
UNIT 18.1Introduction to Peptide Synthesis

DEVELOPMENT OF SOLID-
PHASE PEPTIDE-SYNTHESIS
METHODOLOGY

A number of synthetic peptides are signifi-
cant commercial or pharmaceutical products,
ranging from the dipeptide sugar substitute
aspartame to clinically used hormones such as
oxytocin, adrenocorticotropic hormone, and
calcitonin. Rapid, efficient, and reliable meth-
odology for the chemical synthesis of these
molecules is of utmost interest. The stepwise
assembly of peptides from amino acid precur-
sors has been described for nearly a century.
The concept is a straightforward one, whereby
peptide elongation proceeds via a coupling re-
action between amino acids, followed by re-
moval of a reversible protecting group. The first
peptide synthesis, as well as the creation of the
term “peptide,” was reported by Fischer and
Fourneau (1901). Bergmann and Zervas (1932)
created the first reversible Nα-protecting group
for peptide synthesis, the carbobenzoxy (Cbz)
group. DuVigneaud successfully applied early
“classical” strategies to construct a peptide with
oxytocin-like activity (duVigneaud et al.,
1953). Classical, or solution-phase methods for
peptide synthesis have an elegant history and
have been well chronicled. Solution synthesis
continues to be especially valuable for large-
scale manufacturing and for specialized labo-
ratory applications.

Peptide synthesis became a more practical
part of present-day scientific research follow-
ing the advent of solid-phase techniques. The
concept of solid-phase peptide synthesis
(SPPS) is to retain chemistry that has been
proven in solution but to add a covalent attach-
ment step that links the nascent peptide chain
to an insoluble polymeric support (resin). Sub-
sequently, the anchored peptide is extended by
a series of addition cycles (Fig. 18.1.1). It is the
essence of the solid-phase approach that reac-
tions are driven to completion by the use of
excess soluble reagents, which can be removed
by simple filtration and washing without ma-
nipulative losses. Once chain elongation has
been completed, the crude peptide is released
from the support.

In the early 1960s, Merrifield proposed the
use of a polystyrene-based solid support for
peptide synthesis. Peptides could be assembled
stepwise from the C to N terminus using Nα-
protected amino acids. SPPS of a tetrapeptide

was achieved by using Cbz as an α-amino-pro-
tecting group, coupling with N,N′-dicyclo-
hexylcarbodiimide (DCC), and liberating the
peptide from the support by saponification or
by use of HBr (Merrifield, 1963). SPPS was
later modified to use the t-butyloxycarbonyl
(Boc) group for Nα protection (Merrifield,
1967) and hydrogen fluoride (HF) as the re-
agent for removal of the peptide from the resin
(Sakakibara et al., 1967). SPPS was thus based
on “relative acidolysis,” where the Nα-protect-
ing group (Boc) was labile in the presence of
moderate acid (trifluoroacetic acid; TFA),
while side-chain-protecting benzyl (Bzl)–
based groups and the peptide/resin linkage
were stable in the presence of moderate acid
and labile in the presence of strong acid (HF).
The first instrument for automated synthesis of
peptides, based on Boc SPPS, was built by
Merrifield, Stewart, and Jernberg (Merrifield et
al., 1966). From the 1960s through the 1980s,
Boc-based SPPS was fine-tuned (Merrifield,
1986). This strategy has been utilized for syn-
thesis of proteins such as interleukin-3 and
active enzymes including ribonuclease A and
all-L and all-D forms of HIV-1 aspartyl protease.

In 1972, Carpino introduced the 9-fluo-
renylmethoxycarbonyl (Fmoc) group for Nα

protection (Carpino and Han, 1972). The Fmoc
group requires moderate base for removal, and
thus offered a chemically mild alternative to the
acid-labile Boc group. In the late 1970s, the
Fmoc group was adopted for solid-phase appli-
cations. Fmoc-based strategies utilized t-butyl
(tBu)–based side-chain protection and hy-
droxymethylphenoxy-based linkers for peptide
attachment to the resin. This was thus an “or-
thogonal” scheme requiring base for removal
of the Nα-protecting group and acid for removal
of the side-chain protecting groups and libera-
tion of the peptide from the resin. The milder
conditions of Fmoc chemistry as compared to
Boc chemistry—which include elimination of
repetitive moderate acidolysis steps and the
final strong acidolysis step—were envisioned
as being more compatible with the synthesis of
peptides that are susceptible to acid-catalyzed
side reactions. In particular, the modification of
the indole ring of Trp was viewed as a particular
problem during Boc-based peptide synthesis
(Barany and Merrifield, 1979), which could be
alleviated using Fmoc chemistry. One example
of the potential advantage of Fmoc chemistry
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for the synthesis of multiple-Trp-containing
peptides was in the synthesis of gramicidin A.
Gramicidin A, a pentadecapeptide containing
four Trp residues, had been synthesized pre-
viously in low yields (5% to 24%) using Boc
chemistry. The mild conditions of Fmoc chem-
istry dramatically improved the yields of
gramicidin A, in some cases up to 87% (Fields
et al., 1989, 1990). A second multiple-Trp-con-
taining peptide, indolicidin, was successfully
assembled in high yield by Fmoc chemistry

(King et al., 1990). Thus, the mild conditions
of Fmoc chemistry appeared to be advanta-
geous for certain peptides, as compared with
Boc chemistry.

One of the subsequent challenges for prac-
titioners of Fmoc chemistry was to refine the
technique to allow for construction of proteins,
in similar fashion to that which had been
achieved with Boc chemistry. Fmoc chemistry
had its own set of unique problems, including
suboptimum solvation of the peptide/resin,
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Figure 18.1.1 Generalized approach to solid-phase peptide synthesis. Symbols: A, Nα-protecting
group; circle, side-chain protecting groups; R, X, Y, and Z, side-chain functionalities.
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slow coupling kinetics, and base-catalyzed side
reactions. Improvements in these areas of Fmoc
chemistry (Atherton and Sheppard, 1987;
Fields and Noble, 1990; Fields et al., 2001)
allowed for the synthesis of proteins such as
bovine pancreatic trypsin inhibitor analogs,
ubiquitin, yeast actin-binding protein 539-588,
human β-chorionic gonadotropin 1-74, mini-
collagens, HIV-1 Tat protein, HIV-1 nucleocap-
sid protein Ncp7, and active HIV-1 protease.

The milder conditions of Fmoc chemistry,
along with improvements in the basic chemis-
try, have led to a shift in the chemistry employed
by peptide laboratories. This trend is best ex-
emplified by a series of studies (Angeletti et al.,
1997) carried out by the Peptide Synthesis
Research Committee (PSRC) of the Associa-
tion of Biomolecular Resource Facilities
(ABRF). The PSRC was formed to evaluate the
quality of the synthetic methods utilized in its
member laboratories for peptide synthesis. The
PSRC designed a series of studies from 1991
to 1996 to examine synthetic methods and ana-
lytical techniques. A strong shift in the chem-
istry utilized in core facilities was observed
during this time period—i.e., the more senior
Boc methodology was replaced by Fmoc chem-
istry. For example, in 1991 50% of the partici-
pating laboratories used Fmoc chemistry, while
50% used Boc-based methods. By 1994, 98%
of participating laboratories were using Fmoc
chemistry. This percentage remained constant
in 1995 and 1996. In addition, the overall qual-
ity of the peptides synthesized improved
greatly from 1991 to 1994. Possible reasons for
the improved results were any combination of
the following (Angeletti et al., 1997):

1. The greater percentage of peptides syn-
thesized by Fmoc chemistry, where cleavage
conditions are less harsh;

2. The use of different side-chain protecting
group strategies that help reduce side reactions
during cleavage;

3. The use of cleavage protocols designed
to minimize side reactions;

4. More rigor and care in laboratory tech-
niques.

The present level of refinement of solid-
phase methodology has led to numerous, com-
mercially available instruments for peptide
synthesis (Table 18.1.1).

The next step in the development of solid-
phase techniques includes applications for pep-
tides containing non-native amino acids, post-
translationally modified amino acids, and
pseudoamino acids, as well as for organic mole-
cules in general. Several areas of solid-phase

synthesis need to be refined to allow for the
successful construction of this next generation
of biomolecules. The solid support must be
versatile so that a great variety of solvents can
be used, particularly for organic-molecule ap-
plications. Coupling reagents must be suffi-
ciently rapid so that sterically hindered amino
acids can be incorporated. Construction of pep-
tides that contain amino acids bearing post-
translational modifications should take advan-
tage of the solid-phase approach. Finally, ap-
propriate analytical techniques are needed to
assure the proper composition of products.

THE SOLID SUPPORT
Effective solvation of the peptide/resin is

perhaps the most crucial condition for efficient
chain assembly during solid-phase synthesis.
Swollen resin beads may be reacted and washed
batch-wise with agitation, then filtered either
with suction or under positive nitrogen pres-
sure. Alternatively, they may be packed in col-
umns and utilized in a continuous-flow mode
by pumping reagents and solvents through the
resin. 1H, 2H, 13C, and 19F nuclear magnetic
resonance (NMR) experiments have shown
that, under proper solvation conditions, the
linear polystyrene chains of copoly(styrene-
1%-divinylbenzene) resin (PS) are nearly as
accessible to reagents as if free in solution. 13C
and 19F NMR studies of Pepsyn (copolymer-
ized dimethylacrylamide, N,N′-bisacry-
loylethylenediamine, and acryloylsarcosine
methyl ester) have shown similar mobilities at
resin-reactive sites as PS. Additional supports
created by grafting polyethylene glycol
(polyoxyethylene) onto PS—either by control-
led anionic polymerization of ethylene oxide
on tetraethylene glycol–PS (POE-PS) or by
coupling Nω-Boc– or Fmoc–polyethylene gly-
col acid or –polyethylene glycol diacid to
amino-functionalized PS (PEG-PS)—combine
the advantages of liquid-phase synthesis (i.e.,
a homogeneous reaction environment) and
solid-phase synthesis (an insoluble support).
13C NMR measurements of POE-PS showed
the polyoxyethylene chains to be more mobile
than the PS matrix, with the highest T1 spin-lat-
tice relaxation times observed with POE of
molecular weight 2000 to 3000. Other supports
that have been developed that show improved
solvation properties and/or are applicable to
organic synthesis include polyethylene glycol
polyacrylamide (PEGA), cross-linked acrylate
ethoxylate resin (CLEAR), and augmented sur-
face polyethylene prepared by chemical trans-
formation (ASPECT). As the solid-phase
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method has expanded to include organic-mole-
cule and library syntheses, the diversity of sup-
ports will enhance the efficiency of these new
applications.

Successful syntheses of problematic se-
quences can be achieved by manipulation of the
solid support. In general, the longer the synthe-
sis, the more polar the peptide/resin will be-
come (Sarin et al., 1980). One can alter the
solvent environment and enhance coupling ef-
ficiencies by adding polar solvents and/or
chaotropic agents (Fields and Fields, 1994).
Also, using a lower substitution level of resin
to avoid interchain crowding can improve the
synthesis (Tam and Lu, 1995). During difficult
syntheses, deprotection of the Fmoc group can
proceed slowly. By spectrophotometrically
monitoring deprotection as the synthesis pro-
ceeds, one can detect problems and extend
base-deprotection times and/or alter solvation
conditions as necessary.

COUPLING REAGENTS
The classical examples of in situ coupling

reagents are N,N′-dicyclohexylcarbodiimide
(DCC) and the related N,N′-diisopropylcar-
bodiimide (Rich and Singh, 1979). The gener-
ality of carbodiimide-mediated couplings is
extended significantly by the use of either 1-
hydroxybenzotriazole (HOBt) or 1-hydroxy-7-
azabenzotriazole (HOAt) as an additive, either
of which accelerates carbodiimide-mediated
couplings, suppresses racemization, and
inhibits dehydration of the carboxamide side
chains of Asn and Gln to the corresponding
nitriles. Protocols involving benzotriazol-1-yl-
oxy-tr is(dimethylamino)phosphonium
hexafluorophosphate (BOP), benzotriazol-1-
y l -oxy-t r i s(pyrrol idino)phosphonium
hexafluorophosphate (PyBOP), 7-azaben-
zotriazol-1-yl-oxytris(pyrrolidino)phosphoni
um hexafluorophosphate (PyAOP), O-ben-
zotriazol-1-yl-N,N,N′,N′-tetramethyluronium
hexafluorophosphate (HBTU), O-(7-azaben-

Table 18.1.1 Instruments for Solid-Phase Synthesis

Suppliera Instrument model Fmoc Boc Batch Flow Monitoring Scale (mmol) No. of
peptides

Peptide synthesis systems
Advanced ChemTech 90 Yes Yes Yes No No 0.1-12 1-2

Apex 396 Yes Yes Yes No No 0.005-1 96
348 Yes Yes Yes No No 0.005-0.15 48
357 Yes Yes Yes No No 0.005-0.25 42

Bachem Bioscience SP4000-LAB Yes Yes Yes No No 0.25-5 1
SP4000-PRO Yes No Yes No No 5-50 1

Gilson/Abimed AMS422 Yes No Yes No Yes 0.005-1 1
Perkin-Elmer ABI433A Yes Yes Yes No Yes 0.05-1 1

Pioneer-MPS Yes No No Yes Yes 0.005-0.1 16
Rainin PS3 Yes Yes Yes No No 0.1-0.25 3

Sonata/Pilot Yes Yes Yes No No 0.1-50 1
Symphony/Multiplex Yes No Yes No No 0.005-0.35 12

CS Bio CS100 Yes Yes Yes No No 0.05-1 1
CS336 Yes Yes Yes No No 0.05-0.25 3
036 Yes Yes Yes No No 0.1-2.5 1
136 Yes Yes Yes No No 0.1-2.5 1
CS536 Yes Yes Yes No No 0.2-25 1
CS936S Yes Yes Yes No No ≤600 1
CS936 Yes Yes Yes No No ≤12,500 1

Intavis AG AutoSpot Yes No Yes No No 3-4 nmol/mm2 384
Multiple organic
synthesis units
Advanced ChemTech 384 Yes Yes Yes No No — 4 × 96

Vantage Yes Yes Yes No No — 96
aFor contact information, see SUPPLIERS APPENDIX.
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zotriazol-1-yl)-N,N,N′,N′-tetramethyluronium
hexafluorophosphate (HATU), and O-ben-
zotriazol-1-yl-N,N,N′,N′-tetramethyluronium
tetrafluoroborate (TBTU) result in coupling
kinetics even more rapid than that obtained with
carbodiimides. Amino acid halides have also
been applied to solid-phase peptide synthesis
(SPPS). Nα-protected amino acid chlorides
have a long history of use in solution synthesis.
Fmoc–amino acid chlorides and fluorides react
rapidly under SPPS conditions in the presence
of HOBt/N,N-diisopropylethylamine (DIEA)
and DIEA, respectively, with very low levels of
racemization. For convenience, tetra-
methylfluoroformamidinium hexafluorophos-
phate (TFFH) can be used for automated prepa-
ration of Fmoc–amino acid fluorides. Amino
acid fluorides have been found to be especially
useful for the preparation of peptides contain-
ing sterically hindered amino acids, such as
peptaibols. All of the coupling reagents and
additives discussed here are commercially
available (see Table 18.1.2).

SYNTHESIS OF MODIFIED
RESIDUES AND STRUCTURES

Peptides of biological interest often include
structural elements beyond the 20 genetically
encoded amino acids. Particular emphasis has
been placed on peptides containing phosphory-
lated or glycosylated residues or disulfide
bridges. Incorporation of side-chain-phospho-
rylated Ser and Thr by solid-phase peptide syn-
thesis (SPPS) is especially challenging, as the
phosphate group is decomposed by strong acid
and lost with base in a β-elimination process.
Boc-Ser(PO3phenyl2) and Boc-Thr(PO3phenyl2)
have been found to be useful derivatives, where
hydrogen fluoride (HF) or hydrogenolysis
cleaves the peptide/resin and hydrogenolysis re-
moves the phenyl groups. Fmoc-Ser(PO3Bzl,H)
and Fmoc-Thr(PO3Bzl,H) can be used in con-
junction with Fmoc chemistry with some care.
Alternatively, peptide/resins that were built up by
Fmoc chemistry to include unprotected Ser or Thr
side chains may be subject to “global” or post-as-
sembly phosphorylation. Side-chain-phosphory-
lated Tyr is less susceptible to strong-acid decom-
position and is not at all base-labile. Thus, SPPS

Table 18.1.2 Coupling Reagents and Additives Used in Solid-Phase Peptide Synthesis and Suppliers

Reagent Abbreviation Supplier(s)a

N,N′-dicyclohexylcarbodiimide DCC A, ACT, AO, CI, CN, F, PI, PL, Q, S

N,N′-diisopropylcarbodiimide DIPCDI A, ACT, AO, CI, F, PE, Q, S

O-benzotriazol-1-yl-N,N,N′,N′-tetramethyluronium
 hexafluorophosphate

HBTU A, ACT, AS, CI, CN, F, NS, PI, PL, Q, S

O-benzotriazol-1-yl-N,N,N′,N′-tetramethyluronium
 tetrafluoroborate

TBTU A, ACT, B, CI, CN, F, NS, PE, PI, PL, Q, S

O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-
 tetramethyluronium hexafluorophosphate

HATU PE

Benzotriazol-1-yl-oxy-tris(dimethylamino)
 phosphonium hexafluorophosphate

BOP A, ACT, AO, B, CI, CN, F, NS, PL, PI, Q, S

Benzotriazol-1-yl-oxy-tris(pyrrolidino)-
 phosphonium hexafluorophosphate

PyBOP A, ACT, AO, CI, CN, F, S

7-azabenzotriazole-1-yl-oxy-tris(pyrrolidino)-
 phophonium hexafluorophosphate

PyAOP PE

Tetramethylfluoroformamidinium
 hexafluorophosphate

TFFH ACT, PE

1-hydroxybenzotriazole HOBt A, ACT, AO, AS, CI, CN, NS, PE, PI, Q, S

1-hydroxy-7-azabenzotriazole HOAt PE

N,N-diisopropylethylamine DIEA A, ACT, AO, CI, F, PE, Q, S

N-methylmorpholine NMM A, AO, CI, F, S

aAbbreviations: A, Aldrich; ACT, Advanced ChemTech; AO, Acros Organics; AS, AnaSpec; B, Bachem; CI, Chem-Impex; CN,
Calbiochem-Novabiochem; F, Fluka; NS, Neosystem/SNPE; PE, Perkin-Elmer; PI, Peptides International; PL, Peninsula Laborato-
ries; Q, Quantum Biotechnologies; S, Sigma. For contact information, see SUPPLIERS APPENDIX.
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has been used to incorporate directly Fmoc-
Tyr(PO3methyl2), Fmoc-Tyr(PO3tBu2), Fmoc-
Tyr(PO3H2), and Boc-Tyr(PO3H2). Phosphoryla-
tion may also be accomplished on-line, directly
after incorporation of the Tyr, Ser, or Thr residue
but prior to assembly of the whole peptide.

Methodology for site-specific incorporation
of carbohydrates during chemical synthesis of
peptides has developed rapidly. The mild con-
ditions of Fmoc chemistry are more suited for
glycopeptide syntheses than Boc chemistry, as
repetitive acid treatments can be detrimental to
sugar linkages. Fmoc-Ser, -Thr, -5-hydroxylys-
ine (-Hyl), -4-hydroxyproline (-Hyp), and -Asn
have all been incorporated successfully with
glycosylated side chains. The side-chain glyco-
syl is usually hydroxyl-protected by either ben-
zoyl or acetyl groups, although some SPPSs
have been successful with no protection of
glycosyl hydroxyl groups. Deacetylation and
debenzylation are performed with hydra-
zine/methanol prior to glycopeptide/resin
cleavage or in solution with catalytic methox-
ide in methanol.

Disulfide-bond formation has been
achieved on the solid-phase by air, K3Fe(CN)6,
dithiobis(2-nitrobenzoic acid), or diiodoethane
oxidation of free sulfhydryls, by direct depro-
tection/oxidation of Cys(acetamidomethyl)
residues using thallium trifluoroacetate or I2,
by direct conversion of Cys(9-fluorenyl-
methyl) residues using piperidine, and by nu-
cleophilic attack by a free sulfhydryl on either
Cys(3-nitro-2-pyridinesulfenyl) or Cys(S-car-
boxymethylsulfenyl). The most generally ap-
plicable and efficient of these methods is direct
conversion of Cys(acetamidomethyl) residues
by thallium trifluoroacetate.

Intra-chain lactams are formed between the
side-chains of Lys or Orn and Asp or Glu to
conformationally restrain synthetic peptides,
with the goal of increasing biological potency
and/or specificity. Lactams can also be formed
via side-chain-to-head, side-chain-to-tail, or
head-to-tail cyclization (Kates et al., 1994). The
residues used to form intra-chain lactams must
be selectively side-chain deprotected, while all
side-chain protecting groups of other residues
remain intact. Selective deprotection is best
achieved by using orthogonal side-chain pro-
tection, such as allyloxycarbonyl or 1-(4,4-di-
methyl-2,6-dioxocyclohex-1-ylidene)ethyl
protection for Lys and allyl or N-[1-(4,4,-di-
methyl-2,6-dioxocyclohexylidene)-3-methyl
butyl]aminobenzyl protection for Asp/Glu in
combination with an Fmoc/tBu strategy. Cycli-
zation is carried out most efficiently with BOP

in the presence of DIEA while the peptide is
still attached to the resin.

The three-dimensional orthogonal protec-
tion scheme of Fmoc/tBu/allyl protecting
groups is the strategy of choice for head-to-tail
cyclizations. An amide linker is used for side-
chain attachment of a C-terminal Asp/Glu
(which are converted to Asn/Gln) and the α-
carboxyl group is protected as an allyl ester. For
side-chain-to-head cyclizations, the N-terminal
amino acid (head) can simply be introduced as
an Nα-Fmoc derivative while the peptide-resin
linkage and the other side-chain protecting
groups are stable to dilute acid or carry a third
dimension of orthogonality.

PROTEIN SYNTHESIS
There are three general chemical approaches

for constructing proteins. First is stepwise syn-
thesis, in which the entire protein is synthesized
one amino acid at a time. Second is “fragment
assembly,” in which individual peptide strands
are initially constructed stepwise, purified, and
finally covalently linked to create the desired
protein. Fragment assembly can be divided into
two distinct approaches: (1) convergent synthe-
sis of fully protected fragments, and (2) che-
moselective ligation of unprotected fragments.
Third is “directed assembly,” in which individ-
ual peptide strands are constructed stepwise,
purified, and then noncovalently driven to as-
sociate into protein-like structures. Combina-
tions of the three general chemical approaches
may also be employed for protein construction.

Convergent synthesis utilizes protected pep-
tide fragments for protein construction (Al-
bericio et al., 1997). The advantage of conver-
gent protein synthesis is that fragments of the
desired protein are first synthesized, purified,
and characterized, ensuring that each fragment
is of high integrity; these fragments are then
assembled into the complete protein. Thus, cu-
mulative effects of stepwise synthetic errors are
minimized. Convergent synthesis requires
ready access to pure, partially protected peptide
segments, which are needed as building blocks.
The application of solid-phase synthesis to pre-
pare the requisite intermediates depends on
several levels of selectively cleavable protect-
ing groups and linkers. Methods for subsequent
solubilization and purification of the protected
segments are nontrivial. Individual rates for
coupling segments are substantially lower then
for activated amino acid species by stepwise
synthesis, and there is always a risk of racemi-
zation at the C-terminus of each segment. Care-
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ful attention to synthetic design and execution
may minimize these problems.

As an alternative to the segment condensa-
tion approach, methods have been developed
by which unprotected peptide fragments may
be linked. “Native chemical ligation” results in
an amide bond being generated between pep-
tide fragments (Muir et al., 1997). A peptide
bearing a C-terminal thioacid is converted to a
5-thio-2-nitrobenzoic acid ester and then re-
acted with a peptide bearing an N-terminal Cys
residue (Dawson et al., 1994). The initial
thioester ligation product undergoes spontane-
ous rearrangement, leading to an amide bond
and regeneration of the free sulfhydryl on Cys.
The method was later refined so that a relatively
unreactive thioester can be used in the ligation
reaction (Dawson et al., 1997; Ayers et al.,
1999). Safety-catch linkers are used in conjunc-
tion with Fmoc chemistry to produce the nec-
essary peptide thioester (Shin et al., 1999).

SIDE-REACTIONS
The free Nα-amino group of an anchored

dipeptide is poised for a base-catalyzed intra-
molecular attack of the C-terminal carbonyl.
Base deprotection of the Fmoc group can thus
release a cyclic diketopiperazine while a hy-
droxymethyl-handle leaving group remains on
the resin. With residues that can form cis pep-
tide bonds, e.g., Gly, Pro, N-methylamino ac-
ids, or D-amino acids, in either the first or
second position of the (C → N) synthesis,
diketopiperazine formation can be substantial.
The steric hindrance of the 2-chlorotrityl linker
may minimize diketopiperazine formation of
susceptible sequences during Fmoc chemistry.

The conversion of side-chain protected Asp
residues to aspartimide residues can occur by
repetitive base treatments. The cyclic aspar-
timide can then react with piperidine to form
the α- or β-piperidide or α- or β-peptide. Aspar-
timide formation can be rapid, and is dependent
upon the Asp side-chain protecting group. Se-
quence dependence studies of Asp(OtBu)-X
peptides revealed that piperidine could induce
aspartimide formation when X = Arg(2,2,5,7,8-
pentamethylchroman-6-sulfonyl; Pmc),
Asn(triphenylmethyl; Trt), Asp(OtBu),
Cys(Acm), Gly, Ser, Thr, and Thr(tBu) (Lauer
et al., 1995). Aspartimide formation can also
be conformation-dependent. This side-reaction
can be minimized by including 0.1 M HOBt in
the piperidine solution (Lauer et al., 1995), or
by using an amide backbone protecting group
(i.e., 2-hydroxy-4-methoxybenzyl) for the resi-

due in the X position of an Asp-X sequence
(Quibell et al., 1994).

Cys residues are racemized by repeated
piperidine deprotection treatments during
Fmoc SPPS. Racemization of esterified (C-ter-
minal) Cys can be reduced by using 1% 1,8-
diazabicyclo[5.4.0]undec-7-ene in N,N-di-
methylformamide (DMF). Additionally, the
steric hindrance of the 2-chlorotrityl linker
minimizes racemization of C-terminal Cys
residues. When applying protocols for Cys in-
ternal (not C-terminal) incorporation which in-
clude phosphonium and aminium salts as cou-
pling agents, as well as preactivation in the
presence of suitable additives and tertiary
amine bases, significant racemization is ob-
served. Racemization is generally reduced by
avoiding preactivation, using a weaker base
(such as collidine), and switching to the solvent
mixture DMF-dichloromethane (DCM) (1:1).
Alternatively, the pentafluorophenyl ester of a
suitable Fmoc-Cys derivative can be used.

The combination of side-chain protecting
groups and anchoring linkages commonly used
in Fmoc chemistry are simultaneously depro-
tected and cleaved by TFA. Cleavage of these
groups and linkers results in liberation of reac-
tive species that can modify susceptible resi-
dues, such as Trp, Tyr, and Met. Modifications
can be minimized during TFA cleavage by
utilizing effective scavengers. Three efficient
cleavage “cocktails” quenching reactive spe-
cies and preserving amino acid integrity, are
TFA-phenol-thioanisole-1,2-ethanedithiol-H2O
(82.5:5:5:2.5:5) (reagent K) (King et al., 1990),
TFA-thioanisole-1,2-ethanedithiol-anisole
(90:5:3:2) (reagent R) (Albericio et al., 1990),
and TFA-phenol-H2O-triisopropylsilane
(88:5:5:2) (reagent B) (Solé and Barany, 1992).
The use of Boc side-chain protection of Trp also
significantly reduces alkylation by Pmc or
2,2,4,6,7-pentamethyldihydro-benzofuran-5-
sulfonyl (Pbf) groups.

PURIFICATION AND ANALYSIS
OF SYNTHETIC PEPTIDES

Each synthetic procedure has limitations,
and even in the hands of highly experienced
workers, certain sequences defy facile prepara-
tion. The maturation of high-performance liq-
uid chromatography (HPLC) has been a major
boon to modern peptide synthesis, because the
resolving power of this technique facilitates
removal of many of the systematic low-level
by-products that accrue during chain assembly
and upon cleavage. Peptide purification is most
commonly achieved by reversed-phase HPLC
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(RP-HPLC; UNIT 11.6). Either alternatively to or
in tandem with RP-HPLC, ion-exchange
HPLC (UNIT 8.2) and gel-filtration HPLC (UNIT

8.3) can be used for isolation of desired peptide
products. The progress of peptide purification
can be monitored rapidly by matrix-assisted
laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS; UNITS 16.2 &

16.3) or ion-trap electrospray MS (UNIT 16.8).
The homogeneity of synthetic materials

should be checked by at least two chroma-
tographic or electrophoretic techniques, e.g.,
RP-HPLC (UNIT 11.6), ion-exchange HPLC (UNIT

8.2), and capillary zone electrophoresis (UNIT

10.9). Also, determination of a molecular ion by
MS (see Chapter 16) using a mild ionization
method is important for proof of structure.
Synthetic peptides must be checked routinely
for the proper amino acid composition, and in
some cases sequencing data are helpful. The
PSRC studies (see discussion of Development
of Solid-Phase Peptide Synthesis Methodol-
ogy) have allowed for a side-by-side compari-
son of a variety of analytical techniques. Effi-
cient characterization of synthetic peptides best
been obtained by a combination of RP-HPLC
and MS, with sequencing by either Edman
degradation sequence analysis or tandem MS
(UNIT 16.1) being used to identify the positions
of modifications and deletions. Proper peptide
characterization by multiple techniques is es-
sential.
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