Coupling the C-terminal amino acid to 4-
hydroxymethylbenzoyl resin

Equipment and reagents

« Solid phase peptide synthesis reactor® « DIC

« 4-hydroxymethylbenzoyl resin » DMAP
« Fmoc-amino acid {Fmoc-AA-OH) « OMF

» Acetic anhydride {Ac,0)

Method
1. Place the 4-hydroxymethylbenzoyl resin {1 eq} in the solid phase
reactor, followed by the Fmoc-AA-OH to be coupled (3 eq).
2. Add sufficient DMF to make the resin just mobile to nitrogen
agitation.
3. Add DIC (4 eq), following this with the dropwise addition of a solution
of DMAP dissclved in DMF (0.1 eq, ¢ca. 50 mmol/l}.

4. Allow the reaction to proceed for 60 min, draw off the reaction
solution and subject the resin to 2 X 2 min washes with the resin bed
volume of DMF.

5. Recouple the amino acid as in steps 1-3.

6. Subject the resin to 5 X 2 min washes with the resin bed volume? of
DMF.

7. To acetylate any remaining hydroxyl functions, add sufficient DMF to
make the swollen resin just mobile to nitrogen agitation. '

8. Add Ac,0 (6 eq) and DMAP (0.1 eq).

9. After 1 h draw, off the reaction solution and wash the resin with 10 |
resin bed volumes of DMF,
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10. Use the Frmoc-amino acid derivatized resin for peptide assembly, or
wash with DCM (20 ml) and methanol {10 ml), and dry in vacuo for 2 h
prior to storage.

#» A manually operated solid phase peptide synthesis reactor of the type described by Atherton
and Sheppard {24} is suitable for most simple operations.

byarious resin types have different swelling characteristics. The bed volume of the wetted
resin is a good estimate for the volumes of the wash solvents required.

1,2.4 Side-chain deprotection following peptide-resin assembly
standard procedures for Fmoc-based peptide chain elongation are described
elsewhere in this text (Chapter 3). To produce the required peptide as the
unprotected molecule, side-chain deprotection is best carried out prior to
cleavage of the peptide from the resin. Selection of the appropriate mixture of
trifluoroacetic acid and scavengers for side-chain deprotection is described in
Chapter 3, Section 10.

—

Protocol 4. Side-chain deprotection of the peptide-resin

Fquipment and reagents

« Solid phase peptide synthesis reactor® + TFA
» Trifluoroacetic acid/scavenger cocktail « DCM

{Deprotection mixture) « DMF
» Diethyl ether

Method

1. Place the peptidyl resin in the solid phase reactor and add approxi-
mately twice the swollen resin hed volume of deprotection mixture.

2. Agitate the mixture and allow the reaction to proceed for the required
amount of time.?

3. Draw off the deprotection mixture and subject the resin to 3 X 2 min
washas with the resin bed volume of TFA.

4. Subject the resin to 2 min washes with the resin bed valume of DCM
(3 times) and Et,0 {3 times).

5. Air dry the side-chain deprotected peptidyl resin overnight prior to
cleavage.

?A manually operated solid phase peptide synthesis reactor of the type described by Atherton

and Sheppard {24) is suitable for most simple operations.
5The reaction time and deprotection mixture is described in Chapter 3, Section 10.

12,5 Cleavage of peptide from the resin using gaseous ammonia

The cleavage procedure for removal of the peptide from the resin as the
amide will differ slightly depending on the nature of the solid support.
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Pressure
release valve
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Vacuum valve T T Ammonia valve
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.
Liquid ammania Stainless steel pressure vessel

Figure 2. Pressure véssel layout.

Polystyrene-based matrices require wetting with an organic solvent to allow

complete cleavage and often require washing with organic solvents such ag
DMF to completely extract the peptide from the resin. Peptides can be
cleaved from polyacrylamide based supports in the gas phase due to the ease
of penetration of the pores of the peptide-resin matrix with ammonia. The
advantage of this approach is that the peptide can often be washed off the
resin using water or aqueous solvents. The procedure described in Profocol 5

is equally applicable to other gaseous primary amines such as methylamine §

and ethylamine.

The reaction should be carried out in a suitable pressure vessel with a
similar layout to that described in Figure 2. A key feature of this equipment is
the pressure release valve to prevent over-pressurizing the vessel.

6: Synthesis of modified peptides

4. Cool the base of the vessel in dry-ice for 20-30 min to allow ammonia
to condense in the pressure vessel.

5. Close off the ammonia valve and ammonia supply.

6. Remove the vessel from the dry-ice and allow the reaction to proceed
overnight at room temperature.

7. Cool the base of thae vessel in dry-ice for 20-30 min to allow ammonia
to condense in the base of the pressure vessael.

8. Purge the ammonia from the system by passing nitrogen into the
vessel through one valve and scrubbing the exhaust via the other
valve.

9. Remove the mixture of peptide and resin from the pressure vessel
and transfer to a glass sinter.

10. Subject the resin to 3 X 5 min washes of an appropriate solvent® for
the peptide. .
11. Recover the peptide from the solvent by standard procedures.

2 simple pressure vessel with a 100 psi pressure release valve is suitable. These can be
purchased from Parr Ltd,

P A high vacuum is not required. - .

¢For protected peptides DMF is often suitable. Aqueous MeCN is suitable for most deprotected
peptides.

Protocol 5. Cleavage of peptide from the resin with gaseous
ammonia

- Equipment and reagents

+ Stainless steel pressure vessel® + Dry-ice
« Peptide-resin for cleavage « Water
« Ammonia cylinder +« DMF
Method

1. Place the peptide-resin in the pressure vessel within a suitable
container {e.g. crystallizing dish).

2. After ensuring that the ammonia valve is closed, open the vacuum
valve and evacuate the vessel.” ‘

3. Close off the vacuum valve, open the ammonia valve and open the

amrmonia supply.
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1.2.6 Cleavage of peptide from the resin using hydrazine

Peptide hydrazides are readily converted to the corresponding acylazides by
the action of alkyl nitrites and under appropriate conditions these activated
species can be among the least susceptible to racemization. Cleavage of the
peptide from the resin as the hydrazide is most useful with protected
molecules, which can subsequently be used in fragment condensation to
assemble longer peptides.

Protocol 6. Cleavage of peptide from the resin with hydrazine
hydrate

Equipment and reagents

+ Solid phase peptide synthesis reactor® » Peptide-resin for cleavage
+ Rotary evaporator « Hydrazine hydrate

+ DMF » Water

+ Diethyl ether

Method

1. Place the peptide-resin in a solid phase peptide synithesis reactor.?

2. Add the minimum amount of DMF required to make the resin mobile
to N, agitation. :
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Protocol 6. Continued

3. Add hydrazine hydrate (equivalent to 5% v/v of the DMF added above}
and allow the reaction to proceed for 15 min.

4. Filter off the hydrazine hydrate solution which now contains the
peptidyl hydrazide and subject the resinto 3 x 2 mln washes with the
resin bed volume® of DMF.

8. Reduce the combined hydrazine hydrate solution and DMF washes to
an oil by rotary evaporation.

6. Precipitate protected peptidyl hydrazide by addition of water, or in the
case of side-chain deprotected molecules precipitate by addition of
Et,0.

7. Recover the peptide by filtration and dry under vacuum.
A manually operated solid phase peptide synthesis reactor of the type described by Atherton

and Sheppard (24) is suitable for most simple operations.
5Varlous resin types have different swelling characteristics. The bed volume of the wetted
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3. Add DIPEA (equivalent to 10% v/v of the DMF/MeOH added above} and
allow the reaction to proceed for 1 h.

4. Filter off the DMF/MeOH solution that now contains the peptide methyl
ester and subject the resin to 3 X 2 min washes with the resin bed
volume® of DMF.

5. Reduce the combined DMF/MeOH solution and DMF washes to an oil
by rotary evaporation.

6. Precipitate protected peptides by addition of water, or in the case of
side-chain deprotected molecules precipitate by addition of Et,0.

7. Recover the peptide by filtration and dry under vacuum,

2 A manually operated solid phase peptide synthesis reactor of the type described by Atherton
and Sheppard {24} is suitable for most simple operations.

“byarious resin types have different swelling characteristics. The bed volume of the wetted
resin is a good estimate for the volumes of the wash solvents required.

resin s a good estimate for the volumes of the wash solvents required.

1.2.7 Cleavage of peptide from the resin by trans-esterification with
alcohols
Cleavage of the peptide from the resin by trans-esterification can be achieved
readily with most alcohols. The resuitant C-terminal-protected molecules can
be used in fragment condensation to assemble longer peptides, The protocol
described here involves cleavage with methanol in the presence of a tertiary
base. The methyl ester produced can subsequently be removed by
saponification.

Protocol 7. Cieavage of peptide from the resin by trans-
esterification with methanol

Equipment and reagents

» Solid phase peptide synthesis reactor? « Peptide—resin for cleavage

« Rotary evaporator » Methanol
« DMF « Water

» Disthyl ether » DIPEA
Method

1. Place the peptide-resin in a solid phase peptide synthesis reactor.?

2. Add the minimum amount of DMF/MeOH (1:1 v/v} required to make

the resin mobile to N, agitation.
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1.3 Peptide hydroxamic acids

1.3.1 Introduction

Peptide hydroxamates or hydroxamic acids have been shown to be potent
enzyme inhibitors. Their target enzymes, the matrix metalloproteinases
(MMPs), are a family of endopeptidases with a catalytic domain that houses a
zinc atom as a coenzyme. The ability of the hydroxamate functionality to
chelate such metal ions (25) and thus disrupt coenzyme activity is believed to
be the reason for inhibitory activity.

A wide variety of maltrix metalloproteinases have been shown to be sus-
ceptible to inhibition by a number of specific peptide hydroxamate based
inhibitors, for example foroxymithine {(Figure 3a) has been shown to inhibit
angiotensin-converting enzyme (26), and propioxatin A (Figure 3b) acts against
enkephalinase B (27), an enzyme which hydrolyses the body’s naturally
occurring analgesic agents. Furthermore, matlystatin B (Figure 4) inhibits

J\«QHR

L |
HO H
HN H 0 o X
>=0 ,N < >—Me
Me HO H Me

a b

Figure 3. {a} Foroxymithine and (b} propioxatin A.
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type IV collagenases (28), recently found to be secreted in large amounts by
metastatic tumour cells. Thus, inhibition of such enzymes has important
consequences for the relief of pain and the control of a variety of life.
threatening diseases, ensuring that peptide hydroxamates play a pivotal role
in therapeutic strategies.

1.3.2 Synthesis of peptide hydroxamates

Much of the research carried out on peptide hydroxamates has involved thejy
isolation from micro-organisms or biological tissues, but to isolate sufficient
quantities of pure material for biological testing by this method can involve
manipulating large volumes of solvent and can be difficult and time.-
consuming.

Specific examples of the total synthesis of a number of peptide hydroxa-
mates in solution have been reported, for example matlystatin B (28) (Figure 4),
but a more generic method involves the reaction of peptidyl succinimide ester
with hydroxylamine hydrochloride (Figure 5). o

Solid phase strategy
The solid phase synthesis of peptide hydroxamates encompasses two main
strategies. The first, the transamination of a resin-bound peptidyl ester using
hydroxylamine hydrochloride, is restricted to a limited number of examples,
e.g. tepoxalin (29) (Figure 6). The second strategy involves attaching an N-
protected hydroxylamine to the resin via the hydroxyl functionality,
deprotecting and using the new hydroxylamine linker as a handle for peptide
synthesis (Figure 7).

Me
- Me
aMe
a aMe
ZHN

N 0
NG| pr—
H o}

©/\O’ NHy+HCI

o
0
Me
Bu OH
G O
Me o) NHOH N” \n/
z o O
Figure 4. Retro-synthetic analysis of matlystatin B.
o @ NH,OH 0
N )
"peptide” O "pepticde”™ NHOH

o}

Figure 5. Generation of a ;)eptidyl hydroxamic acid from a succinimide ester.
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0 Q
- N, _R? ; HO. N, _R?
O Y AgNHOH N Z N
A _ » FI]Q _
1 Hl

figure 6. Solid phase synthesis of tepoxalin.

protection @— X - deprotection

HO —NH,+HC! HO—NHP—{_ 3 O—NHP ———» (_J—0—NH,

Figure 7. Strategy for the generation of resin-bound hydroxylamine.

Two different N-protected hydroxylamines have been used to accomplish
the synthesis of these novel hydroxylamine-functionalized resins. N-Hydroxy-
phthalimide has been employed in two ways: first, as a nucleophile to displace
either a resin-bound chloride ion (30) or a resin-bound mesylate ion (31)
(Figure 8a); and second, to generale the active phosphonium species required
to perform a Mitsunobu reaction on a hydroxyl-functionalized resin (32)
(Figure 8b). In both cases, the resin-bound N-hydroxyphthalimide ester that is
generated is subsequently treated with hydrazine to afford resin-bound
hydroxylamine.

To negate the need to use the harsh and potentially hazardous deprotection
reagent hydrazine, a superior alternative, which is particularly compatible for
use in Fmoc/fBu solid phase synthesis, is N-Fmoc-hydroxylamine, which can
be used to effect a nucleophilic displacement reaction of 2-chlorotrityl
chloride resin (33) (Figure 9). The resultant N-Fmoc-aminooxy-2-chlorotrityl
polystyrene resin can be used for the synthesis of peptide hydroxamates as
described in Protocol 8.

o

HO— N:;@

X= OMSO!’C|\ 3 / m NHzNHz O=—NH,
b/'
@O~ PP DEAD,

HO—N
Q

Figure 8, Synthesis of a resin-bound N-hydroxyphthalimide ester via {a) displacement of
a mesylate or chloride ion or {b) a Mitsunobu reaction, followed by hydrazinclysis to
generate a resin-hound hydroxytamine.
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Fmoc—NHOH
DIPEA

Figure 9. Synthesis of N-Fmoc-aminooxy-2-chlorotrityl polystyrene resin.

Protocol 8. N-Fmoc-aminooxy-2-chlorotrityl polystyrene resin for
the synthesis of peptide hydroxamic acids

Reagents

« N-Fmoc-aminooxy-2-chlerotrityl polystyrene resin -« DCM
+ Piperidine in DMF {20% v/v) « DMF
» Fmoc-amino acid « HOAt
s« HATU « DIFEA
Method

1. Place N-Fmoc-aminooxy-2-chlorotrityl polystyrene resin {0.05 mmol)
in a peptide synthesizer column, and pre-swell in DCM for 24 h.

2. Treat the resin with 20% v/v piperidine in DMF {10 min at 2.5 ml min™,
or using batchwise treatment), foliowed by DMF (15 min at 2.5 ml
min™), after which excess DMF is expelled from the column.

3. In a dry 5-ml round-hottomed flask or an appropriate glass sample
bottle, dissolve the Frmoc-amino acid {0.4 mmol} in 1.0 ml DMF, and
add HOAt {0.4 mmol), HATU (0.4 mmol), and DIPEA {0.8 mmol).?

4, Allow the activation to proceed for 1 min.

5. Add the reaction mixture to the resin.

6. Gently agitate the reaction suspension for 24 h at room temperature.

7. Wash the resin with DMF {10 min at 2.6 ml min™).

8. Use the Fmoc-amino acid derivatized aminooxy-2-chlorotrityl poly-
styrene for peptide assembly, using standard Fmoc/tBu procedures.

9. Following peptide assembly, collect the peptide-resin in a Buchner
funnel, wash with DCM (20 mi) and hexane (10 ml), and dry in vacuo
for 1 h.

10. Treat the peptide-resin with standard 90% TFA cocktail.
11. Recover ithe peptide hydroxamic acid using standard procedures.

J"The HOAt/HATU-mediated acylation used for the addition of the first amino acid has been
seen to generate good reproducible results, for example with Fmec-phenylalanine the ‘Fmoc-
substitution’ of the resultant N-Fmoc-phenylalanyil-aminooxy-2-chiorotrityl polystyrene resin
indicated a 94% reaction efficiency, compared with the 100% efficiency obtained when using
the corresponding amino.acid fluoride.
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1.4 Peptide aldehydes by solid phase synthesis

1.4.1 Introduction

preparation of peptide aldehydes has been reported in numerous papers
pecause these compounds present two main interests. First, they can be used
for further chemistry (formation of reduced bond, Wilttig reactions, ligation,
etc.), and second, they have been found to be potential inhibitors of several
classes of enzymes such as serine proteascs (34, 35), prohormone convertases
(36), cysteinyl proteases (34, 37, 38), and aspartyl proteases (39, 40). These in-
hibitory properties result from the tetrahedral hydrated C-terminus aldehydic
function, which mimics the transition state of the substrate hydrolysis.

Various methods for the solution synthesis of peptide aldehydes have been
described: (i) the corresponding peptide alcohol can be oxidized to the
aldehyde (41, 42)—if the desired sequence does not contain other alcohol
functions; (ii) reduction of the corresponding methyl esters using diiso-
butylaluminium hydride (43); (iii) arginal analogue syntheses, important in
studies of their anticoagulant, antithrombotic properties, have been reported,
including the use of 8-lactam (35, 44, 45) and semicarbazone derivatives (34).
A particular synthesis of an inhibitor of interleukin-1p converting enzyme was
described by Chapman (37); in which the C-terminus aldehydic residue of this
compound is an aspartyl residue: the aspartyl aldehyde moicty was protected
as the corresponding O-benzylacylal which could be coupled and then
hydrogenolysed to afford the desired compound. Moreover, a recent report
mentioned the use of thiazolidines as aldehyde precursors (46). Until recently,
only one publication (47) concerned solid phase synthesis, this method being
derived from a solution preparation of aldehydic peptides (48).

We have focused our attention on the solid phase synthesis of such com-
pounds and described our results here. Alternative routes for the preparation
of peptide aldehydes and side-chain protected peptide aldehydes in solid phase
synthesis are described. Three new linkers that are stable under classical Fmoc
or Bac strategies have been developed to obtain the peptide aldehyde from the
solid support. One of these linkers was conceptualized on the basis of the

v Weinreb amide (49) and the other on the basis of phenolic esters (50). Both
strategics required the reduction with hydrides of the peptide-linker-resin to re-
lease the peptidic aldehydic function. The use of these two different approaches
was demonstrated by the synthesis of N-protected a-amino-aldehydes and
peptide aldehydes. The third approach used the ozonolysis reaction for the
generation of the desired aldehyde. This concept requires a linker incorporat-
ing a double bond in the a-position of the asymmetric carbon of the C-terminal
residue that will be cleaved by ozone to produce the carbonyl function.

1.4.2 Weinreb amide-based linker

Among all the described preparations of N-protected amino aldehydes and
peptide aldehydes, the reduction of Weinreb amides is used most widely. This
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method has been applied successfully to the synthesis of N-protected .
amino-aldehydes and peptide aldehydes using Z, Boc and Fmoce chemistry,
On the basis of this stable intermediate, it was reasonable to apply thi;
strategy in the solid phase synthesis of peptide aldehydes. This was done by
the synthesis of a linker (51) that incorporates the methoxyamino fung_r
tionality. This linker, N-(tert-butoxycarbonyl)-N-methoxy-3-aminopropionic
acid, was coupled to a solid support (i.e. MBHA resin), allowing after Boc.
deprotection peptide elongation by cither classical Boc or Fmoc strategy on
the solid support.

This methodology was validated by the synthesis of Boc-Ala-H and Boe.-

+f Phe-H; these compounds were purified on a silica gel column according to the
procedure described by Ho and Ngu (52) to prevent racemization during
purification, Their optical purities were in accordance with those reported in
the literature (53).

The peptide aldehydes were then synthesized on the solid support ag
outlined in Figure 10. The aldehydic tripeptide Boc-Phe-Val-Ala-H was
sygthesized as a control peptide for comparison of the methods and for the
epimerization study. Dipeptides Z-Val-Phe-H and Z-Val-Ala-H were de:
scribed as potential inhibitors of aspartic proteases specifically as HIV
protease inhibitors (39), Ac-Len-Leu-Lys-H or Ac-Leu-Val-Lys-H were
reported as leupeptin analogues (34). The peptide aldehydes were released
from the resin by treatment with AILiH, followed by hydrolysis. The
tripeptide aldehydes Boc-Leu-Leu-Lys(2Cl-Z)-H and Ac—Leu—Val-Lys(ZCl-
Z)-H were obtained according to the same procedure. As described pre-
viously (54), owing to the presence of several amide functions, the equivalent
amount of LiAlH, has to be increased with the length of the peptide.

In all reactions, no over-reduction was observed, confirming the formation -
of the stable metai-chelate intermediate described by Nahm and Weinreb
(49). Furthermore, during the reduction, no aldehyde derivative could be

OCH, oCH,
MBHA ’ TFA
X-N-CH,-CH, COOH ——> X-N-CH, —@ ——
coupling
OCH, 32 oo

coupling \ : elongation
H-N-CH, —@) —— X-NH-C-CO —N-CH,— @) ——

R, R R, H

OCH
\: | LiAlH, - \;

Y-AA;-AA,NH-C-CO-N-CH, —@) ———> ¥-AA;-AA,-NH-C-CHO

. = QHz-CO—NH—MBHA; X = Fmoc, Boc; Y = Bog, Z, Ac...

Figure 10. Synthesis of pebtide aldehydes via the Weinreb amide linker.
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detect )
pydrolysis, peptide aldehydes were detected by TLC. The crude products

wer'
NMR spectra revealed the presence of a single aldehydic proton signal,

indicating the absence of epimerization and the presence of some trace
impurities (55).

6: Synthesis of modified peptides

ed in the supernatant of the reaction mixture before quenching. After

e studied by reverse-phase HPLC and by TH NMR. Examination of the 'H

Protocol 9. Preparation of peptide aldehydes by reduction ofa
polymer-supported Weinreb amide

Reagents

» Boc-peptide-Weinreb amide resin,” dried thoroughly e DCM

» Argon » Anhydrous DMF

» LiAlIH, « 1 M aquecus KHSO,

« Saturated aqueous NaHCO; « Saturated aqueous NaCl
Method

1. Place peptidyl resin? {0.6 mmol} in a round-bottomed flask equipped
with a magnetic stirrer, and add sufficient THF to cover. Flush flask
with argon, seal, and place in an ice-bath. ’

2. Weigh LiAlH, (0.114 g, 3 mmol) into a dry sample tube. Quickly open
flask and wash the LiAlH, into the reaction mixture with dry THF. Fiush
fiask with argon, seal, and stir for 40 min.

3. Add 1 M ag. KHSO, dropwise to reaction mixture until no more gas is
evolved.

4. Filter the mixture through a sintered glass funnel, collecting the
filtrates.

5. Wash the resin with DCM (2 times).

6. Dilute the filtrate with DCM and wash, using a separating funnel, with
1 M ag. KHSO, (3 times), saturated ag. NaHCO; (3 times), and saturated
aq. NaCl (3 times).

7. Dry the organic layer over anhydrous Na,S0O,.

8. Filter solution and evaporate using a rotary evaporator.

9. iIf necessary,? purify the peptide on a column packed with silica-gel
v eluted with AcOEt/hexane (7:3 v/v) containing 0.1% pyridine.

aThe peptidy! resin is prepared by standard Fmoc solid phase procedures on 3-{\-
methoxyamino)propicnamido functionalized resin. 3-(N-Methoxyamino)propionamidomethyl
polystyrene is avaitable from Novabiochem. The N-terminal amino acid residue can be
introduced by direct coupling of the appropriate Boc-protected amino acid or by capping the
terminal residue with Boc,0.

bPyrification can lead to epimerization of chiral centre at the aldehyde residue.
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1.4.3 Phenyl ester based linker

Zlatoidsky (50) recently described the synthesis of N-protected o-amingd
aldehydes via reduction of the corresponding phenyl esters by lithium tri(s
butoxy)aluminium hydride. Since 4-hydroxybenzoic acid is commercia|ly
available, we decided to explore this reaction in the solid phase strategy.

The linker was simply obtained by condensation of 4-hydroxybenzoic 5,
with N-protected amino acid carboxyanhydrides (UNCAs) (56) leading to the?
corresponding N-protected amino-esters. These compounds were then direcyy§
anchored to an amino-functionalized resin. Classical peptide elongation on 54
solid support could then be performed (Figure 11).

N-protected a-amino-aldehydes were synthesized in the solid phase gy}
described by Zlatoidsky (50) by reduction with AILiIH(OfBu); of
corresponding N-protected amino phenyl esters linked to the support. In 2[4
our attempts, we have obtained a mixture of the aldehyde and the alcohol. J3
our hands, reduction in a solution of N-protected amino phenyl esters led to3
the aldehyde as a major compound, but also to the corresponding alcohol a
minor side-product, '

In addition, several peptide aldehydes were synthesized by reduction of the]
peptide-linked-resin moiety (55). Both the presence of the peptide aldehyde
and alcohol were observed. This phenomenon can be explained by the overé
reduction of the corresponding aldehyde in the presence of excess hydri
aldehydes. .Peptlde‘;

Hence, this strategy has to be used carefully for the synthesis of
R H
N£y0
o R, H
X-N—§ ! =
. 0 ;
HOQ)-COOH —_ X-NH-C-C0O0~)-COOH
R, H
MBHA s elongation
—>  X-NH-C-C00~(0)-CO-NH-MBHA-resin — -
coupling

R, H R
\7 LiAIO'Bu),H E
Y-AA;~AA,-NH-C-COO ————> Y-AAAA,-NH-C-CHO

2

®- ~0)-CO-NH-MBHA; X = Fmoc, Boc; Y = Boc, Ac...

Figure 11. Synthesis of r;eptide aldehydes via the phenyl ester linker.
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' 1.4.4 Epimerization of the carbon in position « to the aldehydic
function
. The stereo-configuration of the C-terminal residue is important for the
_ piological activity of peptide aldehydes. As described earlier (54), the
aldehydic signai in 'H NMR studies is a very good indicator of the possible
epjmerization of the C-terminal residue in aldehydic peptides containing
three Or MOre residues. It should be noted that no effective method of
urification of such peptide aldehydes without racemization is known.

[ndeed, we observed epimerization of the a-carbon by 'H NMR spectro-
scopy for the model peptide aldehyde Boc-Phe-Val-Ala-H purified either by
{lash chromatography on silica gel as described above (52) (0.1 % pyridine as
eluant) or by reversed-phase HPLC. These spectra revealed two aldehydic
proton peaks (in CDCl;) indicating that some epimerization had occurred
during purification. These two signals, corresponding to the two diastereo-
isomers LLL and LLD (55), could be observed in CDCl; but not in [*f]-
" pMSQ. This unique observation could explain why no papers describing the
RP-HPLC purification of peptide aldehydes mentioned a loss of optical

purity.

a4

3
+
S

1.4,5 Solid phase synthesis by ozonolysis

As indicated above, the purity of the crude is very important for the prep-
aration of peptide aldehydes, since no effective purification procedure is
possible without epimerization of the C-terminus residue. We found that the
cleanest approach for these syntheses was the treatment by ozone of an
ethylenic compound linked to a solid support. It produced the ozonide that
was treated to yield the corresponding aldehyde. Recently, Sylvain ef af. (57)
demonstrated the stability of the Merrifield resin towards ozonolysis. They
reported the use of ozone as a versatile reagent for the generation of
aldehydes, carboxylic acids, and alcohols on a solid support. We have used
ozonolysis to generate peptide aldehydes on cleavage from the solid support,
a strategy that Frechet and Schuerch described for the solid phase synthesis of
oligosaccharides {58). The synthesis of peptide aldehydes based on the use of
an o,B-unsaturated y-amino acid as a linker to the solid support is sum-
marized in Figure 12. The N-protected o,B-unsaturated y-amino acid was
synthesized by a Wittig reaction between the carboethoxymethylene triphenyl-
phosphorane and the N-protected a-amino aldehyde (49, 53), followed by
saponification to yield the corresponding ethylenic compound, which can be
anchored to the solid support (59). After removal of the N-protecting group,
elongation by classical methods of solid phase peptide synthesis (Boc or Fmoc
“strategies) was possible.

To validate this methodology, several N-protected peptide aldchydes were
synthesized by this method. Three different resins were used to check their
compatibility with this strategy: a Merrifield resin with an ester linkage, the
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H H

R R
x NH\C . resin \ elongation
~NH-C-CH= CH-COOH ———> X-NH-C-CH=CH-CO —) ——— >
anchoring -

R H : : R
. \ .'- Oz \
X-peptide-NH-C-CH=CH-CO — @) ——3 X-peptide-NH-C-CHO
thiourea

H

. = Merrifield resin, MBHA, or (Met)Expansion, X = Fmoc, Boc

Figure 12, Synthesis of peptide aldehydes by ozonolysis of the linker.

MBHA, and (Met)Expansin (60) resins with an amide linkage. The mode]
tripeptide aldehyde Boc-Phe-Val-Ala-H was synthesized on the three resing
These peptides were checked by RP-HPLC and studied by "H NMR in CDC[‘
W1tl?0ut purification. The results showed that peptide aldehydes with hig]i'
purity could be obtained using this strategy with no detectable trace of
racemization (within the limit of sensitivity of 'H NMR), :

An aspartyl-containing peptide aldehyde has also been synthesized using
the same approach. Indeed, most of the previously described syntheses of
peptide aldehydes are incompatible with the presence of protected Asp or
Glu residues. We have shown in this work that benzyl ester derivatives of
aspartic acid can be used to obtain aspartyl-containing peptide aidehydes by
this methodology Protocol (10-12).

Protocol 10. Preparation of Boc-amino acid aldehyde

Reagents

* Boc-amino acid N, V-methoxymethylamide » Anhydrous THF
» LiAIH, « Ether

¢ 1 M aqueous KHSO,

-» Saturated agueous NaHCO,

» Saturated aqueous NaCl

Method

1. Place Boc-aminc acid N,N-methoxymethylamide {23.3 mmol) in a
round-bottomed flask equipped with a magnetic stirrer.

2. Add THF (100 ml} and place in an ice-bath.

3. Add LiAlH, {1.10 g, 29 mmol) portionwise, allowing evolution of gas to
subside between additions.

4. After 40 min, check the reaction by TLC. If statiiing material is
consumed, add 1.M ag. KHSQ, {100 ml).

5. Remove the THF on a rotary evaporator.
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6. Redissolve the residue in diethyl ether or ethyl acetate, and wash
organic phase in a separating funnel with 1 M ag. KHSO, (3 times),
saturated aq. NaHCO; (3 times}, and saturated aqg. NaCl (3 times).

7. Dry the organic layer over anhydrous Na,SO,. Filter solution and
evaporate using a rotary evaporator. The residue is used without
further purification.

Protocol 11. Preparation of o, B-unsaturated y-amino acid linker

Reagents

+ Boc-amino acid aldehyde + Carboethoxymathylene triphenylphosphorane
+ Anhydrous toluene « Anhydrous Na,S0,

« Ethyl acetate/hexane (1:1 v/v) » Silica-gel

» 1 M agueous NaOH + Ethanol

» 1 M aqueous KHSO, « Saturated aqueous NaHCO,

+ Saturated aqueous NaCl » TFA/DCM {1:1 v/v)

« DCM « DIPEA

s DIPEA/DMF ( 1:9 v/v) +» DMF
» Aminomethyl polystyrene

Method

1. Place Boc-amino acid aldehyde {23.2 mmoil) and carboethoxy-’
methylene triphenylphosphorane (8.88 g, 256.5 mmol} in a round-
bottomed flask equipped with a magnetic stirrer. '

2. Add toluene (100 ml} and stir to dissolve.
3. Heat mixture in an oil bath for 1 h at 80°C.
4. Remove the toluene ona rotary evaporator and dissoclve the residue
in ether {200 ml).
5. Wash the organic phase with water {3 times} and dry over Na,50,.
6. Remove solvent on a rotary evaporator.
7. Purify the residue on a column of sitica-gel eluted with ethyl
acetate/hexane (1:1 vfv).
8. Add to the resulting oil, 1 M ag. NaOH {14 ml} and EtOH (100 ml}.
9. Stir for 5 h to effect the saponification of the ester.
10. Remove the ethanol on a rotary evaporator.

11. Wash the agueous solution in a separating funnel with ether (3
times). Acidify with 1 M ag. KHSQ, and the extract the product from
the aqueous solution with ethyl acetate {5 times}. '

12. Wash organic phase with 1 M ag. KHSO, (3 times), saturated aq.
NaHCO, (3 times) and saturated aqg. NaCl (3 times).

13. Dry the organic layer over anhydrous NayS0,.
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Protocol 11.  Continued
14. Filter solution and evaporate using a rotary evaporator,

15. Couple the resulting linker to aminomethy! polystyrene using standard
coupling methods.

16. Treat the resultant resin with TFA/DCM mixture for 30 min to remove
the Boc group.

17. Wash the resin with DCM (80 ml), DIPEA in DMF {80 ml}, and DMF
{3 X 80 ml).

18. Assemble the peptide using standard methods.

Protocol 12. Typical ozonolysis of the peptide linked via an «, -
unsaturated y-amino acid linker to the resin

Reagents
« Peptidyl resin « DCM
« Argon » Thiourea (400 mg, 5.25 mmol} dissolved

» Ozone generator in MeQR/DCM {1:2 vAn

Method

1. Place the peptidyl resin {0.3 mmol} in a two-necked round-bottomed
flask equipped with a magnetic stirrer and a gas bubbler tube.

Add DCM (10 ml) to cover resin.
Cool flask to -80°C.
Bubble a stream of ozone through the solution.

oo~ w N

Once the reaction mixture turns blue, continue ozone addition for &
further 5 min.

Bubble argon through the solution for 10 min to remove ozone.
Allow the reaction mixture to warm to room temperature.

Add thiourea solution and stir for 10 min.

Isolate the peptide aldehyde according to steps 4-9, Protocol 9.

©° 0 N>

1.4.6 Summary

We have designed, constructed, and tested three different linkers for the
synthesis of aldehydic peptides on a solid support. Two strategies avoided the
preliminary synthesis of the C-terminal amino-aldehyde and are based on the
reduction by hydrides of the linker to generate the desired aldehydic function
As demonstrated, these syntheses were devoid of epimerization but require
purification step that. is always a source of some epimerization of the C*
bearing the aldehyde. These new linkers can be used for further chemica
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synthesis on a solid support and for the preparation of larger synthetic
pseudopeptides as shown by the solid phase preparation of a hexapeptide
with a reduced peptide bond Ac-Leu-Leu-LysY[CH,NH]Phe-Asp-Ala-NH,
55).

( 'j[}he third strategy, the ozonolysis procedure, allowed the preparation of
several peptide aldehydes on three different resins (Merrifield resin, MBHA,
(Met)Expansin). Furthermore, this methodology could be used in a sequence
containing aspartyl or glutamyl residues. However, the presence in the
sequence of functional groups sensitive to ozonolysis should be avoided.
According to the treatment of the ozonide intermediate, this strategy could
also lead to partially protected peptides with a free C-terminal carboxylic
acid, which could be useful for peptide synthesis by fragment condensation,
or to C-terminal peptide alcohols. On the other hand, this methodology could
be applied to organic reactions on a solid support in which aldehydes (or
carboxylic acids or alcohols) are the final targets.

More recently, several papers reporting the solid phase synthesis of peptide
aldehydes have been published. Dinh and Amstrong (61) outline the use of
Weinreb-type amides on solid support for the synthesis of ketones and
aldehydes; Ede and Bray (62) report a new linker based on the oxazolidine
moiety and use this method with Multipin™ technology; Galeotti ef al. (63)
apply their thiazolidinyl linker to a solid support. The great interest in these
aldehydic compounds has also been demonstrated by the fact that the
Weinreb amide resin is now commercially available from Bachem and
Novabiochem.

1.5 Synthesis of C-terminal peptide aldehydes on the
Multipin™ system using the oxazolidine linker

1.5.1 Introduction

Peptide aldehydes have played a vital role in the early structure—function
studies of proteolytic enzyme mechanisms (64). The solid phase syntheses of
peptide aldehydes via the oxazolidine linker (62) is one of a number of
reported methods, including the semicarbazone (47), the Weinreb amide (55),
the ozonolysis (65), the thiazolidine (63), and the backbone amide linker
method (66).

The oxazolidine linker satisfies the following criteria for a general linker for
the immobilization of aldehyde functionality: (i) it is low cost and easy to
construct, (ji) it is chemically stable (long shelf life), (iii) it does not require
pre-formation (i.e. the aldehyde couples directly to the solid phase), (iv)
aldehyde attachment is generic, and (v) it cleaves under mild conditions which
leave no residue upon evaporation. As shown in Figure 13, the protected
amino acid aldehyde is attached to the solid phase by condensation with a
threonine residue 1 to form a support-bound oxazolidine system 2. The
oxazolidine 2 is stable to non-aqueous acid and to base, and as the secondary
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Figure 13. Synthesis of leupeptin, Ac-Leu-Leu-Arg-H.

amine is difficult to acylate, it can tolerate subsequent peptide synthesis,
Being stable to non-aqueous acid, TFA may be used to remove acid-labiie
protecting groups prior to release of the aldehyde function (i.e. cleavage). The
peptide aldehyde is cleaved using aqueous TFA (0.1%) containing
acetonitrile as a co-solvent.

This section describes the derivatization of SynPhase™ crowns with
threonine, followed by oxazolidine formation with the arginine aldehyde.
derivative Fmoc-Arg(Pbf)-H (53) to give 2, which is used to prepare the.
peptide aldehyde leupeptin 4 (Figure 13). Leupeptin is a naturally occurring
microbial peptide aldehyde derived from the culture filtrates of different:
streptomyces. Acetylation of the peptide aldehyde with acetic anhydride is
performed at 4°C for 5 min to avoid acetylation of the oxazolidine secondary:
amine. Earlier studies with the oxazolidine linker showed that cleavage’
cannot be obtained if the oxazolidine secondary amine is acetylated (62)-
Following side-chain deprotection, 4 is cleaved from the crowns using 0.1%
TFA in 60% v/v acetonitrile/water. Although a tripeptide is prepared in thi§
example, this linking strategy can be used for generic peptide aldehyde and:
small molecule synthesis.

1.5.2 Peptide synthesis

The protocols presented here describe the synthesis of a single peptid
aldehyde. Synthesis ysing the Multipin™ method can be performed in 4
variety of vessels depending on the scale of synthesis. Sealable polypropylene
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tubes and glass vials are suitable for small-scale syntheses, where small
pumbers of target compounds are prepared in parallel. Larger-volume vessels
or rountd-bottomed flasks are suitable for larger-scale syntheses, whereas the
8 X 12 array format is convenient when larger numbers of target peptide
aldehydes are prepared. The Multipin™ method (67) is an effective, low cost,
simultaneous multiple peptide synthesis technology. Synthesis can be per-
formed by following the procedures provided in the manuals of commercially
available Multipin™ kits. It is also advisable to consult a reference work on pep-
tide synthesis (68, 69; see Chapiers 2 and 3) for supplementary information.

Protocol 13. Preparation of support-bound a-hydroxymethyl
amino acid {threonine) aldehyde linker (1)

General equipment and reagents required for Protocols 13-16

» Deprotection reagent: 20% v/v piperidine in
DMF grade
« All reagents should be of analar or higher

» Solvent-resistant pipettes {e.g. Labsystems
and Brand} and tips
« Solvents: DMF, MeOH.

Equipment and reagents

« SynPhase SP-MD--NOF crowns {methacrylic  « N-{9-fluorenylmethoxycarhonyl-L-threonine
acid/dimethylacrylamide grafted crowns, I- {Fmoc-Thr-OH)
series {loading of 8-10 pmol/crown), Fmoc-  « DIC
protected « HOBt

Method

This example describes the preparation of 10 SynPhase crowns coupled
with threocnine.

1. Place 10 SynPhase crowns in a 20 ml glass vial.
2. Add 20% piperidine/DMF (10 ml} and stand for 20 min.

3. Drain the reaction vial of solution and add DMF {10 ml) to wash the
crowns. Stand for 5 min.

4. Repeat step 3 two more times.

5. Dissolve Fmoc-Thr-OH {341 mg, 1.0 mmeol) and 1-hydroxybenzo-
triazole {153 mg, 1.0 mmol} in DMF {10 ml) to give a 0.1 M solution.
Add DIC {152 pl, 1.0 mmol}. Mix thoroughly and stand for 2 min.

6. Add the activated amino acid solution to the crown and stand for 2 h.
7. Repeat steps 3 and 4.

8. Add 20% piperidine/DMF (10 mi) to the drained crowns and stand for
20 min.

9. Repeat steps 3 and 4. _
- 10. Wash the crowns in methanal (10 ml} twice for 5 min, then air-dry.
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Protocol 14.  Attachment of Fmoc-Arg(Pbf)-H to a-hydroxymethy)
amino acid {threonine) aldehyde linker crowns to

give 2
Equipment and reagents
« SynFhase crowns [SP-MD-I-NOF, 10} de- e A*-Fmoc-A"-2,2,4,6,7-pentamethyldihydro-
rivatized with deprotected threonine as benzofuran-5-sulphenyl-arginine  aldehyde
outlined in Protocof 13 prepared by literature method {83} sege
« Reaction solvent. 1% diisopropylethyl- Frotocol 10
amine in methanol + Toflon-capped glass vials (20 ml, Wheaton
+ DPIEA : Millvitle, NJ) !
Method

This example describes the preparation of 10 crowns derivatized with
Fmoc-Arg{Pbf)-H.

1. Place threonine-derivatized SynPhase crowns {10) in & 20 ml Teflan-
capped glass vial.

2. Dissolve Frnoc-Arg(Pbf}-H (633 mg, 1.0 mmol} in reaction solvent
{10 ml) to give a 0.1 M solution, Mix thoroughly.

3. Add the aldehyde solution to the crowns and heat at 60°C (in an oveﬁ
or heating block) for 2 h.

4. Drain the reaction vial of solution and add methanol {10 ml) to wash
the crowns. Stand for 5 min.

5.  Repeat step 4 twice and then allow crowns to air-dry.

6: Synthesis of modified peptides

4. Repeat step 3 two more times.

5. Dissolve Fmoc-Leu-OH {177 mg, 0.5 mmol} and HOBt {80 mg,
0.52 mmol) in DMF (5 ml). Add DIC (78 pl, 0.5 mmol). Mix thoroughly
and stand for 2 min.

6. Add the activated amino acid solution (0.1 M solution) to the crowns
and stand for 2 h at 20°C,

7. Repeat steps 3 and 4. )

8. Couple the second leucine residue by repeating steps 2-6.

9. Remove the Fmoc-protecting group by repeating steps 2-4.

10. To acetylate the N-terminus,” dissolve acetic anhydride (150 pl, 2.6
pmol) and DIPEA {20 pl, 0.1 pmol) in DMF {4.8 ml). Mix thoroughly
and cool the acetylation mixture in an ice-bath.

11. Add to the crowns and leave for 5 min.

12. Wash the crowns with DMF {2 X & ml) in quick succession (10 sec
washes).

13. Repeat steps 3 and 4.

14. Wash crowns with DCM (2 x 5 ml, 5 min each) and air-dry {30 min}.

21t js important to acetylate for only 5 min, since longer acetylation times at room temperature
result in partial {up to 30%) acetylation of the oxazolidine secondary amine. Earlier results 162)
have shown that if the oxazolidine is acetylated, no cleavage of the oxazolidine to yield peptide

aldehyde occurs.

Protocol 15. Synthesis of peptide aldehyde Ac-Leu-Leu-Arg-H (3)

- Equipment and reagents
» SynPhase crowns {2} derivatized with » DIC
Fmoc-Arg(Pbfi)-H from Protocoi 14 » DIPEA
» N-Fluorenylmethoxycarbonyl-L-leucine » HOBt
{Fmoc-Leu-OH) « DCM
Method

1. Place two SynPhase crowns derivatized with Fmoc-Arg(Pbf)-H (2} into

a b ml glass vial.
2. Add 20% piperidine/DMF (5 ml} and stand for 20 min.

3. Drain the reaction vial of solution and add DMF (5 ml} to wash the
crowns. Stand for 5 min.
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Protocol 16. Side-chain deprotection and cleavage to produce
peptide aldehyde {4)

Equipment and reagents

» TFA (Warning: corrosive and toxic} +» DCM

+ Cleavage solution: acetonitrile/water/TFA  « Teflon-capped glass vials {6 ml, Wheaton,
(60:40:0.1 viv) Millville, NJ}

Method

1. Side-chain deprotect the peptide aldehyde by immersion of the crown
(3) in TFA for 1 h at room temperature.? The volume of side-chain
deprotection solution used must cover the crown, typically 1 ml for an
I-series crown in a polypropylene tube.

2. Remove the crown from the TFA solution and wash with TFA (1 mi,
1 min) and DCM {1 ml, 2 X 1 min).
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. Remove the crown from the DCM and allow to air-dry (2 min). . .
- 2.1 Biotinylation

. The purpose of biotinylating the N-terminus of a Peptide is r(_)0t§d in the high
affinity that biotin exhibits towards avidin. This strong b{r%d.mg has been
exploited in several ways, for example as a means of immobilizing molecules

. Place the crown in a 5 ml Teflon-capped glass vial.
. Add cleavage solution {2 mf) and cap the vial.

. Heat the solution to 60°C for 30 min to cleave the peptide aldehyde.

. Remove the crown from the cleavage solution and discard.

O ~N O U W

- Analyse and Iyophilize the solution {supernatant} immediately.

?Shorter times (40 min} can be used for other side-chain protecting groups such as Fhutyl
esters and ethers,

1.5.3 Peptide aldehyde analysis

In aqueous solutions, peptide aldehydes exist as an equilibrium state betwee
the aldehyde (A) and hydrated forms (B). In the example presented her,
(Figure 14), leupeptin, the C-terminal arginal, can also cyclize to form the
aminol (C). The same equilibrium states are seen in the reverse-phase HPL
chromatogram (three broad peaks). The electrospray mass spectrum show
only the [M + H]" (A and C) and [M + H + 18 (H,0)]" (B) peaks.

H H
N\n/NHz N.__NH,
Ac—Leq—Leu\N NYNHZ — 'sz —_— l:l_Hz
HHI H EHZ Ac—Leu-Leu\N H Ac—Leu-Leu\N H
1 0 f{ HO OH
c A B

Figure 14. Equilibrium state between peptide aldehyde {A), hydrated form (B}, and cyclic
aminol (C) in agueous solution.

2. N-terminal modifications

Chemical modification of the N-texminus of a peptide is often necessary to
accomplish a variety of objectives. First, it can be useful as a device for
simplifying the synthesis of difficult sequences; second, it can assist thé
purification of the synthesized peptide; third, it can provide a useful ‘tag’ by
which to identify the peptide. Finally, peptides bearing a chemically modifi d
N-terminus are not recognized by aminopeptidases and therefore exhibit
longer half-life in vivo. Examples of N-terminus modifications are: formyl-é
ation using 2.,4,5-trichlorophenyl formate; acetylation using acetic anhydrid
tert-butoxycarbonylation using di-ferr-butyl dicarbonate; and pyroglutamy

onf!

ation using 2,3,4,5,6—ﬁentachloropheny1 pyroglutamate.
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o surfaces for biophysical studies (70), and also to assist in peptid.e
urification whereby a peptide which is biotinylated at the N-terminus is
assed through an avidin agarose column (71). Unbound impurities are then

eluted before the biotinylated peptide is removed from the column. The

rocedure outlined in Protocol 17 gives a general method for attaching

biotin to the N-terminus of a peptide. One disadvantage of this is that
the biotin cannot subsequently be removed. To this end, reagents that

enerate a transient biotin ‘tag’, such as 2-biotinyldimedone, have been

developed (72).y

Protocol 17. Biotinylation

Reagerits

« Biotin » DIC
« DMF » HOAL
Method

1. Following solid phase peptide assembly {0.05 mmol scale), and
removal of the final A*-amine protecting group, expel DMF from the

resin bed.

2. Dissolve biotin (122 mg, 0.5 mmol} in DMF {5 m1)? and add DIC {78 pl,
0.5 mmol}.

3. Stir the solution for 10 min at room temperature.

4. Add HOAt (70 mg, 0.5 mmol) to the solution.

5. Add the mixture to the peptide-resin and stir gently for 24 h at room
temperature.

6. Wash the derivatized peptide-resin with DMF (e.g. 10 min at 2.5 ml
min~'} and perform an amine test (see Chapter 3).

7. If the amine test is positive, repeat steps 1-4. If the test is negative,
collect the modified peptide-resin, wash with DCM (15 ml), MeOH
{10 ml}, and dry in vacuo.

8. The material is now readily for cleavage of N-terminal modified
peptide. :

*The excessive volume of solvent used here is necessary because of bictin’s low solubility in
DMF.
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11. Add sodium borohydride {8 mg, 0.20 mmol), immediately followed
by 0.20 m! of methanol. .

12. Add further amounts of sodium borohydride (12 mg, 0.30 mmol)
portionwise over a period of 30 min.

13. Stir the reaction mixture gently for a further 80 min.

14. Wash the resin thoroughly with DMF {20 min at 2.5 ml min™).

15. Collect the modified peptide-resin, and wash with DCM (16 ml),
MeOQH (10 ml), DCM (20 ml), and hexane {10 ml), and dry in vacuo.

16. The sample is now readily for further chemical transformations, or for
TFA-mediated cleavage.

v 2.2 Reductive alkylation
Reductive alkylation at the both the N- and the C-terminus has been repory,
for a wide variety of purposes. As a tool for increasing molecular diversity
combinatorial chemistry, its objective is to increase the peptide half-life

i vivo. However, choosing a suitable alkyl/aryl group to be attached to the N

' terminus can also have a wide-reaching application for improving peptidet

coupling reactions. The 2-hydroxy-4-methoxybenzyl (Hmb) group develop

by Sheppard and co-workers (73) provides a molecular framework that.
ideally set up for an intramolecular acyl transfer. Its incorporation ip

‘difficult sequences’ has been shown to completely suppress aspartimigg

formation (74). The resultant tertiary amides are not susceptible to hydroge

bond formation and hence secondary structure formation is suppresse
preventing peptide aggregation during synthesis. The advantages outlipe
above ultimately result in cleaner and easier to purify peptides, and a typic

procedure for any reductive alkylation is outlined in Protocol 18 (75, 76),

3. Side-chain modifications

3.1 Introduction : :

The chemistry utilized within Fmoc/fBu solid phase peptide synthesis (SPPS)
offers a defined, facile approach to the generation of peptide and peptide-
based entities in respectable yields. However, the construction of complex,
atypical peptides is limited within the current parameters of this approach.
Regiospecific chemical modification of carboxylic acid or amino functional

Protocol 18. Reductive alkylation

Reagents . groups within a resin-bound construct requires en route a highly selective

+ Glacial acetic acid * Sodium borohydride ~ protection/deprotection strategy that must fit within the existing restraints of

* Aldahyde, 89. 2 hydroxy-4-methoxybenzaldehyde  « DMF diff tial Fmoc/fBu protection. Selective removal of a semi-permanent

» Trimethylorthoformate » Methanol 1 el‘el’ll R p ! ) . . P

« DCM « Hexane protecting group with a unique reagent provides an additional orthogonal
level to the synthetic strategy. The versatility afforded by this approach is of

Method considerable interest for the generation of complex modified peptides.

1. Foliowing solid phase peptide assermnbly (0.05 mmoi scale), and after *
removal of the final N"-amine protecting group, remove excess DMF
from the resin bed.

3.2 Strategy design in the synthesis of atypical peptides
Recently, there has been a concerted effort to develop protecting groups that
utilize a different mechanism of cleavage to achieve selectivity, yet are com-

2. Ensure that the peptide-resin is suspended in 0.75 mi DMF. ¥ patible within the rigid confines of the Fmoc/fBu approach. Ideally, regio-

3. Add 2-hydroxy-4-methoxybenzaldehyde (3¢ mg, 0.25 mmo}), followed .8 specific removal of semi-permanent protection with a unique reagent will
by glacial acetic acid {15 ul, giving 2% v/v in DMF). :. afford the desired additional level of orthogonality to the synthetic strategy.

4. Gently agitate or stir the reaction mixture for 1 h. I However, these protecting groups must fulfil a number of necessary criteria to
5. Wash the resin briefly with DMF (2 min at 2.5 ml min™). ; be consic.iered Sl‘.litable for Fr‘noc SPPS. Intrqdu({tion qf these moieties m}lst
: proceed in a facile manner with no loss of chiral integrity of the Fmoc-amino

6. Repeat stops Tand 2. 4 acid derivative. The protecting group must also remain chemically inert
7. Add 2-hydroxy-4-methoxybenzaldehyde (32 mg, 0.25 mmol}, followed 't throughout the synthesis, yet be removed in a facile manner to liberate the

i

by trimethylorthoformate {0.15 ml},
8. Gently agitate the reaction suspension for 75 min.
9. Wash the resin with DMF (5 min at 2.5 ml min™").

10. Remove any excess DMF, and ensure that the resin is suspended in %
1.5 mlI DMF. ~ B

appropriate functional group.

I R e

3.2.1 Branched peptides

As the lysine residue is bifunctional, both the N°- and N¢-amino groups
require differential protection for effective peptide clongation. Commonly, an
acid-labile semi-permanent protecting group, e.g. Boc, is used in conjunction
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with the temporary N°-Fmoc protecting group. Hence, N*-Boc removal jg
achieved during the universal cleavage/deprotection step, which accompanieg
liberation of the peptidic material from the solid support. If, however, boty
amino groups are protected as bis(Fmoc), deprotection would afford 5
bifunctional template, thus increasing the resin substitution twofold. Each
subsequent coupling would proceed in parallel on both the N*- and N*-aming
functionalities, affording a branched peptide. This procedure is suitable for
the generation of mono-epitopic branched entities, However, in order to
generate a branched peptide composed of two individual sequences, orthe.
gonal protecting groups are required for the two amino groups. There exist 3
number of such orthogonal protecting groups suitable for this purpose, cach
with specific advantages/limitations over other candidates.

3.2.2 Orthogonal amine-protecting groups for the solid phase
synthesis of branched peptides :
v The orthogonal amino approach may also be exploited in the synthesis of di-
i epitopic peptide constructs. In this approach two separate antigenic sequences :
can be assembled. Suitably protected lysine derivatives, such as Fmoc-
Lys(Ddiv)-OH (77), Ddiv-Lys(Fmoc)-OH, Fmoc-Lys(Alloc)-OH, and Alloc- -
Lys(Fmoc)-OH, allow the assembly of a single sequence after Fmoc
deprotection — chemical structures of these protecting groups are detailed in -
Chapters 2 and 3. Selective removal of the orthogonal protection thus allows the
assembly of another sequence in a similar manner. These di-epitopic constructs
are of potential use in inducing cytotoxic T-lymphocyte response as they allow
the incorporation of B- and T-cell epitopes within the same macromolecule.
Although the procedure outlined in Protocol 19 may be applied using
y/ Fmoc-Lys(Dde)-OH (78, 79) instead of Fmoc-Lys(Ddiv)-OH, this is not
recommended as: (i) the N-Dde group is relatively more susceptible to
removal on either prolonged or repeated treatment with 20% piperiding in
DMF (77, 79); (ii) N-Dde, in the presence of free amines, is susceptible to
migration via intra- or intermolecular transamination pathways (80).

Protocol 19. Automated assembly of a tetravalent di-epitopic
peptide construct

Reagents
+ Fmoc-PAL-PEG polystyrene » Fmoc-B-Ala-OH
» Fmoc-Lys{Fmoc)-OH » Fmoc-Lys{Ddiv)-OH

s Hydrazine monochydrate

3. Wash the resin with DMF (10 min, 3.0 m! min™).

4. Expel any excess DMF from the resin bed.

5. Prepare a solution of Fmoc-BAla-OH (0.8 mmol}, TBTU (0.8 mmol),
HOBt (0.4 mmol} in DMF (2,5 ml}, and add DIPEA (1.6 mmol). Leave
the mixture for 2 min.

6. Add the mixture to the resin bed.

7. Gently agitate the reaction suspension for 2 h,

8. Repeat step 3, and then steps 2-4.

9. Prepare a solution of Fmoc-Lys{Fmoc)-OH (0.4 mmol), TBTU (0.4
mmol}, HOBt (0.2 mmol} in DMF (1.5 ml), and add DIPEA (0.8 mmol).
Leave the mixture for 2 min.

10. Repeat steps 6-8.7

11. Prepare a solution of Fmoc-Lys(Ddiv}-OH (0.8 mmol), TBTU (0.8 v/
mmol}, HOBt {0.4 mmol) in DMF (2.5 ml}, and add DIPEA (1.6 mmol}.
Leave the mixture for 2 min.

12. Repeat steps 6-8.°

13. Perform stepwise assembly of the firsi antigenic sequence using
standard Fmoc/tBu procedures, using a mixture of Fmoc-amino acid
(0.4 mmol), TBTU (0.4 mmol}, HOBt (0.2 mmol), and DIPEA (0.8
mmol}. v

14. Following completion of peptide assembly, repeat step 3, then steps
2-4.

15. Treat the peptide—resin with Bec,O (1.0 mmol) in DMF {1.5 ml} for 2 h.y/

16. Wash the peptide-resin with DMF {10 min, 3.0 ml min™}.

17. Treat the resin, by a continuous flow method, with 2% v/v NH,NH,
monochydrate in DMF for 30 min at 3.0 ml min™.° +/

18. Wash the peptide—resin with DMF {16 min, 3.0 ml min™).

19. Perform stepwise assembly of the first antigenic seguence using
standard Fmoc/tBu procedures, using a mixture of Froc-amino acid |
(0.4 mmol), TBTU {0.4 mmol), HOBt (0.2 mmol), and DIPEA (0.8 mmol){?

20. Repeat steps 2-3.

21. Collect the peptide-resin construct, wash with DCM (30 ml) and
hexane {10 mi), and dry in vacuo.

22. The peptide construct can be cleaved from the solid support using

#There are now 0.2 mmol of reactive amine sites on the solid support.

6: Synthesis of modified peptides

standard TFA acidolytic mixtures.

Method

1. Pre-swell a sample of Fmoc-PAL-PEG PS (0.5 g, 0.1 mmol) in DMF for
1 hin a reaction column.

2. Treat the resin with 20% v/v piperidine in DMF for 10 min {continuous

flow rate 2.5 ml min™}.

170

" {e-amino groups} on the solid support.

®This results in 0.1 mmol of reactive amine sites {a-amino groups} on the solid suppoit.
“Selective deprotection of N-Ddiv is effected, which results in 0.1 mmol of reactive amine sites

“Due to possible steric effect, it is recommended that a reaction time of 18 h is applied for the
toupling of the initial C-terminal amino acid residue.
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potential for premature loss of semi-permanent protection during removal.

Significantly, these conditions are also sufficient to remove N-Fmoc. This

allows the simultaneous removal of both the terminal N-amino and carboxy
rotection by a single reaction.

The allyl ester protection offers a similar approach (86-88) to that of
OTmse esters. However, its removal requires the use of a complex cleavage
mixture; typically Pd(PPh;)-DMSO-THF-0.5 M aqueous HCl-4-methyl-
morpholine over 2 h (89). Care must be taken as the deprotection mixture is
hazardous and air sensitive. It should be noted that Profocols 20 and 21
outlined below can be applied for the on-resin deprotection of the N-Alloc

group.

3.2.3 Solid phase synthesis of cyclic peptides

Like their linear counterparts, cyclic peptides are key biomolecules iy
understanding structure—activity relationships. Furthermore, cyclic peptideg
have been shown to display an increased resistance to enzymatic degradatioy
thus enhancing their desirability as therapeutic targets. ’

Conventional synthesis of lactam-bridged cyclic peptides have in the pagt -
utilized the efficient assembly of the linear sequence by SPPS and upop
cleavage from the solid support, cyclization of the semi-protected peptide js :
then carried out in solution. This method requires a dilute medium g -
minimize dimerization as a result of intermolecular condensation of the linear
sequences (81). As a consequence, the reaction rate and yield are drastically -
reduced.

In contrast, on-resin cyclization requires the selective removal of both the

Protocol 20. Selective on-resin remaval of allyl ester protecting

desired amino and the carboxylic acid protecting groups in the presence of all group
other semi-permanent protection. Activation of the carboxyl group and
Reagents
subsequent intramolecular aminolysis allows the formation of a lactam. o _ _
bridged cyclic peptide. Subsequently, cleavage/deprotection of the peptide * ;‘;tr;k:;ﬂs:s:ﬁgrosph'"e palladium :.?,TFSO
from tpe solid support a_ff(?rds the fully deprotected cyclic peptide. Thus, the 4Methylmorpholine « 5% DIPEA in DMF (v/v)
on-resin approach has distinct advantages over the solution phase technique, « 0.5% Diethyldithiocarbamic acid sodium » DCM
This method permits the use of an excess of activation reagents, and the salt in DMF {w/v) + DIPEA
removal of these reagents and by-products is achieved by simple filtration,
Method

followed by washing the resin with copious selvent (DMF). Common resin-
monitoring techniques can be used to monitor the efficiency of this reaction.
J In addition, the solid support has a direct pseudo-dilution effect on the
cyclization reaction. However, on-resin ¢yclization requires the use of side-
chain protecting groups for the Asp/Glu and Lys/Orn/Dpr residues that are
orthogonal to other side-chain protecting groups.

1. Dry all glassware overnight at 90°C.

2. Transfer the peptidyl resin into a dried round-bottomed flask and
desiccate for 1 h at 40°C.

3. Seal the flask with an appropriate rubber septum.

4. Purge the vessel with a gentle stream of Ar, using a hypodermic
needle as the release valve.

5. Weigh Pd(PPhg), (1.0 eq to resin substitution) into a similar dry round-
bottomed flask.

6. Add a mixture of DMSO-THF-0.5 M aqueous HCl-4-methylmorpho-
{ine {2:2:1:0.5 eq, 5 ml per 100 mg of resin), and dissolve the catalyst
by Ar agitation.

7. When a solution is obtained, seal the flask with a rubber septum.

8. Transfer the solution obtained in step 7 to the flask containing the
resin (prepared in steps 2-4} using a canular or a gas-tight syringe
{purged with Ar}.

9. Gently swirl the suspension intermittently over a 3 h duration at 25°C,

10. Remove the solution by filtration, and wash with 5% v/v DIPEA in
DMF (5 X twice resin bed volume} followed by 0.5 % sodium diethyl-
dithiocarbamate in DMF (5 X twice resin bed volume).

Orthogonal carboxyl-protecting group v _
Protection of the carboxyl of Asp/Glu by 2,4-dimethoxybenzyl (Dmb) esters
provides an approach for head-to-tail cyclic peptide formation (82). The Dmb
ester can be removed selectively by 1% v/v TFA in DCM in the presence of
Bu- and sulphonyl-based side-chain protection within minutes. However, the
technique is limited as these conditions are sufficient to remove the side-chain
trityl protection of Cys and His residues. Minor incidental loss of fBu during
this procedure has also been reported (83).

A truly orthogonal approach avoids these impediments, allowing removal
without incidental loss of protection. Of the suitable candidates three
carboxyl-protecting groups in particular offer a facile, generic route. ;
Trimethylsilylethyl (OTmse) ester protection (84) has been used successfully
for the synthesis of cyclic peptides on TFA-labile resin (85). Selective rapid
removal is accomplished over 20 min using tetrabutylammonium fluoride
(TBAF) in DMF. These favourably non-acidic conditions eliminate the
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Protocol 20. Continued

11. Wash the resin further with DCM {5 X 10 ml} and diethy| ether (5 x
5 mi).

12. Dry resin in vacuo for 2 h,

Protocol 21. Alternative on-resin palladium-mediated
allyloxycarbonyl and allyl deprotections?

Reagents

« Tetrakistriphenylphosphine palladium « DCM
» 5,5-Dimethyleyclohexane-1,3-dione « DIPEA
s DCM/THF (1:1 viv) » DMF

» 0.5% DIPEA in DMF (v/v) + Diethyl ether
+ 0.5% Diethyldithiocarbamic acid sodium salt « THF
in DMF (w/iv)

Method
1. Place the peptidyl resin {200 mg) in a peptide synthesis vessel.
2. Swell the resin as described in Chapter 3, Protocol 1A.

3. Add tetrakistriphenylphosphine palladium (1 eq} and 5,5-dimethyl-
cyclohexane-1,3-dione (10 eq) dissolved in degassed DCM/THF {2 mi).

4. Flush with argon, seal, and wrap in silver foil to exclude light.
5. Agitate vigorously for 2 h.

6. Remove the solution by filtration and wash the resin with DIPEA/DMF
{6 times), followed by diethyldithiocarbamic acid sodium salt in DMF
{10 > 10 ml) to remove the palladium residues.

7. Wash the resin further with DCM {5 X 10 mi) and diethyl ether {5 x
5 ml).

. 8. Dry resin in vacuo for 2 h.

?Protecol supplied by Professor Mark Bradley, University of Southampton.

v The 4-[N-(1-(4,4-dimethyl-2,6-dioxocyclohexylidene)-3-methylbutyl )Jamino]-

DMEF and acidolysis (TFA), yet are readily removed with 2% v/v hydrazine
- .monochydrate in DMF within minutes. However, it should be noted that this -
deprotection condition is sufficient to remove the N-Fmoc protecting group..
Nevertheless, the ODmab ester has distinct advantages over OTmse and allyl -
esters, since its removal is facile (90, 91) and avoids exténsive post-column
manipulations. In a manner similar to the allyl ester technique (92), ODmab
ester removal can be automated for convenience. It should, however, be |
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noted that hydrazinolysis of Dde/ODmab-based protecting groups in the
resence of allyl/Alloc protecting groups could lead to significant reduction of
the allyl moiety. This undesired side-reaction can be prevented by the
addition of allyl alcohol as a scavenger in the deprotection reagent (93). Thus,
in such circumstances, the recommended hydrazinolysis reagent is: 5% v/v
hydrazine monohydrate, 3% v/v allyl alcohol in DMF or 10% v/v hydrazine
monohydrate, plus 200 eq allyl alcohol in DMF.

Protocol 22. Selective on-resin removal of N-Dde{Ddiv)/ODmab-
based protection

Reagents

+ 2% v/v Hydrazine monohydrate in DMF » DMF
{MUST be freshly prepared and used within 24 h) « DIPEA

» 10% v/v DIPEA in DMF s DCM

A. Procedure for manual removal

1. Suspend the peptidyl resin in DMF in a sintered glass funnel {twice
resin bed volume)} and allow to swell for a minimum of 1 h. If the
peptidyl resin contains =15 amino acid residues, extend this swelling
time to >6 h.

. Remove DMF by suction or positive pressure.
. Wash the resin with DMF (3 x twice resin bed volume).

2
3
4. Add the solution of 2% v/v hydrazine monohydrate in DMF (twice
/ resin bed volumej) to the resin and agitate for 5 min.
5

. Remove the deprotection reagent by suction.
/6. Repeat step 4, but extend the time to 7 min.

7. Remove the deprotection reagent by suction, and wash the resin with
DMF {10 X twice resin bed volume).

8. Wash the partially deprotected peptide-resin with 10% v/v DIPEA in
DMF {5 X twice resin bed volume).
9. Wash the resin further with DCM (5 X 10 ml} and diethyl ether (5 X
5 ml).
10. Collect, and dry the resin in vacuo for 2 h.

B. Procedure for continuous-flow removal

1. Suspend the peptidyl resin in DMF within a reaction column {twice
resin bed volume) and allow to swell for a minimum of 1 h. If the
peptidy! resin containg =15 amino acid residues, extend this swelling
time to >6 h.
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Protocol 22, Continued

2. Prepare a solution of 2% hydrazine monohydrate in DMF. Using g
manual function, purge the reagent flow-line for 20 min at 2.5 mi
min.

3. Connect the reaction column {containing the peptide-resin}, and treat
the resin with 2% hydrazine monohydrate in DMF at 2.5 ml min™ for

10 min.

4. Monitor the progress of the deprotection using a flow-cell spectro-
photometric method at 266 nm.

5. Wash the resin with DMF (12 min, 2.6 ml min™), followed by 10% vy
DIPEA in DMF {12 min, 2.5 ml min~*).

8. Collect the resin, and wash with DCM (5 X 10 ml} and hexane (2 x
5 ml}. .

7. Dry the partially deprotected peptide—resin in vacuo for 2 h.

3.2.4 Activation procedure for on-resin lactam formation

On-resin {actam (amide) formation or cyclization can be achieved via HOBt
active esters using a number of reagents. Carbodiimide and phosphonium
activation have all been used for ring closure with minimal loss of chiral
integrity of the activated amino acid residue. The choice of reagent and
auxiliary nucleophile (i.e. HOBt, HOAL) is at the discretion of the operator
{see Chapters 2 and 3). However, it is worth noting that successful peptide
cyclization is, to an extent, sequence dependent, Nominal ring closure is not
uncommon and is due in part to the spatial orientation of the peptide back-

bone and steric hindrance.

6: Synthesis of modified peptides

4. Add the solution to the resin.

5. Agitate the reaction suspension for 18 h at room temperature, and
monitor the progress of the cyclization reaction by resin test (e.g.
Kaiser, TNBS, etc.; see Chapter 3, Protocol 13).

6. Wash the resin with DMF (5 X twice resin bed volume).

7. Collect the resin in a sinter funnel, and wash with DCM {5 X 20 ml} and
methanol {2 X 10 ml).

8. Dry the cyclized peptide-resin in vacuo for 2 h.

3.2.5 On-resin removal of trityl-protecting groups

The side-chain protecting groups of Cys(Mmt) (94), Lys(Mtt) (95), Ser(Trt)
(96), Thr(Trt) (96), and Tyr(2-Clt) can be removed with 1% v/v TFA in
DCM. As these conditions leave most standard protecting groups and
peptide—resin linkages unaffected, this enables the side-chain functionality of
these residues to be selectively unmasked whilst the peptide is attached to the
solid phase. This capability allows the modification of individual amino acid
residues in the peptide chain and has been exploited in the preparation of
phosphopeptides (97) and lysine-branched peptides (95), and in the
construction of templates for combinatorial chemistry (98).

With the exception of lysine, the process of trityl group removal from the
side-chains of these amino acids is an equilibrium. Consequently, in order to
push the equilibrium in the desired direction, a cation scavenger such as
triisopropylsilane (TIS) or 1,2-ethanedithiol (EDT) is added to the cleavage
mixture, or the reaction is conducted in a continuous-flow manner. With the
latter approach, the progress of the reaction can be monitored at 400-500 nm
and by following the decrease in optical density with time of the reaction
effluent.

Protocol 23. Facile cyclization on-resin: synthesis of cyclic
lactam-bridged peptides

Reagents

s Peptide-resin that is partially deprotected, =« DIC
i.e. contains a free carboxylic acid and < HOAt

amine functionalities « DCM
» DMF « Methanol
Method

1. Suspend the peptidyl resin in DMF {twice resin bed volume), and allow
to swell for 6-18 h.

2. Remove DMF from the resin bed, and add fresh DMF. "
3. Prepare a solution of DIC {1.5 equivalent to free carboxylic acid) and

HOAt (1.0 eq) in DMF {1 ml| per 0.1 mmol of DIC).
176

Protocol 24. Removal of trityl on solid phase

Reagents

+ Dry acid-free DCM » TFAJDCM/TIS (1:94:5 wiv)

Method

1. Place the peptidy! resin in a sintered glass funnel or manual peptide
synthesis vessel.

2. Wash resin with DCM {5 X twice resin bed volume).
3. Remove excess DCM by applying nitrogen pressure.

4. Add TFA mixture (3 times resin bed volume) and allow to stand for
2 min.
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Protocol 24. Continued
5. Remove reagent by applying nitrogen pressure.
6. Repeat step 4 three times.

7. Check completeness of reaction by treating a small sample of rasin
with TFA/DCM (1:1).7

8. Repeat step 4 until a colourless sclution is obtained.
9. Wash resin with DCM (56 X twice resin bed volume).

10. Coliect the partially deprotected peptide-resin, and dry in vacuo for
30 min.

#This test is not appropriate if the peptide contains other trityl-protected amino acids.
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Phosphopeptide synthesis

PETER D. WHITE

1. Introduction

Protein phosphorylation mediated by protein kinases is the principal mech-
anism by which eukaryotic cellular processes are modulated by external
physiological stimuli (1). Phosphopeptides are essential tools for the study of
this process, serving as model substrates for phosphatases, as antigens for the
production of antibodies against phosphorylated proteins, and as reference
compounds for determining their physical parameters. The development of
methods for the production of phosphopeptides has consequently atiracted
considerable interest over the last few years, and these endeavours have
yielded reliable procedures which have now made their synthesis routine.

There are two strategies used currently for the preparation of phosphopep-
tides: the building block approach, in which pre-formed protected phospho-
amino acids arc incorporated during the course of chain assembly, and the
global phosphorylation method, which involves post-synthetic phosphoryla-
tion of serine, threonine, or tyrosine side-chain hydroxyl groups on the solid
support.

2. Building block approach

2.1 Introduction '

The building block procedure is certainly the more straightforward of the two
approaches and has now become, owing to the availability of suitably pro-
tected phosphoamino acids, the standard method for the routine production
of phosphopeptides.

For the side-chain protection of phosphotyrosine in Fmoc/tBu-based solid
phase synthesis, methyl (2), benzyl (3, 4), +-butyl (5, 6), dialkylamino (7), and
silyl (8) groups have been employed. Of these, benzyl is most useful as it is the
most convenient to introduce and is rapidly removed during the TFA-
mediated acidolysis step. Only the mono-benzyl ester, Fmoc-Tyr(PO(OBzl)-
OH)-OH 1 (9, 10), is available commercially; the dibenzyl ester offers no
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practical benefit as it undergoes mono-debenzylation in the course of the
piperidine-mediated Fmoc deprotection reaction (11).

Also available commercially is Fmoc-Tyr(PO;H;)-OH 2 (12). This de-
rivative, despite having no phosphate protection, appears to work weil,
particularly in the synthesis of small- to medium-sized phosphopeptides;
although formation of the pyrophosphate 3 can be a problem in peptides
containing adjacent Tyr(PO,H,) residues (13, 14).

/ J
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0Bzl OH
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Phosphate triesters of serine and threonine are not compatible with
Fmoc/tBu chemistry as they undergo P-elimination when treated with

piperidine, resulting in the formation of dehydroalanine and dehydoamino- :
butyric acid, respectively (Figure I). For this reason, it was long believed that .
the building block approach could not be used for preparation of peptides
containing these amino acids. Fortunately, in 1994, Wakamiya et al (15) ;

demonstrated that by using a mono-protected derivative, such as Fmoc-
Ser(PO(OBzl)OH)-OH 4, this side-reaction could be almost totally sup-
pressed. The corresponding threonine derivative has now also been described
(9, 16), and a growing body of literature has been accumulated attesting to the
utility of these derivatives (17-20).

2.2 Practical considerations
The following considerations apply to the synthesis of phosphopeptides using

Fmoc-Ser(PO(OBz)OH)-OH, Fmoc-Thr(PO(OBz)OH)-OH, Fmoc-Tyr-
(PO(OBzI)OH)-OH, and Fmoc-Tyr(PO,H,)-OH. :
using either OBt or QAL esters, generated from the corresponding uronium
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OBzl
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H

Cy
O
Figure 1. Formation of dehydroamino acids by p-elimination.

(aminium) or phosphonium activating reagent as described in Chapter 3,
Protocol 11. Addition of the residue following the phosphoamino acid can
v be sluggish, so it is advisable that the compieteness of this reaction be
checked using either the TNBS or the Kaiser test (Chapter 3, Protocol 14).
Particular problems can occur when assembling strings of consecutive
phosphoamino acids; in these cases, repeat coupling might be necessary.

2. Fmoc group removal can be effected with piperidine in DMF in the normal
manner, as described in Chapter 3, Protocol 7. To the author’s knowledge,
the stability of the mono-benzyl phosphoserine and phosphothreonine
derivatives to DBU has not been determined.

3. The side-chain benzyl group is normally removed with 95% TFA in 1-3 h,
although peptides containing multiple benzyl-protected phosphoamino acid
residues may require longer. Trialkylsilane containing cleavage mixtures,

ysuch as TFA/TIS/water (95:2.5:2.5), give excellent results (Chapter 3,
Protocol 16).
4. Introduction of a phosphoamino acid can profoundly affect the ease of
assembly of a given sequence. Peptides that can be efficiently assembled

‘f using unphosphorylated building blocks are frequently ditficult to prepare
in the phosphorylated form. In these cases, post-synthetic phosphorylation
often proves to be a superior method.

2.3 Illustrative examples

2.3.1 Synthesis of H-Ala-Pro-Gly-Asp-Ala-Tyr(PO;H,)-Gly-Pro-Lys-
Leu-Ala-NH,; using Fmoc-Tyr(PO,H,)-OH

H-Ala-Pro-Gly-Asp(O‘Bu)-Ala-Tyr(PO;H,)-Gly-Pro-Lys(Boc)-Leu-Ala-

NovaSyn® KR was assembled using standard Fmoc SPPS protocols. All

acylation reactions were carried out using a fivefold excess of Fmoc-amino
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acid activated with 1 eq of PyBOP® in the presence of HOBt (1 eq) and
DIPEA (2 eq). A coupling time of 30 min was used throughout, with the
exception of the C-terminal residue which was double coupled for 45 min.

(leavage of the peptide from the resin and side-chain deprotection were
carried out by treatment of the peptidyl resin with TEA/TIS/water (90:5:5) for
2,5 h. The crude peptide was analysed by HPLC (Figure 2a) and plasma
desorption-mass spectrometry (PD-MS) [expected MH* 1139.2, founq
1139.1}.

2.3.2 Synthesis of H-Gly-Asp-Phe-Tyr(PO;H,)-Glu-Ile-Pro-Glu-Glu-
Ser(PO,H,)-Leu-NH, using Fmoc-Ser/Tyr(PO(OBz]1)OH)-OH
H-Gly-Asp(O‘Bu)-Phe-Tyr{PO{OBzl)OH)- Glu(O‘Bu) He-Pro-Glu(O'Bu).
Glu(OBu)-Ser(PO(OBz)OH)-Leu-NovaSyn® TGR was assembled usmg
standard Fmoc SPPS protocols. All acylation reactions were carried out using
a 10-fold excess of Fmoc-amino acid activated with TBTU (1 eq) in the
presence of IIOBt (1 eq) and DIPEA (2 eq). A coupling time of 1 h was used

throughout. Cleavage of the peptide from the resin and side-chain
deprotection were effected as above. The crude peptide was analysed by

HPLC (Figure 2b) and electrospray-mass spectrometry (ES-MS) [expected
MH" 1456.2, found 1456.1].

2.3.3 Synthesis of H-Tyr-Glu-Ser(PO;H,)-Leu-Ser{PO,H,)-Ser-Ser-

Glu-NH, using Fmoc-Ser(PO(0OBzl)OH)-OH
H-Tyr(‘Bu)-Glu(O'Bu)- Ser(PO(Ole)OH) Leu-Ser(PO(OBzI)OH)-
Ser(‘Bu)-Ser('Bu)-Glu(O'Bu)-NovaSyn® TGR was prepared as described in
Section 2.3.2. The crude peptide was analysed by HPLC (Figure 2¢) and ESI
[expected MH™ 1058.9, found 1058.0].

(a)

—
(=3
foss]
,
—_
(1)
-

Abs (214 nm)
Abs (214 nm)
Abs (214 nm)

4 e (.

060 B0 5000 000 2500 5000 0.00 2500 50,00
Time {min} Tima (min) Tirme {min}

Figure2. HPLC of total crude phosphopeptides. {a} H-Ala-Pro-Gly-Asp-Ala-Tyr{PO;HJ)-
Gly-Pro-Lys-Leu-Ala-NH,. (b} H-Gly-Asp-Phe-Tyr(FO;H;}-Glu-lle-Pro-Glu-Glu-Ser{PQ;Ha)-
Leu-NH,. (o) H-Tyr-Glu-Ser{PO3H,)-Leu-Ser{iPO4H,)-Ser-Ser-Glu-NH,. Conditions for {a):

column TSK-120T 5 pm; eluant A, 0.1% aq. TFA, eluant B, 90% acetonitri!efw%'/'i

water/0.1% TFA; gradient 5% B for 5 min then to 100% in 50 min; flow rate 1 ml/min;
Conditions for {(b) and (c}: column Shandon Tris C3; eluant A, 0.05% aq. TFA, eluant B,
90% acetonitrile/10% water/0.06% TFA; gradient 5% B for 5 min then to 100% in 40 min;
flow rate 1 mifmin. Optical density was measured at 214 nm.

186

7: Phosphopeptide synthesis

3. Global phosphorylation

3.1 Introduction

with the introduction of the mono-benzyl derivatives of serine and threonine,
the global phosphorylation methodology has become the technique of second
choice, only being used in cases where the building block approach fails to
give satisfactory results. It does, however, have the advantage of furnishing
both phosphorylated and unphosphorylated peptides in the same synthesis,
which can be useful when comparing the biological activity of both forms.
Assembly of the resin-bound peptide can be effected using standard Fmoc
protocols. The residue at the phosphorylation site can be incorporated either
without side-chain protection or with a side-chain protecting group, such as

¢ trityl (21) or t-butyldimethylsilyl (22), which can be selectively removed on

the solid phase immediately before the phosphorylation reaction. When un-
p_rotected serine or threonine is incorporated, coupling of subsequent residues/
is best achieved using carbodiimide/HOBt activation chemistry: uronium- and
phosphonium-type reagents can potentially mediate acylation of unprotected
hydroxyl side chains (23). This precaution is not required when the peptide
contains unprotected tyrosine residues, as any phenol esters generated will bev
destroyed during the subsequent Fmoc-deprotection cycle.

The N-terminal residue should be incorporated as an N-Boc derivative, or
the N-terminal amino group can be capped by treating the resin with di-r-
butyl-dicarbonate (5 eq) in DMF for 30 min. The former method is preferred
when the peptide contains residues with unprotected side-chain hydroxyl
functicnalities.

Functionalization of the free resin-bound hydroxyl has been carried out

using phosphoramidites (3, 4, 24, 25), phosphochloridates (26, 27), and H- w*

phosphonates (28). The most widely used approach - with phosphoramidites
~is presented in this chapter.

The most useful phosphoramidites described to date are the di-#-butyl (29)
and dibenzyl derivatives (30, 31), as their respective protecting groups are
removed during the course of the normal TFA cleavage reaction. The utility
of both these reagents in the global phosphorylation of Tyr, Ser, and Thr
residues is now thoroughly established (3, 4, 24, 32-35).

Phosphorylation using phosphoramidites is a two-step procedure (Figure 3):
the resin-bound hydroxyl group is first converted to a phosphite triester by
reaction with the appropriate phosphoramidite in the presence of tetrazole
and, in the second step, this phosphorous(III) intermediate is oxidized to the
desired phosphate.

For oxidation of the intermediate phosphite ester, m-chloroperbenzoic acid
{24), aqueous iodine (3) and t-butyl hydroperoxide (4, 25, 33) have been used.
The use of anhydrous r-butyl hydroperoxide gives the best results as this
reagent does not appear to cause appreciable oxidation of methionine (4),
tryptophan, or cysteine residues (36). '
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BocGly-Ala-Thr(‘Bu)-teu-Asp(0'Bu)-Gly-lle-Thr-Ala—{_ 3

(BzlO),PNProtetrazole
Bz, p OBzl

A | .
BocGly-Ala-Thr(Bu)-Leu-Asp(O'Bu)-Gly-lte-Thr-Ala—{_ .2

+BuOOH o
BzlO :—L 0Bzl

1
Boc-Gly-Ala-Th r(’Bu)-Leu-Asp(o‘Bu)-Gy-ne-Thr-ma
TFA
o)
HO, ;II,,OH
H-Gly-Ala-Thr-Leu-Asp-Gily-lle-Thr-Ala-QH

Figure 3. Post-synthetic phosphorylation.
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Figure 4. H—Phosphonaté formation.
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Benzyl-protected amidites generally give better results than t-butyl
amidites: in the presence of the weakly acidic tetrazole, di-t-butyl phosphite
esters have a tendency to lose a #-butyl group, leading to formation of the
corresponding H-phosphonate 5 (12, 37) (Figure 4). Fortunately, this by-

roduct can be converted to the desired phosphate by treatment with iodine
in pyridine (38).

3.2 General protocol for post-synthetic phosphorylation

Phosphoramidites are both moisture- and air-sensitive, hence Protocol I must v/

be carried out using only thoroughly dried reagents and glassware under a dry
inert atmosphere of argon or oxygen-free nitrogen. All transfer of reagents
should be carried out using gas-tight syringes flushed with argon, or with
double-ended needles.

The use of DME is preferred to acetonitrile in the phosphinylation step,
since tetrazole is far more soluble in this solvent, enabling the reaction to be
conducted at a much higher concentration. Anhydrous DMF is commercially
available stored under nitrogen in bottles fitted with a septum.

Only resublimed DNA-grade tetrazole should be used; this is available
from Sigma in septum-sealed, argon-filled vials containing 300 mg of material,
sufficient for carrying out a 0.1-mmol-scale reaction. Dibenzyl-N,N-
diisopropylphosphoramidite is available in argon-filled one-shot vials from

Protocol 1. General protocol for phosphoryiation

Equipment and reagents

+ A regulated cylinder of argon, equipped
with an outlet line tipped with a narrow-
gauge needle

+ Dibenzyl-N,N-diisopropylphosphoramidite
(500 mg, 1.44 mmol)

« 3 M t-butyl hydroperoxide in isooctane

+ 5 ml Gas-tight syringe tipped with a needle

» Anhydrous DMF

¢ Argonilled baloon attached to luer of
hypodermic needle

+ Resublimed DNA-grade tetrazole {300 mg,
4.28 mmol}

+ Peptidyl resin.

« 10 ml manual peptide synthesis vessel

Method

1. Place the peptidyl resin (0.1 mmol) in the peptide synthesis vessasl
and dry avernight at 40°C in vacuo.

2. Seal the reaction vessel with a rubber septum.

3. Open the tap and flush the vessel with a stream of argon delivered via
a needle inserted through the septum. Close tap.

4. Insert needle of argon-filled balloon and the syringe needle into the
septum of the DMF bottle and fill the syringe with 5 ml of solvent.
Remove syringe and balloon.
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Protocol 1. Continued

5. Remove the metal insert from the top of a tetrazole vial. Insert syringe
needle and balloon needle into the vial septum. Slowly add DMF to
vial, allowing the displaced argon to fill the syringe between
additions. Shake vial until contents dissolved.

6. Fill syringe with 4.2 ml of tetrazole solution. Remove syringe and
halloon.

7. Remove the metal insert from the top of a vial containing dibenzyl-
N, N-diisopropylphosphoramidite and insert syringe and balloon
needles into septum. Add tetrazole solution and shake vial to mix
contents.

8. Fill syringe with amidite/tetrazole solution.

containing the resin.
10. Add amidite/tetrazole solution. Remove syringe.
11. Gently agitate reaction vessel for 1 h. o
12. Open the tap and allow reagents to drain away.

13. Close tap, add fresh DMF using the syringe, agitate, and open tap and
allow to drain. Repeat this washing procedure three times. Close tap.

14. Add 3 M tbutyl hydroperoxide in iscoctane to cover resin. Gently
agitate for 30 min.

15. Wash and dry the resin as described in Chapter 3, Protocol 1C.

' chain of Thr using Profocol 8, Chapter 9.
~The resin-bound peptide was then phosphinylated using di-benzyl-N.N-

9. insert syringe and balloon needles into septum of the vesse|.

3.3 Illustrative examples
3.3.1 Synthesis of H-Phe-Phe-Lys-Asn-Ile-Val-Thr-Pro-Arg-

7: Phosphopeptide synthesis

3.3.2 Synthesis H-Gly-Asp-Phe-Glu-Glu-Ile-Pro-Glu-Glu-
Thr(PO;H,)-Leu-NH, using Fmoc-Tyr(Trt)-OH
Boc-Gly-Asp(O'Bu)-Phe-Glu(O'Bu)-Glu(OBu)-Ile-Pro-Glu(O'Bu)-
Glu(OBu)-Thr(Trt)-Leu-Rink amide resin was prepared on an ABI 431A®
peptide synthesizer. All acylation reactions were carried out for 1 h using a
10-fold excess of Fmoc-amino acids activated with TBTU (1 eq) in the
presence of DIPEA (2 eq) and HOBt (1 eq). The N-terminal Gly residue was
introduced as the Boc derivative. The Trt group was removed from the side- -

diisopropylphosphoramidite/tetrazole and oxidized with #-butyl hydroper-
oxide in isooctane as described in Profocol 1.

The phosphorylated peptide was cleaved from the resin using TFA/TIS/
water (95:2.5:2.5) for 2 h, and analysed by HPLC (Figure 5b) and ES-MS
[expected MH" 1381.3, found 1381.3].

3.4 Thiophosphorylated peptides
Oxidation of the intermediate phosphite triester can also be effected using
elemental sulphur in CS, (39), tetraethylthiuram disulphide in CH,CN (39},
dibenzoyl tetrasulphide (40), and dithiasuccinimide (41), to yield the corres- ¥V
ponding resin-bound thiophosphorylated peptide.

For cleavage and side-chain deprotection of thiophosphopeptidyl resins,
the use of TFA/thiophenol/water/EDT/TIS (91.5:2.5:2.5:2.5:1 v/v) is recom-
mended.

Thr(PO,H,)-Pro-Pro-Pro-Ser-Gln-Gly-Lys-NH, using Fmec-Thr

OH
Boc-Phe-Phe-Lys(Boc)-Asn-Ile-Val-Thr-Pro- Arg(Pmc)-Thr-Pro-Pro-Pro-
Ser(‘Bu)-Gln-Gly-Lys(Boc)-NovaSyn KR resin was prepared on a NovSy
Crystal® peptide synthesizer. Boc-Phe-OH and Fmoc-Thr-OH were intr
duced using 5 eq of OBt ester, prepared by in situ reaction between th
v protected amino acid, HOBt, and DIC. All other residues were coupled usin,

(a) ] (b) ]
£ E
c 1=
= <
8 &
1] 0
2 E
7 A_’I/,JL,‘,__,_/
0.00 25.00 50.00 0.00 25.00 50,00
Time (min) Time (min)

a fivefold excess of Fmoc OPfp ester in the presence of 1 eq of HOBL.

Phosphorylation of the resin was carried out as described in Protocol 1
except that dibenzyl-N,N-diethylphosphoramidite was used. .

The phosphorylated peptide was cleaved from the resin using TE.
thioanisole/phenol/cthanedithiol/water (82.5:5:5:2.5:5)"for 2 h. The crud
peptide was analysed by HPLC (Figure 5a) and PD-MS [expected MH
1994 5, found 1994.5].

Figure 5. HPLC of total crude phosphopeptides. {(a) H-Phe-Phe-Lys-Asn-lle-Val-Thr-Pro-
Arg-Thr(PO4H,)-Pro-Pro-Pro-Ser-GlIn-Gly-Lys-NH,. Conditions: column Beckman C18;
e_lyant A, 0.1% aq. TFA, eluant B, 0.1% TFA in acetonitrile; gradient 0% to 100% B in 40
min; flow rate 1 ml/min. {b} H-Gly-Asp-Phe-Glu-Glu-llg-Pro-Glu-Glu-Thr{PO3H,)-Leu-NH,.
Conditions: column TSK-120T; eluant A, 0.1% ag. TFA, eluant B, 90% acetonitrile/10%
watgr/0.1% TFA; gradient 5% B for 5 min then to 100% in 50 min; flow rate 1 mi/min.
Optical density was measured at 214 nm, . :
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Care should be taken to avoid prolonged exposure of thiophosphoryl pep.
tides to acidic aqueous conditions as this can result in loss of the thiophog.
v phate group (39, 40). Purification of these peptides is best achieved by
reverse-phase HPLC using a gradient of CH,CN in 0.1 M tr1ethy1ammonmm
acetate (pH 7.5) (39).

Protocol 2. Thiophosphoryiation

Equipment and reagents

» A regulated cylinder of argon, eguipped
with an outlet line tipped with a narrow-
gauge needle

+ 5 mi Gas-tight syringe tipped with a needle

+ Dry acetonitrile

» Argon-filled balloon attached to luer of
hypodermic needie

» 16% tetraethylthiuram in acetonitrile

+ 10 ml manual peptide synthesis vessel

Method

1. Phosphinylate the resin as described in steps 1-13 of Protocol 1.

2. Wash the resin with acetonitrile in the manner described in Protocol 1,
step 13.

3. Add tetraethylthiuram in acetonitrile (3 ml} using a syringe.

4. Gently agitate for 2 h.

5. Wash and dry the resin as described in Chapter 3, Protocof 1C.

4. Analysis of phosphopeptides
4.1 HPLC analysis

As a general rule, phosphopeptides elute earlier in TI'A-containing buffers .
from reverse-phase supports than the corresponding unphosphorylated and.;
H-phosphonate peptides. In situations where these are poorly resolved, better
 Separations can often be achieved by using ammonium acetate or triethyl--

ammonium acetate buffers at pH 7.0.
Diode array detection is a useful tool for identification of phosphotyrosine

containing peptides as phosphorylation of the tyrosine phenolic hydroxyl
causes a hypsochromic shift in the UV spectra from 275 to 266 nm (41).

4.2 Mass spectroscopy
Phosphopeptides have a tendency to fragment during electrospray an
plasma-desorption mass spectrometry: phosphoserine- and  threoni
v containing peptides B-eliminate with loss of 98 mass units, corresponding ;
cleavage of H;PO,; phosphotyrosine- contammg peptides fragment with los
v of 174 mass units, due to cleavage of phenylphosphate (32).
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In positive ion mode, phosphopeptides form strong sodium and potassium
adducts which often give more intense signals than the parent ion. Peptides
containing multiple phosphorylation sites often give better spectra if recorded
in negative ion mode.
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Glycopeptide synthesis

JAN KIHLBERG

1. Introduction

Most eukaryotic proteins, some bacterial and many viral proteins carry
structurally diverse carbohydrates that are covalently attached through N- or
O-glycosidic bonds to the side chains of asparagine, serine, threonine,
hydroxylysine, tyrosine, and hydroxyproline (reviewed in ref. 1). In nature,
N-linked glycoproteins are assembled by post-translational, enzymatic attach-
ment of a common oligosaccharide having the composition Gle;MangGlcNAc,
to the side chain of asparagine (reviewed in ref. 2). This saccharide is then
modified enzymatically, thereby giving structural variation to the part remote
from the protein. However, N-linked glycoproteins have a common penta-
saccharide core (Mana3(Mana6)Manp4GlcNAcB4GIcNAc) in which the
chitobiose moiety (GleNAcB4GIcNAc) is bound to asparagine (1) (Figure I).
By contrast, O-linked glycoproteins are built up by sequential attachment of
monosaccharides by different enzymes to hydroxylated amino acids in the
protein, and therefore no common core is formed (2). Thus, N-acetyl-a-D-
galactosamine attached to serine (2) and threonine (3) is found in mucin
secreted from epithelial cells. B-D-Xylosyl serine (4) is found in many proteo-
glycans, whereas B-p-galactosyl hydroxylysine (5) is common in collagen
found in connective tissue. a-1-Fucosyl residues linked to serine (6) and
threonine (7) are found in fibrinolytic and coagulation proteins. N-Acetyl-B-
D-glucosamine attached to serine (8) and threonine (9) occurs frequently in
glycoproteins located in the nucleus and cytoplasm, whereas glycoproteins
produced by yeast have a-D-mannosyl residues linked to serine (10) and
threonine (11). Larger structures are usually formed by attachment of
additional saccharides to the O-linked 2-4 when found in glycoproteins.
Structures §, 10, and 11 can also carry additional monosaccharides.

In recent years numerous glycoproteins have been isolated and character-
ized, but the roles for the protein-bound carbohydrates have only just begun
to be unravelled (1). It is now well established that glycosylation affects both

g _ the physiochemical propetrties and the biological functions of a glycoprotein.

For instance, glycosylation has been found to influence uptake, distribution,
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ou Ho OH complexity and the chemical properties of glycopeptides make the choice of

o 0 rotective groups more demanding and this will therefore be discussed in

Hggé&,o o f COM Hoé:\ﬁ NI, some detail together with conditions which allow deprotection under mild

NHACW AcHN . conditions. Synthetic procedures that provide glycosylated amino acids

1 ° N corresponding to some of the structures shown in Figure 1 have been included

' at the end of the chapter in an attempt to exemplify the most efficient

methods available at present. An example of the use of one of these building
plocks in solid phase synthesis is also provided.

AcHN - HO

2. Strategic considerations in glycopeptide synthesis

In principal, glycopeptides can be prepared either by attachment of the carbo-
hydrate moiety to the target peptide or by using glycosylated amino acids as
puilding blocks in stepwise synthesis. Condensation between a glycosyl amine
and a peptide containing an aspartic or glutamic acid residue has been accom-
plished in syntheses of N-linked glycopeptides (4-6). However, glycosyla-
mines can undergo anomerization (7), resulting in the formation of undesired
a-glycosides, which might be more difficuit to remove in the case of glyco-
peptides than for glycosylated amino acids. Direct O-glycosylation of serine
and threonine residues in peptides has met with only limited success in most
cases {8-10), mainly due to the low solubility of peptides under conditions
used for glycoside synthesis. Recently, some encouraging progress was made
in the glycosylation of serine residues in simple model peptides attached to a
solid phase, but it remains to be seen if the approach is compatible with more
complex peptides (11). At present the use of glycosylated amino acids as
building blocks in stepwise assembly is therefore more reliable and efficient
for synthesis of both N- and O-linked glycopeptides than attempts to attach
carbohydrates directly to a peptide.

As for peptides, yields obtained in solution synthesis of glycopeptides are
often only modest and isolation of intermediates makes the approach
cumbersome when performed on a small scale. Recent efforts have therefore
mainly focused on solid phase synthesis, which today constitutes the most
reliable and efficient method for preparation of glycopeptides (12-15).
Consequently, efficient synthetic routes to glycosylated amino acids are of
central importance for the preparation of glycopeptides.

It might be expected that the carbohydrate moiety of a glycosylated amino
acid would impose steric hindrance in stepwise glycopeptide synthesis,
thereby reducing coupling efficiency and hampering further elongation of the
peptide chain. However, an overview of glycopeptides prepared to date reveal
that no such problems exist. This conclusion is independent of both the amino
acid and the carbohydrate moiety, as revealed by the fact that amino acids
which carry oligosaccharides as large as undecasaccharides have been found
to couple as well as ordinary, non-glycosylated amino acids (16). Even though

OH

HO 9]

0
wreH ] €OH

11 R=Me R

Figure1. Examples of important carbohydrate—-amino acid linkages found in N- and
linked glycoproteins.

excretion, and proteolytic stability. It is also known to have important roles i
communication between cells and in attachment of bacteria and viruses to thg
host.

‘Efforts to understand the role of glycosylation of proteins, or to develop*
glycopeptides as tools in drug discovery and drug design, have led to su
stantial progress in development of methodology for the synthesis of;
glycopeptides during the last decades. This chapter attempts to summarize -
current knowledge on the use of glycosylated amino acids as building blocks ;
in solid phase synthesis of glycopeptides based on the 9-fluorenylmethoxy
carbonyl (Fmoc) protective group strategy.

First, some general strategic considerations will be given. Then methods fo
stereoselective attachment of carbohydrates to amino acids are discussed i
general terms, but the reader is referred to other sources to obtain mor
extensive information concerning assembly of oligosaccharides (reviewed i
ref. 3). In solid phase synthesis of both peptides and glycopeptides it is essenti
to obtain quantitative removal of protective groups without degradation ©.
the product at the end of the synthetic sequence. The additional structur
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“overall yield (17, 18). When a minimal amount of glycosylated amino acid i

Methods that allow stercoselective formation of glycosidic bonds between

Jan Kihiberg

any method for activation and coupling used in synthesis of peptides shoylg
also be suitable for a glycosylated amino acid, two methods have been ugeq
predominantly—the  N,N'-diisopropylcarbodiimide/1-hydroxybenzotriazols
method and the pentafluorophenyl (Opr) ester method (12, 13).

The preparation of glycosylated amino acids requires considerable effory,
so the smallest possible amount should be used in each coupling. A 1-1, S-fO]d
excess of the activated glycoamino acid compared to the capacity (sub.
stitution) of the peptide-resin has been shown to be sufficient to obtajy -
complete and fast coupling. Importantly, even an equivalent amount of the
glycosylated amino acid has been used without a serious decrease in the

being coupled, monitoring of couplings becomes important. This can be
performed visually or in a spectrophotometer using either 3,4-dihydro-3:
hydroxy-4-oxo-1,2,3-benzotriazine (DhbtOH) (19) or bromophenol blue (20)
as indicator of unreacted amino groups on the solid phase.

3. Formation of glycosidic linkages to amino acids

carbohydrates and amino acids are crucial in the synthesis of glycopeptides,
The equatorial, B-glycosidic bond between N-acetyl-D-glucosamine and
asparagine (1, Figure I') found in N-linked glycoproteins is preferably formed
by acylation of a glycosyl amine by the side chain carboxyl group of aspartic
acid, using standard methods for peptide synthesis (Figure 2) (21). The
required glycosyl amines are available by reduction of glycosyl azides or by
treatment of unprotected carbohydrates with ammonium hydrogen carbon-
ate. For 1,2-trans-O-linked glycosylated amino acids (4, 5, 10, and 11, Figure I}
the glycosidic bond is most commeonly established under the influence of a par-
ticipating acetyl or benzoyl group at O-2 of the carbohydrate (cf. Figure 3a).

OAc
RO Q
AcO Ny
OR AcHN

ﬁ 2 -
[ 0 J———t RO NI,
Ac

NHAc HN
\s oH

R = Hor Ac RO 0
R' = oligosaccharide HO
A AcHN OH

Figure 2. Mlinked glycopeptides can be obtained by acylation of glycosyl amines: E
prepared either by reduction of glycosyl! azides or directly from reducing sugars. ;
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(a)
Ohc
Acoﬁ\ Promoter Acoﬁ AcO
AcO AcO AcO
Aco X
M
OAc ©
— A“"é@w P
AcO ~TS
o CO,PG
{b)
OAc OAc
AcO o] Promoter AcO o}
AcO AcO ForR,R'=H, Ac
RR'N X ‘N 4

Y

Me
Premetetr

OAc

ForR, R’
AcO fo) NHPG = H, trichloroethoxycarbonyl or
fe) : = H, allyloxycarbonyl or
AOMRTTNCopG = dithiasuccinoy)

()

Ac
Prornoter é:
NHPG
Ny

\/\COZPG

X = Leaving group
PG = Protective group

Figure 3. For O-linked glycopeptides an equatorial, B-glycosidic bond is usually estab-
lished using a participating acyl group at 0-2 {a). However, the presence of an acetamido
group at C-2, as in N-acetylglucosamine or N-acetylgalactosamine, results in formation of
an oxazoline, a reaction which is avoided if, instead, N-2 carries either a trichloro-
ethoxycarbonyl, an allylaxycarbonyl, or a dithiasuccinoyl group (b}, A non-participating
group, such as the azido group or an O-benzyl group, is employed when axial a-
glycosides are to be prepared and the substituent at C-2 is equatorial (c).

However, in attempted preparations of 1,2-frans-linked O-glycosides of N-
acetyl-D-glucosamine (8 and 9, Figure 1), the presence of the N-acetylamino
group at C-2 results in the predominant formation of a 1,2-oxazoline, a
problem which can be avoided if the amino group is protected with either a
trichloroethoxycarbonyl, an allyloxycarbonyl, or a dithiasuccinoyl group
(Figure 3b).
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Axial, a-O-glycosides (2, 3, 6, and 7, Figure I) are usually formed in . 88
presence of a non-participating group such as an azido group or an O-bepgy
ether at C-2 of the saccharide (Figure 3c). In the formation of O- -linkeg:
glycosides the carbohydrate is activated by Lewis acid-promoted abstractiq
of a leaving group from the anomeric carbon (C-1), but formation of .
glycosides relies on equilibration of the leaving group from the thermg.
dynamically favoured axial to the more reactive equatorial orientation (3),

4, Choosing protective groups for glycosylated aming
acids

When choosing protective groups for glycosylated amino acids, the addition
complexity of glycopeptides compared to ordinary peptides must be take
into consideration. Importantly, glycosidic bonds are labile towards strop
acids and glycopeptides might undergo side-reactions, such as pB-eliminatig
of glycosylated serine or threonine residues and epimerization of peptid
stereocentres on treatment with a strong base (Figure 4).

Ho JOH

o S
HO HN P
AcHN ) 32" Base

ST

0

Figure 4. All O-glycosides are cleaved by strong acids. In addition, O-linked derivatives o
serine and threonine can undergo base-catalysed p-slimination,

4.1 Protection of the a-amino group

In the ter-butoxycarbonyl (Boc) strategy for solid phase peptide synthesis
cleavage from the solid phase and side chain deprotection is performed wit
strong acids, e.g. hydrogen fluoride. Since treatment of a glycopeptide with:
strong acid resulis in partial, or in most cases compleie, cleavage of glycosidi
bonds, the Boc approach is less suitable for solid phase glycopeptide syn
thesis. The 9-fluorenylmethoxycarbeonyl (Fmoc) group (22), which is remove
by a weak base, e.g. piperidine, morpholine, or 1,8-diazabicyclo[5.4.0Jundee
7-ene (DBU), provides a more versatile alternative. In the Fmoc strateg
cleavage from the solid phase and simultancous deprotection of amino acid
side chains is usually carried out with the moderately strong trifluoroaceti
acid (TFA). As discussed in Section 4.3, the glycosidic bonds of most saci
charides are stable towards TFA even though it may sometimes be necessary,
to use acyl protective groups to obtain sufficient stability.

Since glycosides of serine and threonine can undergo B-elimination Oﬁ
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treatment with base, morpholine has been advocated for Fmoc removal (23,
24) in synthesis of glycopeptides. It has, however, been shown that the more
pasic piperidine, which is routinely used for Fmoc cleavage in synthesis of
peptldeS does not causes B-elimination of O-linked glycopeptides. The use of
piperidine is in fact preferable to morpholine (25). Numerous synthetic
examples have now established that the Fmoc protective group protocol is
qufficiently mild to allow efficient and reliable solid phase assembly of

glycopeptides.

4.2 Protection of the a-carboxyl group

Building blocks for use in solid phase glycopeptide synthesis have been
prepared predominantly by glycosylation of Fmoc amino acids having allyl,
benzyl, phenacyl, or tert-butyl protected carboxyl groups (13, 21). Each of
these esters can be removed selectively in the presence of the Fmoc group by
palladium-catalysed allyl transfer, hydrogenolysis, zinc reduction, or TFA-
treatment, respectively, After deprotection, the liberated carboxyl group is
activated, usually by the N, N'-diisopropylcarbodiimide/1-hydroxybenzotriazole
method.

An attractive alternative takes advantage of the fact that Fmoc amino acid
pentafluorophenyl esters, which are in general use as acylating agents in
peptide synthesis, are stable enough to survive glycosylation and subsequent
purification (13). Protective group manipulations are thus minimized, since
the pentafluorophenyl ester plays a dual role, first as a protecting group and
then as an acylating reagent. Protective group manipulations can be further
decreased by direct O-glycosylation of Fmoc amino acids having unprotected
carboxyl groups (26). This method has been used to prepare numerous 1,2-
trans-O-glycosylated Fmoc amino acids and, recently, 1,2-cis-linked glycosides
of fucose (27).

4.3 Protection of the carbohydrate hydroxyl groups

Acetyl and benzoyl protective groups have often been used for protection of
the carbohydrate hydroxyl groups in glycosylated amino acids. In view of
their electron-withdrawing nature, they have been advocated to stabilize (-
glycosidic bonds during the acid-catalysed cleavage from the solid phase,
Several investigations have established, however, that O-glycosidic linkages
of common monosaccharides, such as glucose, galactose, mannose, N-acetyl-
glucosamine, and N-acetylgalactosamine, survive treatment with TFA for a
limited period of time (<22 h) in the absence of acyl protection of the hydroxyl
groups (6, 28, 29). However, prolonged treatment with acid, or in some cases

-addition of nucleophiles such as water, may result in decomposition of the

oligosaccharide moiety.
Interestingly, glycopeptides containing the 6-deoxysugar L-fucose, which
undergoes acid-catalysed hydrolysis only 5-6 times faster than the
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corresponding non-deoxygenated monosaccharide galactose, have beey -
shown to require stabilizing acyl protective groups during cleavage with TFA =
(30, 31). Although acyl protection of carbohydrate hydroxyl groups is nog
always necessary, it could be considered as a suitable precaution to avojg
degradation during cleavage from the solid phase. Furthermore, in many :
cases the synthetic route to the glycosylated amino acid automatically +
provides acyl protective groups. .
It has been emphasized that side-reactions such as (-elimination apg
epimerization of peptide stereocentres could be encountered during base.
mediated removal of O-acyl protective groups from glycopeptides (23). This -
concern appears to be unwarranted for acetyl groups, since neither §.
elimination nor epimerization were encountered when an O-linked mode
glycopeptide was treated under conditions which are in common use for
deacetylation of glycopeptides (i.e. hydrazine hydrate in methanol, saturated
methanolic ammonia, or dilute sodium methoxide) (32). However, benzoy!
groups require more drastic conditions for their removal, which resulted i
slow B-climination and epimerization, suggesting that it might be desirable to
avoid benzoyl protection of glycopeptides.
Acid-labile protective groups have recently been introduced as an altern-
ative to acyl protection for glycosylated amino acids. Trimethylsilyl (TMS)
protective groups have been employed for 1-aminoalditols and mono-
heptasaccharides linked in a non-natural way to asparagine (33, 34). Recently
the more stable tert-butyldimethylsilyl (TBDMS), tert- butyldiphenylsiljrl
(TBDPS), p-methoxybenzyl, and isopropylidenc groups have been used in
syntheses of both N- and O-linked building blocks which correspond fo
glycosylated amino acids 1, 3, and § (17, 35-37). When used in glycopepude
synthesis, these protective groups were rapidly and completely removed
simultaneously with TFA-mediated cleavage from the solid phase, thereby
eliminating the need for separate deprotection of the carbohydrate moiety.
Benzyl ethers are commonly used as protective groups in oligosaccharide
synthesis and they have recently begun to find use also in solid phase glyco-
peptide synthesis (38, 39). However, benzyl ethers are usually removed by
hydrogenolysis, which is incompatible with glycopeptides containing cysteine.
methionine, and to some extent tryptophan (40). Moreover, TFA-catalysed
cleavage of O-benzylated glycopeptides from the solid phase was found to
result in the formation of several, partially de-O-benzylated products, thereby
complicating the final debenzylation and purification. Interestingly, a recent
report suggests that this problem may be circumvented by performing the
deprotection in two acid-catalysed steps (41).

4.4 Suitable linkers and resins

As revealed in the preceding sections, glycopeptides are conveniently sy
thesized on the solid phase under conditions identical to those employed for
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ynthesm of peptides by the Fmoc/tBu strategy. Consequently, linkers and
resins used in Fmoc peptide synthesis can also be used without problems for
synthesis of glycopeptides. Glycopeptides having a C-terminal carboxylic acid
have therefore usually been prepared attached directly to a 4-alkoxybenzyl
alcohol resin (42} or via a 4-hydroxymethylphenoxyacetic acid-type linker
(43). The Rink linker, p-[o-(fluoren-9-ylmethoxyformamido)-2,4-dimethoxy-
penzyl]phenoxyacetic acid, is suitable for synthesis of C-terminal amides {44).
Recently, an allylic linker termed HYCRON, which allowed Pd(0)-catalysed
cleavage under almost neutral conditions, was described (45). This linker is
suitable for synthesis of glycopeptides which do not withstand the basic and
acidic conditions normally employed in the Fmoc-strategy.

5. Preparation of glycosylated amino acids

Access to glycosylated amino acids for use as building blocks in solid phase
synthesis is the key to success in the preparation of glycopeptides. However,
only a few glycosylated amino acids carrying protective groups suitable for
direct use in solid phase synthesis are commercially available at present. Thus,
Ne-(9-fluorenylmethoxycarbonyl}-N7-(2-acetamido-3,4,6-tri-O-acetyl-2-
deoxy-B-D-glucopyranosyl)-L-asparagine, N*-(9-fluorenylmethoxycarbonyl)-
3-0-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-a-D-galactopyranosyl)-L-serine,
and N*-(9-fluorenylmethoxycarbonyl)-3-0-(2-acetamido-3,4,6-tri-O-acetyl-2-
deoxy-a-D-galactopyranosyl)-L-threonine can be purchased from Bachem
Feinchemikalien AG, Bubendorf, Switzerland. The glycosylated asparagine
corresponds to the most important saccharide—amino acid linkage found in N-
linked glycoproteins, whereas the two O-linked building blocks represent the
Tn-antigen, a tumour-associated antigen that is extended with further
saccharides in a large number of glycoproteins produced by non-malignant
cells. In order to allow access to some commonly occurring glycosylated
amino acids, which are not commercially avaiiable, synthetic procedures are

OH on
RO COz[BU HO 0] 0
\ﬂ/\l/ HO o
O  NHFmoc Achn HO :
© AcHNR,
12R=-H 14 R.R =H, OH
13 R = Dhbt 15 R=NH,, R = H
OAc OAc
AcO 8]
13+15 — ‘évs,o’évo_\ll{ COH
AcO Nm/\‘/ 2
AcO
AcHN
AcHN (o] NHFmoc
16
Scheme 1
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given in the following protocols. Profocol 1 describes attachment of the
disaccharide chitobiose to asparagine, but it has also been applied to a large
number of other oligosaccharides ranging in size up to undecasaccharides
(16). The other four protocols present syntheses of O-linked glycosylated
amino acids found in the nucleus and cytoplasm (Protocel 2), proteoglycans
(Protocol 3), fibrinolytic and coagulation proteins (Protoco! 4), and finally iy
glycoproteins produced by yeast cells (Protocol 5).

Protocol 1. Preparation of A*-(9-fluorenylmethoxycarbonyl)-AP-
[2-acetamido-4-O-(2-acetamido-3,4,6-tri- O-acetyl-2-
deoxy-B-D-glucopyranosyl)-3,6-di- O-acetyl-2-deoxy-p-
D-glucopyranosyll-L-asparagine (16} {16) (Scheme 1)

A. N*-(9-Fluorenylmethoxycarbonyl)-L-aspartic acid p-3,4-dihydra-4-
oxobenzotriazin-3-yl ester a-tert-buty! ester (13)

Dicyclohexylcarbodiimide (DCC, 376 mg, 1.82 mmol) was added to a
solution of N=-(9-fluorenylmethoxycarbonyl)-L-aspartic acid tert-butyl
ester (12, 760 mg, 1.82 mmol} in freshly distilled THF {10 ml} at -35°C,
After 10 min DhbtOH (298 mg, 1.82 mmol) was added and the mixture
was stirred for a further 2 h before being allowed to attain room tempera-
ture. Then the mixture was filtered through Celite and concentrated. The
residue was dissolved in THF {7.5 ml), filtered again through Celite and
concentrated. Flash column chromatography on Si0O, {(heptane/EtOAc,
4:1) gave 13 {890 mg, 88%).

H NMR {CDCl,) 8 4.65 (ddd, 1H, H-a), 3.32 (m, 2H, H-B), 1.46 (s, 9H, tBu),
3C NMR (CDCl3} 8 51.2 (C-ot), 35.0 {C-B), 28.2 (CMe;).

B. 2-Acetamido-4-0-(2-acetamido-2-deoxy-B-D-glucopyranosyl)-2-deoxy-
B-D-glucopyranosyl amine (15)

NH,HCO; {s) was added to 2-acetamido-4-0-{2-acetamido-2-deoxy-p-D-
glucopyranosyl)-2-deoxy-p-D-glucopyranose {14, 200 mg, 470 pmol,
Sigma, Missouri, USA} at 45°C in DMSO (50 ml} until a saturated solution
was obtained. Portions of NH,HCO; {s) were added frequently to the
mixture during 30 h to ensure saturation.

Conversion of 14 intc 15 was monitored by '"H NMR spectroscopy in
DMSO-d,. When conversion was complete the solution was lyophilized to
give crude 15 which was used directly in the next step.

C. N°-(9-Fluorenylmethoxycarbonyl)-N'-{2-acetamido-4-0-(2-acetamido-
3.4,6-tri-O-acetyl-2-deoxy-3 -D-glucopyranosyi)-3,6-di-O-acetyl-2-deoxy-p-

8: Glycopeptide synthesis

Diisopropylethylamine (97 pl, 570 wmol} was added to a solution of
glycosyl amine 15 (200 mg, ~-470 pwmol) in DMSO ({10 ml} at room
temperature. After 10 min, 13 (261 mg, 470 pmol} was added and the
coupling was monitored by TLC ({SiO;, CHCly/MeOH/H,0, 10:4:1). It was
completed after 30 min and DMSQO was removed by lyophilization of the
reaction mixture. :

The crude product was per-O-acetylated by stirring in a mixture of acetic
anhydride and pyridine {1:2, 9 ml) for 6 h before being concentrated and
co-concentrated with toluene. Purification of the residue by flash column
chromatography on Si0, (CHCl;/MeOH, 30:1 — 10:1) was followed by
removal of the tert-butyl ester by treatment with TFA (10 ml} for 1 h at
room temperature.

Purification of the resulting crude 16 was performed using preparative
reversed-phase HPLC on a Delta PAK C18 column (300 A, 15 um, 25 X 200
mm, flow rate 10 ml/min) under isocratic conditions (27% CH,CN + 73%
H,0 containing 0.1% TFA) for 5 min followed by a gradient (— 90% CH;CN
+ 10% H,0 containing 0.1% TFA) during 60 min. This gave 16 (270 mg,
65%]).

H NMR (DMSO-ds) 5 7.69 (b d, 1H, J = 8.2 Hz, Asn NH), 5.30 (d, 1H, J =
9.3 Hz, GlcNAc H-1), 4.90 {d, 1H, J = 8.3 Hz, GleNAc H-17; *C NMR
{DMSO-d;) 3 100.9 (GlcNAc C-1"), 78.7 (GlcNAc C-1), 50.9 (Asn C-u).

D-glucopyranosyll-L-asparagine (16).
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Protocol 2. Preparation of A*-(9-flucrenylmethoxycarbonyl)-3-0-
{2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-B-D-glucopyranosyl)-L-
serine pentafluorophenyl ester (21) {46) (Scheme 2)

A. N=-{9-Flugrenylmethoxycarbonyl)-L-serine pentaffucrophenyl ester (18)
TFA (20 ml} was added at room temperature to A"-(9-fluorenyl-
methoxycarbonyl)-3-O-{tert-butyi}-L-serine pentafluorophenyl ester (17,
1.14 g, 2.06 mmol). The solution was concentrated in vacuo after 30 min
and the residue was twice co-concentrated with toluene to give 18 (0.96 g,
94%]); m.p. 139-140°C {(crystallized from diethyl ether).

B. 3.4,6-Tri-O-acetyl-2-deoxy-2-(2,2,2-trichloroethoxycarbonylamino)-«-D-
glucopyranosy! brormide (21)
2,2,2-Trichloroethoxycarbonyl chloride {1.00 g, 4.72 mmol} was added to

a solution of Z-amino-2-deoxy-D-giucopyranose hydrochloride (0.68 g, -

3.16 mmaol) and NaHCO; {0.68 g, 8.1 mmol) in water (10 ml) at 0°C. After
2 h the mixture was allowed to attain room temperature and was then
stirred overnight. After filtration, the colourless precipitate was washed
with water and diethyl ether and then recrystallized from EtOH to give 2-
deoxy-2-(2,2,2-trichloroethoxycarbonylamino)-D-glucopyranose (0.98 g,
87%); m.p. 183-184°C (dec.); [e],”® +50° (¢ 0.84, MeOH).

2-Deoxy-2-{2,2,2-trichloroethoxycarbonylamino}-D-glucopyranose {0.70 g,
1.92 mmol) was treated overnight with a mixture of acetic anhydride and
pyridine {1:1, 20 ml}. The solution was concentrated and co-concentrated
twice with toluene. The crude, syrupy tetraacetate was dissolved in dry
CH,CI; (200 ml}, which was saturated with dry hydrogen bromide at 0°C
and then left in a sealed flask at room temperature for 18 h. Concentration

gave a syrup which was dried over P,Og and NaOH under vacuum to give -

1.40 g of crude 20 which was used in the next step without further
purification.

C. N®-(9-Fluorenylmethoxycarbonyl)-3-0-{2-acetamido-3,4,6-tri-O-acetyl-
2-deoxy-p-D-glucopyranasyl)-L-serine pentaffuorophenyl ester (21) (46)

A solution of bromide 20 (1.00 g, 1.84 mmol) in CH,CI, {8 mi}.was added
dropwise to 18 {816 mg, 1.66 mmol), silver trifluoromethanesulphonate
{0.52 g, 2.02 mmol) and 3 A motecular sieves in CH,Cl, (10 ml) at -40°C in

the dark. After 2 h the solution was allowed to attain room temperature -

and was then filtered through Celite and concentrated.

[

Flash column chromatography of the residue on Si0, (heptane/EtOAc,
3:1} gave N*-(9-fluorenylmethoxycarbonyl)-3-0-[2-{2,2,2-trichloroethoxy- .
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carbonylamino)-3,4,6-tri- O-acetyl-2-deoxy-B-D-glucopyranosyll-L-serine
pentaflucrophenyl ester {1.35 g, 85%). This was dissolved in a mixture of
THF, acetic anhydride, and AcOH {40 ml, 3:2:1}, and zinc dust {3.3 g, 325
mesh} was added with stirring. After 2 h the stirred mixture was filtered
through Celite and the filter cake was washed several times with distilled
THF. The filtrate was concentrated and the residue was purified by flash
column chromatography on dried Si0, (heptane/EtOAc, 1:2} to give 21
{0.871 g, 75%}.

m.p. 207°C {crystallized from diethyl ether); [«],*® —10° {c 1.0, CHCI3}; H
NMR (CDCly) 8 4.91 {ddd, 1H, J = 2.7, 3.6 and 8.6 Hz, Ser H-a}, 4.89 (d, TH,
J = 8.3 Hz, GlcNAc H-1), 1.93 (s, TH, GlcNAc Ac); *C NMR {CDCIl,) & 100.6
{GlcNAc C-1), 54.3 (Ser C-a), 23.2 {(GlcNAc, COMel.

INHFmoc

AcO o] o
A0SO,
o CO,Plp

18 22 23

NHFmoc AcO o]
H + OAc
Ao
HO\/\ CO,Pp < ACO

Scheme 3

Protocol 3. Preparation of N*-(9-fluorenylmethoxycarbonyl)-3-0-
{2,3,4-tri-O-acetyl-pB-D-xylopyranosyl}-L-serine
pentafluorophenyl ester (23) (47) {(Scheme 3)

Boron trifluoride etherate (120 p,l, 0.94 mmol) was added to a solution of
A“-Fmoc-L-serine pentafluorophenyl ester (18, 186 mg, 377 pmol} and
1,2,3,4-tetra-O-acetyl-B-D-xylopyranose (22, 100 mg, 314 pmol, Sigma,
Missouri, USA} in dry CH,Cl, (2.0 ml}.

After 1.5 h at room temperature the solution was diluted with CH,Cl,
(8 ml) and washed with saturated aqueous NaHCQ3 (10 ml). The agueous
phase was extracted with CH,Cl, (2 % 10 ml) and the combined organic
solution was dried over sodium suiphate, filtered, and concentrated. The
residue was purified twice by flash column chromatography on dried
Si0, (first heptane/EtOAg, 3:2 — 1:1, then toluene/CH;CN, 10:1) to give 23
{138 mg, 60%]).

'H NMR (CDCly) 8 5.16 {t, 1H, J = 7.9 Hz, Xyl H-3), 4.59 (d, 1H, J = 6.1 Hz,
Xyl H-1), 3.90 (dd, 1H, J = 10.4 and 3.4 Hz, Ser H-B); *C NMR (CDClg} &
100.5 {Xyl C-1},
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Protocol 4. Preparation of N*-{9-fluorenylmethoxycarbonyl)-
3-0-(2,3,4-tri-O-acetyl-a-L-fucopyranosyi)-L-serine
(26} (48) {Scheme 4)

Boron trifluoride setherate {110 pl, 0.80 mmol} was added to a solution of
1,2,3,4-tetra-O-acetyl-L-fucopyranose (24, 50 mg, 150 pmol, Sigma,
Missouri, USA) and N*-Fmoc-L-serine {25, 59 mg, 180 p.mal} in dry CHCN
(3 ml). After 4 h the solution was diluted with CH,CI, (10 ml} and washed
with water {10 ml}. The aqueous phase was extracted with CH,CI, (2 x 10
ml} and the combined organic phase was dried with Na,S0,, filtered, and
concentrated. The crude product was purified in 30-40 mg portions by
preparative reversed-phase HPLC on a Kromasil C8 column (100 A, 5 m,
20 X 250 mm, flow rate 10 ml/min} under isocratic conditions
(CH3CN/H,0, 1:1 + 0.1% TFA) to give 26 {39 mg, 44%).

[a],2® -46° {c 0.58, CHCL,}; 'H NMR (CD;0D) & 4.98-4.88 (m, 2H, Fuc H-1,2),
3.91{dd, 1H, J = 5.5 and 9.5 Hz, Ser H-B}, 3.88 (dd, 1H, J = 3.0 and 9.5 Hz,
Ser H-p'}, 0.95 (d, 3H, J = 6.5 Hz, Fuc H-6); '>C NMR (CDCl.} 5 97.3 (Fuc C-
1), 56.8 (Ser C-a), 16.1 (Fuc C-6}.

8: Glycopeptide synthesis

Sigma, Missouri, USA) and AM*-Fmoc-L-threonine (28, 56.1 mg, 164 umol)
in dry CH,Cl; (2.5 ml} under a nitrogen atmosphere. The resulting solution
was stirred at rocom temperature for 20 h, then diluted with CH,Cl, (8 ml),
washed with 1 M aqueous HCI {1 ml} and water (1 ml}, dried over Na,SQ,,
filtered, and concentrated. The residue was purified by preparative
reversed-phase HPLC on a Kromasil C8 column {100 A, 5 pm, 20 x 250
mm, flow rate 10 ml/min} under isocratic conditions (CHz;CN/H,O, 1:1 +
0.1% TFA) to give 29 (38.5 mg, 42%]}.

[a], 2 +41° (¢ 0.67, CHCI); "H NMR (CDCl3) 5 4.94 (b s, TH, Man H-1), 4.54
{b d, TH, J = 9.0 Hz, Thr H-a}, 1.32 (d, 3H, J = 6.4 Hz, Thr H-y); °C NMR
(CDCl,) 8 98.7 (Man C-1, Jeu = 172 Hz), 17.8 (Thr C—).

6. Synthesis of a glycopeptide from HIV gp120

This section describes the synthesis of glycopeptide 31, which corresponds to
residues 312-327 of gpl120 from the HIV-3B isolate (Scheme 6) (25). Since
¢p120 has been reported to carry 2-acetamido-2-deoxy-a-D-galactopyranosyl
moieties, this monosaccharide was attached to a threonine in 31 which
constitutes a potential O-glycosylation site. In addition, a cysteine residue was
incorporated at the C-terminus in order to allow conjugation to carrier
proteins in attempts to elicit an immune response to 31.

Giycopeptide 31 was prepared on the solid phase under standard conditions
used in Fmoc synthesis, but some problems were encountered in the synthesis
which reflect the more complex structure of glycopeptides compared to
ordinary peptides. In a first attempt morpholine was used for Fmoc-removal
after incorporation of the O-acetylated glycosylated building block 30 to

OA OAc
C
OAc

4c0 Oac NHFmoc AcO 0

C i HO .

o + Y\ COH AcO 1 I‘%IHFmoc

OAc Me \l/\cozH
Me
27 %8 29
Scheme b

Protocol 5. Preparation of A”-(9-fluorenylmethoxycarbonyl)-
3-0-(2,3,4,6-tetra-O-acetyl-a-D-mannopyranosyl)-L-
threonine {29} (26) (Scheme 5) .

Boron trifluoride etherate {154 |, 1.23 mmol} was added to a solution of

1,2,3,4,6-penta-O-acetyl-a-D-mannopyrancse (27, 53.1 mg, 136 pmol,
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avoid potential B-elimination {23) of the O-linked glycan. It was found that
use of morpholine led to slow and incomplete removal of the Fmoc group of
the following amino acids and after cleavage from the solid phase 31
confained several by-products that were difficult to remove by preparative
reversed-phase HPLC,

When the synthesis was repeated using the stronger base piperidine, which
is usually employed for synthesis of peptides, fast and complete Fmoc
removal was observed and crude 31 of high purity was then obtained. No -
elimination could be detected with piperidine, an observation that has later
been confirmed in syntheses of a large number of O-linked glycopeptides. It
was also found that removal of the O-acetyl protective groups from the
carbohydrate moiety had to be performed before cleavage from the solid
phase in order to avoid cysteine-induced degradation of the glycopeptide
under the basic conditions used for de-O-acetylation. As pointed out above,
the glycosidic bonds of most of the common saccharides are stable during
treatment with TFA. This was also the case for 31, which could be isolated in
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Scheme 6

an overall vield of 45% after deacetylation with saturated methanolic
ammonia and subsequent cleavage from the solid phase with TFA.

Protocol 6. Preparation of N-acetyl-glycyl-L-arginyl-L-alanyl-L-

" phenylalanyl-L-valyl-O-(2-acetamido-2-deoxy-a-D-
ga!actopyranosyl)-L—threonyI-L-isoIeucyI-gchyI-L-
IysyI—L—isoleucyI-.gchyI—L—asparaginyI—L-methionyI-L-
arginyl-L-glutaminyl-L-alanyl-L-cysteine amide (31)
(26} {Scheme 6}

Glycopeptide 31 was synthesized in a custom-made, fully automatic
continuous-flow peptide synthesizer constructed essentially as described
elsewhere (19). A resin consisting of a cross-linked poiystyrene backbone
grafted with poly(ethylene glycol) chains {TentaGe!™, Rapp Polymer,
Germany) and functionalized with the Rink amide linker (p-la-{fluoren-9-
yImethoxyformamido)-2,4—dimethoxybenzyl]phenoxyacetic acid, Nova-
biochem, Switzerland) was used for the syntheses. DMF was distilled

before use.

In the synthesis of glycopeptide 31, 400 mg (70 wmol} of linker-derivatized
resin was used. The A®-Fmogc-amino acids, which had standard side-chain
protective groups, and the glycosylated amino acid 30 were coupled to
the peptide-resin as 1-benzotriazolyl (HOBt) esters. These were prepared
in the synthesizer by reaction of the NeFmoc amino acid {0.28 mmol}, 1-
hydroxybenzotriazole {0.42 mmol}, and 1,2-diisopropylcarbodiimide (0.27
mmol) in DMF {1.3 ml). The glycosylated amino acid 30 (0.17 mmol} was .
activated in the same way. After 45 min bromophenol blug in DMF {0.15
mM, 0.35 ml} was added to the solution of the activated amino acid by the
synthesizer, and the solution was recirculated through the column
containing the resin. The acylation was manitored (20} using the
absorbance of bromophenol blue at 600 nm, and the peptide-resin was
automatically washed with DMF after 1 h or when moriltoring revealed
the coupling to be complete. N*-Fmoc deprotection of the peptide resin -
was performed by a flow of 20% piperidine in DMF (2 ml/min) through the -
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column for 12.5-17.56 min, and was monitored (49) using the absorbance
of the dibenzofulvene—piperidine adduct at 350 nm. After removal of the
N-terminal Fmoc group the peptide-resin was again washed
automatically with DMF and then acetylated with acetic anhydride (0.8
ml} in the synthesizer. ' .

After completion of the synthesis, the resin was removed from the
synthesizer and washed with dichloromethane {5 % 5 ml) and dried under
vacuum. Deacetylation of the carbohydrate moiety was performed on the
resin (200 mg, 22 pmel) using saturated methanolic ammonia (10 ml)
The glycopeptide was then cleaved from the resin and the amino acici
side chains were deprotected, by treatment with trifluoroacetic acid/
water/thioanisole/ethanedithiol (87.5:5:5:2.5 v/v, 20 ml} for 2 h, followed
by filtration. Acetic acid {20 mi) was added to the filtrate, the solution was
concentrated, and acetic acid (20 ml} was added again, followed by
concentration. The residue was triturated with diethyl ether {10 ml) which
gave a solid, crude glycopeptide that was dissolved in acetic acid/water
{1:4, 25 ml} and freeze-dried.

Purification was performed by preparative reversed-phase HPLC on a
Kromasil C8 column (100 A, 5 um, 20 X 250 mm, flow rate 11 ml/min}
under isocratic conditions (21% CH3;CN in H;0 + 0.1% TFA) to give 31
{30 mg, 69% peptide content, 456% overall vield}. FABMS, amino acid
analysis, and "H NMR data have been reported {25).
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Convergent peptide synthesis

KLEOMENIS BARLOS and DIMITRIOS GATOS

1. Introduction

Besides the classical step-by-step synthesis, the convergent solid phase peptide
synthesis (CSPPS) was developed for the preparation of complex and difficult
peptides and small proteins. According to this method, suitably protected
peptide fragments spanning the entire peptide sequence and prepared on the
solid phasc are condensed, either on a solid suppert or in solution, to the
target peptide. Convergent synthesis is reviewed in recent publications (1-3).
In this chapter, full experimental details are given for the preparation of
complex peptides by applying convergent techniques, using 2-chlorotrityl
chloride resin (CLTR) and Fmoc-amino acids.

1.1 Strategy in convergent synthesis

in the step-by-step peptide chain elongation the resin-bound C-terminal
amino acid is reacted sequentially with suitably protected and activated amino
acids. The peptide is thus elongated steadily towards the N-terminal direction.
This is advantageous over the opposite direction where the elongation is
performed from the N- to the C-terminus, because in the second case the
growing peptide is activated at the C-terminal amino acid, which leads to its
extensive racemization. This limits considerably the synthetic possibilities of
the method. In convergent synthesis, no directional restrictions exist and the
chain elongation can be performed with equal possibility to be successful to
any direction. Figure 1 describes schematically the C- to N-terminal synthesis
which is the most studied to date. The strategies where the synthesis be-
gins from a central fragment and the peptide chain is extended to both C- and

H-fragment;-0 Q) Fmoc-fragmentz Ot - £moc_fragmenty-fragment-0 -2
1. Piperidine
2. Fmoc-fragmentg-OH

Fmoc-fragments-fragments-fragment-O —Q

Figure 1. CSPPS with C-to N-terminal chain extension.
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N-terminal directions and from the N-terminal towards the C-terminal can be
considered, at the present time, to be in its infancy.

2. Solid phase synthesis of protected peptide
fragments '

2.1 Fragment selection
In general, protected peptide fragments of any length can be used in the
condensation reaction, if they are of satisfactory purity and solubility,
Usually, fragments of up to 15 amino acids in length are used, because of their
simpler purification by RP-HPLC compared with the longer peptides, The
solubility of protected peptide acids is independent of their length.
The selection of the correct fragments is very important for the success of
convergent synthesis. It is helpful to analyse all available structural infor-
mation, determined or calculated, for the target peptide. Peptide regions
where B-turns are known to occur are readily identified as ‘difficult’ sequences
during their synthesis. The peptide fragments should be selected to contain
one part of the B -turn region at the C-terminus of the C-component and the-
second part at the N-terminus of the N-component. Contrary to other
methods, including the step-by-step approach, the CSPPS of rat atriopeptin,
using protected fragments selected to cut the peptide B-turn region, give
excellent results (4). Pro-residues contained in the peptide chain impede the
formation of B-turns. Pro-rich peptides, such as the 115 amino acid residues
containing antigen of core mucin (5), can be synthesized very effectively.
Similar B-turn interrupting effects can be achieved by the incorporation in the
corresponding sequence, if present, of Ser or Thr as their acetonide
derivatives or by the use of backbone-amide protection. _
Owing to the lack of valuable information in the literature, we performed
experiments to determine the suitability of the various amino acids as C- and
N-terminal amino acids of the protected fragments. We found that in terms of
racemization and condensation rates, Gly, Pro, Lys(Boc), and Glu(fBu) are_
preferred as the C-terminal amino acid and Gly, Ala, Asp(tBu), Glu(/Bu),
Lys(Boc), and Ser(fBu) as the N-terminal. In general, the condensation -
efficiency depends more on the nature of the resin-bound N-component than
on that of the C-component. ;

2.2 Synthesis of protected peptide fragments
2.2.1 Esterification of the first amino acid on 2-chlorotrityl chloride
resin

The esterification of Fmoc-amino acids and peptides ‘to CLTR proceeds.
rapidly, in high yield, and without racemization (Protocol 1}. Nevertheless,
the amino acid—resin bond is extremely sensitive until the Fmoc-function has:
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peen removed. This must be performed immediately after the esterification,
or substantial cleavage of the amino acid from the resin occurs.

Esterification of amino acids on 2-chlorotrityl chloride
resin

Protocol 1.

Equipment and reagents

« Solid phase reactor s 2-Chlorotrityl chloride resin

« Fmoc-amino acid » DIPEA

« DCM +« MeOH

« DMF + Piperidine
+ Hexane + Isopropanol
Method

1, In a solid phase reactor, suspend 1 g 2-chlorotrityl chloride resin
(1.0-2.0 mmol chloride/g resin) in 8 m! DCM, shake for 5 min and filter
the resin.

2. Add to the resin a solution of 2 mmaol Fmoc-amino acid and 5 mmol
DIPEA dissclved in 8 ml DCM. Shake for 30 min at room temperature
and filter the resin. T overnisht

3. Wash the resin with DMF (2 X 2 min).

4. Add to the resin 10 m! of a mixture of DCM/MeOH/DIPEA (80:15:5},
shake for 10 min and filter. Repeat the operation once. '

5. ‘Wash the resin with 3 X 10 ml DMF and filter.

6. Add 10 ml 25% piperidine in DMF, shake for 3 min and filter. Repeat for
20 min.

7. Wash the resin with 10 ml DMF (6 X 2 min}, 6 ml isopropanol (3 X b
min}, and 4 X & ml hexane, filter, and dry by suction in air for 15 min.
Dry the resin for 24 h in vacuo.

8. Store at 4°C.

2.2.2 Peptide chain elongation

Starting from the resin-bound amino acid, the first coupling must be per-
formed under mildly basic or neutral conditions. Hence, dehydrating agents
such as TBRTU/HOBU/DIPEA (1:1:2) or pre-formed benzotriazolyl esters of
the Fmoc-amino acids give no side products during the first coupling. In sifu
coupling using Fmoc-amino acid, HOBt and DCC or DIC can cause the
formation of 0.5-2.5% tripeptide. The sequence of this tripeptide contains
two residues of the resin-bound amino acid. This indicates that the initially
formed dipeptide is cleaved from the resin under these conditions and reacts
with the resin-bound amino acid to yield the tripeptide. All subsequent
couplings can be performed by any coupling procedure used in Fmoc-
chemistry, without the formation of side products.
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Protocol 2. Monitoring solid phase synthesis by TLC and RP-HPLC

Equipment and reagents

+ Eppendorf vial « TFE
+ Peptide resin ester « DCM
« Elution mixture: chloroform/MeOH/AcOH » DMSO

or toluene/AcOH/MeOH

Method

1. Place 1 mg of well-washed peptide resin ester in an Eppendorf vial.

2. Add 5 drops of TFE/DCM (2:8} and shake for 5 min.

3. Apply a spot from the resulting mixture on Kieselgel 60 for TLC
analysis. Develop the chromatogram using chloroform/MeOH/AcOH
{90:8:2}, toluene/AcOH/MeQH (70:15:15), or similar mixtures for the
elution. Visualize the chromatogram at 254 nm.

4. Add 10 drops of DMSO to the resin in the vial, and centrifuge. Use 5 pl
from the supernatant peptide solution for the HPLC analysis.

2.2.3 Cleavage of protected fragments from the resin

Protected peptides can be cleaved selectively from the CLTR by various
methods, in the presence of side chain protection of the tert-butyl type. By
following Protocol 2, the purity of the resin-bound peptide is generally =>97%,
The peptide, cleaved by treatment with TFE/DCM (2:8) (Protocol 3) and
obtained in 70-80% yield, can be subjected to the fragment condensation
reactions without further purification. Depending on the individual peptide
sequence, His(Trt) can be detritylated by this reagent in 1-4% yield. Fast,
selective, and quantitative cleavage occurs using AcCOH/TFE/DCM (1:2:7),
HFIP/DCM (3:7), and 1% TFA in DCM. AcOH contained in the cleavage
mixture is very difficult to remove by drying under vacuum. Reprecipitation
of the fragment from TFE/water or DMF/water is necessary for its complete
removal. Otherwise, extensive acetylation of the resin-bound N-component
occurs during the fragment condensation. HFIP-containing mixtures detrity-
late to high extent His(Trt) and Ser(Trt) contained in the peptide sequence
and must be avoided in such cases.

Protocol 3. Cleavage of protected peptide fragments from 2-
chlarotrityl resin

Equipment and reagents ,
« TFE o

+ Round-bottomed flask
+ Rotary evaporator « DCM
» Peptide-resin » Hexane

« Ether
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Method

1. Place 1 g of peptide-resin in a round-bottomed flask, add 156 ml of the
TFE/DCM (2:8) cleavage solution, and stir magnetically for 456 min at
room temperature.

Filter the resin and wash it twice with 10 ml of the cleavage solution.
Concentrate the combined filtrates on a rotary evaporator.

Add 20 ml cold ether and 10 mi hexane to the residue.

isolate the resulting solid by centrifugation and wash with ether {4 X
40 ml).

6. Dry the protected peptide for 6 h in vacuo and store at -20°C.

o oewN

2.2.4 Purification of protected fragments

The most effective procedure to purify protected peptide fragments is RP-
HPLC (Protocol 4). Gradient conditions, which start with a high water
concentration of the eluant lead in most cases to the peptide precipitation at
the beginning of the elution. Therefore, it is advantageous to start the elution
with a high MeCN content and to perform the elution under isocratic con-
ditions using RP materials of 40-80 pm. Fragments of medium polarity under
these conditions show the best elution properties. Therefore, it is in many
cases favourable to use an appropriate protection scheme to obtain fragments
of medium polarity. In some cases it is betier, for example, to apply un-
protected Asn or Gln to increase the polarity of the fragments. Selective
removal of a side chain protecting group of a hydroxy amino acid is also
possible for achieving medium polarity. In this case the fragment is prepared
containing Ser(Trt), Thr(Trt), or Tyr(Clt) at the required position. The pro-
tecting groups of these amino acids can be removed easily and simultaneously
during the cleavage of the protected peptides from the resin (Protocol 8).

Protocol 4. Purification of protected fragments by RP-HPLC

Equipment and reagents
+ Lobar column, size C, prepacked
with Lichroprep RP-8, 40-63 pm
+ Injector, equipped with a 2.5 ml sample lcop

» Metering pump
» UV detector, detection at 300 nm
» Fraction collector

+ Crude protected peptide « TFA
+« DMSO » MeCN
Method

1. Inject a peptide sample for HPLC analysis using a C8 column of size 4
X 125 mm; elute using a gradient of 50% MeCN in 0.5% TFA-water to
100% MeCN in 0.5% TFA-water for 30 min; flow rate 1 ml/min, detection
at 2656 nm. Determine the MeCN concentration of the peptide elution.

2. Equilibrate the Lobar column for 60 min with water and MeCN equal to
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Protocol 4. Continued

the determined MeCN concentration of the elution of the peptide i
the analytical run plus 10%; flow rate 7 ml/min,

3. Dissolve 400 mg of the crude protected peptide in 2 ml DMSO.

. Filter through a 45 um membrane.

5. Inject the clear peptide solution on the Lobar column and elute under
isocratic conditions with the mixture used for the equilibration of the
column. In most cases the protected peptide will elute in the 90-15g
rmin fractions.

6. Dilute the collected fractions containing the pure peptide with an equal
volume of water and lyophilize.

7. Dry the protected peptide for 24 h in vacuo and store at -20°C.

o~

— ]

3. Solid phase fragment condensation

3.1 Esterification of the C-terminal fragment on
2-chlorotrityl chloride resin

The loading of the starting resin in the C-terminal fragment (Protocol 5) must
be chosen so that at the end of the condensation reactions the content in the

protected peptide is not higher than 50% of the peptide-resin matrix, In
addition, peptide chain aggregation will occur in high loaded resins. Like the -
other fragments, the resin-bound C-terminal fragment should be of the highest

possible purity. This can be achieved by purification and reattachment onto
the resin. The size of the C-terminal fragment must be as long as possible,
Experiments in our laboratory show that long protected fragments esterify
first the more advantageous positions in the outside region of the resin bead,
Thus, amino acids and small fragments reach these positions easily and react
more readily with the free amino function. By contrast, if small fragments or
amino acids are used for the first esterification on the resin, they are able to
esterify the more ‘difficult’ positions deeper inside the resin bead due to their
fast movement. This will cause slower rates during the condensation reactlons
of the longer fragments, which move slower inside the resin beads.

Protocol 5. Attachment of the C-terminal fragment onto 2-
chlorotrityl resin

Equipment and reagents

» Round-bottomed flask « 2-Chlorotrityl chloride resin

» Eppendorf vial +« DCM

» Paptide « DIPEA o
» DMF * MeOH

» Piperidine | ¢ Isopropanol

+ Hexane
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Method

1. Place 1 g of 2-chlorotrityl chloride resin in a round-bottomed flask and
swell the resin using the minimum amount of BCM for 5 min.

2. Add 4 mmol DIPEA to the resin.

3. in the minimum amount of DMF, dissolve 1.5 M excess over the
calculated quantity of the protected fragment that is required to
achieve the desired loading. Add the peptide solution to the resin.

4. Immediately transfer 20 ul of the resin suspension into an Eppendorf
vial containing 100 pl DMF, and centrifuge. Use 5 pl of the supernatant
solution for HPLC analysis and determine the peak area, which
corresponds to the initial fragment concentration.

5. Repeat step 4 every 30 min with the remaining peptide in solution.

6. Filter the resin.

7. Wash the resin with DMF {8 x 3 min}, DCM/MeQOH/DIPEA (80:15:5; 2 X
15 min}, and DMF (3 x 50 ml}.

8. Treat the resin with 5% piperidine in DMF fotr 5 min and with 25%
piperidine for 20 min.

9. Wash the resin with DMF (3 X 30 ml}), DMSO {4 X 30 ml), isopropanol
{3 X 30 ml), and hexane (3 X 30 ml}, dry by a 15 min suction in air and
for 4 h under vacuum. Store the resin at -20°C.

3.2 Activation and condensation of protected peptide
fragments

The rate of the condensation of protected fragments with the resin-bound N-
component increases with the concentration of the fragment. Therefore,
fragment solutions of the highest possible concentration should be applied.
The solvents and condensing reagents used for the long-lasting fragment
condensation play a much more important role for the product purity and the
suppression of racemization compared to the fast amino acid coupling. Even
treatment of various resin-bound N-components, in the absence of the C-
component {N-terminal fragment), with condensing reagents in DMF,
DMAC, and N-methylpyrrolidone for 10 h at room temperature leads to the
formation of several by-products. Similarly, treatment of various C-com-
ponents with the same solvents leads to the partial removal of the N*-Fmoc
group of the fragments. Such by-products are not formed if DMSQO is used as

solvent.
Modern coupling agents such as BOP, HBTU, TBTU, and HA'TU are well

. suited for the racemization-free coupling of amino acids. These reagents were

tested in various solvents during the condensation of the resin-bound
prothymosin « (ProTa) 95-109 fragment with Fmoc-ProTa(87-94)-OH which
contains Glu(fBu) as the C-terminal amino acid (Figure 2). The 70-90%
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Fmoc-Lys(Boc)-Arg(Pmc)-AIa-Ala-GIu(lBu)-Asp(iBu)-Asp(!Bu)-Glu(fBu)-OH

H-Asp(fBu)-Asp(Bu)-Asp(fBu}-Val-Asp{1Bu}-Thr(iBu)-Lys(Boc)-
Lys(Boc)-GIn(Trt)-Lys(Boc)-Thr(rBu)-Asp(tBu)-GIu(tBu)-Asp(tBu)-Asp(tBu)-O —Q

Figure 2. Fmoc-ProTe(87-94)-OH and the resin-bound ProTw(95-109) used for the
evaluation of racemization suppressing conditions in solid phase fragment condensatiop

racemization determined by HPLC was independent of the solvent used, g
contrast, in condensations where DCC/HOBt, DIC/HOBt, and DIC/DhthH'
were used as dehydrating agents, racemization in DMSO was <1%. Cop-
densations in solvents of the amide type gave much higher racemization. The
use of DCM, even as co-solvent of DMSO, also led to high racemization,
DhbtOH as additive gave low racemization but the condensations resulted in
the formation of unidentified side-products. The conclusions are:

1. DMSO is the best solvent in terms of solvating properties, purity of -

products, and suppression of racemization,
2. DCC/HOBt and DIC/HOBt are the best condensing agents.
3. The C-component must be applied in the highest possible conceniration,

4. To obtain products of high purity and suppress racemization in long-lastihg :
condensations, it is better to perform a double coupling after 6 h con. °
densation than to leave the condensation to proceed for a long time, -
Otherwise, the remaining peptide fragment when left in its activated form -
a long time period undergoes extensive racemization, even if DMSO and

racemization suppressing agents are used.

Protocol 6. Solid phase fragment condensation

Reagents

« Protected peptide fragment +« HOBt

+ DMSO « DIC

« Peptide-resin + DIPEA

= DMF = Isopropanol
» Hexane « Piperidine
Method

1. Dissolve the protected fragment {3-5-foid excess over the resin bound
N-component) and 2.0 eq HOBt in the highest possible concentration
in DMSOQ. '

2. Add 2.0 eq DIC.

3. Add to this solution the dry resin without pre-swelling and shake for
6 h.

4. Check the condensation reaction by using the Kaiser test, TLC, and
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HPLC. SDS-PAGE (silver staining) can also be used after total
deprotection of the peptide.

5. Wash the resin and repeat the condensation if the Kaiser test is
positive.

6. Wash the resin with DMSO (6 X).

7. Add to the resin a 0.5 M solution of a 7-fold excess of acetic anhydride
and DIPEA in DMSO, and shake for 1 h at RT.

8. Wash the resin with DMF {6 X), isopropanol {3 X}, and hexane {3 X},
dry with a 15 min suction in air. Store the resin at -20°C.

9, For the Fmoc-removal, treat the resin with 5% piperidine in DMF for
5 min and with 25% piperidine for 20 min, wash the resin with DMF
{4 x), DMSO (3 x), isopropanol (4 x), and hexane {3 X}, and use it, as
soon as possible, for the next condensation. If the-Fmoc-removal is not
complete, repeat the piperidine treatment. In very difficult cases, treat
with 20% diethylamine in DMF for 25 min.

With the exception of the two final condensations, after every condensation
the remaining unreacted resin-bound amino groups should be acetylated.
After the final condensation, acetylation should not be performed because the
lipophilicity of the peptide increases and the acetylated smaller peptide can
have a similar elution time to the required target peptide. This can make the
separation and purification steps more difficult.

4. Phase and direction change

4.1 Fragment condensation in solution

Notwithstanding the selection of peptide fragments, the protecting groups,
and the methods used, some steps of the CSPPS can prove to be very difficult.
In such cases, the condensation reactions can be performed in solution. This
procedure is often advantageous from an economical point of view, since the
C- and N-components are used in equimolar amounts. The required N-
component is prepared by the esterification with 2-chlorotrityl chloride in
solution of a protected peptide prepared previously either by the step-by-step
or fragment condensation on CLTR (Figure 3). If a peptide amide is required,

TF cit-ci ipetidine
Fmoc-fragment;-0-) TFE  Fmoc-fragment,-OH DIEA ™ Fmoc-ragment;-OCH P

H-fragment,-ocit Fmoc-fragmentaGH_ - prae. tragment,-fragment,-OCH TFE_

aQ
Fmoc-fragmenty-fragment;-OH “BEA™ Fmoc-fragmenty-fragmenty-O -Q

Figure 3. Change in the peptide synthesis phase.
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a suitable amide linker is used or the fragment is converted to the corres.
ponding amide by treatment with DIC/HOBt*NHj; in DMSO.

Protocol 7. Synthesis of 2-chlorotrityl esters of protected

fragments
Reagents
« Protected peptide fragment + DMF
» DIPEA « 2-Chlorotrityl chloride
« DCM + Ether
« DMSO ) s KOH pellets
« Piperidine + THF
Method

1. Dissolve the protected fragment in the highest possible concentration
in DMF and add 10 eq DIPEA.

2. Prepare a 1 M solution of 5 eq, with respect to the protected
fragment, of 2-chlorotrityl chloride in DCM.

3. Add the chloride solution dropwise to the stirred peptide solution and
continue stirring for 6-12 h at RT. Check for completion of the
esterification by TLC. ,

4. Remove DCM in the rotary evaporator.

5. Precipitate the protected fragment by the addition of ether to the
residual DMF solution.

6. Filter or centrifuge the protected fragment and wash with ether {5 x).

7. Dry the fragment for 6 h in vacue over potassium hydroxide pellets.

8. Dissolve the protected fragment in 4% piperidine in DMF/THF (50:50)
and stir the solution at RT for 2 h. Check for completion of the Fmoc-
removal by TLC and HPLC.

9. Remove THF in the rotary evaporator and add ether to the remaining
solution until precipitation of the protected peptide occurs.

10. Filter the precipitated peptide, wash with ether (8 X}, and dry under
vacuum,

The 2-chlorotrityl peptide ester obtained after fragment condensation in

solution can be selectively deprotected at the C-terminal carboxy group in the -

presence of fBu-based protecting groups. This is achieved by a 45-min

treatment of the protected peptide with TFE/DCM (30:70), followed by the.

reattachment of the fragment onto the 2-chlorotrityl chloride resin (Protocol
5). The convergent synthesis can then be continued by the sequential con-
densation of the next fragments on the solid phase. Fragment condensation
on a solid support gives, in general, crude peptides of higher purity than that
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of the corresponding condensation in solution. Therefore, the reattachment of
the product on a suitable resin should be performed as soon as possible.

4.2 Two-directional synthesis. Attachment of fragments on
resins of the trityl-type through an amino acid side chain
functional group

An alternative approach to that of changing the phase of the synthesis to
overcome difficulties encountered in CSPPS is to begin the synthesis from a
central part of the peptide. The starting peptide is synthesized, as usual, on 2-
chlorotrityl resin using Fmoc-amino acids. One of the amino acids, specifically
His, Cys, Lys, or Ser, contained in the sequence is introduced using His(Mmt),
Cys(Mmt), Lys(Mtt), or Ser(Trt), respectively. All other amino acid side-
chain protecting groups are of the tBu-type. These Mmt, Mtt, and Trt side-
chain protecting groups are extremely acid sensitive and can be removed
selectively by treatment with 1% TFA in DCM in the presence of His(Trt),
Cys(Trt), or the fBu-type protection (Protocol 8). The fragments obtained,
selectively deprotected at an amino acid side-chain, can be reattached on a
suitable trityl-type resin (Figure 4). Instead of 2-chlorotrityl chloride resin, the
4-methoxytrityl chloride resin for the attachment through the His or Cys side
chain and the trityl chloride resin for the attachment via the Lys or Ser
residues are strongly recommended. Since the ester bonds of peptides to these
trityl resins are extremely acid, the esterification reaction is reversible under
these conditions; thus, protection of the C-terminal carboxy group in the
peptide fragment is not necessary.

Protocol 8. Selective deprotection of His{(Mmt)-, Cys{Mmt)-,
Ser({Trt)-, Lys{Mtt}-, Thr{Trt)-, and Tyr(Clt}-containing

peptides
Reagents
« Crude protected peptide » TFA
« DCM/TES (95:5) « MeOH
s Ether
Method

1. Add to 250 mg of crude protected peptide (obtained using Protoco! 3)
40 ml of 1% TFA in DCM/IE_S. {95:5) and stir for 1 h at RT.

Check for completion of the deprotection by using TLC and HPLC.
Add 5 ml MeOH to the resulting mixture.

Concentrate the solution on a rotary evaporator.,

Precipitate the peptide by addition of ether.

Centrifuge the peptide, wash with ether {5 X}, and dry for 12 h in vacuo.

LI
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a suitable amide linker is used or the fragment is converted to the corres
ponding amide by treatment with DIC/HOBteINH; in DMSOQ.

Protocol 7. Synthesis of 2-chlorotrityl esters of protected

fragments
Reagents
« Protected peptide fragment « DMF
« DIPEA » 2-Chlorotrityl chloride
« DCM » Ether
« DMSO « KOH pellets
+ Piperidine « THF
Method

1. Dissolve the protected fragment in the highest possible concentratmn
in DMF and add 10eq DIPEA.

2. Prepare a 1 M solution of 5 eq, with respect to the protected
fragment, of 2-chlorotrityl chloride in DCM.

3. Add the chloride solution dropwise to the stirred peptide solution and
continue stirring for 6-12 h at RT. Check for completion of the
esterification by TLC.

4. Remove DCM in the rotary evaporator

5. Precipitate the protected fragment by the addition of ether to the
residual DMF solution.

6. Filter or centrifuge the protected fragment and wash with ether {5 x).

7. Dry the fragment for 6 h in vacuo over potassium hydroxide pellets,

8. Dissolve the protected fragment in 4% piperidine in DMF/THF (50:50)
and stir the solution at RT for 2 h, Check for completion of the Fmoc-
removal by TLC and HPLC.

9. Remove THF in the rotary evaporator and add ether to the remaining
soiution until precipitation of the protected peptide occurs.

10. Filter the precipitated peptide, wash with ether (8 X}, and dry under
vacuum.

—

The 2-chlorotrityl peptide ester obtained after fragment condensation in

solution can be selectively deprotected at the C-terminal carboxy group in the -

presence of fBu-based protecting groups. This is achieved by a 45-min

treatment of the protected peptide with TFE/DCM (30:70), followed by the.

reattachment of the fragment onto the 2-chlorotrityl chloride resin (Protocol
5). The convergent synthesis can then be continued by the sequential con-
densation of the next fragments on the solid phase. Fragment condensation
on a solid support gives, in general, crude peptides of higher purity than that
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of the corresponding condensation in solution. Therefore, the reattachment of
the product on a suitable resin should be performed as soon as possible.

4.2 Twao-directional synthesis. Attachment of fragments on
resins of the trityl-type through an amino acid side chain
functional group

An alternative approach to that of changing the phase of the synthesis to
overcome difficulties encountered in CSPPS is to begin the synthesis from a
central part of the peptide. The starting peptide is synthesized, as usual, on 2-
chlorotrityl resin using Fmoc-amino acids. One of the amino acids, specifically
His, Cys, Lys, or Ser, contained in the sequence is introduced using His(Mmt),
Cys(Mmt), Lys(Mtt), or Ser(Trt), respectively. All other amino acid side-
chain protecting groups are of the tBu-type. These Mmt, Mtt, and Trt side-
chain protecting groups are extremely acid sensitive and can be removed
selectively by treatment with 1% TFA in DCM in the presence of His(Trt),
Cys(Trt), or the fBu-type protection (Protocel 8). The fragments obtained,
selectively deprotected at an amino acid side-chain, can be reattached on a
suitable trityl-type resin (Figure 4). Instead of 2-chlorotrityl chloride resin, the
4-methoxytrityl chloride resin for the attachment through the His or Cys side
chain and the trityl chloride resin for the attachment via the Lys or Ser
residues are strongly recommended. Since the ester bonds of peptides to these
trityl resins are extremely acid, the esterification reaction is reversible under
these conditions; thus, protection of the C-terminal carboxy group in the
peptide fragment is not necessary.

Protocol 8. Selective deprotection of His(Mmt)-, Cys{Mmt)-,
Ser(Trt)-, Lys{Mtt}-, Thr{Trt)-, and Tyr(Clt}-containing

peptides
Reagents
« Crude protected peptide *« TFA
« DCM/TES (95:5) + MeOH
s Ether
Method

1. Add to 250 mg of crude protected peptide (obtained using Protocol 3)
40 ml of 1% TFA in DCM/IE§ {95:5) and stir for 1 h at RT.

Check for completion of the deprotection by using TLC and HPLC.
Add 5 ml MeOH to the resulting mixture.

Concentrate the solution on a rotary evaporator.

. Precipitate the peptide by addition of ether.

. Centrifuge the peptide, wash with ether {5 X), and dry for 12 h in vacuo.

oo e wN
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Mmt . 1%-TFA - a
Fmoc-fragments-O —@ —— Fmac-fragmenty-OH —ge=0m Fmoc-fragment,-OH

Figure 4. Attachment of protected peptides, through an amino acid side chain functiong;
group, on resins of the trityl type.

In order to extend the peptide chain towards the C-terminus, the resin-bound
fragment obtained contains a free carboxy group which can be activated by
treating with DIC/HOBt and condensed with excess of a suitably pro'tected N-
component {Figure 5). In addition, the free carboxy group of glde chain -
attached peptides can be esterified by 2-chlorotrityl chloride by using a very
similar procedure to that described in Protocol 9, or can be converted by
DIC/HOBtsNH, to the corresponding resin-bound peptide amide, The
synthesis is then continued towards the N-terminal of the required peptide,
Side chain attached fragments are very useful for the insertion of bifunctiona]
compounds, such as lincar and cyclic diamines, into peptide chains.

DIC/HOBt
H-fragment;-OR
J 1. CIt-CYDIEA

Fmoc-fragments-OH Fmag-fragments-fragmenty-OR

2. piperidine

H-fragment,-OCHt Fmoc-fragments OH _ ¢ moc-fragments-fragment,-OCHK

Figure 5. Peptide chain extension to both G- and N-terminal directions.

Protocol 9. Attachment of protected fragments through the side
chains of His, Cys, Lys, and Ser on resins of the trityl

type
Equipment and reagents
« Round-bottomed flask « DCM
o Trityl chloride resin « DIPEA
« DMF s MeOH
« TFE » Isopropanol
« Hexane
Method

1. Place 1 g of 4-methoxyitrityl chloride resin (for attachment through the -
His or Cys side chain)} or trityl chloride resin {for Lys or Ser} in a round-
bottomed flask and swell it using the minimum amount of DCM for
5 min. B

2. Add 4 mmol DIPEA to the resin.
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3. Dissolve in the minimum amount of DMF, a twofold molar excess over
the calculated guantity of the protected fragment that is required for
achieving the required loading.

4. Add the peptide solution to the resin and stir for 5 h at RT.

6. Filter the resin and wash with DMF (6 X 3 min), DCM/MeQH/DIPEA
{80:15:5; 3 %X 15 min}, and DCM (3 X).

7. Wash the resin with TFE/DCM {20:80; 3" X 3 min}, DMF (3 Xx), iPrOH {3
X}, and hexane (3 X } and dry the resin by suction in air {15 min) and
then in vacuo for 6 h.

5. Deprotection, purification, and purity
determination of the synthetic peptides

Several procedures are described in the literature for minimizing side
reactions that take place during the peptide deprotection. In the case of
convergently synthesized large peptides, a three-step deprotection seems to
give the best results. The protected peptide is cleaved from the trityl resin
with the N*-Fmoc group intact. Then the peptide is treated with 65% TFA in
DCM/EDT (95:5} for 1 h at RT. After evaporation of the solvent and
precipitation by the addition of ether, the crude partially deprotected peptide
is treated for 4 h with TFA/water/EDT (90:5:5) to remove remaining protect-
ing groups and especially the Pmc or Pbf groups used for the protection of
Arg. The mixture is then concentrated in vacuo, precipitated, and-washed
with ether. The N*-Fmoc-peptide, deprotected on the side chains, is then
subjected (o a first purification step by RP-HPLC. From the patrtially purified
peptide obtained, the Fmoc group is cleaved by treatment with 5% piperidine
solution in water for 1-2 h. The mixture is then acidified with 10% acetic acid
and extracted with diethyl ether to remove the Fmoc-deprotection products.
After lyophilization, the totally deprotected peptide is purified by RP-HPLC
using, if possible, isocratic clution conditions.

To establish the correct structure of the synthetic peptide, amino acid
analysis, mass spectrometric analysis, and tryptic peptide mapping, including
sequencing of the tryptic fragments, are necessary. The peptide purity is best
determined by HPLC and CE. Importantly, small peaks observed after a
fryptic digestion eluting close to the expected tryptic fragments on RP-HPLC
correspond usually to by-products of the synthesis. Their absence is a very
important indication of the high purity of the synthetically obtained peptide
or protein.
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Methods of preparing
peptide—carrier conjugates

JAN W, DRIJFHOUT and PETER HOOGERHOUT

1. Introduction

For many applications, peptides should be conjugated to carriers. An im-
portant example is the conjugation of peptides to proteins, carbohydrates, or
lipids for immunological studies. Further examples are the preparation of
peptide affinity media and the conjugation of peptides to suitable coating
compounds on surfaces for enzyme-linked immunosorbent assay and plasma
tesonance.

The most important consideration in designing conjugates is that the
peptide part of the conjugate must retain its biological activity. This means
that the site of activity of the peptide must not be involved in the conjugation
reaction, However, the active part of the peptide is often not precisely known,
which complicates the design of a proper conjugation strategy. In addition, if
the peptide is a fragment of a larger biologically active protein, the small
peptide will frequently not adopt the conformation (for instance, a loop
structure) of the corresponding sequence in the native protein. This might
also abolish desired biological properties, such as the possibility to induce
functional antibodies recognizing the native protein. In that case, appropriate
artificial conformational restrictions should be introduced into the peptide — if
possible,

From the numerous conjugation methods available (1), only a few are
described in this chapter. One example concerns the application of the
homobifunctional cross-linker glutaraldehyde. Heterobifunctional cross-
linking is illustrated by coupling of thiol-containing peptides or carriers to
sulphydryl-reactive carriers or peptides, respectively.

2. Homobifunctional cross-linking

A general and easy method of conjugating peptides to proteins is to make use
of homobifunctional cross-linkers. An example of a homobifunctional cross-
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linker is glutaraldehyde (1, 2) (see Protocol I). This bis-aldehyde reacts with
amine groups at neutrat or basic pH to yield enamines, which can be reduceq
optionally to amines with sodium cyanoborohydride. The peptide and the
protein react selectively via their N-terminus and/or lysine side chains to give
not only a very complex mixture of products—peptide-peptide, peptide-

protein, and protein-protein conjugates—but also large constructs containing

peptide and protein. Typically, several peptide molccules per protein
molecule are coupled. In view of the complex reaction pathway, the batch-to-
batch reproducibility of the conjugate is difficult to control. If the peptide

contains a lysine in the active part, it is recommended to extend the peptide -

N- or C-terminally with some additional lysines during synthesis in order to
provide more amine groups for conjugation.

Numerous homobifunctional cross-linkers are available commercially (e.g.
from Pierce), including disuccinimidyl derivatives (3, 4), water-soluble
sulphodisuccinimidyl derivatives (5, 6), and diimido esters (7-9). Also
available are cross-linkers containing bonds that can be cleaved by reduction
(10, 11), hydroxylamine (12, 13), base (14), oxidation (15, 16), etc., which
makes it possible to liberate the peptide from the conjugate for analytical
purposes. '

Protocol 1. Conjugation of a peptide to bovine serum albumin
with glutaraldehyde

Equipment, buffers, and reagents

« Disposable gel filtration columns packed e Phosphate-buffered saline (P!BS}, e 10
with Sephadex G-25 M {PD-10% columns, mM sodium phosphate in physiological salt -
Pharmacia) [pH 7.2}

« 0.1 M sodium phosphate buffer (pH 8} « Glutaraldehyde, 25% wfw solution in water?

"« Bovine serum albumin, BSA {Sigma)

Method

1. Dissolve 3 mg of, for example, a 15-mer peptide and 5 mg BSA in
1.4 ml of 0.1 M sodium phosphate buffer (pH 8).

2. Dilute 5 pl of the stock solution of 25% glutaraldehyde with 500 pl PBS.

3. Add 100 pl of the freshly prepared diluted glutaraldehyde solution to
the peptide/BSA solution at t = 0, 30, 60, and 90 min and mix well.
After the last addition, leave the reaction mixture to stand for a further
2ht

4. Equilibrate a PD-10° column with at least 25 ml of PBSjwater (1:1, vi¥).
Start the equilibration approximately 30 min before the end of the

conjugation reaction. "
5. Apply the reaction mixture-{1.8 ml) to the PD-10® column and discard

the eluent.
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6. Apply 0.7 ml of PBS/water {1:1) to the column and again discard the
eluent.

7. Place & collection tube under the column and apply 3.2 ml of
PBS/water (1:1) to the column.

‘8. Lyophilize the collected column effluent and store the material at
-20°C until use.

"~ 9. Reconstitute the lyophilized conjugate with 1.6 ml of water. The solution
obtained contains about 1 mg/ml of conjugated peptide in PBS.

aGlutaraldehyde-containing solutions and reaction mixtures should be kept closed to avoid air
oxidation.

P During the conjugation reaction positive charges of the protein are removed which makes the
protein less soluble. Depending on the nature of the peptide to be conjugated, precipitation
may Occur. '

3. Heterobifunctional cross-linking

Another approach towards conjugation is the use of cross-linkers containing
two different reactive groups. Compared with homobifunctional cross-linkers,
heterobifunctional linkers offer the possibility to prepare better-defined con-
jugates, since peptide-peptide and carrier—carrier conjugation can be prevented.
Convenient procedures are based on couplings of thiols to sulphydryl-reactive
groups.

3.1 Conjugation of thiol-containing peptides to proteins
Cysteine-containing peptides can be conjugated to sulphydryl-reactive
proteins, provided that the cysteine is not essential for the biological activity.
If the peptide is devoid of Cys, this amino acid can be added N- or C-
terminally during synthesis. Depending on the linker attached to the solid
phase, C-terminal incorporation is not recommended to avoid possible
racemization of Cys (17).

Useful sulphydryl-reactive groups on the protein are maleimide, pyridyl-
dithio, and bromoacetyl. Maleimide-activated keyhole limpet haemocyanin,
bovine serum albumin, and ovalbumin are available commercially. The degree
of functionalization can be determined indirectly (18) by incubation of a small
sample of the malecimide-modified protein with an excess of cysteamine,
followed by addition of dipyridyldisulphide which re-acts with the remaining
cysteamine. The amount of thiopyridone formed can be determined by UV
measurement. Conjugation of a Cys-peptide to maleimide-activated proteins

Pproceeds through addition of the thiol to the carbon—carbon double bond of

the maleimide group (Figure 1, pathway a). The reaction is fast and can
therefore be performed at a pH as low as 5, which decreases the rate of
undesired (air) oxidation of the Cys-peptide to disulphide dimers. The molar
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peptide—protein ratio in the conjugate can be estimated by determinatiop ,
residual maleimide groups—if present—as described above. Finally, it shoy)
be noted that the stability of maleimide-conjugates is optimal at about pH
(19).

The active ester N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP)
the classical reagent to modify proteins with pyridyldithiopropyl (PDp
groups (20). If the protein to be modified contains many free Cys-residues thig
creates the risk of carrier—carrier conjugation. In this case it is possible ¢g |
block the free thiols with iodo- or bromoacetic acid (or amide) before -
reaction with SPDP (or to use a different conjugation method, as described i -
Séction 3.2).

The number of linkers introduced can be determined by incubation of 4 E
small sample of the modified protein with an excess of a thiol, for instane
dithiothreitol, and analysis of the amount of 2-pyridinethione which j
released (see above). Likewise, the formation of a disulphide conjugate from
a Cys-peptide and a pyridyldithio-protein (Figure I, pathway b, R; = H) cap
be monitored by UV measurement. Since the amount of 2-pyridinethiong
formed is proportional to the amount of peptide coupled, the peptide—protein
ratio is oblained immediately. This is advantageously if the peptide—protein
ratio is important for application of the conjugate. The optimal reaction:
conditions (i.e. the amounts of SPDP or peptide to be used for conjugation) 16 -
obtain a desired peptide—protein ratio can be established readily due to the -
convenient method of analysis. However, the (in vivo) lability of the..
disulphide bond may be disadvantageous in further studies of the conjugate. -

N-Succinimidyl bromoacetate (BrAc-ONSu) is the reagent of choice for :
bromoacetylation of proteins (21). The incorporation of bromoacetyl (BrAc)
groups can be determined indirectly by measurement of the amount of free -
primary amino groups with 2,4,6-trinitrobenzenesulphonic acid before and
after the modification (22). Cys-peptides couple to BrAc-proteins to give very
stable thioether conjugates (Figure 1, pathway ¢). The peptide—protein ratio -
can be determined by amino acid analysis by quantitation of the amount of §-
carboxycysteine (21, 23) after hydrolysis of a sample of the conjugate.

Instead of using Cys-containing peptides it is convenient to use S-
acetylmercaptoacetyl (SAMA) peptides for conjugation purposes. Unlike
Cys, SAMA is not sensitive towards (air) oxidation during purification of the
peptide. SAMA can be introduced into deprotected peptides in solution by
reaction with N-succinimidyl S-acetylmercaptoacetate (18, 24). Selective
introduction of SAMA can be achieved at the end of solid phase synthesis by
N-terminal modification (Chapter 6) of the side-chain protected and resin-
bound peptide with pentafluorophenyl S-acetylmercaptoacetate (SAMA-
OPfp) and 1-hydroxybenzotriazole (25). The thiol group of SAMA-peptides
can be liberated by reaction with hydroxylamine. This Sdeacetylation can be
performed in the conjugation reaction mixture (25, 26}, i.e. in the presence of *
the sulphydryl-reactive protein (Protocol 2).
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If a conjugate is required for immunization experiments, it is convenient to
prepare not only the SAMA- or Cys-peptide, but also the corresponding
biotinyl-peptide or an N-acetylated MAP-8 (Section 4). The biotinyl-peptide
can be bound to (strept)avidin-coated microtitre plates to determine the anti-
peptide titre of the sera obtained. The MAP-8 can be coated directly onto
regular plates.

—

Protocol 2. Conjugation of a SAMA-peptide? to bromoacetylated
or pyridyldithiopropyl-modified proteins

Equipment, buffers, and reagents

« Carrier protein: bovine serum albumin,
BSA (Sigma, A 7030, min 98%} or keyhole
limpet haemocyanin, KLH (Sigma, H 7017,
lyophilized from stabilizing buffer}®

« 2% wiv Sodium dodecylsulphate {SDS} in

+ UVlvisible spectrophotometer

« PD-10% columns (see Protocol )

« 0.1 M sodium phosphate buffer, pH 8§
{buffer A)

« 0.1 M sodium phosphate buffer, containing

5 mM EDTA, pH B, deaerated with helium water

{buffer B) « 2 M Hydroxylamine-HCI in buffer B (140
» PBS (see Protocol 1, buffer C} "“9"“"_” . )
« Cross-linker: A-succinimidyl bromoacetate, * g;]:‘l-'\cl::il‘;l:ethanethlol {cysteamine) hydro-

BrAc-ONSu [Sigma) or N-succinimidyl 3-[2-
pyridyldithio)propionate, SPDP {Pierce}

Method

1. Dissolve the protein {either BSA or KLH) at a concentration of
3.0 mg/mt in buffer A.¢

. Dissolve either BrAc-ONSu (18.2 mg/ml} or SPDP {25.0 mg/ml} freshly
in N,N-dimethylacetamide.

3. Add 50 pl of the solution of the cross-linker (i.e. 4 pmol linker) to
1.75 ml of the protein solution and mix gently. Leave the reaction
mixture to stand for 1 h.

. Apply the reaction mixture to a PD-10® column equilibrated in buffer
B (see Protocol 1) and discard the eluent. Apply 0.7 ml of buffer B to
the column and again discard the eluent.

5. Place a collection tube under the column, apply 3.0 ml of buffer B to
the column, and collect the solution of the modified protein.

6. Dissolve 3-4 pmol of the SAMA-peptide in 250 pl of 2% SDS in
water.

7. Add 2.0 ml of the solution of the modified protein to the peptide
solution and mix gently.

. Optional {only when using SPDP as linker): measure the absorbance
at 343 nm (Azys).

9. Add 25 pl of the solution of hydroxylamine in buffer B to the solution
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Protocol 2. Continued

of the SAMA-peptide and the modified protein and mix gently. Leave
the reaction mixture to stand for 18-24 h.

10. Optiional {only when using SPDP as linker): measure Ags, subtract
the absorbance as found in step 8, and calculate the amount ¢f
thiopyridone released {and thus the amount of peptide coupled)
using €a3 = 8 X 108 M'e¢m .9

11. Dissolve cysteamine hydrochloride in buffer B (3.0 mg/ml}. Add 150 |
of the cysteamine solution to the conjugation reaction mixture, mix
gently, and leave the mixture to stand for 4 h.°

12. Optional {only when using SPDP as linker): measure Asy and
calculate the amount of thiopyridone released.

13. Apply the reaction mixture to a PD-10% column equilibrated in buffer
C and discard the eluent.

14. Place a collection tube under the column, apply 3.5 ml of buffer C to
the column, and collect the solution of the conjugate (about 1 mg/ml,
total protein).

15. Store the conjugate solution at 2-8°C until use (lyophilization is not
recommended).

2The protocel can also be used for Cys-peptides. In such a case, step 9 should be omitted.
bThe protocol has been used extensively (26) with tetanus toxoid (TTd} as the carrier protein, -
Since TTd is not generally available, the method was tested by conjugation of SAMA-Aha-[Gly-
Gly-Ala-Val-Pral;-NH, {Aha = 6-aminohexanoyl; the GGAVP-repeat is a sequence from
pertactin, a protein from Bordstella pertussis) to BSA and KLH.

°In the case of KLH, this is a deviation from the supplier's recommendation,

90n conjugation of the peptide as described in footnote b to BSA (~ 65 kDa), KLH (~ 400 kDal}, _
and TTd {~ 150 kDa), Ag;; = 2.21, 1.40, and 0.93, respectively. This indicates conjugatiori of
0.26-0.63 pmol of peptide to approximately 3.5 mg of protein, corresponding to approximate
molar peptide-protein ratios of 12, 46, and 11 for the BSA, KLH, and TTd conjugates,
respectively.

¢Remaining linkers on the conjugate are capped in thls step.

fWhen conjugates of the peptide as described in footnote b were used in immunogenicity
studies in mice, the order of immunogenicity was: KLH and TTd > BSA conjugates and .
thioethers > disulphide conjugates.

3.2 Conjugation of peptides to thiolated carriers

It may be useful to interchange the reactivities of the peptide and the protem
(or carrier) as described in Section 3.1. In that case it is convenient to prepar¢

chloroacetyl (27), bromoacetyl (23, 28, 29), or N-Boc-S-(3-nitro-2-pyridyl-

sulphenyl)cysteinyl (30, 31) derivatives by N-terminal acylation of the side-
chain protected and resin-bound peptides. (It should be noted that thiol-
containing or other reducing scavengers should be avoided during the final
deprotection of these peptides.)

If the protem of interest does not contain free Cys, it is sometimes posmble
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Y

R,—SH

Br—CH,—00—R;

» R —S—CH,—CO—R,
C

Figure 1. Conjugation of thiols to maleimides (pathway a); 2-pyridyldithio derivatives

{pathway b, Rz = H); 3-nitro-2-pyridyldithio derivatives {pathway b, R; = NO,}, e.g. a Boc-
§-(3-nitro-2-pyridylsulphenyllcysteinyl-peptide; or bromoacetyl derivatives {pathway c).

to generate thiols by disulphide reduction (if unfolding of the protein is
allowed). In most cases modification of the protein is required. Direct
thiolation of proteins can be achieved by reaction with iminothiclane (32) or
(N-acyl) homocysteine thiolactone (33). Protected thiol groups can be
introduced with N-succinimidyl S-acetylmercaptoacetate (24), SPDP (20), or
cystamine and 1-cthyl-3-(3-dimethylaminopropyl) carbodiimide (34). The
degree of thiolation can be determined by colorimetric assay with 5,5'-
dithiobis(2-nitrobenzoic acid) (35, 36).

Protocol 3 provides an example of immobilization of Npys-peptide to
thiopropyl-Sepharose (37).

Protocol 3. iImmobilization of an Npys-peptide to thiopropyl-
Sepharose

Equipment, buffers, and reagents

« Thiopropyl-Sepharose 6B (Pharmacia) » 0.1 M sodium phosphate buffer, containing
+ Polypropylene or glass column {30 x 4 10 mM DTT, pH 8 (buffer B)

mim) with filter » 3% v/v acetic acid in water (buffer C}
¢« 0.1 M sodium phosphate buffer, pH 8

(buffer A}
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Protocol 3. Continued
Method

1. Swell 50 mg thiopropyl-Sepharose 6B (containing about 3.75 pmol
protected thiol groups) in 2.0 ml of buffer A for 1 h.

2. Apply the suspension to the column and wash with 5 ml of buffer A to
obtain a column bed of ahout 180 pl (1.5 cm in height).

3. Wash the column with 10 ml of buffer B during 30 min to remove the
2-thiopyridyl groups. An Agy; of 0.6 for a 5-fold diluted (with buffer A)
effluent will indicate the presence of 3.75 pmol thiol groups on the
column.

4. Wash the column with 10 ml of buffer A.

5. Dissolve 6 wmol of an N-terminal Cys(Npys)-peptide in 1 ml of buffer
A,

6. Add 4 X 250 pl of the peptide solution to the column at ¢t = 0, 10, 20,
and 30 min. The occurrence of an intense yellow colour indicates that
the conjugation is proceeding. During the fourth addition no colour
should develop which indicates complete coupling of all thiol groups
on the column during the first three additions.

7. Wash the column with 10 ml of buffer A.

8. Optional wash the column with 10 ml of buffer C in order to acidify the
resin before storage.

9. Optional: dilute the resin 10 times with Sepharose 4B to increase the
volume for convenient column volumes during chromatography.

4. MAP-core constructs as peptide-carriers

As well as by conjugation to a macromolecule, such as a protein, peptides can
be presented as a larger construct in the form of a multiple antigen peptide
(MAP). In this type of construct various copies of the peptide are attached to
a small core structure (38). The construct, which is fully synthetic, is also -
known as a dendrimer (39). An MAP might contain one particular peptide
(homo-MAP) or two (or even more) distinct peptides (hetero-MAP). MAPs -
can be prepared by direct sequential synthesis or by fragment condensation of ;
modified peptides and an activated MAP core construct. _
HPLC purification of MAPs can be complicated by the fact that these :
structures might show broad signals when applied to reversed-phase columns.
This might be caused by slow molecular motions of the lafge constructs during °
chromatography. In addition, mass spectrometric analysis of MAPs is often
troublesome.
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4.1 Sequential synthesis of MAPs

MAPs (40, 41) can be constructed by straightforward peptide synthesis. At a
certain stage in the synthesis, acylation is performed with Fmoc-Lys(Fmoc)-
OH. After deprotection, two new amino groups are available for coupling of
the next amino acid, yielding a double peptide chain. This process can be
repeated several times, yielding MAPs with 2-16 peptide copies. To produce
MAPs containing multiple copies of two different peptides, coupling can be
performed with, for example, Fmoc-Lys(Dde)-OH (42). After synthesis of
multiple copies of the first (N-acetylated) peptide, the semi-orthogonal Dde
protection is removed. Then synthesis of multiple copies of the second
peptide is performed (43).

Especially when MAP-8 or MAP-16 constructs are made, space within the
peptide—resin might become limited. It is therefore advisable to use resins
with a low loading (e.g. 0.05-0.2 meqg/g). The purity of directly prepared
MAPs is always lower compared to that of the corresponding peptide,
because in the case of a side reaction in one of the branches, the other
branches are also part of a failure sequence.

4.2 Synthesis of MAPs by fragment condensation

Apart from direct sequential MAP-synthesis, it is also possible to prepare
MAPs by fragment condensation (44, 45). The core to which the peptides will
be attached and the peptide(s) themselves are synthesized and purified
separately. Subsequently, multiple copies of a peptide are conjugated to the
core. The core and the peptides should be modified to allow for controlled
conjugation. This can be performed in several ways, for example by con-
jugation of a thiol-containing peptide to a bromoacetylated core, yielding a
stable thioether MAP. An example is given of the synthesis of an MAP-8 in
which the peptide molecules are attached to the core (Figure 2) by disulphide
linkages {Figure 1, pathway b, R; = NO,). This type of MAP can be checked
by reduction which liberates the thiopeptide from the core. The core de-
scribed contains eight glutamic acid residues to increase the solubility and a

Ac—S—CH,—CO—Glny_
Lys,
Ac—5—CH,—C0—Glu” ~ \
Lys
Ac—S—CI;—CO—Gluy_ /
Lys
Ac—S—CIL,—0—Gls””
Lys—Abu—0OII
Ac-—S—CHz--OO—Glu\
Ac—-§=—Cl{;—00— Glu/ \
A5 —ClH—CO—Glus /
Lys
Ae—S—CI,—C0—Glu”’

Figure 2. Structure of the MAP core construct obtained according to Protacol 4 after step 8.
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4-aminobutyric acid residue which allows for determination of peptide/core
ratio after amino acid analysis (44).

Protocol 4. Preparation of an MAP-8 containing disulphide-linked
peptide molecules

Equipment, buffers, and reagents
» Wang (4-hydroxymethylphenoxymethyl poly-  « Pentafluoropheny! S-acetylmercaptoacetate

styrene) resin, loading 0.092 mmol/g {SAMA-OPfp}
+ Dimethylacetamide (DMA)? » Trifluoroacetic acid {TFA}
« BCM ¢ 0.2 M Sodium phosphate buffer, pH 6.5
« Diethyl sther (buffer A)
« Fmoc-4-aminobutyric acid = 0.1 M Sodium phosphate buffer, containing

10 mM DTT, pH 8 (buffer B}

+ DCC
« DMAP » Hydroxylamine*HCI in water (70 g/, 1 M}
+ Piperidine » 10% vfv Acetic acid in water (buffer C)

« 0.05 M Acetic acid in water (buffer D}

» Fmoc-Lys{Fmoc)-OH
« Sephadex G-25% superfine

+ Fmoc-Glu{'Bu)-OH
» 1-Hydroxybenzotriazale {HOBt)

Method

1. Dissolve Fmoc-4-aminobutyric acid (324 mg, 1 mmol) in dichloro-
methane (20 ml) and add solid DCC {103 mg, 0.5 mmol) to the stirred
solution.

2. Filter after 40 min and evaporate the solvent under vacuum.

3. Immediately dissclve the residue in 3 ml dry DMA,? add 500 mg
Wang resin (loading 0.092 mmol/g OH} (46), add DMAP {24 mg,
0.2 mmol}, and shake over a period of 2 h.

4. Collect and wash the resin with 30 ml of DMA.

5. Remove the Fmoc-protection with 20% v/v piperidine in DMA and
perform coupling cycles by applying one of the protocols from
Chapter 3 in which the following amino acid derivatives are used:
cycle 1. 0.2 mmol Fmoc-Lys{Fmoc}-CH; cyele 2: 0.3 mmol Fmoe-
Lys{Fmoc)-OH; cycle 3 0.4 mmol Fmoc-LysiFmoc}-CH; cycle 4
1.0 mmal Fmoc-Glu{'Bu)-OH.

6. Remove the Fmoc-protection with 20% piperidine in DMA, wash the
resin with 50 ml DMA, and perform a coupling cycle with SAMA-OPfp
(300 mg, 1 mmol) in the presence of HOBt (135 mg, 1 mmol} during
2h?

7. Wash the resin with DMA (50 ml} and MeOH (50 ml} and dry in vacuo
for 1h,

8. Treat 350 mg of this resin with TFA/water (95:5 v/v, 10 ml) for 2 h.

9. Filter off the resin, wash the resin with TFA {& ml} and evaporate the
combined filtrates under vacuum to about 3 mi.
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10. Precipitate with 30 ml diethyl ether and wash the precipitate twice
with 20 ml diethyl ether and dry.

11. Dissolve the crude material {(MAP core}) in 20 ml buffer C and
lyophilize.

12. Synthesize an N-terminal Cys(Npys}-peptide.

13. Prepare a solution of 1 pmol MAP core, obtained in step 11 {con-
taining 8 pmol S-Ag), in 2 ml of buffer A {(solution A},

14. Prepare a solution of 16 pmol Npys-peptide in 1.6 ml of buffer A
{solution B).

15. Add solution B to solution A and then add 100 pl hydroxylamine*HCI
solution (100 umoi} and stir in a closed reactor {preferably under
nitrogen) for 4 h.

16. Equilibrate a column (150 % 1 cm} of Sephadex G-25% superfine with
buffer D, apply the reaction mixture to the column, and elute with
buffer D. The yellow band which elutes after the MAP contains 3-
nitro-2-thiopyridone {47). The amount of 3-nitro-2-thiopyridone
liberated can be measured using s5 = 7.3 X 10° M~ em™ in buffer D.

17. Optional an aliquot of the MAP-8 can be reduced with buffer B. The
HPLC trace of the reaction product should contain signals from the
thiopeptide and the deacetylated core. These products should co-
elute with the compound obtained from treatment of the Npys-
peptide with buffer B and the compound obtained from treatment of
the core with hydroxylamine, respectively.

18. Optional. the MAP-8 obtained can be analysed by amino acid analysis,
from which the peptide content of the MAP can be calculated as the
ratio of the amount of amino acids from the peptide (except Glu and
Lys) versus the amount of 4-aminobutyric acid in the hydrolysate.

2 N, N-dimethylformamide or N-methyipytrolidinone can also be used
" For introduction of S-acetylmercapto groups, the use of active esters in the presence of HOBt
is preferred since the S-acetyl protection is very labile to base.
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Chemoselective and orthogonal
ligation techniques

FAMES P. TAM and Y.-A. LU

1. Introduction

Peptide synthesis through segment ligation of unprotected peptides (total
| synthesis) and peptides to proteins (semi-synthesis) in aqueous solution is
B oppcalingly simple and efficient becanse protection and activation steps are not
£ required. In addition, this method offers the potential to access a diverse group
I of macromolecules such as circular proteins, branched peptides, and protein
B conjugates which are difficult to obtain through conventional approaches using
£ protecting group strategies. Furthermore, the use of unprotected peptide
' segments overcomes the problem of solubility encountered in the conventional
. approach to the synthesis of large peptides or proteins in solution.

Conceptually, ligation can be approached two ways. In the first approach, a

¥ non-amide bond is formed between two peptide segments through a pair of
E. mutually reactive functional groups (Figure 1A). Typical methods of non-
'; amide ligation include oxime, hydrazone, and thiazolidine as the coupling
f linkages. This type of reaction is traditionally referred to as chemoselective
b ligation. Non-amide ligation is characteristically flexible in joining two seg-

ments that result in amino-to-amino end (3a), carboxyl-to-amine (3b) or end-
to-side chain (3¢) structures (Figure [). This flexibility permits synthesis of

:; protein mimetics and branched peptide dendrimers.

In the second approach, an amide bond is formed through a two-step reaction
sequence involving four functional moieties, two nucleophiles and two

electrophiles in the reaction centre (Figure 1B). This reaction is usually used
¢ for end-to-end coupling between the C*-moiety of one peptide segment and

the N*-terminus of another peptide segment resulting in a peptide-backbone
product. Similar to the non-amide chemoselective ligation, the first step in
orthogonal ligation is a capture reaction by a pair of mutually reactive groups.
In general, two nucleophiles, a weak-base nucleophile on the side chain and
an a-amino, are located at the N-terminus as an N-terminal nucleophile 5
(NTN). The two electrophiles, usually an O-glycol-aldehyde or an S-ester 4,
are located at the C-terminus of the another peptide segment. The initial non-
amide capture of two segments through the side chain NTN with the O- or
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A, Chemoselective nonamide ligation

0
1]
B> + Nu-smm> —a < z-mmm>  E=-CH
a a 3a

Nu = —NHz-0-CH,

Z = =N-0-CHo~
C—>Nu + E-umml> — C—>-7-mmm>  Nu=-COSH; ~CH,5H)
1b 2b 3b E = Br-CHp-C~
0
Z=-5-CHy G~
Nu
E-—T> + b — <z E = -CHp~G-Br
1c 2c 3c g il
e]
Nu =-SH
Z=-§-

B. Orthegonal amide ligation

0
1l
Q N“j o :D—Cc-zj
4

5 6
E=-5R
o z Nu=2Z=-SR
—= —>»-C-NH 1->°H : —
7 ; free peptide

Figure 1. Concepts in orthogonal ligation to form a non-amide linkage between a pair of
mutually reactive functional groups, a nucleophile and an electrophile, in the reaction
centre (A), and amide ligation with a nucleophile and an electrophile in addition to c-acy|
and a-amine moieties {B).

S-ester to form a covalent intermediate 6 enables the spontaneous proximity-
driven intramolecular acyl transfer to occur. This intramolecular acyl migra-
tion achieves orthogonality in amide bond formation 7 between a specific a-
amine in the presence of other free o- and s-amines. Because the amide bond
forms through entropic activation, no enthalpic activation reagent is required.
Based on the character of this reaction which distinguishes one a-amine from
other a- and ¢-amines to form an amide bond, we termed this reaction ortho-
gonal ligation. The concept of coupling peptide segments through entropic
activation is not new, and has been proposed by Brenner er 4l. (1) and Kemp
and colleagues (2, 3) for some time. However, it is only recently that we, as

well as others, have been able to achieve peptide ligation through entropic

activation (4-6).

2. Chemoselective non-amide ligation

L

Two characteristics of chemoselective hgatlon are: (i) the use of unprotected’

peptide segments and (11) the reaction is performed in aqueous conditions. To
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Method Reaction
1. Thiol chemistry
(a} Thioalkylation R|—SH + XCH,CO-R, =¥ R{SCH2COR>
. R-$
{b) Thioaddition Ri—SR| + N-Ry —= N-Ry
0 o]
(c) Thio-disulphide exchange R|-SH + Ar-S-5-Ry —® R|-5-8-Ry

2. Carbonyl chemistry

; il
(2} Oxime R,-C-H + NH,-O-R, —® R,-CH=N-O-R,
il
(bY Hydrazone Ry~C-H « NHp-NH_R, —3 R;—CH=N-NH-R,
il S
(c) Thiazolidine ,{4{ + 1-1121\.1:1_112 —- R,{ :|

(d) Oxazolidine l—C ~H+ HZN(j_ Ry — R1<0 I

R} and Ry = unprotected peptide

Figure 2. Non-amide orthogonal ligation.

achieve these chemistries, a reactive pair consisting of a nucleophile and an
electrophile is placed on the peptides during solid phase synthesis. Usually,
the nucleophile is a weak base which has either a pK, significantly lower than
the a- or s-amines or a nucleophilicity much stronger than the «-amine, so that
the ligation can be selective in aqueous buffered solution at pH ~ 7. Applic-
ablée weak bases include alkyl thiol, acyl thiol, 1,2-aminothiol (N-terminal
cysteine), acylhydrazine, and arylhydrazine (Figure 2). Reactive electrophiles
include haloacetyl, activated unsymmetrical disulphide, maleimide, or
aldehyde. Chemoselectivity is achieved when these mutually reactive groups
are brought together in aqueous solution with the weak base as the sole
nucleophile to react with the electrophile. Protection of other functional
groups on the peptides therefore becomes unnecessary.

2.1 Thiol chemistry

Thiol chemistry exploits the extraordinary reactivity of sulphhydryls in alkyl-
ation with c-halocarbonyls, in addition to conjugated olefins and sulphur-
sulphur exchange with disulphides. In practice, in thiol alkylation and addition
to conjugated olefins, disulphides have frequently been used for chemo-
selective ligation in both peptide synthesis and semi-synthesis because of the
stability of the products.

2.1.1 Thioalkylation

Thiols are stronger nucleophiles than amines or alcohols in aqueous buffered
solutions at neutral to mildly basic pH. Thus, our laboratory has exploited
thicalkylation for chemoselective segment ligation using unprotected peptides
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of a C-terminal segment of TGFa (7). Subsequently, we used a segment of
£p120-(312-329) of type I human immunodeficiency virus (HIV-I) (8) in 1991

to form branched peptides or protein mimetics. In both cases, thioalkylatiop

of a chloroacetyl group incorporated on the lysine core matrix of a peptide
dendrimer yielded a multiple antigen peptide system (MAPs) wiy,
unambiguous structures as determined by mass spectrometric analysig
Similarly, ligation of two unprotected peptides in aqueous condition Was.
achieved by another group to form peptides and proteins containing a nop.
amide bond at the coupling site (9).

Thioalkylation is popular in protein chemistry as a means of attaching
ligands, peptides, or reporter groups and cross-linking reagents because the
thiol groups in proteins are easy to access. Thus, thioalkylation is also a cop.
venient method for the chemoselective ligation of peptides. The reactive thig]
and haloacetyl groups can be added to the synthetic peptides during stepwise
solid phase synthesis. Both alkyl (RCH,SH) and acyl (RCOSH) thiols have

been used. Alkyl thiols, generally derived from cysteine, can be placed at any.
position, whereas acyl thiol in the form of thiocarboxylic acid is limited at

present to the C-terminus. The haloacetyl moiety, whose C-X bond is actj-
vated by the acetyl group, can be attached to the N-terminus or the side chain

of lysine positioned anywhere in the sequence. The chloroacetyl group is

stable to HF cleavage conditions in the absence of thiol scavengers. The rate
of thioalkylation to give thioethers is pH dependent and increases as the pH
becomes more basic. Because side reactions, such as oxidation of thiol to
disulphide as well as hydrolysis of the haloacetyl group, occur significantly at
more alkaline pH, thioalkylation is commonly performed at pH 7.5-8. To
minimize disulphide formation, Defoort et al. (10) have used phosphine as a
reducing agent with significant success. We have found that S-S oxidation can
be minimized by using a small amount of phosphine prior to the reaction and
including EDDTA during the reaction (11, 12).

2.1.2 Thiol—disulphirde exchange

Thiol-disulphide exchanges to form unsymmetrical disulphide bonds have
been exploited extensively both in protein and peptide chemistry. King ef al.
(13) have used an aromatic thiol, the 4-dithiopyridyl group, as a cysteinyl-
activating group to cross-link proteins via intermolecular disulphide bonds.
Similarly, other aromatic thiols such as 2-thiopyridyl and nitropyridyl
sulphenyl (Npys) have been used in peptide synthesis to form unsymmetricat
disulphides. These and other similar methods can be applied to the ligation of
unprotected peptides.

2.1.3 Thiol addition

A thioether can also be formed by adding a cystéine thiol to an activated
double bond of a maleimido group. This method is popular for cross-linking
proteins with reporter groups, and Kitagawa and Aikawa (14) have shown
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that insulin-containing maleimido groups can be coupled to glycoproteins.
The reaction is specific and is usually carried out in aqueous solution with an
optimum pH around 7, although lysine and histidine also react slowly with the
maleimido group at this pH. Thus, long reaction times should be avoided.
Furthermore, hydrolysis of maleimides to non-reactive maleic acid occurs
above pH 8. This method is convenient because N-alkyl or N-aryl maleimide
groups are available commercially either as free carboxylic acids or active
esters such as N-hydroxysuccinimides, which can be incorporated as a pre-
formed unit in solid phase synthesis. The maleimido group on lysine and
phenylalanine has been shown to be stable to trifluoroacetic acid for 3 h, and
is fully compatible with Fmoc chemistry when the maleimido group is added
last in the sequence of peptide assembly.

2.2 Carbonyl chemistry

Aldehydes and ketones represent a group of electrophiles that are not present
in peptides but are exceptionally reactive electrophiles exploited for chemo-
selective ligation. In aqueous conditions, particularly at acidic pH, carbonyls
react with amines to form unstable imines. To obtain stable products for select-
ive exploitation, weak bases are used, particularly those with a strong tendency
for a condensation reaction with aldehydes. In general, the desirable weak
bases, except cysteine, do not occur naturally in amino acid sequences, and
several types of weak bases for ligation to aldehydes have been developed for
this purpose. The first type consists of conjugated amines whose basicities are
lowered by neighbouring electron-withdrawing groups that also stabilize
imino products. These include hydroxylamine to give oxime, and substituted
hydrazines, such as acylhydrazines and phenylhydrazines, to give hydrazone.
The second type contains the 1,2-disubstituted pattern which forms a cyclic
compound in an addition reaction to the imino intermediates. This includes
derivatives of 1,2-aminoethanethiol and 1,2-aminoethanol such as those found
in N-terminal cysteine and threonine. These 1,2-disubstituted weak bases react
with aldehyde to form a proline-like ring such as thiazolidine from cysteine
and oxazolidine from threonine, :

2,.2.1 Oxime

Although hydroxylamine-aldehyde chemistry was used by Erlanger et al. (15)
to form oximes and later by Pochon ef al. (16) for site-specific conjugation to
protein, this weak base was first used for peptide synthesis by Rose (17), and
later by Tuchscherer (18) and Shao and Tam {11). The hydroxylamine com-
ponent for oxime formation is usually introduced using the commercially
available aminooxyacetic acid, NH,OCH,COOH, which can also be used as a
protected unit for incorporation at any position in the peptide sequence
during the solid phase synthesis. Aminooxyacetyl-containing peptides are
stable to HF and TFA cleavage conditions and can be ligated to aldehydes to
give an oxime linkage. Oxime linkages have been used for preparing end-to-
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side chain cyclized peptides and peptide dendrimers (11, 19). Such intra-
molecvlar cyclization by oxime formation is highly chemoselective ang
flexible, since the reactive weak base-aldehyde pair can be placed in different
configurations, allowing side chain-to-side chain, end-to-end, and end-to-side
chain cyclization (11).

Typically, a serine residue (a masked aldehyde precursor) is coupled to
lysyl side chain and the aminooxyacetyl group is used as the weak base at the

N-terminus. Under mildly acidic conditions, this weak base is the only re. -

active nucleophile present. All other functional groups on the amino acid side
chains, including the N*-amine of lysine, are protonated or form reversible
Schiff’s bases.

2.2.2 Hydrazone

Ligation by hydrazone formation is probably one of the oldest methods in
protein and carbohydrate chemistry (20). In general, acyl- and aryl-sub-
stituted hydrazines have been used successfully. Offord, Rose and colleagues
(21-23) have applied acylhydrazine-aldehyde chemistry for site-specific con-
jugation to proteins, protein semi-synthesis, and backbone engineering. To
use hydrazide—aldehyde chemistry to ligate a peptide on the N-terminus of a
second peptide, Shao and Tam {11) have prepared Boc-monohydrazide succinic
acid, which allows facile introduction to the a-amine and the side chain of
lysine at any position. Thus, unprotected peptides containing the hydrazide
succinyl group are used to ligate to the aldehyde-containing peptide with
great efficiency. Similarly, 4-Boc-monchydrazinobenzoic (Hob) acid has been
developed as a derivative for analogous modification strategies during peptide
synthesis (12). Similar to the hydroxylamine derivative, Hob-peptides are
stable to the usual cleavage conditions invelving TFA or HF, The progress of
the phenylhydrazone reaction can be conveniently monitored with UV at 340
nm (12). The preparation of a peptide dendrimer through hydrazone ligation
is described in the following protocols.

Protocol 1. Preparation of glyoxylyl tetravalent lysine core

peptide

Reagents

» H-Ala-OCH3-HCI

+ Methyl dimethoxyacstate

= Boc-Lys{Boc)-OH

+ N.N-Diisopropylethylamine {DIPEA}

« Benzotriazol-1-yl-oxy-tris{dimethylamino)
phoesphonium hexafluorophosphate (BOP)
» Silica gel, 130-270 mesh, 60 A

A. Preparation of Boc-Lys{Boc)-Ala-OCHy

1. Cool in an ice-bath a solution (DMF 12 mli:DCM 6 ml) of H-Ala-
OCH;-HCI {1.4 g, 10 mmol} and Boc-Lys{Boc}-OH {3.46 g, 10 mmol)
cooled in ice-bath.
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2. Add BOP {4.42 g, 10 mmol) and DIPEA (2.84 g, 22 mmol).

3. Stir the reaction mixture for 30 min at 0°C and then at room
temperature for 20 h.

4. Remove DMF and DCM in vacuo.
5. Add ethyl acetate (50 ml} to residue.

6. Extract organic phase with saturated NaCllag) (2 X 50 ml}, 2% wiv
KHSO{aq) {2 x 50 ml), 5% w/v NaHCO;(aq) (3 X 50 ml}, and water (3 X
50 ml).

7. Dry organic phase using anhydrous Na,S0,.
8. Concentrate organic phase o dryness.

9. Recrystallize from ethy! acetate/hexane give dipeptide Boc-Lys(Boc)-
Ala-OCH,. Yield 4.37 g

{91%). MS: calc, MH* 479.6. CyyH3;N20O; req. C, 60.11; H, 7.78; N, 8.76.

B. Preparation of Boc-Lys(Boc)-Lys{Boc-Lys(Boc}]-Ala-OCH3
1. Add 50% v/v TFA in DCM {20 ml} to dipeptide {A) {0.96 g, 2 mmol),
and stir at room temperature for 20 min.
2. Remove TFA/DCM in vacuo.

3. Wash residue with diethyl ether (4 X 10 ml) and dissolve in DMF
(20 mi).

4. Add DIPEA (1.55 g, 12 mmol) and Boc-Lys{Boc)-OH {1.44 g, 4.2 mmol}
to above DMF solution cooled to 0°C.

5. Add BOP {1.89 g, 4.2 mmol}, stir for 30 min at 0°C then for 24 h at
rocm temperature.

6. Remove DMF and DCM in vacuo.
7. Add ethyl acetate {50 ml) to residue.

8. Wash organic phase with saturated NaCllaq) (2 x 50 mi), 2% w/v
KHSO,laq) (2 X 50 ml), 5% w/v NaHCOs{aq) (3 X 50 ml), and water {3
X 50 mi}.
9. Dry organic phase using anhydrous Na,SQ,.
10. Concentrate in vacuo organic phase to dryness,
11. Recrystallize from ethyl acetate/hexane to vield Boc-Lys{Boc}-
LysIBoc-Lys{Bac)l-Ala-OCH,. Yield 1.65 g (92%). MS: calc. M* + Na®
911. C,zHy;N;045 req. C, 56.8; H, 8.74; N, 11.04.

C. Preparation of (CH30},CHCOOH

1. Add 0.5 M NaOH{aq) (10.5 ml, 5.25 mmol} to a stirred solution of
methyl dimethoxyacetate (671 mg, 5 mmol} in methanol (5 ml).

. Stir for 2 h, monitor completion of reaction by TLC.
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3. Remove methanol by evaporation in vacuo, and dilute to 25 ml with
water.

4. Wash aqueous solution with ethyl acetate {3 X 10 mi).
5. Concentrate to 10 ml by evaporation in vacuo, lyaphilize to dryness,

D. Branched tetrapeptide (CH30),CHCO-Lys((CH30),CHCO)-
Lys{{CH30)3CHCO-Lys-({(CH30),CHCO)J-Ala-CHz

1. Add 50% v/v TFA in DCM (20 ml} to (B) (0.8% g, 1 mmol), and stir for
20 min.

2. Remove TFA/DCM, wash residue with ether {3 % 20 ml} and dissolve
in DMF (10 mi).

3. Add powder (C) {6 mmol}, BOP {1.86 g, 4.2 mmol), and DIPEA {0.65 g,
5 mmol} to above DMF seclution, Stir at room temperature for 20 h.

4. Remove DMF by evaporation in vacuo, add ethyl acetate {10 ml) to
residue, stand at 4°C overnight. The product precipitates.

5. Filter to collect product and dry in vacuo.

6. Take the ethyl acetate supernatant from step 4 and evaporated to
dryness in vacuo.

7. Dissolve dried product in water (3 ml).
8. Add glacial acetic acid {4 drops), filter out precipitate (HOBt).
9. Concentrate filtrate to dryness in vacuo.

10. Triturate residue with disthyl ether (4 X 10 ml} to give a white
powder.

11. Combine products from steps 4 and 10, and purify on silica gel (40 g)
column {elute with CHCL/EtOAc/MeOH, 60:25:15). Yield 680 mg
{76%). MS: calc. M* + Na* 919.0, CygHgN;047 req. C, 50.94; H, 7.66; N,
10.94.

E. Preparation of CHO-CO-Lys(CHO-CO)-Lys{CHO-CO-Lys{CHO-CO)J-Ala-
OH

1. Add 0.1 M NaOH{aq) {1.8 ml, 0.18 mmol} to a solution {10 ml water,
2 ml MeOH} of branched tetrapeptide (D) (134.4 mg, 0.15 mmol), and
stir for 2 h at room temperature.

Remove MeOH.
Add 0.2 M HCl{aq) (0.256 ml) to remaining aqueous solution.
. Lyophilize to give white powder.

. Dissolve powder in water (1.5 ml}. - o

SO R W N

Add concentrated HCI {5 ml} to 530 p.| of the solution prepared in step
5 {50 pmol} and stir for 3 h at room temperature.
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7. Concentrate to dryness in vacuo on water bath at 35°C.

8. Purify residue by RP-HPLC to afford the glyoxylyl core peptide
{22.6 mg, 64%). MS: calc. M* 698.7.

Protocol 2. Synthesis of peptide dendrimer through hydrazone
ligation

Reagents

+ Peptide NH,NHCOCH,CH,CO-{VMEYKARR-
KRAAIHVMLALA] (synthesized by Fmoc/t-
Bu chemistry}

+ Dimethylsulphoxide (DMSO)

« CHO-CO-Lys(CHO-CO}-Lys[CHO-CO-
Lys{CRO-CO}]-Ala-OH {from Protocol 7}
« 0.2 M AcONafAcOH buffer, pH 5.7

Method .

1. Add DMSO (800 pl) to a mixture of NHZNHCOCHZCHQCO-[peptide] {in
400 pl water, 2 pmol), CHO-CO-Lys(CHO-CO)-Lys[CHO-CO-Lys{CHO-
CO)1-Ala-OH {in 40 wl water, 0.2 pumol), and acetate buffer {400 pl).
Adjust pH to 5.7.

Incubate at room temperature for 5 h.

Purify ligation product by RP-HPLC.

Adjust the pH of HPLC fractions collected to 5.5.

Lyophilize to give the required product {contains sodium trifluoro-
acetate).

o ;oW N

2.2.3 Thiazolidine

The reaction of aldehydes with N-terminal cysteine to give thiazolidine has
long been known, but only recently has this reaction been exploited for
chemoselective segment ligation (5, 11, 12, 24, 25). Thiazolidine and oxazoli-
dine are thia- and oxaproline analogues. This method affords a heterocyclic
pseudoproline at the ligation site, and may be useful in imparting con-
formational constraint to the peptides. Unlike thiol chemistry, thiazolidine
ring formation requires both a thiol and an amine in a 1,2-substituted
relationship, making the reaction highly specific. Thiazolidine ring formation
can be performed at pH 2-8, the reaction rate accelerating with increasing
pH. Since the thiol group is readily oxidized at high pH, pH 4.5-5.4 generally
provides efficient rates without side reactions. Thiazolidine ligation is gen-
erally more practical than oxazolidine ligation since this reaction undergoes
rapid ring-chain tautomerization. Furthermore, thiazolidine is =104 times
more stable than the oxazolidine and prefers ring formation, whereas
oxazolidine generally prefers an open chain imine form and must be acylated
to give the stable oxazolidine ring.
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A. Oxidation
CH20H

::D—NH—CHZ—CH—OH—)- E—{>-NH-CH,-CHO

HO-CH,

NHp-CH-co-—> —PH—{I.'!.-—CO-I:D

B. Ligation

a HS
:D'NH“CHTE“H"-NH,—(-.I‘.H—CO->—>F___D'NHCH2—<?‘]_CO_‘>

SH
<_-§—£H—NH; + HLM-:D - <__E_(:>-CO-:D

> mmm(> fren paptide

Figure 3. Thiazolidine formation in ligation site by two steps. (A} Oxidation of a C-
terminal 1,2-propanediol peptide or an N-terminal serinyl peptide by NalQ, to form a C-
terminal or an N-terminal peptide aldehyde, respectively. (B} An aldehyde ligated with an
N-cysteinyl peptide to form a thiazolidine peptide with different orientations of the
thiazolidine ring. ‘

The peptide aldehyde can be prepared in several ways. Oxidation of an N-
terminal serinyl peptide or oxidation of a C-terminal 1,2-propanediol peptide
yields the N-terminal or C-terminal peptide aldehyde, respectively (see -
Section 3.1.2), to give ligation products with different orientations of their
thiazolidine ring (Figure 3). Typically, use of water-miscible organic solvents,
such as DMF, or reactions performed at 37°C significantly accelerate the
ligation reaction (11).

3. Orthogonal amide ligation

Orthogonal ligation provides an amide bond at the coupling site. Thus, unlike
chemoselective ligation, it can produce a peptide with an all-a-amide back-
bone and can be considered as a strategy for convergent peptide synthesis. To
achieve an amide ligation reaction, four functional groups in the reaction
centre are required to accommodate a capture reaction between a nucleophile
and an electrophile followed by an acyl migration to form an amide bond.
Two general methods based on thiol and carbonyl chemistries have been.
developed to ligate unprotected peptide segments to form the peptide.

3.1 Carbonyl chemistry
3.1.1 Thiazolidine ligation for pseudoprolme @

In thiazolidine ligation, the reaction is performed between a glycolaldehyde
peptide ester and an N“-cysteinyl peptide. The capture step is based on
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HS o
:D—GoN" © N G0 > > 8.F ik -§°°-‘>
o s
— I__"'D-g NH _gco->

Ho\‘}\s :Dwfree peptide

Figure4. Pseudoproline formation at the ligation side by a C-terminal aldehyde peptide
reacting with a 1,2-aminothiol peptide at acidic pH. The reactive carboxyl and amino
termini are posilioned in close proximity for spontaneous peptide bond formation
through an entropy-driven intramolecular O — N acyl transfer.

thiazolidine (Thz) ligation (see Section 2.2.3) (5, 26, 27), and the ortho-
gonality of this reaction is based on the specific condensation between an
aldehyde and the 1,2-aminothiol at acidic pH in the presence of other
unprotected and reactive functional groups (Figure 4). Consequently, the
thiazolidine formation brings the a-amine of one peptide segment close to the
a-carboxyl moiety of another peptide segment, thus permitting peptide bond
formation through an entropy-driven intramolecular O — N acyl transfer. A
pseudoproline residue is formed at the ligation site and can be viewed as a
proline surrogate (2-hydroxymethyl-3-thiaproline).

3.1.2 Preparation of peptide aldehydes _

Since peptide aldehydes are involved in both chemoselective and orthogonal
ligations, the syntheses of peptide aldehydes involving either Boc or Fmoc
chemistry are described in greater detail. Although aldehydes can be obtained
by many organic transformations, two methods for preparing N-terminal
peptide aldehydes and five methods for C-terminal peptide aldehydes have
been developed specifically for peptide ligation (Figure 5).

The first method exploits the popular NalO, oxidation of N-terminal Ser,
Thr, or Cys to give an w-oxoacyl group (28, 29). Free peptides containing
these N-terminal amino acids can serve as aldehyde precursors prior to the
ligation. Periodate oxidation of a 2-aminoalcohol such as Ser is facile and
about 1000 times faster than diol oxidation (21). Hence, oxidation of an N-
Ser-containing peptide could be accomplished within a few minutes at neutral
pH. Oxidation of Trp or other sensitive groups within the peptide sequence
can be minimized by adding a large excess of methionine as scavenger.
Oxidation of C-terminal Cys to give the corresponding aldehyde requires a
longer reaction time (25). In practice, transformation of a terminal 1,2-
aminoalcohol (Ser, Thr) or 1,2-aminothiol (Cys) to an aldehyde is convenient
and highly compatible with the overall scheme of peptide synthesis, as both
Boc and Fmoc chemistry can be used to generate the peptide aldehyde
precursor.

Another method based on the same principle has been developed for the
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naigy, 90

1. Ser (Thr)w—ou—-ﬂggwou

Sty (CHa0RCHICO |
2. (CHaO}CHaCOONA {CH30)aCHoCO .~ Y5
30)2CHz +..,Ly Siys A”"OCHa_-'(cﬂso)zcrlzco‘-._, > Lys-Ala-OCH,
{CHO}CHCO0
{1y NaOH cagg\w
_"2 HCI g "‘Lys ~Ala-OH
) CHO-CO™ o
CHO-CO~
3
HF Trypsin
o) —— 0(CHR)30CH—(Gi) ——3= O(CHp)gOH ————

H-Ala-OCH;CH{OCHg);

T "> Al OGHyCHO
b m—>—0{CH),CO-(2) e I >=0CH,CH,CONI,

Trypsin TFA
—_—
T AR OCHCHOCHy - > A1a-0CH;CHO

N Agt TFA .
4 —SCHCHCONHy e —— 3 T2 3 ™ 13- OCH,CHO

H-Ala-OCH;CH{OCHz),

o TFA OH
5. w-ocuzic?'@'@ —I-ﬁ}o—l:cm

NalOy
—  m— OHCHLCHO
6. w_uucuzciuo-@ TFA ﬂ}-mcuz?m)n
CHyOH
NalOg 2 CHaCH
——>= (- NHCHCHO
7. w—>-C0-SCH,CHCO-NH-(F5) D% EtaSIH \ o

Rt = Pofystylene resin; R2 = A5 = 4-Methylbenzhydrylamine resin; °

R3 = Mearrifleld resin; R4 = R2-Chloretrityl chloride resin

Figure 5. The methods for preparation of peptide aldehydes. Methods 1 and 2 prepare an
N-terminal aldehyde peptide by oxidation of an N-terminal Ser-peptide or hydrolysis of a
dimethoxyacetate-peptide. Methods 3-7 prepare C-terminal aldehyde peptides. Methods
3 and 4 are known as the ‘n + 1" method. The peptide alkyl ester or alkyl thioester is
obtained from different types of resins; then a masked amino acid glycodiol ester is
introduced by enzymatic synthesis (3a, 3b) or by a chemical method {4); finally, the
peptide is treated with TFA to give the aldehyde peptide. In methods & and 6, aldehyde
peptides are obtained from oxidation of a peptide glycol diol ester., In method 7,
treatment of an N-protected peptide thicester resin with Pd™ and Et,SiH gives the cleaved
C-terminal peptide aldehyde.

preparation of peptide dendrimers (11). Methyl dimethoxyacetate can be
coupled to an amino group such as the branched lysine peptide, and acid
hydrolysis will give the N-terminal aldehyde (Figure 5, method 2). Thls
method is more svitable for Fmoc than Boc chemistry.

The third and fourth methods developed by Liu and Tam (5, 26) and Liu
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and co-workers (27) are known as the ‘a2 + 1" method, in which an amino acid
containing a masked aldehyde is added to the C-terminus of a purified
eptide segment. This method bypasses problems associated with aldehyde
instability during TFA cleavage or NalO, oxidation of large peptide
segmenis and allows the synthesis of peptides by Boc chemistry. Both
methods involve the solid phase synthesis of a peptide containing either an
alkyl ester or alkyl thioester at the C-terminus. The masked amino acid
glycolaldehyde ester is then introduced by enzymatic synthesis (Figure 5,
method 3) or a chemical method (Figure 5, method 4}). In the enzymatic
synthesis, the glycolaldehyde component, amino acid dimethoxyethyl ester
prepared from its Z-protected form by hydrogenolysis, is incorporated onto
the C-terminus of the peptide segment through the trypsin-catalysed,
kinetically controlled aminolysis of the peptide ester bond (30), usually
conducted in a solution containing a high content of water-miscible organic
solvent such as DMF/H,O (60:40 v/v). .

The enzymatic synthesis is fast and is completed in 15 min. After puri-
fication, the peptide obtained, with an acetal-protected aldehyde ester at its
C-terminus, is treated with 95% TFA/H,O for 5 min to release the aldehyde
function.

The chemical method via Ag* ions is more versatile because it overcomes
the limitation imposed by substrate specificity of an enzymatic reaction. In
this ‘r + 1’ coupling, formation of a peptide bond involves a large un-
protected peptide and a small functionalized amino acid. An excess of an
amino acid containing a masked glycoaldehyde is added to the peptide ester.
The selectivity and efficiency of this coupling is driven by the Ag' ion
mediated activation which distinguishes the C®"-thioester from other side
chain unprotected carboxylic groups and by an overwhelming excess of the
small amino acid derivative of the masked glycol. The protected aldehyde can
then be unmasked by mild acidic conditions in the presence of the other
component bearing the weak base to complete the ligation reaction.

The next three methods are on-resin derivatization based on linkers with
a masked aldehyde moiety. The method developed by Botti er al (31)
(Figure 5, method 5) involves a new resin to yield a C-terminal peptide

" glyceric ester. After assembling the peptide sequence by Fmoc chemistry on

this resin, cleavage gives a glyceric ester diol which is converted to the
glycoaldehyde by oxidation with NalQ, at pH 5. The rate of diol oxidation
increases as the pH falls below 5. Thus, at pH 2 the oxidation is complete
within a few minutes, At pH 6-7 the rate of oxidation is slow, and requires
several hours at pH 7. It should be noted that when the oxidation is
performed below pH 5, the Met residues oxidize to Met(O), even in the
presence of a large excess of methionine as a scavenger. This side reaction
can be avoided at neutral pH. The cyclic acetal resin is prepared as described
in the following protocols.
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Protocol 3. Preparation of the cyclic acetal resin

This gives the benzaldehyde resin.

each).
3. Dry resin in vacuo.

absorption at 17700 cm™.

sulphonic acid {10 mg) for 24 h at 90°C,

8. Dry resin in vacuo.

Reagents

» Chlaromethyl polystyrene « DMSO

« Ethylene glycol dimethyl ether * Glycol

+ 1,4-Dioxane + Hydroxylamine hydrochioride
Method

1. Add sodium carbonate (0.2 g} to a suspension of chloromethyl poly-
styrene resin (0.5 g, 0.35 mmol} in DMSO (3 ml). Stir for 7 h at 155°C,

2. Wash resin with water, methanol, DMF, DCM, and diethy! ether {30 m)|

4. FTIR analysis of benzaldehyde resin shows the typical carbonyl

5. Optional analysis of resin. Treat the resin (10 mg) with a large excess
of hydroxylamine in pyridine for 8 h at 95°C. Wash resin and dry. FTIR
analysis shows no carbonyl absorption at 1700 cm™' and microanalysis
shows 0.82% nitragen, indicating a loading of aldehyde of 0.59 mmol/g.

6. Mix and stir the benzaldehyde resin {1 g, 0.58 mmoi} with anhydrous
ethylene glycol dimethyl ether (10 ml}), glycol {1 g}, and p-toluene-

7. Wash resin with 3% sodium carbonate(aq)/dioxane {1:1 v/v}, water,
dioxane, DMF, methanol, DCM, and diethyl ether {50 ml each).

+ N.N'-Dicyclohexylearbodiimide (DCC)

Method

{50 ml).
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Protocol 4. Preparation of Fmoc-Gly-OCH,-cyclic acetal resin

Reagents
» Fmoc-Gly-OH s 1,4-Dioxane
» 4-Dimethylaminopyridine (DMAP) . « N-Hydroxyhenzotriazole (HOBt)

1. Stir a mixture of Fmoc-Gly-OH {1.66 g, 5.58 mmol), DCC (0.63 g,
¥ 3 mmol), and HOBt (44 mg, 0.28 mmol} in DMF {10 ml} for 20 min.
! 2, Add the solution prepared in step 1 to glycercl-acetal resin {1 g,
’ prepared by Protocol 3) in DMF {5 ml} and stir for 18 h.
i 3. Wash resin with dioxane, DMF, methanol, DCM, and diethy! ether

11: Chemoselective and orthogonal ligation techniques

4. Dry resin in vacuo.

5, Analyse the resin by microanalysis (typically 0.71% of nitrogen, corres-
ponding to a substitution of 0.5 mmol/g) or by Fmoc-substitution
determination (see Chapter 3).

Method 6 (Figure 5) developed by Zhang et al. (32) is based on Fmoc-

chemistry synthesis of a C-terminal diol peptide on a diol-derivatized 2-
chlorotrityl resin. Oxidation of the free diol peptide gives the peptide
aldehyde. A detailed procedure for the preparation of a diol trityl resin and
C-terminal peptide aldehyde is given in the following protocols.

Protocol 5. Preparation of N-Fmoc-3-amino-1,2-propanedicl
derivatized 2-chlorotrityl polystyrene

Reagents

« Fluorenylmethyl chloroformate » 3-Amino-1,2-propanediol

« Triethylamine « 2-Chlorotrityl chloride polystyrene resin
» DMAP « N N-Dimethylacetamide

« +-Butyl-2,2,2-trichloroacetimidate

Method

1. Add fiuorenylmethyl chloroformate (5.2 g, 20 mmol} to a solution of
3-amino-1,2-propanediol (1.8 g, 20 mmeol} and triethylamine (3.1 ml,
22 mmaol) in 100 ml of water/1,4-dioxane (1:3 v/v) at 4°C.

2. Stirfor 18 h.

3. Remove solvent by evaporation in vacuo.

4. Add ethyl acetate {10 ml} to the residue and crystallize to give 5.6 g
{89% vield) of 3-(9-fluorenylmethoxycarbonyl}-amino-1,2-propane-
diol. m.p. 133-134°C. MS: calc. MH"* 314.

5. Add 3-(9-fluorenylmethoxycarbonyl}-amino-1,2-propanediol {1.25 g,

4 mmol} to 2-chlorotrityl chloride resin (1 g, 1 mmol} and DMAP

(0.5 g, 2 mmol) in dry N,N-dimethylacetamide {10 mi}.

. Gently agitate the mixture for 24 h.
. Wash resin with DMF, methanel, and DCM (30 ml each).

. Dry resin in vacuo.

. Analysis of resin: take 5-10 mg resin for determination of resin Fmoc-
substitution {0.8 mmol/g) .

10. Add t-butyl-2,2,2-trichioroacetimidate (200 pl, 1.07 mmol) in DCM

(28 ml} and shake for 30 min to block the free hydroxy group of the

derivatized 2-chlorotrityl polystyrene.

0 80 -~ ;m
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Protocol 6. Preparation of C-terminal peptide aldehyde,
AAVALLPAVLLALLA-NHCH,CHO

Reagents

s C-terminal 1,2-propanediol peptide:
AAVALLPAVLLALLA-NHCHCH{OH)CH,0H,
synthesized by Fmoc chemistry on Fmoc-
3-amino-1,2-diol derivatized 2-chlorotrityl
resin [prepared by Protocol 5)

« Sodium periodate

Method
1. Add NalO, (20 mM, 0.6 ml in water) solution to the peptide

AAVALLPAVLLALLA-NHCH,CH{OH)CH,OH {30 mg, 0.02 mmaol)
solution in 33% acetic acid{aq) {6 mi}. .

2. Run RP-HPLC to determine the reaction after 15 min.
3. Purify the reaction mixture by using RP-HPLC.

—_— |

The final method (Figure 5, method 7) is an on-resin Pd(o)—catalysed:?
reduction of thioesters. Treatment of N-protected peptide thioester resin with
Pd@ in the presence of Et,Sill gives the cleaved C-terminal peptide aldehyd
The reaction is performed typically under N, in THF or DCM using a 20-30-
fold excess of Et,SiH at 4°C to avoid racemization. The catalyst is obtained by,
in situ reduction of Pd(OAc),. The yield ranges from 80 to 89% (33). ‘

3.2 Thiol chemistry
3.2.1 Thioester ligation for Cys and Met

Thioester ligation involves two segments, each containing a thicester and a
Cys that results in the production of a cysteine residue at the ligation site. In;
this approach, the first step is formation of a covalent thioester-linked inter-
mediate by nucleophilic attack of the thiol side chain of an N*-cysteine
peptide on a thioester segment. An intramolecular § —N acyl transfer to form’
an amide bond then completes the ligation reaction (Figure 6). :

There are two approaches in thioester ligation. Qur laboratory (4) uses &
pre-derivatized thioester resin that permits the generation of a thioester
directly, following solid phase synthesis. It should be noted that the required
peptidyl thioester segment is best prepared using Merrificld Boc-chemistry.
The ligation reaction is performed under strongly reductive conditions and an
excess of the thiol-component (cysteinyl-peptide) is used. Based on the rates,
yields, and product distributions of the thiol-thioéster exchange reaction at
various pHs ranging from 5.6 to 7.6, an increase of 1.5- to 2-fold product
purity with each pH. unit is observed. Three groups of by-products are
observed: N*S-diacyl peptides; N*-acyl, disulphide conjugate peptides; and
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I:D—g}s/“\*wk:f;b — :b—tg-(;\

NH2

(? SH

i

—- l:DC—NH'b R = CH,CH,CONH,
:D -> free peptide

Figure 6. Thiol-thicester exchange to form an amide bond. Nucleophilic attack takes
|ace by the side chain thiol functionality in a cysteinyl peptide at a thiocester segment to
form an intramolecular thioester, which undergoes intramolecular § —N acyl transfer to

form an amide bond.

the hydrolysed peptidyl thioester. At pH 5.6, the desired ligation reaction is
slowest and hydrolysis of the peptidyl thioester greatest (78%?. At pH 7.6,
hydrolysis occurs at a slow rate, to yield 56% of the desired ligation product._

Collectively, these results support the use of basic pH to inhibit hydroly:v,]s
of the peptidyl thioester, and the strong reducing environment of a small thiol
and trialkylphosphine to prevent N*S-diacyl by-products and to redgce
disulphide formation. Using these optimized conditions, peptides ranging
from 9 to 88 amino acids with 60-88% yield were prepared. The methods for
preparation of the thioester resin and ligation are described below.

The second approach is reported by Kent et al. (34) and differs only by the
use of a peptidyl thiccarboxylic acid as precursor and the peptidyl thioester is
obtained via thioalkylation or disulphide exchange. This method requires an
extra step but the ligation mechanism is similar to that described above.

Protocol 7. Preparation of Boc-Gly-thioester resin

Reagents
« 4-Methylbenzhydrylamine polystyrene resin  » Boc-Gly-OH
[MBHA resin} «» HOBt

+ 3-Mercaptopropionic acid » Acetyl chloride .
« N,N-Diisopropylcarbodiimide (DIC} + Cysteine methyl ester-hydrochloride
+ Triphenylphosphine » DIPEA

Method
1. Swell MBHA resin {10 g, 5.4 mmol} in DCM {200 ml) for 10 min, in an

appropriate SPPS reaction vessel.

2. Filter the resin.

3. Add a solution of 3-mercaptopropienic acid (3.44 g, 32.4 mmol) in
70 ml DMF to resin, and shake for 3 min.

4. Add a solution of HOBt {4.38 g, 32.4 mmol) in 70 ml DMF to reaction
vassel, and mix for 3 min.

5. Add a solution of DIC (5.07 ml, 32.4 mmol} in 80 ml BCM, and mix
gently for 120 min.
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Protocol 7. Continued
6. Wash the derivatized resin with DMF, DCM, methanol, and DCMm
{120 mi each}.

7. Perform a ninhydrin test on the resin {Chapter 3, Protocol 13A), If
positive, repeat from steps 3 to 7.

8. Add a solution of triphenylphosphine {0.65 g, 2.5 mmol}, cysteine
methyl ester-hydrochloride (0.43 g, 2.5 mmol), and DIPEA (G.43 m|,
2.5 mmol) in 200 ml of DCM. Mix for 60 min.

9. Wash resin with DMF, DCM, methanol, and DCM (120 ml each).

10. Add a solution of Boc-Gly-OH (4.73 g, 27 mmol) in 70 ml DMF to the
resin.

11. Add a solution of HOBt (4.38 g, 32.4 mmol) in 70 ml DMF to the
reaction vessel, and mix for 3 min.

12. Add a solution of DIPCD (5.07 ml, 32.4 mmol) in 60 mi DCM, and mix _|.

for 120 min.

13. Wash resin with DMF, DCM, methanol, DCM, and methanol {120 mi
each).

14. Dry resin in vacuo.

15. Add a solution of acety! chloride (0.18 ml, 2.5 mmol) in 100 ml DCM

followed by a solution of DIPEA {0.43 ml, 2.5 mmol} in 50 ml DCM,
and mix for 30 min.

16. Wash resin with DMF, DCM, methanol, and DCM {150 ml each}.
17. Dry resin in vacuo.

18. Treat 10-15 mg resin with TFA/DCM{(50% v/v} and perform a gquanti-
tative ninhydrin test {(substitution |evels typically 0.3-0.4 mmol/g).

11: Chemoselective and orthogonal ligation techniques

2. Add the cysteinyl peptide solution to the peptidyl thicester (94 pg,
0.1 p.mal}.

3. Run analytical RP-HPLC at set time-intervals, e.g. 0 min, 30 min, 1 h,
and 3 h.

4. Purify the ligated peptide TQFCFHCKVLTTGLPALISW by RP-HPLC.

Protocol 8. Thicester ligation
Reaction: TQFCFH-SCH,CH,CONH, + CKVLTTGLPALISW

Reagents

. Sodium p.hosghate buffer (0.02 M Na;HPO,~ = Peptidyl thioester TQFCFH-SCH,CH,CONH,
0.1 M citric acid, pH 7.6) {synthesized by Boc-chemistry on thio-ester

« Tris[2-carboxyethyl)phosphine (TCEF} resin) and cysteinyl peptide CKVLTTG-

« 3-Mercaptopropionic acid LPALISW {synthesized by Fmoc-chemistry)

Method s

1. Add a solution of TCEP (344 pg, 1.2 pmol )} in buffer sotution (600 pl) to
the cysteinyl peptide (450 pg, 0.3 umol).
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Thioesters can also be used for intramolecular ligation for the synthesis of
end-to-end cyclic peptides (35, 36). The linear peptide precursor should
coptain both an N-terminal cysteine residue and a C-terminal thioester.
Under previously described conditions, intramolecular thiol-exchange pro-
duces a thiolactone, which then undergoes S — N migration to yield an end-
to-end cyclic peptide.

Thioester ligation to yield a methionine residue can be achieved between a
C-terminal thioester peptide and an N-terminal homocysteinyl peptide (37).
The ligation reaction results in the formation of a homocysteine residue,
which is readily S-methylated with excess methyl p-nitrobenzenesulphonate,
to yield a methionine residue at the ligation site, or another alkylating reagent
to form unusual amino acid residues.

3.2.2 Perthioester ligation for Cys

Similar to thioester ligation, perthioester ligation produces Cys at the ligation
site (Figure 7). Two segments containing, respectively, a thiocarboxylic acid
and a cysteinyl derivative are involved. However, in this case, the intra-
molecular acyl transfer reaction involves an acyl disulphide functionality (38).
The method features specific capture of a peptide segment containing the N-
terminal thiol-activated Cys residue by the C*-thiocarboxylic acid of the
second segment, The mixed acyl disulphide perthioester then undergoes a
rapid intramolecular S — N acyl transfer via a six-membered ring inter-
mediate. Thiolytic reduction of the resulting hydrodisulphide (S-SH) gives
the native Cys residue at the ligation site.

This approach has been used for the synthesis of a 32-residue peptide (38)
from two purified segments, specifically the acyl segment (I5 residues)
containing a thiocarboxylic acid and the amino segment containing an N
Cys(Npys). The reaction was carried out at pH 2 in aqueous acetonitrile, and
the segment concentration was 10-15 wM. During the course of the ligation
reaction, release of a yellow coloration (due to released Npys-H) was
observed, indicating the occurrence of the capture reaction by sulphur-
sulphur exchange. Finally, the pH was adjusted to 6, and the reaction mixture
treated with 1,4-dithiothreitol (DTT) to afford the desired product.

The high efficiency of the first capture step is attributed to the Npys-
activated sulphide, and to the super-nucleophilicity and low pK, of the
thiocarboxylic acid compared to a normal alky! thiol. The acyl transfer was
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Figure 7. General scheme of perthioester ligation. The capture of an activated thiol sige
chain of an N-terminal Cys residue of the amino segment by the C*-thiocarboxylic acid of
the acyl segment results in the formation a mixed acyl disulphide which undergoes 3
rapid intramolecular S —N acyl transfer through a six-membered ring intermediate,
Thiolytic reduction of the.-resulting hydrodisulphide (5-SH) using DTT gives the natn;e
Cys residue at the ligation site.

rapid and 90% complete within 5 min, even at pH < 4. The efficiency of.this._
acyl transfer step is attributed to the activated acyl disuiphide and to the close
proximity of the C*acyl and N®-amine in the six-membered ring inter-

mediate. This method of orthogonal segment ligation followed by disulphide -

reduction is a one-pot process, which does not require the isolation of inter-
mediates. Its high efficiency and simplicity make this strategy an attractive
approach for the synthesis of large peptides and proteins.

3.2.3 Imidazple ligation for His

The imidazole group in the histidine side chain is a well-known weak base and
can participate in acyl transfer reactions in a number of enzymatic process,

Thus, the NTN of His has also been exploited for orthogonal ligation to give :

His at the ligation site. In this sirategy, one segment contains the N*-histidine

and the second acyl segment contains a C-terminal thiocarboxylic acid or

thioester. Orthogonal ligation occurs to yield an Xaa-His bond when a
suitable thiophilic promoter, such as an aryl disulphide or Ag* ion, is added to
activate the acyl segment. This leads to N™ — N acyl transfer, resulting in a
peptide bond formation (39). This method has been used for the ligation of
histidine-containing peptides such as human calcitonin and parathyroid
hormone. A drawback in this strategy is that the reactive acyl 1m1dazole
intermediate is particularly prone to hydrolysis.
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Purification of large peptides using
chemoselective tags

PAOLO MASCAGNI

1. Introduction

In solid phase peptide synthesis (SPPS), deletion sequences are generated at
each addition of amino acid due to non-quantitative coupling reactions. Their
concentration increases exponentially with the length of the peptide chain,
and after many cycles not only do they represent a large proportion of the
crude preparation, but they can also exhibit physicochemical characteristics
similar to the target sequence. Thus, these deletion-sequence contaminants
present major problems for removal, or even detection.

In general, purification of synthetic peptides by conventional chromato-
graphy is based on hydrophobicity differences (using RP-HPLC) and charge
differences (using ion-exchange chromatography). For short sequences, the
use of one or both techniques is in general sufficient to obtain a product with
high purity. However, on increasing the number of amino acid residues, the
peptide secondary and progressively tertiary and quaternary structures begin
to play an important role and the conformation of the largest peptides can
decisively affect their retention behaviour. Furthermore, very closely related
impurities such as deletion sequences lacking one or few residues can be
chromatographically indistinguishable from the target sequence. Therefore,
purification of large synthetic peptides is a complex and time-consuming task
that requires the usc of several separation techniques with the inevitable
dramatic reduction in yields of the final material.

Permanent termination (capping) of unreacted chains using a large excess
of an acylating agent after each coupling step prevents the formation of
deletion sequences and generates N-truncated peptides. However, even under
these more favourable conditions, separation of the target sequence from
chromatographically similar N-capped polypeptides requires extensive
purification.

If the target sequence could be specifically and transiently labelled so that
the resulting product were selectively recognized by a specific stationary
phase, then separation from impurities should be facilitated. This chapter




/ based 9-fluorenylmethoxycarbonyl (Fmoc) chromatographic probes.

Paclo Mascagni

deals with such an approach and in particular with the purification of large.

polypeptides, assembled by solid phase strategy, using lipophilic and biotjp,.

2. Purification of large polypeptides using Fmoc-
based chromatographic probes

2.1 The concept of selective and reversible labelling

Assuming that the formation of deletion sequences is prevented by capping
unreacted chains (see Protocol I), a reciprocal strategy can be applied that
involves functional protection of all polymer-supported peptide chains that
are still growing, with a specially chosen affinity reagent or chromatographic
probe. In this way, the desired chains are distinguished from all by-productg
that have been irreversibly terminated either by capping or as a result of

chemical side reactions. The chromatographic probe contains an affinity

group and a reversible linker (ref. 1 and references cited therein), which are

stable under the conditions used to deprotect and cleave the peptide from the -
resin support. Affinity-labelled peptides are separated from terminated

peptides which lack the affinity group by selective binding (o a suitable
stationary phase. The affinity label is then selectively removed using reagents
which do not harm the peptide integrity. - :

The basic steps of this strategy are shown in Scheme 1. 1t should be em-
phasized that impurities generated by side reactions occurring either during
synthesis or during deprotection and that affect both the target sequence and
capped peptides are not removed by this technique.

The first example of purification by selective labelling was described in 1968
for a peptide that was synthesized in solution (2). In 1976, Merrifield and co-
workers (3) applied this concept to SPPS and demonstrated that peptides

J bearing an intentionally introduced Cys—Met N-terminal dipeptide can be

purified by absorption onto an organometallic immobilized matrix, The native
sequence lacking Cys—Met was recovered through a CNBr-mediated Met-X
specific cleavage.

Following these pioneering studies, several chromatographic probes have
been proposed as a result of intentional design or modification of other
procedures (for a review on the subject see vefs 1 and 4).

2.1.1 Fmoc-based chromatographic probes

The Fmoc group is ideally suited as a template molecule to develop chroma-
tographic probes, because its urethane link with the amino acid N is stable to
the harsh, acidic conditions used to cleave peptides from the resin support;
but it is [abile under mild basic conditions that do not hiirm the polypeptide
chain (5). Furthermore, because the probe is added to the peptide chain at the
end of synthesis, Fmoc-probes can aid the purification of peptides synthesized
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using either of the two most widely used chemistry, i.e. Fmoc-chemistry ang ¢
butoxycarbonyl (Boc)-chemistry.

The first Fmoc-based chromatographic probe was described in 1978 by
Merrificld (6) and contained negative charges provided by a sulpho group
at position 2 of the fluorenyl moiety. The strongly acidic peptides thyg
derivatized were separated from unlabelled peptides by ion-exchange
chromatography.

Another Fmoc-based probe, recently developed, contains benzo-fused -
analogues of the Fmoc molecule. It can be used to purify peptides by cither ~
porous graphitized carbon chromatography (7) or RP-HPLC (8). :

In 1989, we proposed the 4-CO,H-Fmoc derivative 1 (9) as a probe for the
purification of large synthetic peptides (10). The advantage of 1 over other !
Fmoc-based molecules is in its carboxylic function which can be derivatized '
with groups possessing different chromatographic characteristics. For instance
addition of a lipophilic tail to 1 will generate a probe for RP-HPLC, wherea; :
a polyionic tail or biotin will convert 1 in a probe for jon-exchange chroma- -
tography and affinity chromatography, respectively (9-14). '

The usefulness of lipophilic probes in RP-HPLC purification was demon- -
strated with the synthesis of several proteins made by either an Fmoc strategy -
or the alternative Boc chemistry (9-16).

3. Capping of unreacted polypeptide chains in SPPS

The classical capping reagent, acetic anhydride, has been shown to be ex-
tremely successful for the synthesis of relatively short peptides, but its
application to longer polypeptides has not been well documented. Further-
more, in our hands the use of acetic anhydride in conjunction with an auto-
mated peptide synthesizer has not been altogether satisfactory (17}). Although
a systematic study to identify the reasons for this poor performance was not
carried out, several pieces of evidence indicated that the quality and stability
of the acetic anhydride solutions used for capping are contributory factors.
We therefore searched for solid reagents which could be weighed out
accurately in small amounts and dissolved in the required solvent just prior to
their use.

From this screening activity, we identified N-(2-chlorobenzyloxycarbonyl)-
succinimide (Z(2-Cl)-OSu) as sufficiently reactive so that completion of a
capping reaction requires only a few minutes (17). Furthermore, Z(2-CI)-OSu
and the terminating Z(2-Cl) group are stable to the reagents used in both Boc
and Fmoc chemistries.

In general, the capping reaction is carried out using a large excess of Z(2-
CI)-OSu (fourfold excess of all peptide chains or 400-fgld excess assuming
99% coupling) and in the presence of an organic base to catalyse the reaction.
It should be noted that a small amount of unreacted chains might persist even
after repetitive capping reactions. This phenomenon, which is common to all

"
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capping reagents, is probably due to inaccessibility to solvent of those peptide

chains buried in the bulk of the resin—peptide matrix.

Protocol 1. Capping of unreacted polypeptide chains

Reagents

. 0.284 g {4-fold excess?) Z(2C))-OSu in 2 ml
of N-methylpyrrolidone {NMP}-dichloro-
methane {DCM) {1:1 vfv} plus 1 mi of 2 M

N, N-diisopropylethylamine  {DIPEA} in
NMP, If not available, NMP can be sub-
stituted with dimethylformamide (DMF)

Method

1. Prepare a fresh solution of Z(2CI}-OSu.

2. At the end of the coupling reaction, condition the peptidyl-resin with a
mixture of NMP/DCM (1:1, v/v} in preparation for the capping step.
Remove the solvent but avoid drying the peptidyl-resin completely as
it should be kept moist.

3. Add the Z{2CI)-OSu solution to the peptidyl-resin and vortex for b
min.? The reaction can be followed by the standard ninhydrin test or
other similar colorimetric methods.

4. Remove the reaction solution by filtration and wash the product
thoroughly with NMP/DCM (1:1, v/v). The peptidyl-resin is now ready
for the next coupling cycle.®

#The quantities given in the example refer to a concentration of amino groups present on the

resin of 0.25 meq.
[f other methods of mixing are used, the reaction may take slightly longer.
“The capping cycle can be carried out in an automated fashion because it requires the same

solvents and reagents used for chain assembly.

4, RP—HPLC using lipophilic chromatographic
probes

In a comparative study, several hydrophobic probes differing in the type of
substitution at position 4 of 1 were prepared (12). Parameters evaluated
included stability of the probe during coupling and acid deprotection, RP-
HPLC separation between derivatized and underivatized molecules, and time
required for probe removal. Probe 2 offered the best compromise between all
these parameters; it is easily converted to an activated form (e.g. 2a) by using
the same chemistry as for activation of the Fmoc molecule. If the reaction
between 2a and the peptidyl-resin is carried out immediately after completion
of chain assembly, the base-catalysed reaction requires 2-3 h. Longer reaction
times might be necessary if derivatization is not carried out on freshly pre-
pared polypeptides. In this case it is advisable to store the peptidyl-resin in an
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mAbs

inert solvent (NMP or DMF) at low temperature prior to use. The degree of
coupling should be monitored using standard colorimetric methods (e.g, the
: ninhydrin reaction) and the reaction repeated with a freshly prepared solutiop
i of activated probe if coupling is not satisfactory.

L The probe and the probe—peptide link are stable to acids and in the preg. '
ence of the most widely used scavengers. However, both scavengers and acidg
must be of high quality if side reactions at the Fmoc group and the peptide
chain are to be avoided. In general, the solubility profile of large polypeptideg
is not significantly altered by the presence of lipophilic probe 2. ./

The extent of HPLC separation between derivatized and underivatizeq
peptides depends on the length of the polypeptide chain, the type of station.
ary phase used for separation (e.g. C4-C18), and the elution conditions. When
using C18 columns the difference in retention time between the two species
vaties from about 10 min for peptides of 40-60 residues to about 5 min in the
case of larger sequences. A typical elution profile for a 100-residue polypep-
tide is shown in Figure 1. As the length of the chain increases, a progressive
reduction in the separation between labelled and unlabelled chains ig
observed. Unpublished results showed that beyond about 150 residues, the
retention times of a probe—peptide adduct and underivatized chains are very
similar. However, for sequences up to 120-130 residues, the method is
sequence independent and can therefore be standardized.

After semi-preparative RP-HPLC, homogeneous fractions are pooled,
lyophilized, and redissolved in an aqueous solvent. In the case of sparingly
soluble polypeptides, denaturing solutions (e.g. 6 M guanidinium-HCI) canbe -~
used which do not affect the subsequent reaction of probe removal. This is
carried out by the addition of an organic base (e.g. NEts, see Protocao! 4) which
catalyses the B-elimination typical for the Fmoc protection giving the corres- -
ponding dibenzofulvene derivative and free polypeptide (Scheme ). A final.
semi-preparative RP-HPLC separates the latter from the probe by-product. ..

The homogeneity and yields of the final preparation depend strongly on
the length of the polypeptide chain and on the conditions used for both
synthesis and cleavage from the resin support. Under optimized conditions,
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increases the retention time of the protein {labelled 2) thus facilitating purification from
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\/ Purified protein after treatment with 5% agueous TEA to remove 2. (E) ESI-MS of purified
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medium-sized peptides (40-60 residues) are obtained in yields rangip

between 20 and 40% and purity is greater than about 95%. For larger
sequences (e.g. 100 residues), the purity is 85-95% as judged by chromg
tography, mass spectrometry, and capillary zone electrophoresis (CZE) (see -

Figure 1 for example).
In a comparative study we found that yields of a 100 amino acid.loﬁg'
protein purified with probe 2 are 5-15% and about 10-times those from

conventicnal multistep purification scheme (13). Under optimized conditions, -
the entire process of derivatization, cleavage, semi-preparative puriﬁcation, .

fraction analysis, probe removal, and further semi-preparative chromate.
graphy requires about one week using standard laboratory equipment.

Protocol 2.  Attachment of lipophilic probe 2 to the N-terminus of
the peptidyl-resin

Reagents

. 4-D6decylaminocarbony!-fluoren-9-y|methy| succinimidyl earbonate 2a {enquire with author
for availability)

Method

1. After chain assembly, remove the N-terminal protecting group as usual,
then allow the peptidyl-resin to swell in DCM. If peptide synthesis is
performed via the Boc strategy, after removal of the N-terminal
protecting group, neutralize the peptidyl-resin with brief {1-2 min}
washings with a 5% solution of DIPEA in DCM.

2. Dissolve the activated chromatographic probe 2a (4 eq of resin
substitution?} in sufficient trifluoroethanol (TFE}-DCM {1:3, v/iv} to
obtain a 0.2 M solution. Add a catalytic amount of DIPEA {5-10 pl),
then transfer the solution to the peptidyi-resin.

3. Vortex the mixture in the reaction vessel for 2 h.” Monitor the
efficiency of the incorporation reaction by the guantitative ninhydrin
method or other standard colorimetric methods. If the reaction has not
gone to completion, continue vortexing for a further 2 h, Wash the
peptidyl-resin with DCM and dry under vacuum in preparation for acid
cleavage.

?Assume that all coupling reactions have gone to completion and that the resin substitution
value at the nth cycle is the same as that at the first cycle.
®If other means of agitation are used, the reaction may take longer.
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Protocol 3. Semi-preparative RP-HPLC

Fquipment and reagents

« HPLC apparatus with UV detector
« RP-HPLC semi-preparative column: station-
ary phase, C18, dimensions, 10 X 250 mm
= e

» Solvent A: H,0-2% AcCN-0.1% TFA
« Solvent B: AcCN-0.08% TFA

Method

1. Connect the semi-preparative C18 column to the HPLC apparatus and
condition it with solvent A.

2. Dissolve crude derivatized polypeptide (60-70.mg} in sufficient solvent
A to obtain a clear solution. Submit an aliquot to analytical RP-HPLC
and apply the bulk of it to the top of the C18 column.

3. Equilibrate with solvent A for 15 min and then apply the gradient.” If
monitoring is at 214 nm (peptide bond} two large envelopes will be
d_etected.b Monitoring at 300 nm will show only the second, more
retained envelope, which contains the probe-derivatized polypeptide.

4. Collect 2-3 ml fractions throughout the second envelope® and submit
them to analytical RP-HPLC.

5. Combine homogeneous fractions and lyophilize.

4Elution conditions: gradient 0-32% B in 91 min, 32-50% B in 90 min, 50-80% B in 30 min; flow
rate 2.5 mimin; - ——
?Under these conditions most large polypeptide impurities elute as a broad envelope after
about 90100 min and are followed by another envelope containing the polypeptide-probe
adduct

°If separation of the two envelopes s not seen because of high peptide leading, fractions

should be collected threughout the combined envelopes.

Protocol 4. Probe removal

Equipment and reagents

» HPLC instrument and C18 RP semi-
preparative column (10 X 250 mm)

+ Triethylamine {TEA)

Method

1. Dissolve purified probe—polypeptide adduct in either H,O or a suitable
buffer? to a final concentration of approximately T mg/ml.

2. While stirring, add small aliquots of TEA to a final concentration of 5%
v/v. Stir the solution for 30 min®at RT,

3. Quench the reaction by adding acid {e.g. TFA) to pH 2-4.
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Protocol 4. Continued

4. Apply the solution to a C18 column and repeat the same semi-
preparative purification as described in Protocol 3.¢

2In the case of poorly soluble polypeptides, denaturing solutions such as 6 M guanidinium-HCI

can be used. .
¥ Progression of the reaction can be monitored by HPLC using a short RP column which allows

for rapid analysis. . o
¢Q0wing to its highly hydrophobic character the probe released from the polypeptide chain is

highly retained on the column.

5. Affinity chromatography using biotinylated
chromatographic probes

The concept of selective labelling can be applied to biotinylated peptides and
their purification by avidin/agarose affinity chromatography. This approach is
as effective as that based on lipophilic probes and the choice of method
depends on the subsequent applications of the purified polypeptide. Thus, for
the biologist the presence of a biotinylated group on a protein at a specific
location offers a number of interesting possibilities for bioassays, antibody
generation, fluorescent microscopy, cytochemistry/immunochemistry, and
indirect affinity chromatography.

The first attempts at purifying chemically synthesized proteins using avidin-
based affinity chromatography involved covalent attachment of biotin to the
N-terminal residue of the peptidyl-resin (18, 19). The method, although
effective, gives peptides which are permanently derivatized with biotin. A
reversible linker was described in 1993 (20). The probe, 2-[N-biotinyl amino-
ethylsulphonyl]ethyl p-nitrophenyl carbonate, was used to purify peptides of
different lengths, i.e. magainin-2, h-GRF, and transducin y-subunit, although
it was less effective for the longer sequences (20).

Our first Fmoc-based probe contained biotin attached directly to the fluorenyl
ring. This, however, gave unsatisfactory binding to avidin/agarose presumably

J because of steric hindrance caused by the bulky Fmoc group. Subsequent probes
therefore contained a spacer between the 4-CO group and biotin. In particular,
by using molecule 3 highly homogeneous synthetic rat Cpn10 (101 residues) was
obtained in 10% yield (14). Furthermore, the same avidin-biotinylated protemn

J/complex was used for the isolation of the natural ligand (e.g. tetradecameric
Cpn60, MW ~ 840000) of rat Cpn10 from a crude cell lysate (21). '

The procedure for coupling 3a to the peptidyl-resin is similar to that .for
probe 2. After acid cleavage, a solution of the crude mixture is applied
directly to an avidin-based affinity column and elution with buffers removes
all underivatized chains. The peptide-containing column cén be treated with
an organic base to release free peptide (Protocol 5) or used directly for bind-
ing studies or affinity purification.
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Protocol 5. Purification of peptides using biotinylated-probe 3

Equipment and reagents

» 4-[5-{Biotinylarninolpentylaminocarbonyl] » Disposable polypropylene columns (2.5 X 1
fluoren-9-ylmethyl succinimidyl carbonate cm)
3b (enquire with author for availability} « Sodium acetate buffer (0.2 M, pH 4)

» Immohilized monomeric avidin gel (Pierce)

Method

1. At the end of polypeptide chain assembly, take enough peptidyl-resin
so as to have about 3 wmol protected peptide? and remove the N*-
protection from the terminal residue as usual. Wash the peptidyl-
resin with DCM. If chain assembly is performed with Boc chemistry,
neutralize (2 min} the freshly deprotected peptidyl-resin with 5%
DIPEA in DCM and then wash with DCM.

2. Dissolve 20.7 mg (30 pmol} of 4-[5-{biotinylamino}pentylamino-
carbonyllfluoren-2-ylmethyl succinimidyl carbonate (3b) in 200 ml
DCM/NMP (3:1, v/v) and add a catalytic amount (5-10 pl) of DIPEA.

3. Transfer the solution to the reaction vessel containing the N-
deprotected peptidyl-resin and vertex at room temperature overnight.

4. Wash the peptidyl-resin with DCM-NMP (3:1, v/v) first, then with DCM
only and dry.

5. Cleave the peptide from the resin as usual and lyophilize the crude
peptide from the appropriate solvent.

6. Load immobilized avidin into the disposable column and equilibrate
with the sodium acetate buffer for 1 h.

7. Dissolve crude lyophilized peptide in sufficient sodium acetate buffer
to obtain a clear solution. Incubate the peptide solution with the
immobilized avidin for 30 min with occasional mixing. Remove an
aliquot of the supernatant and determine by RP—HPLC whether all the
biotinylated-polypeptide has been bound. f underivatized peptide is
still present in the solution continue the incubation for a further 30 min.

8. Wash the resin with sodium acetate buffer and then water. To remove
the peptide from the biotinylated probe-avidin complex add a 5%
solution of TEA in water to the resin and leave for 15-30 min with
accasional mixing.

9. Collect the solution and neutralize it with 10% AcOH.

10. Desalt the purified protein either by RP-HPLC or dialysis.
“Work out the number of pmoles of peptide by using the resin substitution valus and by

assuming that all coupling reactions have gone to completion. In this way the resin
substitution value at the mth cycle is the same as that at the first cycle.
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Instrumentation for automated solid
phase peptide synthesis

LINDA E. CAMMISH and STEVEN A, KATES

1. Introduction

The concept of solid phase peptide synthesis introduced by Merrifield in 1963
(1) involves elongating a peptide chain on a polymeric support via a two-step
repetitive process: removal of the N*-protecting group and coupling of the
next incoming amino acid. A second feature of the solid phase technique is
that reagents are added in large excesses which can be removed by simple
filiration and washing. Since these operations oceur in a single reaction vessel,
the entire process is amenable to automation. Essential requirements for a
fully automatic synthesizer include a set of solvent and reagent reservoirs, as
well as a suitable reaction vessel to contain the solid support and enable
mixing with solvents and reagents. Additionally, a system is required for
selection of specific solvents and reagents with accurate measurement for
delivery to and removal from the reaction vessel, and a programmer to
facilitate these automatic operations is necessary.

The current commercially available instruments offer a variety of features
in terms of their scale (15 mg to 5 kg of resin), chemical compatibility with 9-
fluorenylmethyloxycarbonyl/tert-butyl (Fmoc/tBu) and tert-butyloxycarbonyl/
benzyl (Boc/Bzl)-based methods, software (reaction monitoring and feedback
control), and flexibility (additional washing and multiple activation strategies).
In addition, certain instruments are better suited for the synthesis of more
complex peptides such as cyclic, phosphorylated, and glycosylated sequences
while others possess the ability to assemble a large number of peptide
sequences. The selection of an instrument is dependent on the requirements
and demands of an individual laboratory. This chapter will describe the
features of the currently available systems.

As the field of solid phase synthesis evolved, manufacturers designed systems
based on the synergy between chemistry and engineering. A key component
to an instrument is the handling of amino acids and their subsequent activa-
tion to couple to a polymeric support. The goal of an automated system is to
duplicate conditions that provide stability to reactive species that might
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decompose. Standard protocols for automated synthesis incorporate carbg.
diimide, phosphonium, and aminium/uronium reagents, preformed active
esters, and acid fluorides. For further details on coupling methods, see
Chapter 3. A second issue related to coupling chemistry is the time required
to dissolve an amino acid and store this solution.

From an automation perspective, preformed active esters and acid fluorideg
are the simplest reagents to incorporate into a system (for reviews see refs 2
and 3). Preferably, solid derivatives are placed in tubes and dissolved at point
of use in N,N-dimethylformamide (DMF) or N-methylpyrrolidone (NMP).
For pentafluorophenyl esters, residues are dissolved typically in a solution of
1-hydroxybenzotriazole (HOBt) in DMF at a concentration specific to an
individual instrument. Preformed solutions of activated amine acid esters or
fluorides (4) are not stable for long periods of time and are not recommende,

N,N'-dicyclohexyicarbodiimide (DCC) (5) and N,N’-diisopropylcarbo-
diimide (DIC) (6) in conjunction with an N*-protected amino acid are widely
used coupling methods for Boc- and Fmoc-based methods, respectively, with
the latter forming a more soluble urea by-product in DMF. To prevent many
undesired side reactions and to improve coupling efficiencies with carbo-
diimide chemistry, HOBt (7) and, more recently, 1-hydroxy-7-azabenzo-
triazole (HOAL) (8) were introduced into the reaction mixture. Typical
protocols for this activation strategy include: (i) a preformed solution of DCC
or DIC adding to an N*-protected amino acid and HOBt or HOAt (referred
to as HOXt), followed by dissclution and activation; (ii} a preformed solution
of DCC or DIC and a preformed solution of HOXt adding to an N®-protected
amino acid, followed by dissolution and activation; (iii) a preformed solution
of DCC or DIC adding to a solution of an N*-protected amino acid for on-line
dissolution and activation. Prior to delivering an activated amino acid to a
peptidyl-resin, preactivation might occur in a vial that contained the solid
amino acid residue or the activated solution can be transferred to a designated
vessel.

Phosphonium benzotriazolyl N-oxytrisdimethylaminophosphonium hexa-
fluorophosphate (BOP) (9), benzotriazol-1-yloxytris(pyrrolidino }phosphonium
hexafluorophosphate (PyBOP) (10), and 7-azabenzotriazol-1-yloxytris(pyr-
rolidino)phosphonium hexafluorophosphate (PyAOP) (11), and aminium salts
of -N-[(1H-benzotriazol-1-yl)(dimethylamino)methylene]-N-methylmethana-
minium hexafluorophosphate N-oxide (HBTU) (12), N-[(1H-benzotriazol-1-
yl)(dimethylamino)methylene]-N-methylmethanaminium  tetrafluoroborate
(TBTU) (13), and N-[(dimethylamino)-1/-1,2,3-triazolo[4,5-b]pyridin-1-
ylmethylene}-N-methylmethan aminivm hexafluorophosphate N-oxide (HATU)
(14) are used in conjunction with N®-protected amino acids and a tertiary
base. Recently, it was reported that the use of HOXt in HXTU- and PyXOP-
mediated couplings did not significantly increase the yield and purity of a
sequence (15). Since there are at least three components required for an
efficient acylation, protocols are different than those used with carbodiimide
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and active ester/fluoride methods to accommodate the additional reagents.
An N%protected amino acid, aminium/phosphonium salt, and HOXt (if
desired) are placed in a tube and treated with a solution of base in DMF or
NMP followed by activation. Alternatively, separate solutions of activator
and base are added to the N*-protected amino acid, followed by activation. In
some instances separate solutions of activator and base are added to an
aliquot of a predissolved N*-protected amino acid solution, followed by
activation. For optimal results, the tertiary base should be stored as a solution
in a vessel separate from the aminium/phosphonium salt and amino acid.

Since both expense and time are associated with performing a stepwise
synthesis, monitoring this process is a critical step to automation. The
repetitive nature of chain elongation, in conjunction with exposing a primary
amine, provides an opportunity to analyse the progression of the synthesis.
Qualitative monitoring can be accomplished by removing an aliquot of the
peptidyl resin from the reaction vessel and performing a ninhydrin (16) test
for free amino and imino groups. Other methods for monitoring amines
include picric acid (17), 4,4'-dimethoxytritylchloride (18), and bromophenol
blue (19). Quinoline yellow has been incorporated as a dye to monitor
acylation reactions in continuous-flow instrumentation using counterion
distribution monitoring techniques (20). With Fmoc chemistry, on removal of
the N*-amino Fmoc protecting group during piperidine treatment, the by-
products, dibenzofulvene—piperidine adduct, and piperidine carbamate salt
can be monitored by ultraviolet (UV) (21-23) and conductivity (24-26)
detectors, respectively. These monitoring techniques should only be used as a
guide to assist in the determination of the quality of the peptide, difficulty of
synthesis, and performance of the instrument. In addition, since these tech-
niques are not quantitative they cannot be used to calculate coupling
efficiencies. Amino acid analysis (27) and Edman degradation (28-30) are the
appropriate methods to determine the sequence and composition of a
peptide.

2. Batchwise peptide synthesis

In automated batch peptide synthesis instruments, the reaction vessel is de-
signed to enable the addition and removal of solvents and reagents through a
filter via application of gas pressure or vacuum. Agitation of the solid support
is achieved by shaking, vortexing, inverting the reaction vessel, or bubbling an
inert gas from the bottom of the reaction vessel. Solvent delivery and the flow
rate are generally accomplished by application of an external gas pressure. In
this instance, to ensure accurate solvent flow rates, a volume calibration is
required so that the external gas pressure is set to facilitate a specific flow rate.
In some systems, solvent flow is achieved by motor driven syringe delivery. A
typical wash protocol for a batch instrument includes the delivery of a solvent
to the reaction chamber, agitation for a designated time, solvent removal, and
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repetition of this process several times to ensure efficiency of the specific
washing step.

Batch instruments are generally compatible with both Fmoc/tBu and Boc/
Bzl methods as well as polystyrene, polyethylene glycol-polystyrene graft
(PEG-PS), and polyethylene oxide-polystyrene (PEO-PS) supports (for
recent reviews see refs 31 and 32). For amino acid activation, protocols have
been developed to include carbodiimide, aminium and phosphonium salts,
and active esters (pentafluorophenyl esters and acid halides). For batch
instruments designed to monitor the Fmoc function, UV or conductivity
detectors are used.

2.1 PE Biosystems Model 433A peptide synthesis system

PE Applied Biosystems, a Division of the Perkin-Eimer Corporation, intro-
duced the Model 433A peptide synthesis system (Figure I) in 1993. The
instrument design was based on the Model 431A platform (introduced in
1989) with additional monitoring and programming capabilities. The bench-
top batch reactor instrument can perform both Boc/Bzl or Fmoc/tBu
chemistries with reaction mixing achieved by a vigorous patented vortexing
procedure. The automated cycles for fBoc amino acids (HOBt ester in DMF
or NMP, preformed symmetrical anhydrides in DMF) and Fmoc amino acids
(HOBt ester in either DMF or NMP) have been described in detail in the
literature {33). The tBoc amino acid preformed symmetrical anhydride cycles
include a solvent exchange so that activation takes place in dichloromethane
(DCM) and coupling in DMF. The system also uses fully automated IBTU
with HOBt in situ cycles (Fmoc chemistry in NMPY) called FastMoc™ (34).
The system incorporates a vertically positioned single reaction vessel
manufactured from an inert fluorocarbon polymer that generally operates at
the 0.1 or 0.25 mmol scale with 10 ml and 40 ml reaction vessels, respectively.

Figure 1. PE Biosystems Mode! 433A peptide synthesis system.
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A range of reaction vessels are available to enable synthesis scales ranging
from 0.005 to 1.0 mmol (3 ml reaction vessel for 0.005, 0.010, and 0.025 mmol,
10 ml reaction vessel for <(.1 mmol; 40 ml reaction vessel for <<0.25 mmol; 55
ml! reaction vessel for <1.0 mmol). Different sizes of reaction vessels are
required to enable resin swelling and efficiency of washing steps. Mixing in
the reaction vessel occurs by vortex agitation that allows for efficient
resin—fluid interaction.

Amino acid derivatives are dry packed in cartridges provided by the manu-
facturer. Pre-weighed cartridges are available commercially. The cartridges
are placed in the desired sequence in a guideway that can hold a maximum of
50 cartridges in a single loading. The cartridges pass through a cartridge guide
and bar-code reader prior to amino acid dissolution {o enable correct
positioning and verification of the amino acid sequence, respectively.

Amino acid derivatives are dissolved via a pressure-driven needie-based
assembly that punctures the amino acid cartridge septum and delivers solvents
for dissolution and gas for mixing. The amino acid solution is then transferred
via the needle-based assembly to the preactivation vessel where conversion of
the amino acid residue to its corresponding activated derivative takes place.
Since the activation process is generally carried out in a preactivation vessel
separated from the reaction vessel, the formation of an activated Fmoc or tBoc
amino acid species occurs immediately prior to the coupling reaction.
Subsequent to completion of the activation of an amino acid residue, the
solution is transferred to the reaction vessel via gas pressure delivery. Any
precipitated by-product is filtered during this step and left behind in the
preactivation vessel where it is dissolved and washed out to waste with a
solution of methanol (MeOH) and DCM. Alternatively, according to the
activation method used, the solutions of the amino acid derivative and the
coupling reagent can be delivered directly to the reaction vessel, bypassing the
preactivation vessel. Following the coupling reaction and wash of the
polymeric support, a resin sampler can be programmed to automatically
remove aliquots of the resin for ninhydrin or amino acid analysis. In this
instance an alternative resin sampling reaction vessel must be used.

Two different types of activation are generally used on the Model 433A,
namely HBTU or HOBt-DCC. Activation with HBTU is also referred to as
FastMoc chemistry. In the activation step of the 0.25 mmol and 0.10 mmol
FastMoc cycles, 1.0 mmol of dry protected amino acid in the cartridge is
dissolved in solutions of HBTU-HOBt and N, N-diisopropylethylamine
(DIPEA) in DMF with additional NMP added. The FastMoc 1.0 mmol cycles
use three 1.0 mmol cariridges, or a total of 3.0 mmol of Fmoc amino acid. The
activated Fmoc amino acid is formed rapidly and the solution transferred
directly to the reaction vessel. All washing steps are performed with NMP and
Fmoc deprotection is achieved by treatment with piperidine-DMF (1:4).
Cycle times are 24, 45, and 70 min for the 0.1, 0.25, and 1.0 mmol scales,
respectively, with times potentially increasing when feedback monitoring is
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enabled. With the 0.1 and 0.25 mmol Fmoc-amino acid-HOB{-DCC cycleg
1.0 mmol of dry protected amino acid in the cartridge is dissolved during thé
activation step with a solution of NMP and HOB#t. 'This solution is transferreq
to the preactivation vessel and DCC in NMP is added. Following the
activation step, the active species is transferred to the reaction vessel where
coupling of the activated amino acid to the support-bound peptide occurs,
Washing steps are performed with NMP and Fmoc deprotection is achieved
by treatment with piperidine-DMF (1:4). Cycle times are 60 and 108 min for
the 0.1 and 0.25 mmol scales, respectively, with times potentially increasing
when feedback monitoring is enabled. With the 0.5 mmol /Boc protocols, 2.0
mmol of the dry protected amino acid is dissolved with a solution of NMP and
HOBt in NMP. This solution is transferred to the preactivation vessel and
DCC in NMP is added. After the activation occurs, the active species is
transferred to the reaction vessel and dimethylsulphoxide (DMSO)}) is added
to enhance and improve solvation of the peptide resin as well as increase
coupling yields for difficult sequences. During the final coupling stage DIPEA
is also added to further disrupt peptide-—peptide hydrogen bonds, increase
solvation, and neutralize any protonated amine groups to accelerate coupling
reactions. Subsequent to coupling and washing, a capping reaction occurs
using an acetic anhydride-DIPEA-NMP solution. With 0.1 mmol Boc
protocols, 1.0 mmol of the protected amino acid is used. Washing steps use
either DCM or NMP, tBoc group removal is typically via treatment with a
trifluoroacetic acid (TFA)-DCM (1:1) solution (with a subsequent neutral-
ization step with DIPEA), and the total cycle time is 65 and 104 min for (he
0.1 and 0.5 mmol scales, respectively.

The system incorporates nine solvent/reagent reservoits to enable delivery
of the NMP main wash, neat piperidine deblock (diluted with main wash on
line), 0.45 M HBTU-HOBt-DMTF activator solution, 2.0 M DIPEA-NMP,
MeOH final wash, DCM wash, alternative activators (e.g. 1.0 M DCC-NMP},
capping solution, and solvent exchange for Fmoc/rBu chemistry. In the case of
Boc/Bzl-based methods, DCM and NMP are used as the main wash solvents,
TFA. (diluted with DCM on-line) for deblock, 1.0 M DCC-NMP and 1.0 M
HOBt-NMP for activation, DMSO-NMP (4:1} for improved solvation, acetic
anhydride for capping, and MeOH for final wash. A gas positive-pressure
chemical delivery system controls the flow of all reagents and solvents. Gas
pressure is provided by an external tank of nitrogen.

In the Model 433A SynthAssist® Software, based on a Macintosh® platform,
there are 152 functions, designated with a number and a name, which control
all the processes required for synthesis. Some functions activate a switch or
set of switches to deliver solutions or to perform a specific task.

For Fmoc chemistry, the Model 433A features automated conductimetric
monitoring with feedback control (35). Conductivity monitdring is based on
N°-Fmoe removal with piperidine-NMP (1:4) to generate dibenzofulvene and
a conductive carbamate salt of piperidine. The extent of deprotection is
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determined by comparing the conductivity of two samples of deprotection
solution. In one algorithm, if the user sets a deprotection loop value of 4%
(acccptable range 3-10%), then successive N*-Fmoc removal treatmentis
within the same cycle will continue until the last conductivity reading is within
4% of the value for the previous sample reading. In a second algorithm, the
extent of deprotection is determined by comparing the conductivity of the last
sample to the first sample in the current cycle. With this algorithm, a pre-
determined value for the deprotection loop (ie. 4%) requires N*-Fmoc
removal to continue until the last conductivity value is less than or equal to
4% of the first conductivity value. Intelligent dynamic feedback control is
activated on encountering difficult Fmoc deprotections. A number of cycle
modifications such as extended deprotection, double or extended couplings,
capping, and solvent exchange, which can be selected at initial set-up by the
user, can be automatically incorporated into the synthesis if required. Two
additional monitoring channels are available to enable UV menitoring and
user-definable monitoring. ' :

2.2 Protein Technologies, Inc., SONATA/Pilot™ peptide
synthesizer '

The SONATA/Pilot (Figure 2) design is based on a matrix valve component
similar to that used in the Protein Technologies, Inc. SYMPHONY/
Multiplex™ peptide synthesizer (discussed in Section 4.2). SONATA/Pilot is
a floor-standing system with seven primary reagent reservoirs and 20 amino
acid reservoirs. The system uses a single reactor vessel capable of scales of
0.1-50 mmol (100 g of solid support). Transfer of rcagents is via gas pressure
except for the primary solvent that is delivered by a pumping system capable
of operating at flow rates up to 400 ml/min for higher scales. Similar to the
SYMPHONY/Multiplex system, the amino acid derivatives are incorporated
as predissolved solutions and the system is compatible with both Fmoc and
tBoc chemistries.

2.3 Protein Technologies Inc., Model PS3™ peptide
synthesizer

The Model PS3 batch peptide synthesizer (Figure 3) is designed for use with
prepackaged reagents. Activating agents, typically BOP or HBTU, are pre-
packed in monomer vials in conjunction with protected amino acids for point-
of-use dissolution. Following addition of a base solution, activation occurs in
the vial and the activated amino acid derivative is transferred to the reaction
vessel containing the solid support. Fluid transfer and agitation of the poly-
meric support is achieved via gas pressure. Three glass reaction vessels
perform in a sequential manner at a scale range of 0.1-0.25 mmol with either
fBoc or Fmoc chemistries. The system has four solvent/reagent reservoirs and
runs by a stand-alone control with programming via a liquid crystal display
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Figure 2. Protein Technologies, Inc., SONATA/Pilot™ peptide synthesizer.

(LCD) display on the instrument. Operation is menu-driven with six standard .

stored programs and nine user-modifiable coupling programs.

2.4 Advanced ChemTech Model 90 peptide synthesizer

The Advanced ChemTech (ACT) Model 90 (Figure 4) is a bench-top, dual-
reactor, Boc/Fmoc instrument suitable for assembling two different peptides
concurrently at scales of 0.1-3 mmol in glass reaction vessels. Alternatively,
scales of 3-10 mmol can be performed in a single reactor configuration. To
operate across the complete scale range, 25, 50, 100, 200, 300, and 500 ml
reactors are required. Fluid transfer is achieved by nitrogen pressure and
operator-controlled wrist-action shaking and/or nitrogen bubbling accom-
plishes mixing in the reaction vessels.

There are four 90 ml reservoirs in which to place predlssolved amino acid
solutions or amino acids as dry powders for on-line dissolution. Depending on
the selected coupling method, protected amino acids can be preactivated in
the amino acid reservoirs followed by transfer to'the reaction vessel for
acylation. Alternatively, amino acids can be added directly to the reaction
vessel for in situ activation. The system is supplied with seven solvent/reagent
reservoirs (three 1 gallon and four 1 litre) to allow solutions for general
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Figure 4. Advanced ChemTech Model 90 peptide synthesizer.
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washing, N*-fBoc/Fmoc group removal, activation, and capping Activation
chemistries that can be incorporated include in séfu activation via DCC, DIC,
TBTU, PyBOP, or HBTU. Preactivated symmetrical anhydrides, HOBt
esters, and pentaﬂuorophenyl esters can also be used.

The system operates via mouse-driven software with a DOS-based 1BM
PS/2™ compatible computer equipped with standard protocols that can be
further modified by the user.

2.5 Advanced ChemTech Model 400 production-scale
synthesizer

Large-scale solid phase synthesis of peptides can be performed on the floor-
standing ACT Model 400 batch system (Figure 5) that operates in a single
reactor mode with 0.1-5 kg of starting sclid support (36). All operations and

N,

Figure 5. Advanced ChemTech Model 400 production-scale synthesizer.
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liquid transfer occur under nitrogen pressure. Additional nitrogen bubbling
and/or oscillating enables fluid/resin mixing in the reaction vessel. The system
is compatible with Boc/Bzl and Fmoc/fBu methods and can be linked up to
four 200-litre solvent drums, Amino acids can be added as solids to 5-litre/10-
litre flasks and automatically dissolved just prior to addition o the solid
support. Alternatively, the amino acid can be predissolved, stored in 5-
litre/10-litre flasks and added automatically when required. The instrument is
equipped with a filtration device that allows for the removal of solid pre-
activation by-products prior to addition to the reaction vessel. This feature
enables compatibility with the common activation chemistry used.

The system is usually customized to cover the specific needs of a laboratory
(additional solvents, safety features, and integration into existing laboratory
infrastructure) and is of stainless steel construction with only glass and Teflon
contact areas to allow operation in a clean room environment. Software and
hardware are designed specifically for compliant operation.

2.6 ABIMED EPS 221 synthesizer

The TZPS 221 (Figure 6) is an automated Fmoc peptide synthesizer based on a
robotics system with a motor-driven syringe for reagent transfer. Movement
of the robot in an X-Y-Z direction allows the system to perform all
solvent/reagent delivery steps. The system runs at synthesis scales up to 100
pumol on 1-3 columns with a total of 45 amino acid residue positions
distributed over all column locations. Reagents are delivered to the column
by a needle that is connected to a motor-driven syringe. The standard
protocol for the instrument begins with a 2-3 ml DMF wash delivery to the
solid support to swell the resin for 10 min. A piperidine-DMT (1:4) solution is
then taken up from the derivatives rack and pushed slowly through the resin,
followed by another DMF wash. Amino acids are activated using a 0.9 M
solution of PyBOP and a 4 M solution of N-methylmorpholine (NMM). A
fivefold excess of the activated amino acid solution is pushed slowly through
the resin bed. Gas is blown through the resin to achieve mixing. After the
coupling reaction the solid support is again washed with DMF. The
synthesizer is operated from the keyboard controller of the sample
preparation robot equipped with an eight-line display and floppy disk drive.

3. Continuous-flow peptide synthesis

In traditional batch peptide synthesis, all reactions are carried out essentially
in a discontinucus fashion with sequential treatment of acylating and
deprotecting agents in a shaken, stirred, vortexed, or bubbled reaction vessel.
The excess of reagents is removed by filtration and repeated washing steps. In
continuous-flow peptide synthesis (37), systems were developed originally
with the aim of improving the efficiency and speed by removing excess
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Figure 6. ABIMED EPS 221 synthesizer.

reagents with a continual solvent flow through a packed column containing a
solid support. A glass column with filters at the top and bottom replaces the
reaction vessel. The system incorporates a positive displacement pump to
enable continuous fluid flow at a variety of flow rates. Valves provide for
selection of solvent and reactant flow through the resin bed to waste as well as
for the introduction and recirculation of the acylating species during the
coupling reaction. '
Under the pumped flow solvent conditions in continuous-flow instrument-
ation, polystyrene resins can create high pressures that can halt a synthesis. To
use these polymeric supports in continuous-flow systems, a ménimum of a4l
ratio of glass to polystyrene bead is required. The incorporation of poly-
ethylene glycol spacers into polystyrene provides a support, namely PEG-PS;
which is compatible with and recommended for continuous-flow systems.
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PEG-PS supports have a defined and reproducible structure that comprises
approximately 60 wt% of polyethylene glycol providing a support that is
physically robust (38). PEG-PS resins swell appreciably in a range of solvents
and are superior to polystyrene supports for the construction of more
complex peptides, including those containing cyclic (lactam and disulphides),
pranched, and post-translational modified moieties.

Continuous-flow instrumentation was designed for Fmoc/tBu-based
methods as N®-protecting group removal proceeds under milder conditions
(piperidine) than Boc/Bzl chemistry (TFA) and would, therefore, be more
compatible with a reciprocating pump. Another advantage to Fmoc chemisiry
is the absorbance of the fluorene chromophore in an accessible region of the
UV spectrum (39). Liquid flow effluent from the reaction column can be
passed through a UV detector system to enable continuous spectrophoto-
metric monitoring of both acylation and deprotection reactions. Additionally,
the detection method provides confirmation that the various operations are
procecding normally and that the instrument function is correct.

In a typical UV trace, the recirculation of the soluble, activated amino acid

" derivative is indicated by a characteristic oscillating pattern with an initial

damped harmonic motion-type pattern (40, 41). The maximum absorbance
decreases as the concentration of the Fmoe amino acid in solution is reduced
due to coupling to the solid support. Diffusion processes result in slight
broadening of successive UV peaks. After several recirculations through the
resin bed, a uniform reactant concentration and a consistent UV absorbance
throughout the system are observed. The wash-out of excess reagents with
DMF is very rapid as shown by a sharp fall in the optical density of the
column effluent during the washing step. The facile release and elimination of
the Fmoc species, generally observed as a sharp rise and fall in UV absorb-
ance, can easily monitor the deprotection step. The height and shape of this
peak provides valuable data with regard to the rate of Fmoc group removal,
which can indicate the difficulty of assembling a particular sequence. Trouble-
some Fmoc deprotections can produce UV data peaks which are character-
istically broadened and reduced in height.

3.1 PE Biosystems Pioneer™ peptide synthesis system

The Pioneer (Figure 7) peptide synthesis system (42) was introduced recently
as a successor to the 9050Plus instrument, which was first commercialized in
1988. The Pioneer combines dual simultaneous column capability with a high
throughput multiple peptide synthesis option (discussed in Section 4.1). It is
an Fmoc/fBu continuous-flow system that in its standard mode of operation
functions with two columns operating simultaneously with independent con-
trol of solvent, reagent, and amino acid delivery. Fluid flow is via program-
mable positive displacement pumps that deliver with a flow rate of up to
50 m{/min and require no flow-rate calibration. Each column can function

289




Linda E. Cammish and Steven A, Kates

Figure7. PE Biosystems Pioneer™ peptide synthesis system. -

at 0.02-2.0 mmol scale range. The two separate pump systems enable simul-
tancous operation of each column at a different scale. An integral UV
spectrophotometer monitors in real time all reactions that occur on both
columns.

The solid support is placed in glass reaction columns that have filters at the
top and bottom. Adjustable end pieces allow for different scales of synthesis
to be performed within the same reaction column. The standard column size
is 15 X 100 mm, capable of containing up to 2.5 g of PEG-PS resin. A large-
scale column (25 X 150 mm) is also provided to enable synthesis scales of up
to 2,0 mmol.

Fmoc-amino acid derivatives are stored as dry powders in vials positioned
in order of the sequence in the racks of a transport system. Similar to a
fraction collector, the transport system moves in the X,Y-direction, one
position per cycle, and a probe is used for point-of-use dissolution of a
fourfold excess of the Fmoc-amino acid residues. The probe delivers activator

solution to the vial and then bubbles the derivative with nitrogen to form a

homogeneous solution. The pump transfers the amino acid solution via the
probe through the column for a recirculation/coupling step. To ensure high
concentration, a low recirculation volume is used. The end of the probe is
equipped with a filter to ensure that no particulates enter the system and to
eliminate blockages. Both of the two transport systems possess a maximum of
101 amino acid positions for scales of synthesis not greater than 0.2 mmol. For
scales up to a maximum of 0.5 and 2.0 mmol, alternative rack seometrics are

290

13: Instrumentation for automated solid-phase peptide synthesis

provided with 68 and 24 amino acid positions, respectively. A range of
activation chemistries can be used, including carbodiimide (DIC), penta-
flnorophenyl ester, aminium salts (TBTU, HBTU, and HATU) and
phosphonium salts (PyBOP and PyAOP).

The system incorporates eight solvent/reagent reservoirs including bottles
for three activators to perform mixed acylation strategies, a main wash,
piperidine-DMF (1:4), capping, solvent exchange, and additional wash. Pre-
programmed protocols are provided to allow for automated removatl of allyl-
based protecting groups to enable a fully automatic Fmoc-based synthesis of
eyclic and branched chain peptides (43). Additionally, programmes are available
for fast (22-min cycle time), standard (45-min cycle time), extended (75-min
cycle time), capping, solvent exchange, and reduced diketopiperazine cycles.

The system can be operated from stand-alone control via an LCD and a
membrane keypad screen on the instrument. Seven pre-programmed proto-
cols are provided and a maximum of 36 sequences containing 101 amino acids
in length in each of the eight user profiles is allowed. Alternatively, for more
flexibility, full protocol editing, chemical editing, and database capability, the
system can be controlled from a computer workstation with icon-driven easy-
to-use Windows® 95-based software.

Real-time on-line UV menitoring is provided for both columns with
software enabling full feedback control. If the UV data determine a difficult
deprotection, the system can automatically extend the deprotection and the
subsequent coupling of the next incoming amino acid (44).

A unique characteristic of the Pioneer peptide synthesis system is the
option of a multiple peptide synthesis (MPS) accessory with 16-column
capacity. A maximum of two MPS units can be added to each Pioneer,
extending the capability for simultaneous synthesis from 2 to 32 different
peptides. The novel design allows independent operation of both columns,
MPS accessories, or a combination of the two. The MPS unit possesses scales
at 0.025, 0.05, and 0.1 mmol. Twenty-four different predissolved amino acid
derivatives can be incorporated to elongate a sequence. The appropriate
amino acid solution is delivered in eightfold excess to the columns, together

_with the activator solutions.

4, Multiple peptide synthesis systems

A range of MPS systems is available commercially which generally synthesize
at lower scales and with limited flexibility in terms of protocol and chemical
editing capability (45-48). ' : '

4.1 PE Biosystems Pioneer MPS option

The Pioneer MPS option, described in Section 3.1, is a 16-column accessory
that can be added to the PE Biosystems Pioneer peptide synthesis system. A
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total of two MPS options can be added on to each Pioneer, extending jtg
column capacity from 2 to 32, running at scales of 0,025, 0.05, or 0.1 mmol.

4.2 Protein Technologies, Inc. SYMPHONY/Multiplex™
peptide synthesizer

The SYMPHONY/Multiplex (Figure 8), introduced in 1993, is a batch
fBoc/Fmoc peptide synthesizer with 12 independent reaction vessels (49). The
key component is the patented matrix valve system that enables different
solutions to be transferred to each of the 12 reactors simultancously. Thig
feature allows the assembly of 12 different peptides under optimal conditions
for each sequence with regard to scales and customized coupling reactions,
Solution flow is controlled via chemically resistant membrane valves arranged
to provide a matrix system with common solution ports but separate delivery
lines for each reaction vessel. A combination of gas pressure and an external
vacuum pump operates the valve system. Solution transfer is achieved by
nitrogen pressure.

The reusable glass reaction vessels for the solid supports have an 1nternal
volume of 16 ml and enable synthesis scales up to 0.1 mmol. Alternatively,
disposable plastic vessels with 24 ml volume can be used. Resin agitation is

Figure 8. Protein Technologies, Inc. SYMPHONY/Multiplex peptide synthesizer.
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accomplished by occasional nitrogen bubbling through a 40 pm filter at the
pottom of the reaction vessel.

The system is a floor-standing instrument that includes a vented cabinet for
storage of solvents and reagents. Six solvent/reagent reservoirs are available
typically for DMF or NMP as a main wash solvent, piperidine-DMF (1:4} for
deprotection, DCM as a secondary reagent, HBTU solution for activation,
acetic anhydride as a capping solution, and a TFA-based cleavage cocktail.

The SYMPHONY/Multiplex system includes 20 X 100 ml reservoirs for
predissolved amino acid solutions. The standard 100 mM amino acid con-
centration provides a fivefold excess. The software is designed primarily for in
sifu HOBt ester activation using HBTU, TBTU, PyBOP, or BOP activators.

In the SYMPHONY/Multiplex system, the activator solution consists of
HBTU or TBTU at a concentration equimolar with the amino acid solutions
in conjunction with two- to fourfold equivalents of a base such as NMM. For a
specified coupling step, the system transfers a determined number of aliquots
of amino acid solution to the solid support, followed by the same volume of
activator solution. Subsequent to completion of addition, the resin is agitated
by gas bubbling for the specified coupling time.

Control of the synthesis parameters is by a stand-alone IBM- compatlble
personal computer. The software is based on ‘point and click” pull-down
menus, allowing access to Peptide, Program, Reaction Vessel operations,
Manual operations, Set-up, and Data sections.

After chain elongation, peptides are released from the solid support in the
reaction vessels according to cleavage protocols selected in the software.
Crude products are transferred to centrifuge tubes in a vented compartment
for ether precipitation and centrifugation.

4.3 Advanced ChemTech Models 348, 396, and 357
bimolecular synthesizers

Advanced ChemTech provides a range of robotic bench-top MPS systems
that vary in the number of peptides that can be constructed and the scale range

that can be performed (50). All systems are batch, fBoc/IFmoc compatible and

use syringe pumps for fluid delivery. Model 357 (Figure 9) has a maximum of
36 x 8.0 ml reaction-well reactor capacities (5-250 mmol scale); Model 348
(Figure 10) has a maximum of 96-well capacity (5-150 wmol scale); and Model
396 (Figure 11) has a maximum of 96-well capacity (5 wmol-1 mmol). In
Models 348 and 396 it is also possible to use 8-, 16-, and 40-well Teflon reactor
blocks. Additionally, Model 357 can serve as a large-scale single reactor
system capable of handling up to 36 g of resin. The 600 ml chamber allows for
pooling and dividing of the solid support for the ‘mix and split’ technique
(51-53).

A variable speed orbital mixer and/or nitrogen bubbling (only on the
Model 357) is incorporated to stir solvents/reagents with the solid supports. A
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]

Figure9. Advanced ChemTech Model 357.

B
maximum of 128 amino acid reservoirs can be used, containing predissolved -
amino acid residues. Solutions are delivered by a single-needle-based robotie
arm system to individual wells in the reactor block for in situ activation, Five
solvent/reagent reservoirs allow for washing, deprotection, and activation. A
optional on-board cleavage unit is available for Model 348 and 396, allowing
for automated release of the peptides from the resin. Operation of these
systems is via a Pentium® Class PC. Both models 348 and 396 are equipped
with Windows®-based software with built-in standard protocols which can be
further modified by the user as required. -

Models 348 and 396 have been introduced recently in an Omega version
that incorporates an enclosed cabinet with a front window and hood together

with safety features for CE and UL compliance. i

4.4 ABIMED AMS 422 multiple peptide synthesizer
The AMS 422 (Figure 12) (54-56) is an automated Fmoc-based batch in¢ |
strument for simultancous construction of 48 different peptides at scales of
5-50 pmol. Solvents and reagents are delivered by nitrogen pressure and
removed by an aspiration system composed of two stainless steel vessels-
separated by a solenoid valve and an all-Teflon membrane vacuum pump;.
The instrument is based on an X-Y~Z robotics system for liquid handling and -
contains a multiple column reaction module. A valve manifold controls each
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; :Figure 10. Advanced ChemTech Model 348.

# Figure 11. Advanced ChemTech Model 396.
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Figure 12. ABIMED AMS_ 422'muit'|pl_e peptide synthesizer.

column effluent. Operation is via a Macintosh computer using the Supercard -
graphics package. Resin is contained in individual open-top column reactors
fitted with filters at the bottom. Fmoc-amino acids, activator, and base are

stored as predissolved solutions in DMF in an array of septum-sealed con-
tainers and are delivered to the columns in the reaction module using a
needle-based dispensing assembly.

4.5 ABIMED ASP 222 Auto-Spot Robot

The ABIMED ASP 222 (Figure 13) uses the Spot-method of synthesis de
veloped by Frank (57). Peptides are assembled on a cellulose membrane and
remain covalently attached to the polymer for subsequent epitope mapping or -
receptor binding assays. Several hundred sequences can be constructed on'a .
microtitre plate-sized membrane and used repetitively for various assays in .
immunology, biochemistry, and drug research.
The membrane is derivatized with a linker amino acid within a defined grid
followed by capping the surrounding area. These spots act as individual
reactors performing the synthesis by repeated cycles of deprotection, washing,
coupling, and washing. These steps are accomplished by immersing the *
membrane in the appropriate solvent bath. L
ABIMED developed the Auto-Spot Robot ASP 222 to automate only the -
distribution of activated amino acids onto the derivatized cellulose membrane -
in a defined grid. Bulk operations such as deprotection and washings are still "
carried out manually, Predissolved solutions of Fmoc-imino acids and
activator are incorporated and must be prepared immediately prior to use.
The membranes contain 400 peptide spots and fit directly into the system.
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Figure 13. ABIMED ASP 222 Auto-Spot Robot.

Typical membrane loadings are 0.5-0.6 pmol/cm?. Distribution of the 44
positions of the predissolved activated amino acids can be performed on four
membranes simultaneously. Delivery of the amino acids to the membrane is
via a robotic arm system with a needle-based assembly connected to a motor-
driven syringe. The ASP 222 is operated using Windows®-based software on
an IBM-compatible 383/484 computer to allow sequence entry manually or
from external databases.

4,6 ZINSSER ANALYTIC SMPS 350 multiple peptide
synthesizer

' . Developed in 1989 in collaboration with Boehringer Ingelheim, the SMPS 350

(Figure 14} can synthesize 3 X 48 peptides in a simultaneous manner using
Fmoc chemistry. Two X-Y-Z. robot arm systems with sample tips and two
dispenser/dilutor systems perform the liquid handling and washing steps.
Chain elongation occurs on polystyrene resin positioned in small disposable
plastic reaction vessels with conical bottoms placed in supports similar to a
microtitre plate. A 3 X 48 microreactor or 3 X 30 minireactor capable of
containing a maximum of 15 and 50 mg, respectively, of solid support can be
used. The system has a rack for 32 predissolved amino acid residues as well as
three solvent/reagent reservoirs for washing, deprotecting, and activating
reagents. Operation of the instrument is via DOS-based software on an IBM-
compatible computer system.
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Figure 14. ZINSSER ANALYTIC SMPS 350 multiple peptide syntheasizer.

4.7 ZINSSER ANALYTIC SOPHAS solid phase
synthesizer

SOPHAS (Figure 15) is an automated instrument capable of assembling 864
sequences in a single run. Reactors can be selected from a 96-well plate
format to 25 ml vessels. Mixing is conducted by mechanic agitation. The
system uses four independent pipetting devices, each supported by two
dilutors and a time/pressure delivery channel to transfer 4-5 solvents/reagents
or nitrogen. The system is operated by Windows® NT software,

4.8 SHIMADZU PSSM-8 peptide synthesizer

The PSSM-8 is a batch Fmoc instrument with eight disposable reaction vessels
comprised of 2.5 ml syringes with filters at the bottom. The synthesizer
operates at a 5-50 pmol/reactor scale. The system includes an amino acid
station equipped with 20 X 2.0 mi Eppendorf tubes/reactor positions for

predissolved derivatives. Fmoc-amino acids, solvents, and reagents are =

delivered by syringes to the reactors via a needle-based assembly. Nitrogen
bubbling agitates the solid support. Each reactor position is supplied with
three 30-ml reactor bottles to allow for activation and/or capping. The main
wash solvent and deprotecting reagent are located in reservdirs external to
the instrument. Syntheses.are programmed via a separate computer system
followed by transfer of the data to a memory card.
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Figure 15. ZINSSER ANALYTIC SOPHAS solid phase synthesizer.

5. Conclusions

Since the original work of Merrifield, the field of solid phase peptide synthesis
has evolved enormously to sophisticated automated equipment. Today’s
modern instrument has been enginecred to a level at which a researcher only
has to input a sequence into a computer and allow the machine to produce the
desired target peptide. Contrary to the belief of researchers who have just
entered the field of solid phase peptide synthesis and claim that the field is a
mature science, there is unfortunately no guarantee that an individual instru-
ment will prepare a desired sequence effectively, due to chemical and
sequence constraints. Although synthesizers have removed the tediousness of
repetitive synthetic operations, chemists still must decide the appropriate
chemical pathway, select an instrument that will satisfy their demands, and
interpret the data generated.

An interesting development in solid phase synthesis is the awareness of this
technique in drug discovery. Standard organic reactions have been optimized
on solid phase and novel handles have been developed to release compounds
from a solid support by various chemical methods and with additional
functionality (58). Once a synthetic pathway has been developed, diversity is
added to generate libraries of potential lead candidates for high-throughput
screening assays. To assist in the production of small-molecule libraries,
automated machinery has been developed. The original instruments were
based on minor modification to commercially available muitiple peptide
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synthesizers. Currently, there are a variety of solid phase organic synthesizers

available commercially (59-63). Similar to peptide instrumentation, thege

units each possess unique features with regard to the level of automation, the
number of reactors, and the scale. While this field is still at an early stage of
development, engineering designs that build versatility and ingenuity will be
applied to peptide instrumentation. Finally, as improvements continue in the
chemistry for solid phase synthesis, machinery will need to adapt with regard
to valving and plumbing to be able to implement these methods.

All registered trademarks are the properties of their respective owners,
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Manual multiple synthesis methods
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1. Simultaneous multiple peptide synthesis—the
T-bag method

1.1 Introduction _
Simultaneous muliiple peptide synthesis enables the parallel synthesis of large
numbers of peptides. The T-bag (tea-bag) method (1) was developed along
with other methods, e.g. pin synthesis, synthesis on paper plates, synthesis on
parallel columns, and synthesis on cellulose (for reviews see ref. 2), as
technology to facilitate simultaneous multiple synthesis. Large numbers of
peptides, peptidomimetics, and small organic molecules have been prepared
using the T-bag method to address different research fields, such as
conformational analysis, structure activity analysis, synihesis methodologies,
and antibody-antigen interaction studies (for reviews sce refs 2 and 3). Using
the T-bag method, more than 150 peptides can be prepared in parallel in
flexible amounts, with easily enough material for biological tests and
analytical studies. The synthesis of peptides of length of up to 26 amino acid
residues has been reported (4). Moreover, the T-bag technology is easy to
apply in practice and requires very little special equipment.

1.2 The T-bag method™

T-bags (Figure 1) are prepared by containing solid phase resins within
polypropylene mesh material. Polypropylene is rather chemically inert as well
as fairly thermally stable (to 150°C), allowing a wide range of chemical
reactions to be used for solid phase synthesis without affecting the bag
material. Polystyrene cross-linked with 1% divinylbenzene, 100-200 mesh, is
mainly used as the solid support, but other types of base resin can be used as
well, e.g. TentaGel (5). The size of the resin beads must exceed the size of the
pores of the polypropylene mesh material of the T-bags to avoid resin loss
during synthesis. Syntheses are carried out manually (1), using semi-
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automation (6), or within a multiple peptide synthesizer (5). The preparation
of T-bags for solid phase synthesis, starting with 100 mg resin per bag, js
described in Protocol 1.

Protocol 1. Preparation of polypropylene mesh bags

Equipment and reagenis

+ Polypropylene mesh material (mesh with e Ruler
74 pm openings, available from Polymer 4 Black ink pen (ink should have a high
Group, Inc., PO Box 308, Benson, NC 27504, carbon content; available through art
USA) supply stores

« Cardboard, about 30 cm X 30 om, with a  « Sealer {% inch seal, available from
template outlined showing rectangles in McMaster Carr, 8630 Norwalk Blvd,, Losg
the size of the T-bags to be prepared Angeles, CA 90054, USA)

» Scissors » Solid phase synthosis resin

T-bag preparation

1. Cut two sheets of polypropylene mesh material of size large enough to
fit all the T-bags needed for the multiple synthesis.

2. Mark a raster of 3 cm X 4 c¢cm rectangles on one sheet of the
polypropylene mesh, using the cardboard template.

3. Mark a number with the ink pen on the hottom of each rectangle.

4. Put the unmarked sheet on top of the sheet with the ink-marked labels
and seal the lines between all the rectangles (the very top line remains -
open—three sides of the bags have to be sealed). The number is
permanently sealed into the polypropylene to ensure identification of
each bag.

5. Cut the sheet into strips to form pockets and fill each with 100 mg of
resin.

6. Seal the open end of the strip and cut all the bags apart.

1.2.1 Simultaneous multiple peptide synthesis

Synthesis using the T-bag method can be performed using either Boc (2, 6) or
Fmoc (7, 8) synthetic strategies. For all manipulations, enough solvent should
be used to cover the T-bags (about 3—4 ml per bag containing 100 mg of resin).
To enable efficient washings and reactions, the reaction vessels {polyethylene

bottles) should be shaken vigorously, preferably through the use of a’

reciprocating shaker. Thus, during a T-bag synthesis of various sequences in
parallel, the deprotection and washing steps can be performed with all bags
combined in a single polyethylene bottle as outlined in Figure 2. For the
amino acid couplings, the bags are scparated depending oh the different
sequences to be prepared. Following the coupling reactions, two washing
cycles are done separately before combining all the bags again for subsequent
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Figure 1. Labelled T-bag made out of polypropylene mesh material with a sealed edge,
containing resin beads. '

washing and deprotection steps. The final cleavage of the peptides from the
resin can either be performed directly using the T-bags or the bags can be
opened and the free resin portions treated with the necessary cleavage
cocktails.

In addition to the parallel preparation of individual peptide sequences,
simultaneous multiple peptide synthesis is used together with the divide,
couple, recombine method (9) (also termed split-and-mix (10) or portioning-
and-mixing (11)) to prepare peptide combinatorial libraries containing
mixtures of thousands to millions of peptides (12).

1.2.2 Simultaneous multiple peptidomimetic synthesis

Simultaneous multiple peptidomimetic syntheses have been reported,
including post-modification of resin-bound peptides (13, 14) and stepwise
synthesis of peptidomimetic compounds (15, 16). Furthermore, small organic
molecules, such as 2.4,5-trisubstituted thiomorpholin-3-ones (17), 4-amino-
3,4-dihydro-2(1 H)-quinolinones (18), and primary amines (19) have been
prepared using the T-bag technology. In addition to amide formation,
alkylation, reduction, reductive alkylation, thioether formation, nucleophilic
additions using Grignard reagents, and [2 + 2}-cycloaddition are examples of
reactions which can be performed on solid supports contained in T-bags.

2. Multiple peptide synthesis with the SPOT-
technique

2.1 Introduction
SPOT-synthesis is a facile and very flexible technique for the simultaneous
parallel solid phase chemical synthesis. Series of compounds or compound
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Deprotection
Washing steps

Sorting

Coupling
2 washing steps

Washing steps
Daprotection
Washing steps

Figure 2. The principal steps in simultaneous multiple peptide synthesis using the T-bag
technology. The resin-containing bags are treated together for washing and deprotection
steps, whereas individual couplings are performed in paraliel as required for the different
peptide sequences. -

libraries composed of series of sub-library pools can be assembled by manual
or automated dispensing of small aliquots of solutions containing activated
monomer derivatives onto -predefined arrays of positions on a planar
membrane support. The method provides rapid and low cost access to large
numbers of compounds, peptides in particular, both as solid phase bound and
solution phase products for systematic biological activity streening (20).
Chemical and technical performance of this type of solid phase synthesis has
so far been optimized for the assembly of arrays of peptide sequences up to a
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Figure 3. A microtitre plate-adapted format of a manually prepared 96-spot membrane.
Dark spots indicate stained (blue) free amino functionalities, light spots have turned to
yellow after coupling with an Fmoc-amino acid HOBt ester.

length of 20 residues using conventional Fmoc/fBu chemistry. Other syntheses
based on amide bond formations, such as peptoids and polyamide nucleic
acids (PNAs) (21), have been reported. In principle, chemistries that can be
carried out at ambient temperature can be adapted to SPOT-synthesis.

SPOT-synthesis is particularly flexible with respect to numbers and scales
that can be accomplished. The arrays are freely selectable to fit the individual
needs of the experiment by the choice of membrane material, thickness, area
specific anchor loading, and spot size (Table I). The standard format used in
manual SPOT-synthesis was adapted to the 8 X 12 array of a microtitre plate
with 96 spots (Figure 3).

An automated SPOT-synthesizer, the ASP222, has been developed at
ABIMED Analysen-Technik GmbH based on a Gilson pipetting workstation.
This instrument can handle simultaneously up to six standard membrane
sheets. Moreover, automated spotting can be exploited to réduce the size of
spots and thus increase considerably the number per area (7able 7), which
otherwise is extremely tedious to manufacture by hand. At present, up to 2200
spots can be generated by pipetting only 30 nl reaction velumes cnto a
microtitre plate-sized sheet (in total 13000 spots per working area of the
robot). The instrument so far performs only the pipetting work; all washing
steps are carried cut manually.
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Table 1. Standard SPOT-array configurations {each one fitted to a sheet of the size of 5
microtitre plate, 8 X 12 cm}

Format Membrane Spotted Spotsize Positional Synthesis scale
type? volume (ph)®  {mmj} distance imm} {nmal)

8xX12=96 540 0.5/0.7 7 9 25

7X10=70 Chr1 1.0/1.5 8 10 50

17 X 25 =425 540 0.1/0.15 3 4 6

40 x 50 = 2000 50 0.03/0.05 1 2 1

?Chromatography paper products from Whatman. Typical amino substitution is 0.2-0.4 wmolfem? for
type 50 and 540 paper, 0.4-0.6 pmol/cm? for type Chr1 paper.
b\olumes are given for array generation step/peptide assembly step.

2.2 Synthesis of peptide SPOT-arrays

2.2.1 Preparation of the membrane supports

The most widely used support material for SPOT-synthesis is made of
specially selected, pure cellulose chromatography paper. Other materials such
as PVDF (Immobilon AV) (22) or polypropylene (21) have also been used.
All membranes require a chemical derivatization to carry free amino
functions. Paper is easily derivatized by the esterification with an N-Fmoc
protected amino acid (e.g. Fmoc-BAla) to available hydroxyl functions on the
cellulose fibres of the whole sheet followed by Fmoc-cleavage (20). The arrays
of spot reactors on such amino-membranes are then generated by coupling a

second Fmoc-BAla or suvitable linker/anchor acid, applying spotwise only’

small aliquots of activated solution as given in 7Table I with either a
micropipette or pipetting robot. After completion of this spot-reaction, all
residual amino functions between spots are blocked by acetylation. This array
formation step requires very accurate pipetting. During peptide assembly,
slightly larger volumes are dispensed and the spots then formed exceed those
initially generated in order to avoid incomplete couplings at the edges.

The choice of a linker/anchor compound determines the fate of the peptide
products. Stable amide/ester bonds such as with the PAla-BAla spacer
(Protocot 3) result in an array of immobilized peptides. Conventional linker
chemistry can be incorporated to yield cleavable peptides in different formats.
Esterification reactions are problematic in this open reactor system; in such
cases, a preformed amino acid linker compound should be used. Such linkers
should allow a solid phase bound deprotection/pre-purification followed by a
mild final release reaction. Several options have been described (23-25).
More sophisticated and superior amino membranes are now available from
several sources (ABIMED, AIMS, Jerini, PerSeptive}. .

Free amino functions on the spots can be stained with brdmophenol blue
(26) prior to the coupling reactions. This allows visual monitoring of the
performance of all the synthesis steps. Thus, a standard membrane for SPOT-
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synthesis displays an array of light blue spots on a white background. Each
spot can be marked by writing a number in pencil next to it (Figure 3). These
numbers refer to the corresponding peptide sequences thati are assembled on
them and are a guide for rapid manual distribution of the solutions of
activated amino acid derivatives at each clongation cycle using a suitable
pipetting protocol. For automated pipetting, no pencil marking is necessary.
Exact fixing of the membranes is ensured by the perforation for the holder

pins.

Protocol 2. Generation of the SPOT-array

Equipment and reagents

» A kit that includes all necessary items for
manual $POT-synthesis is currently avail-
able from GENOSYS

» Flat reaction troughs with good closing lids
made of chemically inert material [poly-
ethylene, polypropylene} that have the
dimensions slightly larger than the mem-
branes used

+ A micropipette adjustable from 0.5 to 10 pl
{Eppendorf or Gilson} with corresponding
plastic tips; alternatively, the ASP222
spoftting robot from ABIMED

» Smali (1.7 ml} plastic tubes {e.q. Eppendorf,
safe-twist) as reservoirs for amino acid
solutions

« A rocker tahle

» Two dispensers adjustable from 5 to 25 ml
for DMF and alcohol stock containers

s Amino-cellulose membranes from ABIMED
or AIMS

Method ¢

5. Leave for 15 min.

1. Generate the list of peptides to be prepared and correspondingly
define the array{s) required for your particular experiment accordlng
to number, spot size, and scale (see Table 7).

2. Mark the spot positions on the membranes with pencil dots for
manual synthesis and place the membranes in the reaction trough or
fix them on the platform of the ASP222-robot.®

3. Prepare a solution containing activated anchor compound in NMP
{e.g. 0.3 M Fmoc-pAla-OH, 0.45 M HOBt, and 0.35 M DIC; or 0.3 M
Fmoc-BAla-OPfp, 0.075 M HOB, and 0.35 M DIC).

4. Leave this solution for 30 min and then spot aliquots of chosen
volume to all positions according to the array configuration prepared.

6. Repeat spotting once and let react for 30 min.

» Software: special DOS-PC computer pro-
grams for the generation of peptide lists
and pipetting protocols are included in the
synthesis kit and the operation softwaie of
the ASP222

» A stock solution of 10 mg/ml bromophenat
biue indicator (Merck) in DMF

» N, N-diisopropylcarbediimide (DIC)

» 2% viv acetic anhydride solution in DMF

s Amine-free M,N-dimethylformamide (DMFY*

« Alcohol {methanol or ethanol} of technical
grade

« Amine-free N-methylpyrrolidinone (NMP)®

» 20% wv/v solution of piperidine in DMF;
piperidine is toxic and should be handled
with gloves under a hood!

« N-hydroxybenzotriazole {HOBt)®
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Protocol 2. Continued

7. Wash the membrane with 20 ml of acetylation mix for 30 s, onge
again for 2 min, and finally leave overnight in acetylation mix.

8. Wash the membrane three times with 20 ml DMF.
9. Incubate the membrane for 10 min with 20 ml piperidine/DMF.
10. Wash the membrane four times with 20 ml DMF.

11. Incubate the membrane with 20 ml of 1% bromophenol blue stock in
DMF {must be a yellow soiution!). Repeat if traces of remaining
piperidine turn it into a dark blue solution. Spots should be stained
only light blue!

12. Wash twice with 20 ml alcohol.
13. Dry with cold air from a hair-drier in between a folder of 3 mm paper.
14. Seal in a plastic bag and store at —20°C.

# Amjne contamination is checked by addition of 6 pl of hromophenot blue stock solution to 1
ml of DMF. If the resulting colour is yellow, then this batch can be used without further
purification. )

® Amine contamination is checked as under DMF. If the resulting colour is yeliow, then the
NMP can be used without further purification. Most commercial products, however, are not
acceptable. Then add alumina oxide {for chromategraphy, Fluka) and agitate gently overnight,
Pass through a 20 pm polyethylene sinter or cellulose filter. Divide the clear liquid into 100 ml
portions and store tightly closed at -20°C,

°HOBt is only available as the monohydrate. Dehydrate in a desiccator over phosphorus
pentoxide at 50°C and 1072 bar for at least 3 days. Store in a tightly ¢losed container at room
temperature.

4 All volumes given below hold for a standard paper sheet of 8 X 12 ¢m (Table 1} and have to
be adjusted to more sheets, other paper qualities, or sizes. Solvents or solutions used in
washing/incubation steps are agitated gently on a rocker plate and aspirated or decanted after
the time indicated.

?Membranes can be cut easily into parts or pieces with scissors prior to or post synthesis as
required for the particular experiment. Simply mark the cutting lines with a pencil. Spot
positions should be also marked with a pencil dot if treated individually after the synthesis.
The pencil marking is sufficiently stable during the synthesis procedure.

fAlthough more expensive, the pentafluorophenyl ester is preferred when working with the
ASP222 robot {see Chapter 13, Section 4.5).

2.2.2 Peptide assembly

Any series of individual peptide sequences can be freely arranged as a two-
dimensional array on a SPOT membrane for systematic analysis with, for

example, overlapping fragments derived from 2 protein sequence -

(SPOTscan), stepwise N- or C-terminally truncated fragments (SPOTsize),
substitution analogues (SPOTsalogue), etc. (20). Moreover, modern peptide
library screening approaches allowing the a priori delineation of peptide
epitopes (27) have been incorporated into SPOT-synthesis (28, 29). These
approaches exploit the preparation of arrays of defined peptide mixtures
(pools) by incorporation of randomized positions and the presentation of
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Binding of Streptavidin-AP to Ac-X-X-1-2-X-X-
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Figure 4. Example of a first screening round for the a priori delinsation of peptides
hinding to streptavidin. Left: photograph of a membrane with 400 spots of a hexapeptide
library in the format Ac-XX12XX- (plus 25 reference spots in the upper lane) after probing
with a streptavidin—alkaline phosphatase conjugate. Bound protein was visualized with a
phosphatase specific colour reaction (20). Right: spectral diagram display of Ac-XX12XX-
showing the correlation of quantified signals to the defined amino acid residues at
positions 1 and 2 (X positions include all 20 proteinogenic amino acids); C* = Cys{Acm).
Clearly, the XXHPXX- pool gives the strongest signal,

entire peptide libraries (e.g. all 64 Mio-hexapeptides) as strategic sets of sub-
libraries (Figure 4) . Randomized positions (X) within a peptide sequence
assembled on a spot are introduced quite reliably by coupling with equimolar
amino acid mixtures and applying these at a sub-molar ratio with respect to
available amino functions on the spots. This is to allow all activated
derivatives to react quantitatively during a first round of spotting, then
completing all peptide elongations by two to three successive repeats of
spotting. Using this coupling procedure, any position in a peptide sequence
can be randomized easily without special considerations or increase in
technical effort. :

Protocol 3. Assembly of peptides on SPOTs

Equipment and reagents

» For general information see Protocol 2 His{Trt), LysiBoc), Asni{Trt}, GIn(Trt},
» Monomer derivatives: * Fmoc-amino acids Arg{Pbf}, Ser{tBu}, Thr{tBu), Trp(Boc), and

are available from several suppliers in
sufficient quality. In situ prepared HOBt
esters of these Fmoc-amino acids in NMP
are used throughout for spotting reactions.
Side-chain protection is Cys{Acm) or
Cys(Trt), Asp(OtBu), Glu(OtBu}, His(Boc} or
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Tyr{Bu). Dissolve 1 mmol of each in each 5
ml NMP containing 0.3 M HOBt to give 0.2
M solutions. Divide into 100 pl aliquots in
correctly labelled Eppentorf tubes. Close
tightly, freeze in liquid nitrogen, and store
at ~70°C.
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Protocol 3. Continued
Method

1. Number the spot positions on the membranes with a pencil according
to the peptide list for manual synthesis and place in separate reaction
troughs. Alternatively, fix membranes on the platform of the ASP222.

2. Take one set of Fmoc-amino acid stock solutions from the freezer ang
activate by addition of DIC (4 pl per 100 pl vial; ca. 0.25 M).?

3. Leave for 30 min and then spot aliquots of these solutions or place
into the reagent rack of the ASP222 and start. Leave for 15 min,

4. Repeat spotting once and let react for 30 min. Check the colour
change of the spots.®

5. Wash the membrane with 20 ml acetylation mix for 30 s, once again
for 2 min, and then incubate for about 10 min until all remaining blue
colour has disappeared. :

. Wash the membrane three times with 20 ml DMF.

. Incubate the membrane for 5 min with 20 ml piperiding/DMF.

. Wash the membrane four times with 20 ml DMF.

. Incubate the membrane with 20 ml of 1% bromophenol blue stock in
DMF {must be a yellow solution!). Repeat if traces of remaining
piperidine turn it into a dark blue solution. Spots should be stained
only light blue!

10. Wash twice with 20 ml alcohol.

11. Dry with cold air from a hair-drier in between a folder of 3 mm paper.

12. Go back to step 2 for the next elongation cycle.

13. After the final cycle, all peptides can be N-terminal acetylated by

carrying out steps 3, 4, 10, and 11.

L 0 ~N

“ Special chemical derivatives: free thiol functions of cysteine can be problematic because of
post-synthetic uncontrolled oxidation. To avoid this, you can replace Cys by serine {Ser},
alanine (Ala), or a-aminobutyric acid (Abu). Alternatively, choose the hydrophilic Cys(Acm)
and leave protected. For the simultaneous preparation of peptides of different size with free
aminc terminus, couple the terminal amino acid as A™-Boc derivatives so that they will not
become acetylated during the normal elongation cycle. Boc is removed during the final side
chain deprotection procedure (Protoco! 4), Special labels can be attached to the N-termini by
spotting respective derivatives in an additional coupling cycle. We have sugcassfully added
biotin via the in situ formed HOBt-ester (normal activation procedure) or fluorescein via the
isothiocyanate (FITC) dissolved in NMP.

& Assernbly of peptide pools on SPOTs: this procedure follows essentially the staps of Protocol
3 except that the amino acid stock solutions are diluted to 50 mM with NMP and activated with
only one quarter of DIC. For X-couplings, an equimolar mixture of the amino acid derivatives
to be presented at these positions is prepared by combining equal aliquots of the diluted stock
solutions {e.g. all 20}. This mixture is activated and applied in the same way as the other
individual amino acid solutions. Spotting (step 2} per elongation cycle is repeated four times.
“Some peptide sequences and terminal amino acid residues such as Cys, Asn, or Asp give a
particularly weak staining. The indication of free amino functions is quite sensitive and a
colour change to green is sufficient for a good coupling.

3iz
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Protocol 4. Side-chain deprotection of SPOT assembled peptides

Equipment and reagents

» For general information see Protocol 2 Trifluoroacetic acid is very corrosive and

+ Deprotection mix: 50% TFA, 3% triisobutyl- should be handled with gloves under a
silane, 2% water, and 45% DCM (v/v). hood!
Method

1. Prepare 40 ml of deprotection mix per standard membrane.

2. Place the dried membrane from step 10 of Protocol 3 in the reaction
trough {only one membrane per trough; do not stack several
membranesl!}.

3. Add 20 ml deprotection mix, remove bubbles from under the
membrane, close the trough tightly and agitate for 1 h.

4. Replace the deprotection mix with the remaining 20 ml and agitate

again for 1 h.

. Wash the membrane four times for 2 min with 20 ml DCM.

. Wash the membrane three times for 2 min with 20 ml DMF.

. Wash the membrane three timas for 2 min with 20 ml alcohol.

Wash the membrane three times for 10 min with 20 ml 1 M acetic acid

in water.

9, Wash the membrane three times for 2 min with 20 ml alcohol.

o N e,

10. Dry with cold air from a hair-drier in between a folder of 3 mm paper.

11. Seal in a plastic bag and store at -20°C.

2.3 Applications of peptide SPOT-arrays
Initially, SPOT-synthesis was developed for rapid analysis of linear peptide
epitopes recognized by antibodies. After blocking unspecific binding sites, the
whole membrane {or parts of it) is incubated with the anfi-serum and de-
tection of bound antibody is achieved by conventional immuno- or Western-
blot procedures with colour dye development. If peptide spots have not
become chemically, enzymatically, or otherwise irreversibly modified, peptide
arrays on cellulose membranes are reusable many times (>>20) when treated
carefully. Signal patterns obtained from peptide arrays on SPOTs can be
documented and quantitatively evaluated using modern image analysis
systems as used with other two-dimensional analysis media such as electro-
phoresis gels and blotting membranes.

The list of further applications, however, is rapidly expanding. These include
peptide interactions with proteins in general {cytokines, enzymes, receptors,
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etc.), metal ions, and nucleic acids, as well as whole cells. Any labelling tech.

nique such as radioisotopes (e.g. introduced by in vitro transciptioyy
translation of cloned DNA) or fluorescent dyes is fully compatible. A fy)
report on these is beyond the scope of this chapter. The user can follow
described procedures (20) or simply adapt his/her own assay.

3. Manual multipeptide synthesis in block arrays

Described here is a manual system to enable the synthesis of large numbers of
peptides easily, cheaply, and in quantities of a few milligrams of each peptide,
Approximately four to five coupling cycles can be completed in one working
day with a typical set of 48 different peptides completed in a week.

3.1 Hardware

The apparatus and procedures described here are performed in a device built
and supplied by Biotech Instruments Ltd. (30). The system is based on a set of
48 wells drilled in a two-part polythene block, each well being a reactor for a
single peptide. The design of the system centres around trying to make a
foolproof synthesis method, suited for either simple manual operation or
some form of mechanization. The device allows up to 48 different peptides to
be synthesized simultaneously within a few days, using virtually any type of
resin or activation chemistry at scales of 5-10 pmol for each peptide. The
organization of the synthesis is assisted by means of computer-generated
printout, which guides the tracking of the synthesis and directs the operator
during the coupling reactions.

The top block contains the 48 reaction wells with their centres spaced 19
mm apart; the layout is shown in Figure 5. This spacing of the wells is exactly
double that of the wells in a microtitre plate, and thus enables alternate
channels of a standard multichannel pipette to be used for reagent delivery if
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Figure 5. Layout of the reaction wells in the top block.
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Top block PTFE frit
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collection vials in peptide + cleavage

place mix

Bottom block

Figure 6. Cross-section of the block system, showing the process of cleaving the peptides
off the solid phase.

required. A short length of PTFE tubing fits into the outlet hole of each well
to drain the wells and to collect the cleaved peptide in a vial during the final
stage of synthesis. A PTFE frit, pore size 100 pm, is placed in the bottom of
each 10-mm-diameter well to retain the peptide—resin.

Figure 6 shows a cross-section of just four wells in the block, arranged as for
the cleavage reaction. Reagents and solvents are added from the top and,
after reaction, allowed to flow through into the chamber below with the
assistance of a small, solvent-resistant vacuum pump.

The complete fluid system is shown in Figure 7, where the solvents are
contained in pressurized bottles and are selected by a rotary valve. The flow
to the four-way manifold is controlled by a two-way ON/OFF valve or pinch
clamp in silicone tubing. The use of a manifold enables solvents to be
delivered to four wells simultaneously. Alternatively, the solvents can be
delivered by means of a multichannel pipette, operating with alternate
channels delivering into four wells at a time.

After all the synthesis cycles are completed, the peptides are simul-
taneously cleaved off the resins and collected in glass vials placed under the
reaction wells. The vials are held in a tray for stability and to maintain their
exact positioning under the drain tube for each of the wells. These peptide
solutions can then be dried and worked up in the usual way.

3.2 Chemistry

The method uses the standard Fmoc/fBu strategy with any convenient
activation procedure. For manual operation (Protocol 5), it can be somewhat
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Figure 7. Entire fluidic assembly for the synthesis operation.

easier to use the OPfp active esters, as only two reagents have to be added
during the coupling cycle, the Fmoc-amino acid OPfp ester and 1-hydroxy-
benzotriazole. Free amino acids are more stable in solution but require the
mixing of three reagents. To ensure complete coupling reactions, a minimum
of 5 X molar excess of the amino acids is used for all the synthesis steps, as the
cost of the amino acids is not usually a major expense in the work. Any
convenient solid phase can be used in this system, although the author has
mainly worked with Wang resins for this scale of synthesis. Both peptide C-
terminal acids and amides can be synthesized simultaneously and unusual
amino acids can easily be incorporated. Typically, the peptides are cleaved off
the resins using a cocktail of trifluorcacetic acid:1,2-cthanedithiol:water
(95:2.5:2.5 v/v; Protocol 6), a mixture which is generally effective. As large
numbers of peptides are being made simultaneously, the same cleavage
mixture must be used for every peptide regardless of amino acid content. A
philosophy of maximum protection has been used by the author, again
because it is not usually viable to treat peptides individually.

The times and steps for a typical synthesis cycle is shown in Table 2. The
times are not critical and if in doubt can be extended, as can the number of
washes. After the deprotection step, it is advisable to include one wash step

which almost fills the wells in order to completely wash the sides and remove

all the piperidine. The ether wash removes all solvent from the resin and
completely dries the PTFE frit. This prevents any solvent normally held
within the resin from diluting the incoming activated Fmoc-amino acid and
the high surface tension of the dry frit prevents the amino acfd mixture from
draining through the frit. {The subsequent addition of the amino acid/reagent
mixture must be done gently to prevent it from draining through the frit.
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Table 2. The operations for one syntheasis cycle

T T

Step no. Solvent/reagent No. of washes/dwell time *
1 Wash with DMF 2 x
2 Deprotect with 20% piperidine 4 min
3 Deprotect with 20% piperidine 6 min
4 Wash with DMF 3x
5 'Big’ wash with DMF 1x
6 Wash with DMF X
7 Wash with ether 2x
8 Vacuum dry resin © 2 min
9 Mix and add amino acids
10 . Acylation reaction ® 60 min
11 Wash with DMF 3x
12 End of cycle

2The exact times are not critical.
b Egsential to prevent the reactants from draining through the frit.
¢For short peptides, the acylation reaction time can be reduced to 30 min.

3.3 Software

A program written in Basic is used to edit and arrange all the 48 peptide
sequences into an order. The problem of ensuring that the correct amino acid
is added to any specific well is solved by the program printing a series of
overlay sheets showing all the amino acids that are to be added during any
one cycle of the synthesis. The position of the printing on these overlays
corresponds exactly to the layout of the wells in the block and when pegged in
place over the top of the block shows exactly where the amino acids are to be
added into each well. When each amino acid is to be added to the deprotected
resin, a pipette is used to pierce the paper and deliver the reagents into the
well below. In this way, the overlay sheet not only serves to indicate which
amtino acid should go into any one well, but also serves to show which well has
already been fitled with reagents.

Protocol 5. The synthesis cycle

Safety notes: All the steps involving manipulation of solvents must be
performed in an efficient fume hood.

Reagents

= Peptide synthesis grade DMF

» N-deblock solution: 20% v/v piperidine in
DMF

« Amino acid-derivatized resins (5 pmol of
each resin per reaction wel)

+ Solutions of the required Fmoc-amino acids.
For each amino acid addition, dissolve 25
pmol of the protected amine acid in 150 pJ
of DMF

» A solution of TBTU in DMF at a con-
centration of 450 wmol/mi {146 mg of TBTU
in 1.00 m! of DMF); use 50 .l of this solution
per addition

« A solution of N-methyl morpholine (NMM)}
in DMF at a concentration of 500 pmol/ml
{65 pl of NMM diluted to 1.00 m! with DMF};
use 50 pl of this solution per addition

« Diethyl ether
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Protocol5. Continued
Method (6 n.mof synthesis scale}

1.

10.

1.

At the start of the synthesis, place caps over each well to avoid any
spilt resin falling into the wrong reaction well.

. Following the positions shown on the first overiay sheet, add 5 pmol

of the correct amino acid resin to each of the wells in turn and replace
the cap after each addition.

. Remove the caps when all ihe resins have been added.
. Use the software to calculate the amounts and volumes of amino acid

solutions required. Weigh out the amino acids for the current day’s
work in |abelled tubes and dissolve them in the required volume of
DMF. Prepare the working volumes of TBTU and NMM solutions;
these should be stable for the duration of the synthesis.

. Following the procedure in Table 2, wash and N-deblock each of the

amino acid resins.

. After the ether wash and drying stage, the wells are ready for the

addition of the incoming amino acid.

. Place the appropriate coupling overlay sheet over the block and peg

into position.

. Working with one amino acid at a time, mix 150 pl of the amino acid

solution with 50 pl of TBTU solution and 50 pul of NMM solution in an
Eppendorf tube.

. Pipette this reaction mix through the paper overlay into the correct

well.

Repeat this procedure for all the additions for each amino acid in turn.
When the process is complete, all the wells will have a puncture mark
in the paper indicating that the additions are complete.

After the coupling time is over, the excess reagents can be pumped
through to waste and the resins washed with solvent ready for the
next cycle.

Protocol 6. Peptide cleavage

Safety notes: This process must be performed in an efficient fume hood.
The cleavage solution is corrosive, volatile, and very mobile, and is
therefore difficult to control in a pipette.

Reagents K o

« Prepare N X 2 m! of cleavage mixture,
where N is the number of peptides to be

acetic acid + 2.5% 1,2-athanedithiol + 2.5%
vfv water

cleaved, each containing 95% trifluoro-
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Method
. Follow the procedure in Table 2, steps 1 to 8, to remove the final

Fmoc-groups from the assembled peptides. Then wash and dry the
peptide-resins.

. Prepare the correct volume of the cleavage cocktail.
. For each peptide to be cleaved, place a 4 ml glass collection vial

scribed with the peptide code number in the collection rack in the
lower chamber and carefully fit the block assembly together ensuring
that the drain tubes enter all the vials. It is essential to scribe the
tubes with a diamond pen as any writing with felt-tipped pen will be
erased by the acid.

Add about 0.5 ml of the cleavage mix to each reaction well. A plastic
Pasteur pipette is best used for this operation as the vigorous action
of a stepper-type pipette can cause some of the resin to splash out of
the wells. This solution will slowly drain through the frit into the vial
below, simultaneously cleaving and extracting the peptide off the
resin.

. At approximately 20 min intervals, briefly apply the vacuum to drain

any residual acid into the welis, then with the vacuum off.

. Add a further 0.5 ml of the ¢cleavage mixture, and repeat step 5.
. When all the cleavage mix has been added and drained through, turn

on the system vacuum pump. This will drain all the remaining acid
into the vials and start to evaporate the acid by drawing a rapid
stream of air over the surface of the cleavage mix in the vial.

. Keep the vacuum pump operating for about 2-4 h until all the acid has

been evaporated.

. Add about 2 mi of cold diethy! ether to precipitate the peptides. if a

light suspension is formed, the tubes can be centrifuged at about
3000 r.p.m. to ensure complete precipitation of the peptide.

Carefully decant the ether supernatant and repeat step 9.

Allow the peptides to air dry.

Dissolve the peptides in 1 ml of 10% acetic acid and allow to stand for
about 1 h to complete the deprotection of any N-Boc-protected
tryptophan.

Lyophilize the peptide sclutions.

4. Synthesis of peptides by the Multipin™ method

4.1 Introduction
The Multipin™ method is an effective, low cost, simultaneous multiple
peptide synthesis technology which gives researchers ready access to large
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numbers of peptides (31-38). Chiron Technologies currently markets g range
of Multipin™ products for both peptide and non-peptide solid phase
synthesis. This chapter gives an overview of a selection of the key procedures
used for peptide synthesis with commercially available Multipin™ it
Synthesis is performed on plastic pins arranged in the 8 X 12 microtitre plate:
format, thus allowing for the simultaneous preparation of sets of up to gg
peptides (or multiples thereof).

The ‘pin’ consists of a radiation-grafted polypropylene ‘crown’ fitted to ap
inert polypropylene ‘stem’. Graft polymers used with the Multipin™ system
include polystyrene, a methacrylamide copolymer (38), and poly(hydroxyethy|
methacrylate) (34) (HEMA). We have found that the HEMA surface is best
suited to peptide synthesis. Historically, peptides were prepared in a non-
cleavable format on the crown surface for epitope mapping applications (39).
Over the past decade, however, most peptides prepared by the Multipin™
method have been synthesized on cleavable linkers. The linkers used for
peptide synthesis are outlined below.

Originally, Multipin™ peptide synthesis was performed using a Boc
protocol (39); however, due to more streamlined handling (required for
efficient multiple synthesis}, Fmoc/tBu synthetic protocols are now used. The
TFA-mediated cleavage method used with Fmoc/iBu synthesis is far more
easily adapted for large numbers than the HF required with Boc synthesis.

Crowns with a loading of 20 pmol yield around 20 mg of a typical 10-mer
peptide. Larger quantities can be accessed by preparing multiple copies of a
target peptide, a simple process with simultaneous multiple synthesis. When
small numbers of peptides are being prepared, synthesis is often performed
on unmounted crowns in glass vials or polypropylene tubes. The synthesis
cycle used with the Multipin™ method is: coupling, washing, Fmac-
deprotection, and washing. Coupling reactions can be performed in the wells
of microtitre plates, in which case the washing and deprotection steps are
performed in polypropylene baths. As with other forms of solid phase
. synthesis, the washing steps are critical. As noted in the protocols given
below, the pins must be fully immersed and soaked for the given time. High
quality solvents are always used for washing.

4.2 Linkers

Figure 1 summarizes the linkers used for peptide synthesis by the Multipin™
method. Most carboxylic acids are prepared on the 4-(hydroxymethyl)-
phenoxyacetic acid handle 1 (40). To avoid diketopiperazine formation
during the synthesis of peptides containing a C-terminal Pro residue, the
sterically hindered linker 2 is used (41). To minimize the tisk of racemization
during linker derivatization, Asp and Glu are linked via théir side-chain
functionality, as shown in 3..Similarly, Asn and GIn are prepared by coupling
Fmoc-Asp-O¢Bu and Fmoc-Glu-OBu, respectively, to the Rink linker 4 (42).
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Figure 8. Linkers used on SynPhase™ crowns (n = 1, Asp; n = 2, Glu)

Primary peptide amides are prepared on the Rink linker 5. Although not
covered in this chapter, secondary amides have been prepared on the linker
described by Barany and co-workers (43). Peptide aldehydes have been
prepared on the oxazolidine linker (44). The trityl linker (45) has also been
used for the preparation of protected peptide fragments and other specialized
C-terminal endings such as hydroxamic acids (46).

4.3 Peptide synthesis
Although a variety of solvents have been reported for peptide synthesis, we
use highly purified DMF for all coupling reactions (Profocol 7). Where Fmoc-
protected amino acids require acid-labile side-chain protection, we recom-
mend: Arg(Pbf), Asp(OiBu), Cys(Trt), Glu(G:Bu), His(Boc), Lys(Boc),
Ser(/Bu), Thr(tBu}, Trp(Boc), and Tyr(/Bu). Although Fmoc-His(Boc)-OH is
thermally labile and must be stored at —20°C, we have found that it couples
more efficiently than either Fmoc-His(Trt)-OH or Fmoc-His(Bum)-OI1.
Fmoc-Asn(Trt)-OH and Fmoce-Gin(Trt)-OH are generally used with HBTU,
HATU, or BOP activation; the non-side-chain protected derivatives of Asn
and Gln can be used with DIC/HOB{ activation in short peptides or at the N-
terminal coupling (47).

For phosphopeptide synthesis, we routinely use Fmoc-Ser(PO(OBzI)OH)-

321




B. Dérner et al.

OH, Fmoc-Thr(PO(OBzI)OH)-OH, and Fmoc-Tyr(PO{OBzl)OH)-OH (see
below) in preference to global post-synthesis phosphorylation (48). Peptide
lactams are generally prepared using Fmoc-Asp(OAll)-OH, Fmoc-Glu(OAlI).-
OH, and Fmoe-Lys(Alloc)-OH, with the allyl-based protection being removed
from the support-bound peptides with palladium tetrakistriphenylphosphine,

We use a range of coupling agents in our peptide synthesis. For simplicity of
use, DIC is highly recommended: it is a liquid, it reacts very selectively with
carboxylic acids in the presence of amines, and it is economical. Typical
coupling conditions are Fmoc-aminoe acid/DIC/ITIOBt (120 mM, 120 mM, 120
mM). Recommended coupling times are 2-16 h. When preparing coupling
solutions, the activating agent is always added last, and the solution should be
allowed to stand for 5 min prior to coupling to the solid support. For peptides
of moderate length (>20-mer), better results can be obtained using HBTU as
follows: Fmoc-amino acid/HBTU/HOBt/NMM (120 mM, 120 mM, 120 mM,
240 mM) in DMF. Once again, an incubation time of 5 min is required prior to
addition of the coupling solution to the support-bound amine.

Other activating agents, such as BOP (49) and HATU (47, 50), have also
been applied to pins with good results. In the case of HBTU, BOP, and
HATTU, excess tertiary base such as NMM or DIPEA must be included for
effective coupling to occur. Furthermore, the uronium-based reagents HBTU
and HATU should not be used in excess (with respect to amino acid) as they
can react with support-bound primary amines (51). Consequently, BOP/
DIPEA (100 mM, 200 mM)} is the preferred reagent when preparing cyclic
peptides via lactam formation on the pin surface. We have found HBTU/
HOBt/DIPEA to be the activating agent of choice when coupling Fmoc-
Ser(PO{OBzI)OH), Fmoc-Thr(PO(OBz)OH)-OH, and Fmoc-Tyr(PO-
(OBzl)OH)-OH (48). We recommend the use of TTTFII/DIPEA (100 mM, 200
mM) for sterically demanding couplings such as those to N-alkylated amino
acids and for couplings to unreactive amines such as anilines.

After each coupling reaction, the pins are subjected to a rigorous washing
- protocol. This is conveniently performed in a bath, so that simultaneous
multiple washing is a straightforward process. Sufficient solvent is placed in
the bath so that the crowns are fully covered when the block of 96 pins is
placed in the bath. For consistency, each wash is timed. The standard washing
protocel used after either coupling or Fmoce deprotection steps is: DMF,
MeOI, followed by air drying. Note that the HEMA polymer is well solvated
by MeOH. Fmoc deprotection is generally performed by soaking the pins in
20% piperidine in DMF (v/v) for 30 min. Like washing, this is conveniently
performed in a bath. Following deprotection, excess reagent is shaken from
the pin surface and the pins are then subjected to the standard washing
protocol. S

At the completion of peptide assembly, the peptides are dide-chain de-
protected and cleaved, usually concurrently. In the Multipin™ method,
cleavage is performed using TFA solution containing scavengers. Cleavage
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can be performed either into either polypropylene tubes, which are racked
into the 8 X 12 microtitre plate format, or into larger polypropylene tubes
(Protocol 8). The latter method is convenient when multiple pins containing
the one sequence are cleaved together, and when larger volumes of ether
solution are required to extract thiol-based scavengers and by-products of
side-chain deprotection from the cleaved peptides. The cleavage solutions are
evaporated using either a solvent resistant vacuum centrifuge or a stream of
dry nitrogen gas. The target peptides should be dissolved (or suspended) in
aqueous acetonitrile and freeze dried to remove remaining volatile impurities
prior to sampling for analysis and/or purification.

Protocol 7. Synthesis of peptides on pins

Equipment and reagents .
o Multipin™ muitiple peptide synthesis « 1-Hydroxybenzotriazole hydrate (HOBt)

{MPS] kit {Chiron Technologies). The kit
includes crowns and stems, plastic baths
and reaction trays, software {for IBM or
Macintosh], and a manual

« Solvent-resistant pipettors {(e.g. Oxford,
Gilson} and tips

s Fluorenylmethyloxycarbonyl {Fmoc)-
protected amino acids with appropriate
side-chain protecting groups

« N, N-Diisopropylcarbodiimide (DIC) {Sigma}

+« BOP and HBTU

» Tetramethylfiuoroformamidinium
hexafluorophosphate (TFFH) {PerSaptive
Biosystams)

+ Miscellaneous reagents: N, A-diisopropyl-
ethylamine (DIPEA), N-methyfmorpholine
{NMM}

» Solvents: N, N-dimethylformamide {peptide
grade} (DMF), methanol (AR grade)

» Piperidine

Method

If multiple sets of peptides are being synthesized, it is advisable to refer to

the manual provided with the Multipin™ Multiple Peptide Synthesis

{MPS) kit. Use the software to generate the set of peptide sequences to be

synthesized. :

1. Mount crowns with attached stems into the block in the reguired
format, as indicated by software.

2. Fmoc-deprotection procedure:® immerse crowns in 20% piperidine/
DMF for 30 min. For multiple synthesis using the 8 X 12 format; the
block containing up to 96 crowns on stems can be immersed in a bath
containing the deprotection solution. '

3. Post-Fmoc-deprotection washing procedure: wash the crowns in turn
with DMF (2 x 5 min) and MeOH (2 > 5 min), and then air dry {15 min).

4, Coupling procedures
Procedure 1. DIC/HOBt {standard coupling): prepare the coupling
solution such that the final coupling concentrations are Fmoc-amino
acid/DIC/HOBt {120 mM:120 mM:120 mM) 'in DMF. Allow at least
1.0-1.56 ml per l-series crown (loading = 20 pmol}. Add coupling

solution to crowns and couple for 2 h at room temperature,
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Protocol?. Continued

Procedure 2. HBTU/HOBYNMM (standard coupling): prepare the
coupling solution such that the final coupling concentrations are
Fmoc-amino acid/HBTU/HOBt/NMM (120 mM:120 mM:120 mM:240
mM) in DMF. Add coupling solution to crowns and couple for 2 h at
room temperature.

Procedure 3. HBTU/HOBYDIPEA {phospho-amino acids): same ag
HBTU/HOBYNMM except DIPEA replaces NMM.

Procedure 4. TFFH/DIPEA (for sterically hindered unreactive amino
acids): prepare the coupling solution such that the final coupling
concentrations are Fmoc-amino acid/TFFH/DIPEA {120 mM:120
mM:240 mM) in DMF. Add coupling solution to crowns and couple for
2 h at room temperature.

Procedure 5. BOP/DIPEA (intramolecular lactam formation): prepare
the coupling solution such that the final coupiing concentrations are
BOP/DIPEA (120 mM:240 mM) in DMF. Add coupling solution to
crowns and couple for 18 h at room temperature.

5. Post-coupling washing procedure: DMF (2 X & min), MeOH (2 X 5 min}.
" 6. Air dry {15 min) the crowns.

2The procedures are illustrative of what is contained in the manual.

Protocol 8. Side-chain deprotection and cleavage of peptides

Equipment and reagents

ﬂ;dditionallv, Fdepending on the type of « Trifluoroacetic acid (TFA)

cleavage, solvent for the extraction of ., Scavengers and reducin . -
pepﬂde‘from the crowns or for washing of ethane(?ithiol {EDT} ;n?sm‘:,gen;i'd 1'5.
the dried peptide might be required, mercaptoethanal ' !
Appropriate solvents include acetonitrile

(HPLC grade), diethyl ether, and hexane

Method

1.

Immerse of the crowns in TFA:EDT:aniscle {38:1:1 viv) for 2.5 h at
room temperature. Use 1.5-2.0 ml of the mixture per crown for the
20 pmo! scale.

2. Remove the crowns by filtration,

stream of dry nitrogen. Alternatively, the solutions can be evaporated
" in a solvent-resistant vacuum centrifuge. ®

Triturate each peptide with 8 ml of a cold (4°C} mixture of
ether:hexane:mercaptoethanol (1:2:0.003 v/v) for 30 min.

324

Evaporate the TFA filtrate containing the peptide, using a gentle

D

14: Manual multiple synthesis methods

. Place the suspensiens in centrifuge tubes.

. Centrifuge the tubes for 6 min at approx. 2000 r.p.m. in a spark-proof
centrifuge. If there is a substantial pellet {the peptide), decant the
supernatant and repeat the extraction with 4 ml cold ether:hexane (1:2
viv) and centrifuge as above.

. Decant the organic solvent wash and dry down the peptide pellet. if at
any stage the peptide dissolves in the ether washes, do not discard the
washes but dry them down to recover the peptide.

. Reconstitute or suspend the peptides in 1% AcOH{ag) in 40% v/v
MeCN/water.

. Lyophilize. The procedure vields peptides which are relatively free of
EDT, anisole, TFA, and deprotection by-products.
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Equipment and reagents for peptide
synthesis

1. Amino acid derivatives

Advanced Chemtech
Bachemn

Neosystem Laboratoire
Novabiochem

PE Biosystems
Peninsular Laboratories
Peptides International
Pierce

Senn Chemicals

2. Resins

Advanced Chemtech (polystyrene, Tentagel)

Novabiochem (polystyrene, PEGA, Tentagel)

PE Biosystems (PEG-PS)

Peninsular Laboratories (polystyrene)

Polymer Laboratories (polystyrene, polyamide, and PEGA)
Peptides International (CLEAR)

Rapp Polymere {Tentagel and polystyrene)

Senn (polystyrene)

3. Special derivatives

Fmoc-Asp/Glu(ODmab)-OH, Fmoc-Asp/Glu-ODmab

Bachem, Novabiochem

Fmoc-Asn (Ac; AcNH-B-Gle)-OH

Bachem, Novabiochem

Fmoc-Dab/Dpr/Lys(Ddiv)-OH (Ddiv is known commercially as ivDde)
Novabiochem




Atl: Equipment and reagents for peptide synthesis

Fmoc-Ser/Thr/Tyr(PO{OBz1)OH)-OH

Novabiochem

Fmoc-Ser (Ac;AcNH-a-Gal)-OH

Fmoc-Thr (Ac;AcNH-o-Gal)-OH

Bachem

SAMA-OPfp

Novabiochem

4-Dodecylaminocarbonyl-fluoren-9-ylmethy! succinimidyl carbonate

4-[5-(biotinylamino)pentylaminocarbonyl]fluoren-9-ylmethyl succinimidyl
carbonate

ltalformaco SpA, Via dei Lavoratori 54, Cinisello Balsamo, 20092 Milan,
Traly

4. Solvents

Aldrich/Fluka
Merck
Rathburns

5. Equipment

5.1 For multiple manual synthesis

ABIMED (membranes for SPOT synthesis)

AIMS Scientific Products (membranes for SPOT synthesis)

Biotech Instruments (manual synthesis blocks)

Chiron Technologies (PINS and CROWNS)

Genosys Biotechnologies (SPOT kits)

Jerini Bio Tools GmblI, Rudower Chaussee 5, D-12489 Berlin, Germany
(membranes for SPOT synthesis)

PE Biosystems (membranes for SPOT synthesis)

Polymer Group, Inc., PO Box 308, Benson, NC 27504, USA. (mesh for T-bags)

5.2 Automated instruments

ABIMED {multiple, SPOT)

Advanced Chemtech (batchwise, pilot scale, and multiple)

CS Bio {batchwise synthesis)

Multi Syn Tech (multiple)

PE Applied Biosystems (batchwise synthesis)

PE Biosystems (continuous-flow and multiple)

Protein Technologies (batchwise synthesis, pilot scale, and multiple)
Shimadzu (multiple) ‘

Zinsser Analytic (multiple)’
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List of suppliers

ABIMED, Analysen-Technik GmbH, Raiffeisenstrasse 3, 40764 Langenfeld,
Germany.

Advanced Chemtech, 5609 Fern Valley Road, Louisville, Kentucky 40228,
USA.

Advanced Chemtech Europe, Nicuwbrugstraat 73, B-1830 Machelen,
Belgium.

AIMS Scientific Products GbR, Mascheroder Weg 1, D-38124 Braunschweig,
Germany. _

Aldrich Chemical Company Inc., 1001 West Saint Paul Avenue, Milwaukee,
WI 53233, USA.

Amersham

Amersham International plc.,, Lincoln Place, Green End, Aylesbury,
Buckinghamshire HP20 2TP, UK.

Amersham Corporation, 2636 South Clearbrook Drive, Arlington Heights, 1L
60005, USA.

Anderman

Anderman and Co. Ltd., 145 London Road, Kingston-Upon-Thames, Surrey
KT17 7NH, UK. _

Bachem AG, Hauptstrasse 144, CH-4416, Bubendorf, Switzerland.

Beckman Instruments

Beckman Instruments UK Ltd., Qakley Court, Kingsmead Business Park,
London Road, High Wycombe, Bucks HP11 1J4, UK.

Beckman Instruments Inc., PO Box 3100, 2500 Harbor Boulevard, Fullerton,
CA 92634, USA.

Becton Dickinson

Becton Dickinson and Co., Between Towns Road, Cowley, Oxford OX4 3LY,
UK.

Becton Dickinson and Co., 2 Bridgewater Lane, Lincoln Park, NJ 07035, USA.

Bio 101 Inc., c/lo Statech Scientific Ltd, 61-63 Dudley Street, Luton,
Bedfordshire LU2 0CHP, UK.

Bip 101 Inc., PO Box 2284, La Jolla, CA 92038-2284, USA.

Bio-Rad Laboratories

Bio-Rad Laboratories Ltd., Bio-Rad House, Maylands Avenue, Hemel
Hempstead HP2 7TD, UK.




A2: List of suppliers

Bio-Rad - Laboratories, Division Headqguarters, 3300 Regatta Boulevard,
Richmond, CA 94804, USA.

Biotech Instruments Ltd., Biotech House, 75A High Street, Kimpton, Hertg,
SG4 8PU, UK.

Boehringer Mannheim

Boehringer Mannheim UK (Diagnostics and Biochemicals) Ltd, Bell Lane,
Lewes, East Sussex BN17 1L.G, UK.

Boehringer Mannheim Corporation, Biochemical Products, 9115 Hague
Road, P.O. Box 504 Indianapolis, IN 46250-0414, USA.

Boehringer Mannheim Biochemica, GmbH, Sandhofer Str. 116, Postfach
310120 D-6800 Ma 31, Germany.

British Drug Houses (BDH) Ltd, Poole, Dorset, UK.

Chiron Technologies Pty Ltd., 11 Duerdin Street, Clayton. 3168, Victoria.
Australia.

C. 8. Bio Co., 1300 Industrial Road, San Carlos, CA. 94070, USA.

Difco Laboratories

Difco Laboratories Lid., P.O. Box 14B, Central Avenue, West Molesey, Surrey
KT8 2SE, UK.

Difeo Laboratories, P.O. Box 331058, Detroit, MI 48232-7058, USA.

Du Pont

Dupont (UK) Ltd., Industrial Products Division, Wedgwood Way, Stevenage,
. Herts, SG1 4Q, UK.

Du Pont Co. (Biotechnology Systems Division), P.O. Box 80024, Wilmington,
DE 19880-002, USA.,

European Collection of Animal Cell Culture, Division of Biologics, PHLS
Centre for Applied Microbiology and Research, Porton Down, Salisbury,
Wilts SP4 0JG, UK.

Falcon (Falcon is a registered trademark of Becton Dickinson and Co.).

Fisher Scientific Co., 711 Forbest Avenue, Pittsburgh, PA 152194785, USA.

Flow Laboratories, Woodcock Hill, Harefield Road, Rickmansworth, Herts.
wWD3 1PQ, UK.

* Fluka

Fluka-Chemie AG, CH-9470, Buchs, Switzerland.

Fluka Chemicals Ltd., The Old Brickyard, New Road, Gillingham, Dorset
SP8 4JL, UK.

Gibco BRL

Gibco BRI (Life Technologies Ltd.), Trident House, Renfrew Road, Paisley
PA3 4EF, UK.

Gibco BRL (Life Technologies Inc.), 3175 Staler Road, Grand Island, NY
14072-0068, USA.

Arnold R. Horwell, 73 Maygrove Road, West Hampstead London NW6 2BP,
UK.

Hybaid

Hybaid Ltd., 111-113 Waldegrave Road, Teddington, Middlesex TW11 8LL,
UK.

A:]
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Hybaid, National Labnet Corporation, P.O. Box 841, Woodbridge, NJ, (7095,
USA.

HyClone Laboratories 1725 South HyClone Road, Logan, UT 84321, USA.

International Biotechnologies Inc., 25 Science Park, New Haven, Connecticut
06535, USA.

Invitrogen Corporation

Invitrogen Corporation 3985 B Sorrenton Valley Building, San Diego, CA.
92121, USA.

Invitrogen Corporation clo British Biotechnology Products Ltd., 4-10 The
Quadrant, Barton Lane, Abingdon, OX14 3YS, UK.

Jerini Bio Tools GmbH, Rudower Chaussee 5, D-12489 Berlin, Germany.

Sigma-Genosys Inc., 1422 Lake Front Clrcle Suite 185, The Woodlands, TX
77380-3600, USA.

Kodak: Eastman Fine Chemicals 343 State Street, Rochester, NY, USA

Life Technologies

Life Technologies Inc., 8451 Helgerman Court, Gaithersburg, MN 20877,
USA.

Merck

Merck Industries Inc., 5 Skyline Drive, Nawthorne, NY 10532, USA.

Merck, Frankfurter Strasse, 250, Postfach 4119, D-64293, Germany.

Millipore

Millipore (UK) Ltd., The Boulevard, Blackmoor Lane, Watford, Herts WD1
8YW, UK.

Millipore Corp./Biosearch, P.O. Box 255, 80 Ashby Road Bedford, MA
01730, USA.

MultiSynTech GmbH, Wullener Feld 4, Witten, Germany.

Neosystem Laboratoire, 7 rue de Boulogne, 67100, MultiSynTech GmbH,
Wullener Feld 4, Witten, Germany. Strasbourg, France.

New England Biolabs (NBL)

New England Biolabs {NBL), 32 Tozer Road, Beverley, MA 01915- 5510,
USA.

New England Biolabs (NBL), c/o CP Labs Ltd., P.O. Box 22, Bishops Stortford,
Herts CM23 3DH, UK.

Nikon Corporation, Fuji Building, 2-3 Marunouchi 3-chome, Chiyoda-ku,
Tokyo, Japan.

Novabiochem, Calbiochem-Novabiochem AG, Weidenmattweg 4, CH-4448,
Laufelfingen, Switzerland.

Nune-Gibceo, Life Technologies Ltd., 3 Fountain Drive, Inchinnan Busmess
Park, Paisley PA4 9RF, UK.

Oncogene Research Products, 84 Rodgers Street, Cambridge, MA 02142,
USA.

PE Applied Biosystems, 850 Lincoln Centre Drive, Foster City, CA 94404,
USA; Kelvin Close, Birchwood Science Park North, Warrington, Cheshire,
WA3 7PB, UK.
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PE Biosystems, 500 Old Connecticut Path, Framingham, MA 01701, USA:
Kelvin Close, Birchwood Science Park North, Warrington, Cheshire, WA3
7PB, UK.

Peninsular Laboratories Inc., 601 Taylor Way, San Carlos, CA 94070, USA.

Peptides International, Inc., 11621 Electron Drive, Louisville, Kentucky
40299, USA.

Pierce, 3747 North Meridian Road, P.O. Box 117, Rockford, IL 61105, USA.

Polymer Laboratories Ltd., Essex Road, Church Stretton, Shropshire SYg
6AX, UK.

Perkin-Elmer

Perkin-Elmer Ltd., Maxwell Road, Beaconsfield, Bucks. HP9 10A, UK.

Perkin-Elmer Ltd., Post Office Lane, Beaconsfield, Bucks, HPS 1QA, UK,

Perkin-Eimer-Cetus (The Perkin-Elmer Corporation), 761 Main Avenue,
Norwalk, CT 0689, USA.

Pharmacia Biotech Europe Procordia EuroCentre, Rue de la Fuse-e 62, B-
1130 Brussels, Belgium.

Pharmacia Biosystems

Pharmacia Biosystems Litd. (Biotechnology Division), Davy Avenue,
Knowlhill, Milton Keynes MK5 8PH, UK.

Pharmacia LKB Biotechnology AB, Bjirngatan 30, S-75182 Uppsala, Sweden,

Promega _

Promega Ltd., Delta House, Enterprise Road, Chilworth Research Centre,
Southampton, UK.

Promega Corporation, 2800 Woods Hollow Road, Madison, WI 53711-5399,
USA.

Protein Technologies, Inc., Mack Road, Box 4026, Woburn, MA 01888-4026,
USA.

Qiagen

Qiagen Inc., c/o Hybaid, 111-113 Waldegrave Road, Teddington, Middlesex,
TW11 8LL, UK.

. Qiagen Inc., 9259 Eton Avenue, Chatsworth, CA 91311, USA.

Rapp Polymere GmbH, Ernst-Simon-Str. 9, D 72072 Tiibingen, Germany.

Schleicher and Schuell

Schleicher and Schuell Inc., Keene, NH 03431 A, USA.

Schleicher and Schuell Inc., 1D-3354 Dassel, Germany.

Schieicher and Schuell Inc., c/o Andermann and Company Ltd.

Senn Chemicals AG, Industriestrasse 12, PO Box 267, CH-8157 Diesdorf,
Switzerland.

Shandon Scientific Ltd., Chadwick Road, Astmoor, Runcorn, Cheshire WA7
1PR, UK.

Shimadzu Corporation, Nishinckyo-Kuwabaracho 1, Nakagyo-ku, Kyoto 604,
Japan. »

Sigima Chemical Company

Sigma Chemical Company (UK), Fancy Road, Poole, Dorset BH17 7NH, UK.
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Sigma Chemical Company, 3050 Spruce Street, P.O. Box 14508, St. Louis,
MO 63178-9916.

Sigma-Genosys Inc., 1442 Lake Front Circle, Suite 185, The Woodlands, TX
77380-3600, USA.

Sorvall DuPont Company, Biotechnology Division, P.O. Box 80022,
Wilmington, DE 19880-0022, USA.

Stratagene

Stratagene Ltd., Unit 140, Cambridge Innovation Centre, Milton Road,
Cambridge CB4 4FG, UK.

Strategene Inc., 11011 North Torrey Pines Road, La Jolla, CA 92037, USA.

United States Biochemical, P.O. Box 22400, Cleveland, OH 44122, USA.

Wellcome Reagents, Langley Court, Beckenham, Kent BR3 3BS, UK.

Zinsser Analytic GmbH, Eschborner, Landstrasse 135, D-60489, Frankfurt,
Germany.
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A3

Useful tables

Table 1. Amino acid derivatives

Amino acid Molecular weight  Amino acid Molecular weight
Fmoc-Ala-OH 3113 Fmoc-His(Boc)-OH 477.6
Frmoc-BAla-OH 311.3 Fmoc-Hyp-OH 353.4
Fmoc-Arg(Mtr}-OH 608.7 Fmoc-Hyp{tBu}-OH 457.2
Fmoc-Arg(Pbf}-OH 648.8 Fmoc-lle-OH 363.4
Fmoc-Arg(Pmc)-OH 662.8 Fmoc-Leu-OH 353.4
Fmoc-Asn-OH 354.4 Fmoc-Lys{Boc)-OH 468.5
Fmoc-Asn{Trt}-OH 596.7 Fmoc-Lys(Ddiv)-OH 574.6
Fmoc-Asp-OtBu 411.5 Fmoe-Met-OH 3715
Fmoc-Asp({OtBu)-OH 411.5 Fmoc-Nle-OH 353.4
Fmoc-Cha-CH 3935 Fmoc-Nva-OH 3394
Fmoc-Cys{Aem)-OH 4145 Fmoc-Orn(Boc)-OH 454.5
Fmoc-Cys{Tacm}-OH  456.5 fmoc¢-Phe-OH 387.4
Fmoc-Cys{tBu}-OH 399.5 Fmoc-Pro-OH 337.4
Fmoc-Cys{tButhio)-OH 431.6 Fmoc-Ser{tBu)-OH 383.4
Fmoc-Cys{Trt)-OH 6585.7 Fmoc-Ser{Trt}-OH 569.7
Fmoc-Gln-OH 368.4 Fmoc-5ta-CH 397.5
Fmoc-Gln{Trt)-OH §10.7 Fmoc-Thi-OH 393.4
Fmoe-Glu-0iBu 4255 Fmoc-Thr(tBu)-OH 3975
Fmoc-Glu({OtBu)-OH 4255 Fmoc-Trp-OH 426.5
Fmoc-Gly-OH 297.3 Fmoe-Trp{Boc}-OH 526.6
Fmoc-His(Bum)}-OH 463.5 Froc-Tyr(tBu)-OH 459.6
Fmoc-His(Trt}-OH 619.7 Fmoc-Val-OH 3394

Table 2. Protecting groups

Name Abbrev. Formula Mol.wt,
Acetamidomethyl Acm CHNO 72.087
Acetyl Ac C,H,0O 43.048
Benzoyl Bz C,H:0  105.117
Benzyl Bzl CH; 91.134
Benzyloxy BzIO C,H,O 107.125
Benzyloxycarbonyl i CH;0, 136.144
t-Butoxy Bul CH, QO 73.116
t-Butoxycarbonyl Boc C.H,C, 101.126




A3: Useful tables

Table 2. Continued

Name Abbrev. Formula Mol.wt.
t-Butoxymethyl Bum C,H,O0 87.143
t-Butyl tBu CiHyg 57.117
t-Butylthio {Buthio CH,S  89.181
2,6-Dichlorobenzyl 2,6-Di-Cl-Bzl C,HCl, 160.024
4,4"-Dimethoxybenzhydryl Mbh CiHi:0, 227.286
1-14,4-Dimethyl-2,6-dioxocyclohexylidene)3-methylbutyl Ddiv C,,His0, 207.295
Fluorenylmethoxycarbonyl Fmoc C,:H,,0, 223.254
Formyl For CHO 29.018
4-Methoxybenzyl MeOBz! CH,O 121.160
4-Methoxy-2,3,8-trimethylbenzenesulphonyl Mtr CiH,.08 213.278
4-Methoxytrityl Mmt C,H;0O 273.357
4-Methyltrityl Mtt CoHyr 257.358
2,2,5,7,8-Pentamethylchroman-6-sulphonyl Pmc C.H,,0,5 267.369
Tosyl Tos C,H,0,5 155.197
Trifluoroacetyl Tfa C,F,0 97.017
Trityl Trt CeHis 243,331
Table 3. Amino acid residues
Amino acid 3-Letter code Formula Residue weight
3-Alanine BAla C;HNO 71.079
Alanine Ala CH;NO 71.079
2-Aminobutyric acid Abu C,H,NO 85.106
4-Aminobutyric acid vAbu C,H;NO 856.106
6-Aminocaproic acid eAhx CeH,,;NO 113.161
a-Aminoisobutyric acid Aib C,H,NO 85.106
a-Aminosuberic acid Asu CyH,;NO, 261.314
Arginine Arg CeH..N,O 156.189
Asparagine Asn C,H:N,0, 114.105
Aspartic acid Asp C.HNO, 115.089

- 4-Chlorophenylalanine Phe{pCl) CHCINO  181.624
Citrulline Cit C:H, N0, 157.173
B-Cyclohexylalanine Cha CyH;NO 153.226
Cysteine Cys C;H:NOS 103.145
Cystine Cys CeHaN,0O,8, 204271
3,4-Dehydroproline A-Pro C,H:NO 95.103
3,5-Diiodotyrosine Tyr(3,56-di-1} C.H,LNO, 414971
2-Fluorophenylalanine Phe(2-F} CyHgFNO 166.169
3-Fluorophenylalanine Phe(3-F) CaH:FNO 165.169
4-Fluorophenylalanine Phe{4-F) C,H,FNO 165.169
Glutamic acid Giu CsHNO, 129.116
Glutamine Gin CHeN,0, 128.132
Glycine Gly C,H;NO 57.062
Histidine His CsH, N0 137.142
Homocitrulline Hei CH3N,O,  171.201
Homoserine hSer C,H,NO, 101.107
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Table 3. Continued

Amino acid 3-Letter code Formula Residue weight
Hydroxyproline Hyp CsH, NG, 113.117
@-Hydroxyvaline Val{BOH} CsHaNO, 115.133
Isoleucine lle CsH, NO 113.161
Leucine Leu CgH,,NO 113.161
Lysine Lys CeH (N, O 128.175
Methionine Met CsH;NOS 131.198
4-Nitrophenylalanine Phe{4-NQ,} CoHzN, 0O, 192.176
Norleucine Nle CeHyNO 113.161
Norvaline Nva CgH,NO 99.134
Qrnithine Orn CeHoN,O 114.148
Penicillamine Pen C.H;NOS 131.198
Phenylalanine Phe CoHaNO 147.178
Phenylglycine Phg CgH,;NQ 133.152
Proline Pro CgH;NO 97.118
Pyroglutamine Pyr,Glp CsH:NO, 111.101
Sarcosine Sar C,HsNO 71.079
Serine Ser C3HsNO, 87.079
Statine Sta CgHy NG, 167.214
$-(2-Thienyl)alanine Thi C,H,NOS 153.205
Threonine Thr C.H;NO, 101.106
Tryptophan Trp CHN,O 186.215
Tyrosine Tyr CoHNO, 163.178
Valine Val CsH,NO 99.134
339
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acetal resin, use in preparation of peptide
aldehyde 253 ’
acetamidomethyl group 22, 82,84
loss of during TFA cleavage 90
2-acetamido-4-O-(2-acetamido-2-deoxy-p-D-
glucopyranosyl)-2-deoxy-B-D)-
glucopyranosyl amine 204
acetic acid, use in cleavage of protected
pepiide fragments 218
acetic anhydride, use of in N-acetylation 166
use as a capping reagent 268
acetyl group, removal from carbohydrate
moieties 202, 211
S-acetylmercaptoacetic acid
pentafluoropheny! ester, use of in
peptide-protein conjugation 232-4,
237-9
acid fluorides 59
aggregation, effects of resins, solvents and
additives on 30, 118-19
paramcters 120
predicting 119-21
prevention through use of Hmb protection
30,122
prevention through use of oxazolidine
dipeptides 30
symptoms 117-18
air oxidation, formation of disulphide bonds
94-6
aldehydes, preparation of 153-66, 253-8
use in peptide ligation 247-53
N-alkyl peptide amides, preparation of
13741
alkyltrichlorosilane-sulphoxide oxidation
103-104
allyloxycarbonyl, removal 1734
allyl ester, removal 1734
amine tests 61-2
ammonium iodide, use in reduction of
methionine sulphoxide 79, 81
arginine, 3-lactam formation 33
NC-Mir protection 20, 66
ornithine formation 33
NO-Pbf protection 20, 63
NS-Pmc protection 20, 63
aspargine, aspartimide formation
(see aspartimide formation})
deamidation 33
incomplete deprotection of Asn(Trt) 69
preparation of peptides containing Asn as
C-terminal residue 46, 51, 320
Mitt protection 22, 69
Trt protection 21,69

aspartic acid, aspartimide formation
(see aspartimide formation)
OQAIll protection 21, 1734
ODmab protection 21, 174-6
aspartimide formation 32-4, 36
prevention through use of Hmb protection
36,127
minimisation with DBU 51
attachment of first residue 26, 44
determination of substitution level 62-3
enantiomerization during 44
to aminomethyl 51
to hydroxymethyl 45-9
to hydroxymethylbenzoyl resin 144
to trityl resing 50, 216-17

batchwise synthesis 279
bis(tert-butyl)azodicarboxylate, use in
disulphide bond formation 106, 108
4-[5-(biotinylamino)pentylaminocarbonyl]
fluoren-9-ylmethyl succinimidyl
carbonate 274-5
biotinylation of peptides 167
block synthesis 314
cleavage 318-19
peptide assembly 315-18
bovine serum albumin, use as a carrier protcin
230,233
building block appreach to phosphopeptide
synthesis 183-6
branched peptides, synthesis of 169-71
bromoacetylation of proteins 232-5
bromophenol blue monitoring, use in
monitoring of coupling reaction 62,
32
use in testing of the purity of DMF 310
¢-butoxycarbonyl, side-chain protection of Lys
23
side-chain protection of Trp 25,65-7, 73,
102
t-butoxymethyl (see histidine}

capping 268-9

chaotropic salts 119

chemical efficiency, effects on overall yield 10

chloranil test 61-2

N-(2-chlorobenzyloxycarbonyl)succinimide
{Z{(2-C1)-O8u), use as a capping
reagent 268-Y




Index

2-chlorotrityl, preparation of esters of
protected peptide fragments 2234
selective removal of on solid phase 177-8
2-chlorotrityl resin, attachment of protected
fragments via amino acid side chains
225-7
attachment of C-terminal amino acid 216-17
esterification with protected peptide
fragments 220
use in preparation of peptide hydroxamates
149-52
CLEAR resin 15
cleavage of peptide from the resin, with
ammonia 19, 145-7
with TFE in dichloromethane 17,18,218-19
with hydrazine 147-8
with methanol 148-9
with 1% TFA 17,18, 73-4,225
with 95% TFA 17,18, 64-6
continuous-flow 287-9
coupling methods, acid fluoride 59
DIC/HOBt 53
HATU 57
PyBOP 57
symmetrical anhydride 55
TBTU 57
TFFH 59
conjugation of peptides and proteins 106, 226
cyanoalanine formation 33
cyclizations, disulphide bridge formation
{see disulphide bond formation)
lactam-bridge formation 172, 176
cysteine, S-Acm protection 22, 82,84
S-iBu 22,82, 84
enantiomerization of during coupling 89-90
S-Mmt protection 23, 82, 83
S-Phacm protection 86
preparation of peptides containing Cys as
C-terminal residue 87-9
side reactions associated with 90-1
S5-8tBu protection 22, 85, 86
S-Trt protection 22,70, 82, 83
cystine {see disulphide bond formation)

deacetylation of carbohydrate moieties 202,
211

1,8-diazabicyclo-[5.4.0]undec-7-enc (DBU), as
alternative base to piperidine 51

dichlorobenzoyl chloride, use of in attachment
of first amino acid 47

2,3-dihydro-2,5-diphenyi-4-hydroxy-3-oxo-
thiophen-1,1-dioxide esters, use in
esterification of cysteine 88

diisepropylcarbodiimide {DIC),

use of in formation of HOB/HOA( esters

28, 53, 143,165, 167, 210, 222, 259,
277-9,309 ’

use of in formation of symmetrical
anhydrides 28, 55, 126, 144
diketopiperazine formation 26, 35, 50, 142,
320
dimethylformamide, checking purity of 310
disulphide bend formation, from free thiol
precursors 92-101
air oxidation 94
dimethyl sulphoxide-mediated oxidation 96
oxidized-reduced glutathione 95
potassium ferricyanide oxidation 97
solid phase Ellinan’s reagent 99
disulphide bond formation, from protected
thiol precursors 101-105
alkyltrichlorosilane-sulphoxide oxidation
103
iodine oxidation 101
thallium(II1) trifluoroacetate oxidation
102
silver trifluoromethanesulfonate-DMSQ-
aqueous HCI deprotection/oxidation
104
disulphide bond formation, directed 105-108
with 2,2'-dithiopyridine 107
with Boc-N=N-Boc 108
with dithiobis(5-nitropyridine) 107
disulphide bond formation, regioselective 108
disulphide bond, reduction of 93
2,2’ -dithiobispyridine, use in disulphide bond
formation 107
2,2'-dithiobis(5-nitropyridine), use in
disulphide bond formation 107
drying of peptide resins 43
dipeptide formation, undesired reaction 33,
46, 52
dimethyl sulphoxide, use of as an oxidant in
disulphide bond formation 96
use of as a solvent in fragment condensation
222
divinylbenzene cross-linked polystyrene 14

enzymatic deprotection of S-Phacm group

enantiomerization, during attachment of first
amino actd 26, 31, 46, 47, 50
during coupling of cysteine 26, 34, 89-90
during esterification of cysteine 87-9
ethanedithiol, use as scavenger 65
ethylmethyl sulphide, use as scavenger 65

Fmoc deprotection reaction 27, 51
deprotection elution curve 29,117
use of DBU 51,52
use of piperidine 51

Fmoc loading determination 62

formylation of peptides 166

*
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fragment condensation 221-3
enanttomerization during coupling 31, 221-2

glutamic acid, OAll protection 21, 1734
ODmab protection 21, 174-6
glutamine, preparation of peptides containing
Gln as C-terminal residue 46, 51,320
pyroghimate formation 34, 35
Trt protection 22, 69
glutaraldehyde, use in peptide-protein
conjugation 230
glutathione oxidation of cysteine 95
glycopeptide synthesis, strategic
considerations 197
glycoproteins, N-linked 195
O-linked 195
glycosylated amino acids 203-209
preparation of N-
(9-fluorenylmethoxycarbonyl)-N*-
[2-acetamido-4-O-(2-acetamido-3,4,6-
tri-O-acetyl-2-deoxy--D-
glucopyranosyl)-3,6-di-O-acetyl-2-
deoxy-B-D-glucopyranosyl]-
L-asparagine 204
preparation of N
(9-fluorenylmethoxycarbonyl}-3-O-
(2-acetamido-3,4,6-tri-O-acetyl-2-
deoxy-B-D-glucopyranosyl)-L-serine
pentaflucrophenyl ester 206
preparation of N°-
(9-fluorenylmethoxycarbonyl)-3-0-
(2,3,4,6-tetra-O-acetyl-o-D-
mannopyranosyl)-L-threonine 208
preparation of N°-
(9-fluorenylmethoxycarbonyl)-3-0-
(2,3,4-tri-O-acetyl-g-D-xylopyranosyl)-
L-serine pentafluorophenyl ester 207
preparation of N*-
(9-lluorenylmethoxycarbonyl)-3-0-
(2,3,4-tri-O-acetyl-a-L-fucopyranosyl)-
L-serine 208
Ne-(9-fluorenylmethoxycarbonyl)-NY-
(2-acetamido-3,4,6-tri-O-acetyl-2-
deoxy-B-D-glucopyranosyl)-
L-asparagine 203
Ne-(9-fluorenylmethoxycarbonyl)-3-O-
(2-acetamido-3,4,6-iri-O-acetyl-2-
deoxy-o-D-galactopyranosyl)-L-serine
203
N°-(9-flucrenylmethoxycarbonyl)-3-O-
(2-acctamido-3,4,6-tri-O-acetyl-2-
deoxy-o-D-galactopyranosyl)-
L-threonine 203

HATU 57,140, 152,277-9, 322
HBTU 57,277-9,324

histidine
N'"™-Boc protection 23
N'"™-¢-butoxymethyl {Bum) protection 23,
32

N™.Mmt protection 225
preparation of peptides containing
C-terminal 43, 46
N™_Trt protection 23
HOAL (see diisopropylcarbodiimide)
HOBI {see diisopropylcarbodiimide)
HPLC analysis of peptides 63
monitoring of solid-phase peptide synthesis
218 .
purification of chemoselectively-labelled
peptides 269-74 :
purification of protected fragments 219
hydrazones, use in peptide-peptide ligation
248-51
hydroxamates, preparation of 149-52
N-2-hydroxy-4-methoxybenzyl amino acids
122
incorporation of 125
preparation of 123-5
site selection for insertion of 127
4-hydroxymethylbenzoic acid linker (HMBA)
19,45, 141-9
attachment of C-terminal amino acid to 48,
144
4-hydroxymethyl-3-methoxyphenoxybutyric .
acid linker (HMPB) 17,45
hyperacid-labile linker (HAL) 18

kicselguhr 14

ligation,
hydrazone 248-51
imidazole 262
oxime 247
perthioester 261
thiazolidine 251-3
thioester 258-61

linkers 15,17-19

lysine, _
Ne-Alloc protection 24, 1734, 175
N*-Boc protection 23
Ne-Dde protection 24, 175
Ne-Ddiv protection 24, 170, 171, 175
Ne¢-Mit protection 24,177,225

Macrosorb 14
methionine,
reduction of sulphoxide 78-81
sulphonium salts 78
sulphoxide formation 78
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methoxycarbonylsulfenyl, use in directed
disulphide bond formation 105
methoxytrimethylbenzenesulphonyl, use in
protection of arginine 20, 65
accelerated cleavage with TMSBr 66
sulphonation of Trp 68
4-methoxytrityl, selective removal from
cysteine 177
N-methylmercaptoacetamide, use in reduction
of methionine sulphoxide 81
4-methylmorpholine, use in glycopeptide
synthesis 201
S-(N-methyl-N-phenylcarbamoyl)-sulfenyl
105

4-methyltrityl, selective removal from lysine
177

MSNT/MeIm method, of attachment of first
residue 48

multiple antigen peptides 236-9, 248-51

ninhydrin test 61

ornithine formation 33

oxazolidine dipeptides 30

oxazolone formation 31

oximes, use in peptide-peptide ligation 247

PAL linker 18,45, 82
2,2,5,7,8-pentamethylchroman-6-sulphonyl,
modification of tryptophan 69
use in protection of arginine 20, 65-6
2,2,4,6,7-pentamethyidihydrobenzofuran-5-
sulphonyl, modification of tryptophan
69

use in protection of arginine 20, 65-6
PEGA resin 15,16,42
PEG-PS resin 15, 16,42
penicillin G acylase 86
pentafiucrophenyl esters 54
use in block synthesis 316
phenylacetamidomethyl group, use in
protection of cysteine 86
peptide aldehydes,
analysis of 166
epimerization of aldehydic function
157
preparation of using oxazolidine linker
161-6
preparation by ozonolysis 157-60
preparation of using Weinreb linker
15!

usc in peptide-peptide ligation 2&7~58

peptide amides,
preparation of N-alkylated amides 137-41
preparation of by ammonolysis 19, 145
preparation of by TFA cleavage 18
peptide cleavage (see cleavage of peptide from
resin)
peptide esters, preparation of 148
peptide hydroxamates, preparation of 149-52
peptide glyceric ester, use in peptide ligation
255-8
peptide isolation 70
peptide purification 265
peptide synthesis vessel 42
peptide synthesis, manual 41
block {see block synthesis)
PIN (see PIN synthesis)
SPOT (see SPOT synthesis)
T-bag (see T-bag synthesis)
peptide synthesizers, batchwise 279
ABIMED EPS 221 Synthesizer 287
Advanced ChemTech Model 90 Peptide
Synthesizer 284
Advanced ChemTech Model 400
Production Scale Synthesizer 286
PE Biocsystems Model 433A Peptide
Synthesis System 280 '
Protein Technologies, Inc.,
SONATA/Pilot™ Peptide Synthesizer
283
Protein Technologies Inc., Model PS3™
Peptide Synthesizer 283
peptide synthesizers, continuous-flow 287
PE Biosystems Pioneer™ Peptide Synthesis
System 289
peptide synthesizers, multiple 291
ABIMED ASP 222 Auto-Spot Robot 296
ABIMED AMS 422 Multiple Peptide
Synthesizer 294
Advanced ChemTech Models 348, 396 and
357 Bicmolecular Synthesizers 293
PE Biosystems Pioneer MPS QOption 291
Protein Technologies, Inc.
SYMPHONY/Multiplex™ Peptide
Synthesizer 292
SHIMADZU PSSM-8 Peptide Synthesizer
298
ZINSSER ANALYTIC SMPS 350 Multiple
Peptide Synthesizer 297
ZINSSER ANALYTIC SOPHAS Solid
Phase Synthesizer 298

phenol, use as a scavenger 65
phosphoamino acids,

Fmoc-O-benzyl-phosphoserine 184-6
Fmoc-O-benzyl-phosphothreonine 184-6
Fmoc-0O-benzyl-phosphotyrpsine 183-6
Fmoc-phosphotyrosine 183-6

phosphoramidites, use in phosphopeptide

synthesis 187-91
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phosphorylation of unprotected hydroxyls on
solid phase 187-91
phosphopeptides, analysis of
by HPLC 192
by mass spectrometry 192
phosphopeptides, synthesis of
by building-blocking approach 183
by post-synthetic phosphorylation 187
PIN synthesis 161,318-25
Polyhipe, 14
potassium ferricyanide, use in disulphide bond
formation 97
proline,
diketopiperazine formation 26, 35, 50, 142,
320
preparation of peptides containing
C-terminal 50
protected peptide fragments 203
analysis of 218
attachment to resin via amino acid side
chains 225
cleavage from resin 218
condensation of 211
esterification to 2-chiorotrityl resin
220
final protection of 227
purification of 219
synthesis of 2-chlorotrityl esters of 224
pseudoproline derivatives 30
PyAQP 28,57
use in esterification of cysteine 88
PyBOF 28, 57
pyroglutamate,
formation of 34,35
preparation of 166
pyrophosphate formation during use of
Fmoc-phosphotyrosine 184

reagent B 82
reagent K 65, 82
reagent R 065, 82
resins,
CLEAR 15
drying of 43
Macrosorb 14
PEGA 15,16,42
PEG-PS 15,16,42
PEO-PS 15,16
polystyrene 14
storage of 43
Tentagel 15
Rink acid linker 17, 45
Rink amide linker 18, 45
recuction,
of disulphide bonds 93
of methionine suiphoxide 79-81
of Weinreb linker 153, 155

serine,
O-1Bu protection 24
O-Trt protection 24,177,225
sicde reactions 32-6
side-chain protecting groups, summary 20-5
Sieber amide linker 18, 45
reductive alkylation of 137
use in preparation of N-alkyl peptide
amides 137
silver trifluoromethanesulfonate, use in
removal of cysteine protection 104
solid phase principle 9
solubility,
increasing solubility using Hmb protection
131
SPOT synthesis 305-14
N-succinimidyl bromoacetate 233
symmetrical anhydrides,
formation of 55, 126, 144
use in attachment of first amino acid 46,
144
SynPhase™ crowns (see PIN synthesis)

T-bag synthesis 303-305
TBTU 28,57
Tentagel 15
TFFH 59-60, 3224
thallium(111) trifluorcacetate, use in
disulphide bond formation 102
thiazolidines, use in peptide-peptide ligation
252
thioesters, preparation of 259
use in peptide-peptide ligation 260
thioanisole,
incompatibility with cysteine protection
65
use as a scavenger 65,78
thiophosphorylated peptides, synthesis of
191
threonine,
O-(Bu protection 24
O-Trt protection 24, 177,225
2,4,5-trichlorophenyl formate, use in
preparation of N-formyl peptides 166
triethylsilane, use as a scavenger 63
trifluoroethanol,
use in the cleavage of protected peptide
from resin 218
trifluoroacetic acid,
use in cleavage of peptide from the resin
17, 18, 64-6, 734, 225
triisopropylsilane, use as a scavenger 65
trimethylsilyl bromide,
cleavage of peptides with 66
reduction of methionine sulphoxide 79-80
trinitrobenzenesulphonic acid test 61
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trityl group, tyrosine
selective removal on solid phase 177 0-2-Clt protection 24,177,225
trityl resins, O-tBu protection 24

2-chlorotrityl chloride 17, 45, 50, 216
4-(chloro(diphenyl)methyl)benzoyl 18, 45,
50 UV monitoring of,

tryptophan, Fmoc deprotection reaction 29, 117
N™-Boc protection 25, 65, 67, 102 acylation reaction 289
modification by sulphenyl chlorides

106
preparation of peptides containing Wang resin 17,45
C-terminal 50 Weinreb amide-based linker 153-3

sulphonation 68-9,72
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