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1. Introduction

Disulfide bridges play a crucial role in the folding and structural stabi-
lization of many important extracellular peptide and protein molecules,
including hormones, enzymes, growth factors, toxins, and immunoglo-
bulins (/-10). In addition, the artificial introduction of extra disulfide
bridges into peptides or proteins allows the creation of conformational
constraints that can improve biological activity (1/-15) or confer ther-
mostability (5,16—19). Given this intrinsic biological interest, disulfide-con-
taining peptides have long been attractive targets for chemical synthesis.
Starting with the pioneering work of du Vigneaud on oxytocin (20), the
challenge to reproduce and engineer increasingly complex arrays of disul-
fide bridges as are found in natural peptides and proteins (7,10,21-23)
has stimulated the efforts and ingenuities of many peptide chemists. Table 1
provides a representative, but by no means exhaustive, listing of noteworthy
syntheses of peptides or small proteins with one or more disulfides. The
methods can be readily generalized to analogs in which cysteine residues
are replaced by homologs, such as homocysteine, or by sterically restricted
derivatives, such as penicillamine (,B-dimethylcysteine).

Both conformational and chemical considerations determine the ease
of disulfide bond formation in synthetic peptides. The conformational
aspect becomes especially important with small intramolecular disul-
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Table 1

Representative Examples of Synthetic Disulfide-Containing Peptides and Proteins
Name Residues SSbonds References
Oxytocin, vasopressin, and analogs 9 1 20,24-29
Somatostatin and analogs 13 1 30-35
o-Atrial natriuretic factors/peptides (ANF/ANP) 26-33 1 36-39
Calcitonin 32 1 40
Conotoxins and analogs 13-15 2 4149
Apamin and analogs 18 2 50-57
Endothelin and analogs 21 2 58-63
Posterior pituitary peptide 21 2 64
Sarafatoxin 21 2 65
B-hANP (antiparallel dimer of a-ANP) 56 2 38,39
E. coli enterotoxin active fragment and analogs 13 2-3 66-68
u-Conotoxins (geographutoxins) 22 3 69-72
w-Conotoxin 27 3 73-77
E. elaterium trypsin inhibitor II 28 3 78
C. maxima trypsin inhibitor 29 3 79
Defensins 29-34 3 80-83
Charybdotoxin and analogs 37 3 84-86
Bombyxins and analogs 48 3 87-89
Sea anemone neurotoxin and analogs 48 3 90,91
Human insulin, relaxin, and analogs 51-53 3 92-97
Transforming and epidermal growth factors 50-55 3 98-103
Bovine pancreatic trypsin inhibitor and analogs 58 3 104-106
CCK-releasing peptide 61 3 107
C5a anaphylatoxin 74 3 108
Angiogenin 123 3 109
o-Agatoxin IVA 48 4 110
Echistatin 49 4 111
Nat, K*-ATPase inhibitor-1 (SPAI-1) 49 4 112
Elafin 57 4 113
Ribonuclease A 124 4 114,115

fides. For example, the minimally sized eight-membered ring formed
between two adjacent half-cystinyl residues is only rarely found in nature
(116-119), and can be somewhat difficult to form in the laboratory (see
refs. 120-122 for elegant applications of strained peptide disulfides).
With additional intervening residues n between a pair of half-cystines,
the resultant (3n + 8) size rings are relatively unstrained and have con-
siderable conformational flexibility (3,6,8,10,12,13). Still, the exact
sequence can make a difference; for example, small “local” loops must
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Scheme 1. Synthetic approaches to intramolecular disulfide bridges. X, Y,
and Z designate sulfhydryl-protecting groups that are stable to chain assembly.
The activation and/or deprotection steps in approach C provide a nucleophilic
SY* and an electrophilic SZ* (1n the simplest case, Y* = H and Z* = Z). As
discussed in the text, these approaches can be generalized to varying extents for
the syntheses of molecules with multiple disulfide bridges.

include residues compatible with 3- or y-turns (47,123-125), and in larger
structures, the steric environment about cysteine residues affects their
accessibility and pK,, and hence, the ease of oxidation (126-129).

Even for sequences in which the conformations corresponding to disul-
fide bridging are readily accessible, the success of synthetic efforts may
still hinge on the appropriate choice of cysteine-protecting groups and
corresponding deblocking conditions (vide infra). The present chapter
covers some current alternatives for cysteine protection and then turns to
procedures for efficient disulfide bond formation. Both solution and
solid-phase chemistries are discussed. Three principal approaches to
intramolecular disulfide formation in synthetic peptides can be envis-
aged (Scheme 1).

In approach A, both of the cysteine residues to be paired have the
same protecting group, which is removed to give the dithiol form of the
peptide. Oxidation by molecular oxygen or other appropriate reagents
provides the intramolecular disulfide. The disulfide can also be estab-
lished from the dithiol in the presence of redox mixtures, which catalyze
thiol-disulfide exchange reactions. In approach B, the cysteine-protect-
ing groups are removed oxidatively by iodine as shown, or by alternative
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electrophilic reagents, to furnish the disulfide directly. Finally, the chemi-
cally more demanding directed approach C requires two cysteine-pro-
tecting groups that can be selectively cleaved and differentially activated;
a subsequent displacement reaction gives the disulfide bond. Both of the
symmetrical approaches A and B, as well as the unsymmetrical approach
C, can suffer from intermolecular dimerization and oligomerization side
reactions. These can be mitigated to various extents, depending on the
sequence, by the use of dilute conditions in solution, or by the pseudo-
dilution phenomenon that applies to polymer-supported reactions
(124,130-132).

The indicated approaches can be extended to the formation of peptides
or proteins containing multiple disulfide bridges. Despite the statistical
obstacles (3, 15, and 105 intramolecular disulfide isomers theoretically
possible for molecules with 4, 6, and 8 half-cystine residues, respec-
tively), approach A is often practical. Scrupulous attention to experimen-
tal details (pH, ionic strength, temperature, time, concentration) is
critical, and in the cases when such random oxidations are successful, it
is because the polypeptide chains in their reduced polythiol form can
apparently fold into native-like conformations that favor the proper align-
ments of disulfides (5,9). However, nonnatural isomers may form inad-
vertently because of misfolding (or even as obligatory intermediates in
the folding pathway!), and intractable oligomers and polymers are often
observed as well (41,99,133,134).

Chemical control over the specificity of half-cystine pairings is clearly
a desirable goal. For example, the native alignments of multiple bridges
are sometimes not known with certainty from biochemical and/or instru-
mental methods of peptide or protein analysis, and synthetic methods for
regioselective construction of the bridges in several alternative ways can
become an invaluable tool for deciding the correct structure (47,43,58,
67,68,77,94,135,136).

Typically, approaches A and/or B are applied in series using two or
more orthogonally removable sets of pairwise cysteine-protecting
groups. Although in principle such strategies generate unambiguous
disulfide connectivities, the experimental procedures must be designed
and executed with great care in order to prevent or minimize scrambling
of disulfides through any of the consecutive chemical manipulations.

It is often of interest to pair half-cystine residues that are on separate
linear chains. Relevant applications include conjugation of peptides to
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carriers for immunological studies, preparation of standards correspond-
ing to proteolytic fragments isolated during structural elucidation work
on large proteins, development of discontinuous epitopes, and genera-
tion of active site models (36,135-149). Formation of the required
heterodisulfides cannot be carried out efficiently by approaches A or B,
because the statistically predicted distribution that includes both sym-
metrical homodimers will always form upon random symmetrical oxida-
tion. Therefore, intermolecular disulfides are created, whenever possible,
by approach C. Because of the ready propensity of unsymmetrical disul-
fides to disproportionate to the symmetrical species, exposure of the
desired products to strong acid or weak base should be minimized.

Although formation of disulfide bridges is usually carried out toward
the end of a synthetic plan, it is sometimes advantageous to couple and/or
elongate chains that include a preformed disulfide (93,131,138,150,151).
This can be done either in solution or on the solid phase, and requires
careful choice of deprotection and cleavage conditions (see Chapters 4
and 5) that do not affect disulfide bonds. An interesting artifice has been
devised to prepare multiply disulfide-linked chains corresponding to puta-
tive partial structures encountered in structural work (72,73). A single
parent chain is designed that includes a site for proteolysis; intramolecu-
lar disulfide formation (by regioselective methods, if the case warrants)
followed by cleavage gives the desired product chains.

Several of the themes of the present chapter have been covered within
earlier reviews (131,152-158); the fundamental organosulfur chemistry
literature can also be a rich source of inspiration in this field (159,160).
We assume herein that the required linear peptide sequences can be
assembled adequately and with minimal racemization, by stepwise and/
or convergent solution (16 /-163) or solid-phase methodology (131,164—
166); hence, our focus is on the management of cysteine residues. The
subject matter of this chapter is organized parallel to the present intro-
duction, and additionally, modern methods for determining disulfide
connectivities are covered. Although the success of any synthetic effort
directed at properly folded disulfide-bridged peptides and small proteins
often depends critically on the purification and analytical characteriza-
tion procedures that are applied, we do not address these areas because
they are well described in the original literature and in more general
reviews and monographs. Similarly, the elegant thiol capture method of
Kemp (167) demonstrates some interesting disulfide chemistry, but is
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outside the scope of the present chapter. In accordance with the editorial
policy of this volume, emphasis is placed on practical experimental con-
siderations, as filtered through the authors’ experiences, and citations to
the literature are weighted toward articles providing full details.

2. Cysteine Protection

Side-chain protection for the -thiol of cysteine is selected foremost in
the context of compatibility with the temporary N®-amino protecting group
used in stepwise assembly of the linear peptide sequence, and permanent
groups protecting other side-chain functions. As an added complication,
hydrogenolyzable protecting groups, such as N*-benzyl-oxycarbonyl (Z),
are generally incompatible because sulfur-containing residues poison the
catalyst. For solution syntheses, strategies depend on graduated acid lability
with N%®-4-methoxybenzyloxycarbonyl (Moz), N*tert-butyloxycarbonyl
(Boc), N@-triphenylmethyl (trityl or Trt), N%-2-(4-biphenylyl)propyl(2)
oxycarbonyl (Bpoc), or N*ortho-nitrophenylsulfenyl (Nps), together with
side-chain benzyl (Bzl) or tert-butyl (#Bu) and related permanent groups,
whereas current solid-phase syntheses invariably apply either “classical”
Boc/Bzl strategies or orthogonal schemes with base-labile N*-9-fluorenyl-
methyloxycarbonyl (Fmoc) and acidolysable /Bu and related permanent
groups (131,161-166).

The most widely used or promising cysteine-protecting groups are
listed in Table 2, together with indications of stabilities and removal con-
ditions. Note that this tabulation is but a subset of the many ingenious
cysteine-protection chemistries that have been proposed and evalu-
ated for peptide chemistry (131,152,153,156,157,166,167,209-212).
Deprotection of cysteine can be concurrent with removal of all other
side-chain-protecting groups (and simultaneous cleavage from the sup-
port in the case of solid-phase peptide synthesis), or, under appropriate
circumstances, protected cysteine residues can survive the final cleav-
age/deprotection step. In further variations, orthogonal deblocking of
cysteine can be carried out selectively while retaining other side-chain
protection; for solid-phase procedures, this can be done while the pep-
tide chain remains anchored to the support. Orthogonality issues become
particularly critical in designing regioselective schemes for syntheses of
peptides with multiple disulfides.

Unique to cysteine, protecting group removal can be conducted either
to generate the free thiol or to provide directly a disulfide bond. In the
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former case, the deblocking modes are acid (care must be taken to pre-
vent realkylation of deblocked cysteine residues by carbocations gener-
ated under the cleavage conditions), base, reducing agents, or metals,
such as Ag(l) or Hg(II). Metal mercaptides need to be treated in a sepa-
rate step, e.g., with excess [-mercaptoethanol or hydrogen sulfide, to
release the free thiol. However, sometimes the metal is very tightly bound
and difficult to remove completely. Deprotection procedures should be
carried out under an inert atmosphere, to the extent possible, in order to
minimize inadvertent or premature oxidation. Intentional oxidative meth-
ods to give disulfides directly are covered subsequently, as are treatments
with sulfenyl chlorides or other electrophilic reagents to give mixed
disulfide intermediates.

The classical S-benzyl (Bzl) group developed by du Vigneaud and
coworkers has had a distinguished history for the preparation of peptides
in the oxytocin family, and was also popular in the early days of the
solid-phase methodology (20,164,168). However, S-Bzl is applied rela-
tively infrequently in current practice because of the relative harshness
of deblocking conditions, e.g., sodium in liquid ammonia or anhydrous
hydrogen fluoride (HF) at 25°C (see ref. 213 for description of
dehydroalanine residue formation upon HF-promoted elimination of ben-
zyl mercaptan from Cys[Bzl]-containing peptide). Introduction of
slightly electron-donating substituents on the aromatic ring has led to
protecting groups, such as S-4-methylbenzyl (Meb; 169) and S-4-
methoxybenzyl (Mob; 171), which have the proper balance of acid
lability to allow their removal concurrent to other Bzl-type side-chain-
protecting groups by use of HF-anisole (9:1) at 0°C, or acid/scavenger
combinations of comparable strength (170). Metal-assisted or oxidative
cleavages of S-Meb or S-Mob appear to be quite difficult when the goal
is preparative removal. Nevertheless, cleavage or oxidation of S-Acm
and related groups (see Section 4.) is rarely carried out in the presence of
intact S-Bzl, S-Meb, or S-Mob (155).

Given the well-known lability of most fert-butyl (1Bu) derivatives to
acids, it is interesting that the S-/Bu thioether survives neat HF at 0°C
(although it is cleaved at 20°C; see ref. 175). Relatively recently, conditions
have been devised for selective acid cleavage of S-/Bu with HF, in the pres-
ence of certain efficient scavengers, such as anisole, m-cresol, or thioanisole
(39,178). Otherwise, adequate removal of S-fBu can be achieved with
metals or strong electrophilic reagents (172). The conversion of S-fBu to
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Table 2
Cysteine-Protecting Groups Currently Used in Peptide Synthesis%?

Protecting group Abbrev. Partial structure?® Stability Removal Compatibility  References®
S-benzyl Bzl ‘—S—CHz—Q HF (0°C) Na/liq. NH, Boc 164,168
TI(IIT) HF (25°C)
Base
RSCI
S-4-methylbenzyl Meb -—S—CHZ—Q——CH;. TFA HF (0°C) Boc 13],155,
Ag() TI(III) (partial) 169,170
Base
RSCI
S-4-methoxybenzyl  Mob “"s—CHz_‘Q_OCHa TFA HF (0°C) Boc 131,155
Base Hg(ID), Ag(l) 171-174
RSCl T1(II)
L (BrCgH,);N*
CHj
S-tert-butyl Bu —_—e— l__,CHs HF (0°C) HF (20°) Boc, Fmoc 34,39,172,
CHy Base HF/scavengers 175-179
I, (0°C)
Ag() Hg(ID)

NpsC1
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S-triphenylmethyl

S-2,4,6-trimethoxy-
benzyl

S-4,4' 4"-trimethoxy-
triphenylmethyl

S-acetamidomethyl

S-trimethylaceta-
midomethy]

Trt

Tmob

T™MTr

Acm

Tacm

OCH,
_s,—criz—ggrow3

OCH,

OCH,

oL oon

OCH,

1]
—8& —CHa~NH-C—CH3

q CHj

[

—5—CHy—N H'C—?—’ CHj
CHs

Base TFA/scavengers
Nucleophiles Hg(II), Ag(I)

L, T1(III)

RSCl
Base Dilute TFA/
Nucleophiles  scavengers

I, TID)
Base Very dilute TFA
Nucleophiles
HF (0°C) Ag(D), Hg(I)
Base I,, TI(IID)

RSC1
HF Hg(I), AgD). I,
Base

Fmoc, Trt

Fmoc

Fmoc

Boc, Fmoc

Boc, Fmoc

92,152,153,
155,179-184

49,185,186

186

48,146,153
155,174,177,
179,182,183,
187-189

190

(continued)
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Table 2 {(continued)

Protecting group Abbrev. Partial structure? Stabuility Removal Compatibility*  References®
S-phenylacetamido-  Phacm  __g_ cu,—y H-g—CHrO HF Hg(l), L, TKIII)  Boc, Fmoc 48,191-193
methyl Base Penicillin
amidohydrolase
S-9-fluorenylmethyl Fm —S—CH, HF NH; in CH,OH Boc 124,
" I, Piperidine 194-196
Dilute DBU
S-2-(2,4,dinitro- Dnpe _ S_(CHz)z‘QNoz HF Piperidine, Boc 48,197
phenyl)ethyl Dilute DBU
NO,
CH,
S-tert-butylmercapto  StBu —§-S—C—CH TFA RSH, Bu,P, or Boc, Fmoc, 35,50,138,
(I:H : HF (partial) other reducing Nps 161,177,
s Base agents 198-200

RSCl
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S-3-nitro-2-pyridine- Npys st HF (“high”) RSH, Bu;P; Boc 137,143,

sulfenyl HOBt see also 148,178,
NC2 Scheme 3B 202-204
0
S-alkoxycarbonyl- Scm —§-5-C—OCH, HF RSH or other Note ¢ 93,132,
sulfenyl reducing agents; 205-207

see Scheme 3A

o)
S-[(N"-methyl-N"- Snm g g A _N_O HF RSH, specifically  Boc 207
phenylcarbamoyl)- CHs DTT and 2-
sulfenyl] mercaptopyridine

“The protecting group structure is drawn to include the sulfur of the cysteine that 1s being protected. Groups are listed in the same order as text
discussion Unless indicated otherwise, conditzons or reagents outlined under “Removal” are intended for quantitative deprotection and/or oxidative
cleavage, the products from these reactions may be free thiols, mercaptides, or disulfides (details in text). For metal-mediated removals, the counterion
and solvent are sometimes cnitical, for acidolytic cleavages with HF or simular strong acids, the nature and amounts of scavengers added may affect
sigmificantly the stability and/or lability of the protecting group References listed in the far nght column cover discovery of the protecting group, 1ts
introduction onto cysteine, stability properties, and deprotection procedures, and may include relevant review articles 1n addition to or 1 place of the
primary literature.

bMost of the protecting groups listed 1 this table have been apphied to significant targets, as described throughout this chapter. Atherton and
coworkers (208) have documented the nisk of racemization for C-termunal-protected cysteinyl esters duning Fmoc solid-phase synthesis, most seri-
ous for StBu, and less so for Trt, Acm, and rBu The problem is not serious for internal protected Cys residues involved in amide linkages.

“This column provides the compatible repetitively removable N*-amino-protecting group(s) for introductton of the appropriate protected cysteme
denvative, and subsequent stepwise chain elongation. There 1s no entry for Scm, since this protecting group 1s always introduced indirectly once a
cysteine residue has already been incorporated in the peptide chain
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an aromatic mixed disulfide (176) by treatment with 2-nitrophenylsulfenyl
chloride (NpsCl) is a prototype for a general two-step deprotection
method, since further reductive transformations of mixed disulfides are
easily achieved (discussed subsequently, with Scheme 3B in Section 5.).

The level of acid lability required to be compatible with Fmoc chemis-
try is provided by S-triphenylmethyl (trityl or Trt; 152,181), S-2,4,6-
trimethoxybenzyl (Tmob; 185), and S-4,4',4"-trimethoxytriphenylmethyl
(TMTr; 186) groups (see also ref. 214 for description of S-9-phen-
ylxanthen-9-yl [pixyl] group, which has properties similar to S-Trt]. The
S-Trt, S-Tmob, and S-TMTr groups are released by treatment with vary-
ing levels of trifluoroacetic acid (TFA) in the presence of appropriate
scavengers (relative lability to acid is TMTr > Tmob > Trt). The relatively
stable carbocations due to these protecting groups can realkylate cysteine
(an acid-mediated equilibrium process), as well as irreversibly modify
sensitive tryptophan side chains. Trityl groups are removed generally
with cocktails of concentrated TFA that include a mixture of aromatic
and/or sulfur-containing scavengers, e.g., Reagent K (215), TFA-phenol-
water—thioanisole-1,2-ethanedithiol (82.5:5:5:5:2.5), or Reagent R
(216), TFA—thioanisole—1,2-ethanedithiol-anisole (90:5:3:2), 1-4 h,
25°C. Efficient S-detritylation can also be achieved by using trialkylsilane
scavengers, which quench the trityl carbocation to form triphenyl-
methane (217) and have the added virtue of being less likely to interfere
with subsequent oxidation/refolding steps. Reagent B (2/8), TFA-phe-
nol-water—triisopropylsilane (88:5:5:2), represents an effective and con-
venient cocktail for removal of S-Trt and related acid-labile
side-chain-protecting groups used in Fmoc chemistry. The S-Tmob and S-
TMTT groups can be cleaved in the presence of the same scavengers, but
at substantially reduced TFA concentrations, e.g., 7 and 1% TFA, respec-
tively, for ~15 min at 25°C (185,186). Hence, it becomes possible to
release free sulfhydryls in the presence of other side-chain-protecting
groups, or for some solid-phase synthesis applications, while the peptide
chain remains anchored to the polymeric support. S-Trt, S-Tmob, and S-
TMTTr can be used in orthogonal combination with S-Acm (discussed
subsequently), and can also be removed selectively in the presence of
more acid-sensitive groups, such as S-Bzl and S-Meb. Electrophilic
removal conditions to generate disulfides directly are covered separately.

The S-acetamidomethyl (Acm; /87) and related groups (Table 2) are
particularly valuable, because they are essentially stable to both acid and
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base and hence reasonably compatible with both Boc and Fmoc chemis-
tries (see refs. 37,38,51, and 219 for description of partial loss of Acm
groups during repetitive chain assembly and final HF cleavage steps of
Boc chemistry; the Tacm group described in ref. /90 might be more
stable). The S-Acm group survives the conditions for acid removal of S-
Meb, S-Mob, S-Trt, and S-Tmob; conversely, metal-assisted conditions
or electrophilic reagents in properly chosen solvents can serve to remove
Acm selectively in the presence of relatively acid-stable groups as S-Bzl
or S-fBu. Recent reports indicate that under a variety of N*-Boc or S-
Acm deblocking conditions, S — N or § — O transfer of Acm onto side-
chain carboxamide or hydroxyl functions can occur; glycerol was suggested
as a helpful scavenger to suppress such side reactions (220,221).

With the goal of obtaining a free sulfhydryl, S-Acm is removed typi-
cally by treatment with mercuric salts in acidic aqueous solutions, e.g.,
mercuric acetate (Hg[OAc],, 1 Eq; ~0.05M]) in pH 4.0 buffer for 1 h at
25°C (187). Alternatively, it is possible to treat S-Acm-blocked peptides
with silver trifluoromethanesulfonate (10 Eq) in the presence of anisole
(10 Eq), using TFA as solvent for 1 h at 0°C (174). In either case, the
initial mercaptide is treated in the usual ways, e.g., excess hydrogen sul-
fide, B-mercaptoethanol, or dithiothreitol, to remove the metal. S-Acm
removal can also be carried out in solid-phase synthesis while the pep-
tide remains anchored to the support, by treatment with Hg(OAc),
(0.06M) in DMF for 3 h at 20°C (in the dark), followed by washes with
DMF and DMF-B-mercaptoethanol (9:1, v/v) to remove Hg?* from the
deblocked peptide-resin (48,146,189).

The S-9-fluorenylmethyl (Fm; 194,195) and S-2-(2,4-dinitrophenyl)
ethyl (Dnpe; 197) groups are compatible with Boc chemistry and fully
orthogonal with S-Meb and S-Acm groups. S-Fm and S-Dnpe are stable
to strong acids, such as HF, and are removed under basic conditions by
B-elimination reactions, generally as promoted by piperidine (10-50%,
v/v) or 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) (2% v/v) in DMF. In
solid-phase synthesis, it is possible either to remove these protecting
groups while the peptide chain remains anchored to the support, prior to
further transformations, or else first to cleave, isolate, and purify S-Fm
or S-Dnpe-protected peptides. Although the chemical properties of S-Fm
and S-Dnpe are similar, the latter group is more polar and less hindered,
thereby conferring improved solubility properties to the resultant pro-
tected peptides. Also, HF cleavage yields are better with C-terminal
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Cys(Dnpe), by comparison to Cys(Fm). Base-catalyzed removal of S-
Fm or S-Dnpe in the presence of f-mercaptoethanol provides free
thiol functions (48,195); otherwise disulfides are obtained directly
(see Sections 3., 6., and 8.7.).

An important class of cysteine-protecting groups is mixed alkyl, aryl,
and acyl disulfides, such as S-tert-butylmercapto (S¢Bu; refs. in Table 2;
see refs. 50,198,199,222,223 for information about the more acid-stable,
base/nucleophile-sensitive ethyl analog), S-3-nitro-2-pyridinesulfenyl
(Npys; refs. in Table 2), S-alkoxycarbonylsulfenyl (Scm shown in Table
2; see refs. 150 and 224 for ethyl [Sce], benzyl [Sz], and fert-butyl [Scb]
homologs), and S-([N'-methyl-N'-phenylcarbamoyl]sulfenyl) (Snm, 207)
that are cleaved under orthogonal reductive conditions. The S-S¢Bu group
is compatible with all aspects of Boc or Fmoc chemistries, whereas §-
Npys is compatible only with Boc, and S-Scm and related groups require
modified strategies because of the risk of S — N acyl shifts (207). Since
the disulfide-containing protecting groups are reasonably stable to acid,
their removal can be accomplished either selectively while a protected
peptide remains anchored to a solid-phase synthesis support, or subse-
quent to acidolytic release from the support and cleavage of all other
side-chain-protecting groups (see refs. 51 and 201 for discussion of prob-
lems with S-SfBu in HF with various scavengers). Cleavage of S-StBu in
aqueous media occurs with the usual reagents for disulfide bond scis-
sion, ¢.g., B-mercaptoethanol, dithiothreitol, or tri-n-butylphosphine (see
Section 3. for specific examples of conditions for solution deprotection);
typical conditions for solid-phase deprotection include treatment with
B-mercaptoethanol-DMF (1:1) for 5 h at 25°C (200). Note that these
reductions are all designed to provide cysteine residues in the reduced
form. In contrast, S-Npys, S-Scm, and similar groups are set up for
regiospecific displacement by free sulfhydryl groups to form unsym-
metrical disulfides, as covered in more detail in Section 5., Schemes 3A
and B.

An additional level of orthogonality is provided by the use of protect-
ing groups that can be removed enzymatically (192,225). Optimal
enzymes for this purpose should operate at near neutral pH values in
aqueous media, and should have high selectivity for the bond-cleaving
reactions that they catalyze as well as broad substrate specificity with
regard to recognizable structures. Hermann and coworkers have sug-
gested that acylamidomethyl cysteine-protecting groups could be
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deblocked in two stages: (1) enzymatic cleavage of the acylamido bond;
followed by (2) spontaneous hydrolysis of the aminomethylmercapto
intermediate (for N-terminal Cys, this cyclizes further to a thiazolidine-
4-carboxyl residue). These concepts were tested initially on Cys(Acm)
using an m-aminoacylase from chicken kidney. The most promising
results were obtained using S-phenylacetamidomethyl (Phacm) (48,191-
193) for cysteine protection, and penicillin G acylase from E. coli, an
enzyme with a P, specificity for phenylacetyl moieties. Deprotection is
carried out typically for ~24 h at 35°C, using enzyme that is immobilized
on acrylic beads, and with the Cys(Phacm) peptide dissolved in pH 7.8
phosphate buffer. When the enzymatic hydrolysis buffer includes j3-
mercaptoethanol (2% v/v), the product peptide has a free sulfhydryl,
whereas in the absence of a reducing agent, the symmetrical homodimer
forms. The S-Phacm group is compatible with both Boc/Bzl and Fmoc/
Bu synthetic strategies, and is fully orthogonal with base-labile S-Fm
and S-Dnpe, and acid-labile S-Meb, S-Trt, and S-Tmob groups. S-Phacm
can also be applied with S-Acm, which survives the initial enzymatic
removal of S-Phacm (48,193). Thus, the enzymatic approach has the
potential to extend substantially the range of options in regiospecific syn-
thesis of disulfide-containing peptides. Possible limitations include rela-
tively long reaction times, and solubility restrictions given the narrow
pH optimum of the enzyme.

3. Formation of Disulfides from Free Thiol Precursors

The conceptually simplest approach to prepare disulfide-containing
peptides involves complete deprotection, purification of the linear pre-
cursor in the free poly(thiol) form, and then careful oxidation to the prop-
erly folded product with the correct pairings (Scheme 1, Approach A).
This often successful strategy offers the clear advantage of requiring only
one type of S-protecting group for all cysteine residues, thus minimizing
the number of chemical steps that must be conducted following comple-
tion of chain assembly.

The crude cleaved material generally needs to be treated with suitable
reducing agents to ensure that the chain is a linear monomeric species,
free of intra- or intermolecular crosslinks. Toward this end, treatments
are generally carried out with: (1) 10-100 mM dithiothreitol or (2) 0.1-
0.3M B-mercaptoethanol, either reducing agent in an appropriate buffer,
e.g., 0.1M Tris-HC], 1 mM EDTA, at pH 8-9, usually for 2-20 h at 25°C



106 Andreu et al.

(226) (see ref. 227 for example where heating to 37°C was necessary;
see refs. 228-230 for alternative dithiols that serve as reducing agents);
or (3) tri-n-butylphosphine (5- to 10-fold excess over disulfide) in 0.5M
aqueous sodium bicarbonate—n-propanol (1:1), pH 8.0-8.3, at 20-25°C
for 1 h (ref. 231; alcohol needed to dissolve phosphine reagent; however,
see ref. 232 for an alternative, water-soluble, phosphine: tris[2-carbox-
yethyl]phosphine [TCEP]). Sometimes, reduction is catried out in the
presence of denaturants, such as 6M guanidium hydrochloride or 8M urea
(the latter is less preferred because of partial decomposition to cyanate at
basic pH).

Once reduction of crude synthetic material is complete, purification
should be carried out at acidic pH, to minimize oxidation and/or disulfide
interchange. Low-mol-wt species, €.8., denaturants, salts, and excess reduc-
ing agents, should then be removed by dialysis or gel filtration, setting
the stage for the folding/renaturation/reoxidation steps. Reversed-phase
HPLC (see Chapter 3, PAP) and/or ion-exchange steps (see Chapters
2 and 5, PAP) can also separate the desired reduced material efficiently
from byproducts. In our experiences, disulfide formation procedures
are more likely to be successful if the original reduced polypeptide
has undergone initial purification step(s) (see ref. 233 for an example
where an oxidized product reverted to unwanted polymers on lyo-
philization, because of concentration of trace thiol scavengers remaining
from a peptide-resin cleavage step). Also, some workers prefer to carry
out purification at the poly(S-sulfonate) level; the required intermediates
are generated by oxidative sulfitolysis and subsequently reduced to the
poly(thiol) by procedures similar to those already described (see refs.
114,131,234 for examples and leading references).

Oxidation in solution needs to be carried out at high dilution, typically at
10-100 pM, in order to avoid aggregation and intermolecular side reactions.
Nevertheless, solubility can often be a problem. Commonly, molecular
oxygen serves to promote disulfide formation under slightly alkaline con-
ditions, e.g., pH 7.5-8.5; this is done by simple aeration, under gentle
stirring, or with slow bubbling, through the dilute peptide solutions. Most
likely, a radical mechanism applies (159,160,235,236). Occasionally,
moderate levels of denaturants, e.g., 0.5-3M urea or 0.1-1.5M guanidine
hydrochloride, are added to avoid aggregation; a possible added benefit
may be to cause a partial unfolding and expedite the renaturation process
(see ref. 237 for a recent report of intramolecular oxidation of peptide
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bis(thiols) carried out in 8M Gu-HCI). Reactions are conducted at 5-25°C
for 2 h to 4 d, and monitored by HPLC, capillary electrophoresis (see
Chapter 6, PAP), and/or other analytical techniques, including Ellman or
related tests (238-240) to determine disappearance of free thiols. Con-
siderable experimentation is required to devise optimal conditions, and it
is not uncommon for misfolded species or oligomers to accumulate in
solution and/or precipitate out. Examples of the overall approach and
some of the pitfalls, together with experimental documentation, are pro-
vided in the syntheses of a variety of toxins, growth factors, bovine pan-
creatic trypsin inhibitor, and ribonuclease, already listed with references
in Table 1.

Air oxidation, under conditions already discussed, is sometimes too
slow to achieve useful yields of monomeric products. The organic and
biochemical literature includes numerous examples of relatively mild
oxidizing agents that can serve to convert thiols to disulfides (159,160,
236,241). Potassium ferricyanide (24,26,33,242) has been particularly
useful in the preparation of small-size, intramolecular single-disulfide
peptides in the oxytocin or somatostatin families. The procedure has also
been used recently in the orthogonal formation of the first disulfide bond
of several peptides containing two disulfide bonds (44,46). Dimethyl sulf-
oxide (DMSO)-promoted oxidation of thiols to disulfides was described
first by Wallace (243), and the use of DMSO to circumvent some of the
difficulties that are encountered occasionally by classical oxidation
approaches was recently brought to the fore by the independent studies
of Tam, Fujii, and their respective coworkers (81,146,244). Advantages
of DMSO oxidation include applicability over the extended pH range of
3-8, faster reaction rates, the effect of DMSO as a denaturing cosolvent,
and improved solubility characteristics for the materials being oxidized
(see Note 2). Further applications of the method have been demonstrated
in the conotoxin and trypsin inhibitor families; these experiments were
encouraging, although difficulties in removing DMSO from the final
products were also noted (49,106).

An interesting way (245) to achieve rapid intramolecular cyclization
of dithiol peptides involves use of ethoxycarbonylsulfenyl chloride
(SceCl). Crude peptides, obtained directly after lyophilization of HF
cleavage products, were taken up in mildly acidic (pH 4-7) aqueous
media, and combined with the reagent in a 2:1 SH:SceCl ratio (in prac-
tice, the amount of SceCl needed was greater). In this method, SceCl acts
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nominally as an oxidizing agent, although the actual mechanism presum-
ably involves formation of an §-Scm derivative of one thiol, which then
becomes displaced by a second thiol (compare to Scheme 3A in Section
5.). Because some closely related impurities were noted in several cases
tested, the SceCl methodology has been advocated for cases where other
methods proved inadequate (78,245). Azo-oxidizing agents, e.g., diethyl
azodicarboxylate (DEAD) also react by a net two-step mechanism (com-
pare to Scheme 3C and accompanying discussion in Section 5.).
Another significant strategy for renaturing peptides and small proteins
with multiple disulfide bonds involves the use of redox buffers that mimic
physiological conditions (246,247). These procedures are carried out
with dilute poly(thiol) peptide at pH 7.3—8.7, and proceed by thiol-disul-
fide exchange mechanisms (4,9). Thus, even should nonnative disulfide
bridges be favored kinetically, they can equilibrate ultimately to pair in
the thermodynamically preferred arrangements found in the correctly
folded structure. Most commonly, reduced and oxidized glutathione are
added at 3 and 0.3 mM, respectively (247), although in some cases, oxi-
dized glutathione alone has been adequate (106). Other redox systems
are based on dithiothreitol (105,248) or on the protein thioredoxin (249).
Methods involving protein disulfide isomerase (250-252) have not been
applied as yet to synthetic peptides, but may be important for future work.
The previous section included a description of orthogonal deprotection
modes in solid-phase synthesis that allow retention of free cysteine-con-
taining peptides on the polymeric support. This opens up possibilities for
carrying out in the solid-phase mode some of the oxidation chemistries
covered in the present section. The pseudo-dilution phenomenon will then
favor intramolecular cyclization reaction to provide monomeric disul-
fides as the major (>60%) products, although dimers and higher oligo-
mers also form (all peptide products identified and quantitated after
cleavage from the support). Other advantages of solid-phase cyclizations
include straightforward removal of oxidizing agents and/or solvents by
filtration and washings, and the fact that reaction conditions are indepen-
dent of the solubility characteristics of the sequence to be oxidized.
The principles of resin-bound oxidation of peptide dithiols have been
demonstrated in several laboratories. Early examples used air or 1,2-
diiodoethane as oxidizing agents (44,223,253,254). An instructive
example with Fmoc chemistry used TFA-labile p-alkoxybenzyl ester
anchoring as a starting point for synthesis of a decapeptide with S-StBu
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cysteine protection; orthogonal reduction was followed by overnight
oxidation with 1M aqueous potassium ferricyanide-DMF (1:10 v/v), at
25°C, to form a 26-membered cyclic disulfide (200). An optimal example
from Boc chemistry involves oxytocin, which was prepared on an
HF-labile MBHA-resin using S-Fm protection for the cysteine residues
(124). Fm removal under an argon atmosphere with piperidine—DMF—3-
mercaptoethanol (10:10:0.7), at 25°C for 3 h, gave the resin-bound dithiol
which was oxidized for 1 h with air or with 5,5'-dithiobis(2-nitrobenzoic
acid) (DTNB, 0.5 Eq) while the resin was suspended in “buffered” DMF
(containing 0.1M each of acetic acid [HOAc] and N-methylmorpholine
[NMM], with further NMM added to achieve a nominal pH of 7.5 at a
glass electrode). The overall solid-phase yield was considerably better
than when corresponding chemistry was carried out in solution, and mar-
ginally improved over a procedure where solid-phase Fm removal with
piperidine-DMF (1:1), 25°C, 3 h, gave directly the 20-membered cyclic
disulfide. Results with S-Dnpe in place of S-Fm were similar (197).
Lastly, resin-bound dithiols from several sequences could be generated
by selective removal in dilute TFA of S-Tmob from peptides prepared by
Fmoc synthesis on tris(alkoxy)benzylamide (PAL) supports (185,186).
Subsequent oxidation occurred under novel conditions adapted from
Wenschuh and coworkers (255): ~20 mM carbon tetrachloride—
triethylamine (2 Eq each) in N-methylpyrrolidinone, at 20°C for 4 h (49,
186). These conditions were optimized carefully to maximize intramo-
lecular cyclization, and represent a balance between negligible reaction
and excessive oligomerization. Interestingly, the same oxidation proce-
dure when applied to resin-bound peptides containing a single free cys-
teine residue represents a key first step in efficient intermolecular routes
to parallel homodimers (see Scheme SF in Section 6., and ref. 256).

4. Symmetrical Formation of Disulfides
from S-Protected Precursors

A number of oxidizing agents take S-protected cysteine derivatives
directly to the corresponding disulfides (Scheme 1, Approach B). The pro-
totype reaction in this regard is the conversion with iodine (1-10 Eq =
0.01-0.1M, for 1 min to 2 h at 25°C) of §-Ttt, S-Tmob, or S-Acm groups
(122,182,185,257). (On completion of the deprotection, excess iodine is
generally destroyed by reaction with solid or aqueous ascorbate or thio-
sulfate [titration]; with powdered zinc dust; or by dilution with water
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Table 3
“Half-times” (¢;) for Iodine Oxidation of (A) Boc-Cys(Trt)-Gly-Glu(OtBu),
and (B) Boc-Cys(Acm)-Gly-Glu(OtBu), in Various Solvents?

t, for A, t, for B,
Solvent S-Trt S-Acm
Group 1 MeOH 3-5s 1 min
1,(S-Trt) < 2,(S-Acm) MeOH-H,0 (4-1) <ls 4-6s
HOAc¢ 70-80s 40-45 min
HOAc-H,0 (4:1) 1-3s 50-60 s
Dioxane 1 min 1.5-2h
Dioxane-H,0 (4:1) 5-10s 5-10 min
MeOH-CHCI;, (1:1) 24s 15 min
Group 11 CHCI,;, CH,Cl, 1-2s 1.5-2h
1,(S-Trt) << £,(S-Acm) HFIP-CHCI, (1:1) 1-2s >2h
HFIP-CHCI, (3:1) <ls >2h
TFE-CHCl, (1:1) 5-6s >2h
TFE-CHCIl, (3:1) 4-5s >2h
Group III DMF 25-35s 2-3s
1,(S-Trt) > t,(S-Acm) DMF-H,0 (4.1) 3040s 3-5s

9Adapted from Kamber et al. (182). Reactions were carried out at 20-25°C, with 5 mM pep-
tide and 15 mM iodine Group II solvents allow selective and quantitative oxidation of S-Trt in
the presence of S-Acm With Group I solvents, co-oxidation of two different linear peptides, one
protected with S-Trt and the other with S-Acm, showed a surprising preference (as much as 70—
80%) for open-chain asymmetrical heterodimer formation (see refs. 59,144,147,151,182). The
corresponding experiments with Group III solvents (DMF or DMF-H,O muixtures) gave the
expected random statistical mixtures The recent work of Tesser and coworkers (258) 1llustrates
solid-phase variations on this chemustry, taking advantage of cysteine bound as a thioether to an
appropriate trityl resin

followed by extraction with carbon tetrachloride.) Suitable neutral sol-
vents for iodine oxidation include aqueous and neat methanol or trifluoro-
ethanol, dioxane, chloroform, and DMF; in some cases, it is advantageous
to carry out reactions with anhydrous or aqueous carboxylic acid sol-
vents or cosolvents such as acetic acid, propionic acid, and trifluoroacetic
acid (water often accelerates reaction rates). In fact, the classic studies
of Kamber and coworkers (182) show that remarkable selectivities
(from 10-fold to >1000-fold) between S-Trt and S-Acm, in either
direction, can be achieved by appropriate choices of solvent (Table 3).
As documented throughout this chapter, pairwise iodine oxidations
have become the cornerstone of numerous successful applications in the
peptide field. Occasionally, sensitive residues, such as tryptophan,
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tyrosine, or methionine, suffer modification under the conditions used
(62,85,182,221,242); overoxidation of cystine bridges has also been
noted (257). Such side reactions can be mitigated by appropriate scaven-
gers, control of pH (acid media are preferable), and minimization of
reaction times (as shown in ref. 259, disulfide dimerization can be
suppressed, and intramolecular tryptophan-2-thioether formation favored,
when the amount of iodine is limiting and “Group II” solvents [see Table
3] are used). Iodine oxidations of Cys(Acm) residues at or near the N-
terminus of a peptide are said to proceed better when the endgroup is
blocked (136). Other sources of iodonium ion (I*), such as cyanogen
iodide (260) or N-iodosuccinimide (57), may be advantageous alterna-
tives to iodine.

Fujii and coworkers (183) introduced thallium (III) trifluoroacetate
(Tl[tfal;) as a particularly mild oxidizing agent for removing a range of
S-protecting groups (Scheme 2A). Typically, reactions are successful
with thallium reagent (1-2 Eq), in the presence of anisole (2 Eq), at 0°C
for 1-2 h, using TFA as the solvent. Tryptophan and methionine residues
should be protected (the latter as its sulfoxide), since under the condi-
tions cited Trp is destroyed and Met is oxidized partially to the sulfoxide
(but not sulfone). In relevant side-by-side comparisons, thallium oxida-
tions have been found to proceed more rapidly and give cleaner results
than reactions with iodine; however, it should be stressed that the storage
sensitivity and toxicity of thallium precludes its use on larger than labo-
ratory scales. Also, as with other metals, thallium can be difficult to
remove entirely from sulfur-containing peptides.

Another novel oxidizing milieu (Scheme 2B), discovered indepen-
dently by Kiso (261,263) and Fujii (262), is a mixture of alkyltrichlo-
rosilanes and sulfoxides. Typical reaction conditions involve dialkyl or
diaryl sulfoxide (0.4M; dipheny! sulfoxide [DPSO] as shown in Scheme
2B, or DMSO or tetramethylene sulfoxide [TMSO]) and silyl chloride
(1.0M; MeSiCl; as shown in Scheme 2B, or TmsCl, Tms triflate, or SiCl,)
for 4 h at 4°C, in TFA as solvent. The method is compatible with most
amino acid side-chains; Trp must be used as its Ni"-formyl derivative
(later removed by rapid base treatment without affecting disulfide)
because unprotected Trp becomes fully chlorinated under the reaction
conditions (263). An interesting variation involves treatment of peptides
containing acid-labile cysteine-protecting groups such as S-Trt and even
S-Mob (but not S-Meb) with TFA in the presence of dimethyl sulfoxide
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Scheme 2. Suggested mechanisms for mild oxidation methods of S-protected
cysteine residues to form disulfide bonds. (A) Mediated by Ti(tfa),; adapted from
ref. 183. The initial thallium reagent 1s in the (III) oxidation state, and the final
thallium salt coproduct is at the (I) level. Reactions are conducted typically in TFA
(183), although DMF and acid-DMF mixtures can also be used (/24). The chem-
istry has been demonstrated for X = tBu, Mob, Acm, Trt, and Tmob (listed in
approximative order of reactivity, from least reactive to most). (B) Mediated by
silyl chloride/sulfoxide; adapted from ref. 261. The chemistry has been demon-
strated for X = Acm, Meb, Mob, Tacm, and Bu (listed alphabetically without
regard to relative reactivity). See refs. 261-263 and text for further discussion.

(DMSO) (10%, v/v) and anisole (1%); disulfide bonds are formed
directly in good yields (264).

A final example for oxidation of S-protected cysteine was given by
Platen and Steckhan (173), who showed that treatment of Cys(Mob)-
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containing peptides in acetonitrile (in the presence of solid NaHCO;) with
the homogeneous electron-transfer agent tris(4-bromophenyl) ammoni-
umyl (a radical cation with antimony hexachloride counterion) (3 Eq),
rapidly gives the corresponding intramolecular disulfides in high yields.
Because Boc, Z, and tert-butyl groups are stable to these conditions, and
because S-Mob survives manipulations of S-Trt (e.g., oxidation with
iodine), this methodology shows considerable promise for regioselective
disulfide formation.

Some of the oxidation chemistry just discussed can be transferred to
the solid-phase mode (general principles already discussed in the previous
section). It is preferable to use solvents that effectively swell the peptide-
resin; DMF is near optimal in this regard for synthetic schemes based on
either Boc or Fmoc. Typical conditions involve iodine (3-10 Eq =0.03 -
0.08M) at 25°C for 1-2 h, or Ti(tfa); (~1.2 Eq = 6 mM) at 0°C for 1-2 h;
peptides protected with S-Acm, S-Trt, and S-Tmob have been oxidized
this way (48,49,124,185,265-270). Yields of monomeric intramolecular
disulfide-bridged peptides can be as high as 60-90% by these solid-phase
approaches. Everything else being equal, results are generally better
using thallium rather than iodine for oxidation (124,185,269), but it
should be noted that thallium is not compatible with S-Trt (124).

When acid-stable anchoring linkages, such as p-methylbenzhydryla-
mine (MBHA) or o-nitrobenzylamide (Nb), are used, TFA (which pro-
motes good swelling) can be a helpful solvent for on-resin cyclization.
Interestingly, the same oxidizing reagents (I,, T1[tfa];, DMSO) in TFA
can be applied with acid-labile anchoring linkages, such as p-alkoxy-
benzyl (PAB, PAC, or “Wang” resin) or tris(alkoxy)benzylamide (PAL);
in these cases, excellent yields of disulfide-cyclized peptides can be
obtained concurrently with deprotection and release of material into
solution (185). In a different illustration of the general principle, iodine
can be added to the dilute-acid cocktail for cleavage of 2-chlorotrityl
resins; the resultant peptides include a disulfide bridge from oxidation of
Cys(Trt), but other side-chain-protecting groups remain intact (271).

5. Unsymmetrical Formation of Disulfides
by Directed Methods

The symmetrical methods of disulfide formation discussed so far are
applicable primarily to cases where the required bonds are either intramo-
lecular cyclic or intermolecular homodimeric. When the goal is to con-
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nect two different peptide chains by a disulfide bridge, co-oxidation meth-
ods become impractical, since the desired heterodimer is often a minor
product in the presence of unwanted homodimers (see, however, the care-
ful work of Kamber and coworkers, ref. 182, which shows that in appropri-
ate solvents, co-oxidation of two linear peptides protected with Cys[Trt]
and Cys[Acm] respectively, can lead predominantly to open-chain asym-
metrical cystine peptides, as noted in footnote to Table 3). Control of
regioselectivity is possible, in principle, by directed disulfide forma-
tion methods (Scheme 1, Approach C). Directed methods are sometimes
applied to internal disulfide bridges, although their main application is to
heterodimeric and multiple disulfide-containing peptides.

Selective activation of a given cysteine residue (formation of SZ* in
Scheme 1) can be carried out:

1. In situ;

2. As a discrete step leading to an isolable, characterizable intermediate; or

3. With a choice of a cysteine-protecting group that 1s sufficiently stable to
chain elongation conditions, yet suitably activated for disulfide formation
(re., Z=17%).

Initial examples for category (1) are due to the pioneering work of Hiskey
(153), in which thiocyanogen (SCN), was reacted with peptides containing
either a free or protected thiol. The resultant activated peptides (Z = -SCN,
used without isolation) were then reacted further with second peptides
containing a free thiol, to form heteromeric disulfide-bridged products.
Substantial levels of homodimeric byproducts form when the activation
step is either too slow or incomplete, and the high electrophilic reactivity
of thiocyanogen poses significant risks for a variety of side reactions.
These problems provided an impetus for efforts to devise milder chemis-
tries according to category (2) above.

Activation to form an isolable intermediate is exemplified by S-sul-
fenylphthalimide derivatives of cysteine peptides (272). This interesting
advance has had limited application, perhaps because of difficulties in the
preparation of the activated compounds. In contrast, S-alkoxycarbonyl-
sulfenyl derivatives (e.g., Scm in Table 2 and Scheme 3A) can be pre-
pared readily by reaction of either free or protected (e.g., S-Trt, S-Acm)
thiols with the appropriate alkoxycarbonylsulfenyl chlorides (150,205-
207,224,245,273). These base-labile S-sulfenyl derivatives must be
handled under neutral or slightly acidic conditions where there is, how-
ever, a risk of undesired modification of unprotected tryptophan. Forma-
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Scheme 3. Approaches for directed formation of disulfide bonds. See
accompanying text for discussion and leading references. Reactions can be con-
ducted when the two cysteines to be paired are on separate chains (heterodimer
formation) or on the same chain (intramolecular cyclization). Transformations
above and below the horizontal dotted lines are carried out separately. The square
brackets for entry B indicate that the S-SAr intermediate 1s optionally prepared
as shown, but can also be obtained by using Cys(SAr) as a building block 1n
chain assembly. Numerous options exist for selective removal of protecting
group Y; check Table 2 for reagents, conditions, and compatibility restrictions.

tion of the desired unsymmetrical disulfide occurs in a mild separate step
catalyzed by mild base: A second free thiol displaces the S-alkoxycarbon-
ylsulfenyl moieties, which are lost irreversibly as inert carbonyl sulfide
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(COS) and alcohol (hence driving the reaction to completion) (Scheme
3A; ref. 273). The references given already in this paragraph demon-
strate and document the use of this chemistry for modification and disul-
fide-linking of cysteine-containing peptides in solution. Kemp’s thiol
capture method also makes use of Scm groups to facilitate connections
to a 4-mercaptodibenzofuran template (167). Conversions of S-Acm to
S-Scm, and/or reactions of cysteine thiols with Cys(Scm) in the same or
different peptides, can also be carried out in the solid-phase mode
(132,274). The products are intramolecular cyclic disulfides and disul-
fide heterodimers, respectively. Solid-phase variations have the usual
advantages of simplicity, convenience of product isolation, and the pos-
sibility to drive reactions by use of excesses, but suffer from the dif-
ficulty of monitoring adequately completeness of the desired reactions
and avoidance of side reactions.

A further way to activate free or protected cysteine residues involves
reaction with aromatic sulfenyl halides, such as 2-nitrophenylsulfenyl
chloride (Nps; Z = —S-[2-nitrophenyl])(176,275) or 2-pyridinesulfenyl
chloride (SPyr; Z = -S-2-pyridyl) (276) (Scheme 3B). Directed disulfide
formation is now driven by the low pK, of the aromatic thiol. Unfortunately,
the required sulfenyl halides can be difficult to obtain and/or suffer from
extreme sensitivity to hydrolysis from atmospheric moisture. On the other
hand, peptides containing cysteine in the free thiol form can be activated
directly, both in solution and on the solid phase, by application of
2,2'-dithiodipyridine ([PyrS],) (239; see refs. 39,87,141,149 for examples
in the peptide field). The highly specific transformation of S-Snm to S-SPyr
on treatment with 2-mercaptopyridine in chloroform represents another
mild avenue to the required stable S-arenesulfenyl intermediates (207).
Finally, cysteine-containing peptides can be reacted in aqueous pH 7.4
buffer with Ellman’s reagent (DTNB; 238) to provide the appropriate
mixed disulfide intermediates; these react further in siru with a second
cysteine peptide to provide significant levels of heterodimer (277).

Although most of the S-activation procedures described in the preced-
ing paragraphs can be performed relatively efficiently, the additional syn-
thetic step complicates the synthetic strategy and practice both in solution
and solid-phase modes. An advantageous alternative, category (3), takes
advantage of the dual nature of certain groups, e.g., the 3-nitro-2-
pyridinesulfenyl (Npys; Z = —S-[3-nitro-2-pyridyl; see Table 2) group
for both protection and activation. The commercially available Boc-
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Cys(Npys)-OH (137) derivative is incorporated readily into synthetic
peptides by Boc chemistry, survives successive deprotection/coupling
cycles, and is stable to final cleavage/deprotection with strong acids (e.g.,
HF, TEMSA) (204). Asymmetric disulfide bond formation with a sec-
ond peptide that contains a free thiol takes place over a wide pH range in
aqueous buffers and can be monitored by spectrophotometric titration of
the released 3-nitro-2-pyridinethiol (278). Times for complete reaction
have been reported (137,140) to vary from several hours at pH as low as
4, to 30 min or less at pH 8-9 (caution required at the high end of pH
range, because of disproportionation, which provides symmetrical
homodimers); another study gave substantially faster rates (141,149).
Reactions can also be carried out in the solid-phase mode (178). Recent
applications of the Npys group have included the synthesis of intramo-
lecularly cyclized disulfide peptides (178,203), disulfide heterodimers
(137,279), parallel and antiparallel bis-cystine peptides (141,149,280),
and conjugates of immunopeptides to carrier proteins (140,143,145,281;
see also Chapter 10, PAP). Although the lability of S-Npys to piperidine
prevents its use in Fmoc solid-phase protocols, peptides otherwise syn-
thesized from N*-Fmoc-amino acids can incorporate Boc-Cys(Npys)-OH
as an N-terminal residue to be used subsequently in conjugation to a car-
rier. Additionally, internal Cys(Npys) residues can be formed after chain
assembly is complete, by solution or solid-phase conversion of internal
free or protected (with S-Acm, S-Trt, or S-fBu) cysteine residues to
S-Npys by methods covered in the previous paragraph (148).

Additional approaches to directed disulfide formation exist. One attrac-
tive option, so far applied only in solution, represents in effect a con-
trolled stepwise oxidation (Scheme 3C; refs. 138,139,282,283). Peptides
containing a free cysteine residue are dissolved in argon-saturated DMF
and reacted with bis(terz-butyl)azodicarboxylate (2-3 Eq), for 4-12 h at
25°C, to provides isolable sulfenylhydrazides (Z = -N[Boc]NHBoc);
following concentration and trituration to remove excess oxidizing
agent, these are redissolved and combined under similar conditions with
a second peptide containing deblocked cysteine to give disulfide
heterodimers. Another elegant approach allows directed pairing of pro-
tected cysteine residues under strong acidic conditions (Scheme 3D; refs.
155,284,285). One of the pair is not only protected (e.g., with Z = Mob or
Acm), but oxidized further as the sulfoxide (in fact, the sulfoxide is
present in the amino acid building block used during assembly of the
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entire peptide chain). Once the acid-labile group (e.g., Y = Mob) protect-
ing the other Cys is removed, the liberated thiol attacks the electroposi-
tive sulfur atom of the protonated sulfoxide, and a disulfide bond results.
The method has been applied for both inter- and intramolecular reactions.

6. Regioselective Formation of Disulfides

This chapter has so far presented various alternatives for selective pro-
tection and deprotection of cysteine residues, together with methods for
disulfide formation. The most demanding tests of these chemistries arise
when the goal is to prepare peptides containing multiple disulfide
bridges. The general approach is for graduated deprotection and/or
co-oxidation of pairwise half-cystine residues, as specified by the origi-
nal protection scheme. The present section describes a few representa-
tive examples of viable strategies, as applied to some of the targets
already presented in Table 1. The best work in the field provides unam-
biguous syntheses of the correct structures, although it should be noted
that absolute yields are often quite low (or not reported). As with random
oxidation approaches discussed earlier, the regioselective routes require
considerable care in the selection of experimental conditions, particu-
larly with regard to appropriate solvents (see ref. 63 for an ingenious
regioselective random oxidation, based on the preference of cysteine and
penicillamine residues to form mixed disulfides).

To achieve regioselective disulfide formation in single-chain peptides
(Scheme 4), the desired linear protected peptide sequences are assembled
by the usual solution or solid-phase methods, generally with two classes
of cysteine-protecting groups. Nishiuchi and Sakakibara (Scheme 4A)
used a combination of S-Meb and S-Acm groups in a synthesis of
conotoxin GI that confirmed the disulfide alignment of the native pep-
tide. The fully protected sequence prepared by solution methods was
deprotected in HF and oxidized with K;Fe(CN)q to give an intermediate
retaining Acm protection at Cys? and Cys’. After purification by gel fil-
tration, the second disulfide was formed by treatment with iodine in
acidic aqueous methanol. Nearly identical protection strategies have been
used by other workers to prepare peptides in the conotoxin family
(42,44,46,47), the major differences being that initial chain assembly was
by Boc solid-phase chemistry, and in some cases, S-Mob was used in
place of S-Meb and oxidation at the bis(Acm), bis(thiol) stage was car-
ried out in dilute solution with air instead of K;Fe(CN)s. The Boc/Meb/
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Acm solid-phase strategy can be extended to peptides containing three
disulfide bridges, as exemplified by a 13-residue E. coli enterotoxin frag-
ment (Scheme 4B). In this partially regioselective approach of
Shimonishi and coworkers, two of the disulfide bridges were found to
pair correctly by air oxidation of a bis(Acm) precursor, and the third
bridge was formed by subsequent iodine treatment. Permutations to the
initial protection scheme failed to give the native folded enterotoxin,
hence ruling out some alternative possible half-cystine pairings.

Other cysteine-protecting group combinations can also be used for
regioselective disulfide formation together with Boc solid-phase synthe-
sis. Ponsati and coworkers demonstrated an orthogonal protection
scheme with S-Fm and S-Meb for the synthesis of a bovine pituitary pep-
tide (Scheme 4C). The novel feature of this synthesis was formation of
the first disulfide while the protected peptide remained anchored to the
polymeric support (earlier sections of this chapter have discussed advan-
tages of this approach for peptides with single disulfides). The piperidine
used to promote simultaneous Fm removal and disulfide formation con-
comitantly deblocked a Trp(For) in the sequence. Next, the peptide-resin,
as well as all remaining protecting groups, were fully cleaved by HF
treatment; the strong acid did not affect the already-formed disulfide
bridge. Finally, the second disulfide was formed by air oxidation at high
dilution. The indicated route was more convenient and provided better
results than a synthesis of the same sequence using a Boc/Acm/Meb
strategy. Importantly, the unambiguous product formed by regio-
specific methods coincided with the major thermodynamic product
from random oxidation of the tetrathiol peptide, a process that also gave
minor regioisomers.

The first regiospecific synthesis compatible with Fmoc chemistry was
demonstrated by Atherton and coworkers (Scheme 4D). The conotoxin
GI sequence was assembled on a 4-hydroxymethylbenzoyl polyamide
support, using S-Acm and S-SfBu protection. Ammonolysis released the
protected peptide amide, and then Cys? and Cys’ were selectively
deblocked by phosphine-mediated reduction. The first disulfide formed
by slow air oxidation, and the second was formed in the usual way with
iodine in acidic aqueous acetic acid.

Akaji and coworkers used Fmoc chemistry to prepare conotoxin MI
on Rink resin with S-Acm and S-fBu (Scheme 4E). It should be noted
that all aspects of their strategy appear to be compatible with Boc chem-
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Scheme 4. Regioselective schemes for the preparation of single-chain pep-
tides with multiple disulfide bridges. Only end-group positions and locations of
half-cystine residues are shown, and lines in the schematic are not drawn to
scale. See text for further details. (A) Conotoxin GI (41). (B) Enterotoxin frag-
ment ST, (6-18) (67; note that for purposes of this scheme, residues have been
renumbered). (C) Posterior pituitary peptide (64). (D) Conotoxin GI (45). (E)
Conotoxin MI (39). (F) a~-Conotoxin SI (48,49).

istry with appropriate HF-labile supports. In one variation (not shown in
Scheme 4), cleavage with HF-anisole at 4°C for 1 h removed selectively
S-Bu and all side-chain protecting groups except for S-Acm, thus providing
the bis(Acm), bis(thiol) linear chain. This intermediate is analogous to
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ones already described from Boc/Acm/Meb strategies, so sequential
air oxidation and Acm deprotection/co-oxidation (the latter using chem-
istry of Scheme 2B) gave the desired bicyclic peptide. Alternatively
(Scheme 4E), both classes of cysteine-protecting groups were stable to
HF-m-cresol for 20 min at 4°C, under which conditions the anchoring
linkage and all other side-chain-protecting groups were cleaved. In this
strategy, the first disulfide bridge was formed in highly dilute solu-
tion by iodine oxidation of S-Acm; following purification, the silyl
chloride-sulfoxide method (see Scheme 2B) was applied to cleave simulta-
neously the tBu groups and form the second disulfide. Thus, a common
linear precursor can be used to form regioselective disulfide bridges in
either of two orders, as controlled by the deprotection conditions.

Further concepts are illustrated in several recently devised alternative
routes to o-conotoxin SI (Scheme 4F). The linear sequence was assembled
by Fmoc chemistry, and cysteine residues were protected by an orthogo-
nal Tmob/Acm combination. Treatment with dilute acid removed
S-Tmob selectively, to provide the resin-bound bis(Acm), bis(thiol) inter-
mediate suitable for oxidation under mild conditions to close the first
disulfide bridge. The resin-bound monocyclic bis(Acm) intermediate was
oxidized further with TI(tfa); in DMF-anisole (19:1) (Scheme 2A), and
finally the desired bicyclic peptide was released from the acid-labile
tris(alkoxy)benzylamide (PAL) support with a TFA/scavengers cocktail.
The general approach was varied to explore the order of cyclization (dic-
tated by location of S-Tmob and S-Acm groups in initial protected
sequence), and to assess the relative merits of fully solid-phase vs solu-
tion disulfide-forming strategies.

Methods for controlled formation of disulfides also come into play for
the synthesis of parallel and antiparallel bis(cystine) dimers, which are
worthwhile targets for a variety of applications (/49). For instance, some
biologically active molecules, such as the hormone B-atrial natriuretic
factor (B-ANP) (36,39,286) and the progesterone-binding protein
uteroglobin (141,287), consist of two identical polypeptide chains linked
in antiparallel fashion by two disulfide bridges; the hinge region of
immunoglobulins contains a parallel dimer (139); some artificially
designed dimers have interesting binding properties due to their symme-
try (280,288); and a parallel dimer of deamino-oxytocin has been shown
recently to act as a long-lasting prohormogen, presumably by slow dis-
proportionation under physiological conditions (256). Given the regular-
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ity with which dimers arise as unwanted byproducts of syntheses directed
at monomeric cyclic disulfide peptides, it is interesting how challenging
the intentional synthesis of dimers can be (for example, disulfide exchange
during formation of the second bridge can give the corresponding cyclic
monomer; see refs. 256 and 289).

In a prototype example of the kinds of approaches that are possible for
the preparation of dimers, Ruiz-Gayo and coworkers carried out Boc solid-
phase syntheses of a linear heptapeptide with acid-stable S-Fm and S-Acm
protection (Scheme 5A,B). This was straightforward when the goal was
the parallel dimer. For the antiparallel synthesis, the two chains with
inverted protection were required; these were obtained after simultaneous
elongation carried out on two polymeric supports with different flotation
properties. To obtain the parallel dimer, the single linear chain was released
from the support by HF, then S-Fm removal and simultaneous oxidation was
carried in solution by treatment with piperidine-DMF (1:1), and lastly,
codeprotection/oxidation of S-Acm with iodine in aqueous acetic acid gave
the desired product. The orthogonal alternative of oxidizing S-Acm first
was considered less desirable because of the poor solubility of the result-
ant bis(Fm) dimer intermediate. To prepare the antiparallel dimer, both of
the monomeric chains obtained after HF cleavage were treated with pip-
eridine in the presence of §-mercaptoethanol to furnish the corresponding
mono(Acm) peptides with free thiols. One of these chains was activated to
furnish its S-pyridyl derivative, which was purified and reacted with the
second chain in its free thiol form to give the first disulfide (chemistry of
Scheme 3B). The second disulfide was closed as before with iodine.

Another set of (chronologically earlier) examples came from Sakaki-
bara’s laboratory, where the linear protected sequences of o-human atrial
natriuretic peptide (0t-hANP) were prepared by solution Boc chemistry
(Scheme 5C,D). With the goal of preparing the parallel dimer, S-Acm-
and S-Meb-protecting groups were used, whereas for the antiparallel
dimer, the S-Npys group (stable to conditions of chain assembly) was
needed as well. As in other syntheses described earlier, HF deprotections
of these peptides gave either the mono(Acm), mono(thiol) chain, or the
mono(Acm), mono(Npys) chain. For the parallel molecule, the first of
these chains was oxidized sequentially with K;Fe(CN)g and treated with
iodine. For the antiparallel molecule, the first of these chains (with free
thiol) attacked the second one (with Npys activation) to form a disulfide
bridge, and again iodine closed the second bridge. Unfortunately,
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Scheme 5. Regioselective schemes for the preparation of representative
dimers (single peptide sequence, connected at two points by disulfide bridges).
Only end-group positions and locations of half-cystine residues are shown, and
lines 1n the schematic are not drawn to scale. Chains are numbered from N- to
C-terminal, and the second chain has a prime (') numbering. See text for further
details. (A) Parallel uteroglobin-like cavities (141,149). (B) Antiparallel
uteroglobin-like cavities (141,149).

the oxidation was accompanied by several side reactions, including
Met(O) formation. A potentially milder route to disulfide cyclic dimers
was developed by Wiinsch and coworkers (139) (chemistry not drawn as
part of Scheme 35, but protection scheme chosen similar to Scheme 4D).
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Scheme 5. (continued) (C) Parallel o.-human atrial natriuretic peptide dimer
(36). (D) Antiparallel dimer of a-human natriuretic peptide dimer (synthesis in
ref. 36), which is in fact f-human atrial natriuretic peptide (286)(continued).

The required linear chains prepared by solution methods with S-Acm
and S-StBu protection were deblocked selectively with tri-n-butyl-phos-
phine, and the azodicarboxylate oxidation procedure (Scheme 3C) was
used to form the first disulfide bridge. The second bridge was closed in
the usual way with iodine, and the proper design of precursors allowed
preparation of the targets in both the parallel and antiparallel alignments
(note, the latter compounds rearranged readily to the former under con-
ditions conducive to thiol-disulfide interchange).

Dimers can also be prepared in conjunction with Fmoc chemistry for
linear chain synthesis on p-alkoxybenzyl ester and related supports. The
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Scheme 5. (continued) (E) Antiparallel dimer: B-human atrial natriuretic pep-
tide dimer (synthesis in ref. 39); sequence identical to molecule prepared in (D).

B-human atrial natriuretic peptide already mentioned (Scheme 5D) was
prepared in an alternative way by Kiso and coworkers (Scheme 5E). The
chains were synthesized twice, with inverted S-Acm/S-Trt protection on
cysteine. Cleavage and partial deprotection with 1M HBF,~thioanisole
gave monomeric precursors each containing one Cys(Acm) and one Cys
as the free thiol. One of the chains was activated by conversion to the S-
pyridyl derivative, which was attacked by the free thiol of the other chain.
Next, the silyl chloride/sulfoxide method (Scheme 2B) served to remove
S-Acm and form the second bridge simultaneously.
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A recent orthogonal synthesis of a parallel dimer of deamino-oxytocin
relied on two intermolecular polymer-supported reactions to form disul-
fide bridges (Scheme 5F). The protection scheme involved acid-labile S-
Tmob for the N-terminal Mpa! residue, and S-Acm for the internal Cys®
residue. Selective removal of S-Tmob and mild oxidation of the free thi-
ols using CCl,—Et;N precluded formation of any intramolecular byprod-
ucts, and thus gave the corresponding pseudo-cyclic intermediate in
high yield and purity. This resin-bound intermediate was treated with
thallium to remove vicinal S-Acm groups oxidatively and form the
desired target.
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The peptide targets described so far have consisted of either a single or
else two identical polypeptide chain(s), with regioselective chemistry
controlling two disulfide bridges. By contrast, the impressive solution
synthesis of crystalline human insulin by Sieber and coworkers from
Ciba-Geigy provides a remarkable juxtaposition of regioselective disul-
fide-forming reactions to connect two chains with two intermolecular
and a third intramolecular bridge (Scheme 6). The initial A(20-21)-B(17-
20) heterodimer was formed (205) by the sulfenyl thiocarbonate
fragmentation method (Scheme 3A), i.e., activating the S-Trt (or S-Acm)-
protected B tetrapeptide with ScmCl, and carrying out reaction with the
A chain dipeptide counterpart in its free thiol form. Establishment of the
two remaining disulfide bonds of insulin took advantage of earlier dis-
coveries by the same research team on the selective iodine oxidation of
the S-Trt and S-Acm groups (Table 3). Thus, the key A(6-13) fragment
was formed by intramolecular cyclization of two Cys(Trt) residues in the
presence of Cys(Acm) (ref. 182 describes direct synthesis of correspond-
ing A[1-13] fragment). A further noteworthy feature of the synthesis
relates to the N*-amino protection scheme and novel deprotection condi-
tions, which facilitated couplings of protected insulin segments containing
pre-established disulfide bridges. Similar methods provided two unnatural
disulfide bond isomers, that had chromatographic, physico-chemical, and
biological properties distinct from the natural material (94).

The bombyxins, peptides of the insulin superfamily isolated from the
silkworm, have been targets of recent synthetic efforts using regio-
selective disulfide formation strategies by Suzuki and coworkers. In one
case (bombyxin IV, see Scheme 7), the A and B chains were assembled
separately by Fmoc solid-phase synthesis on Wang resins and released
into solution on treatment with TFA while cleaving simultaneously most
of the side-chain-protecting groups. For the A chain, the internal disul-
fide bridge between positions 6 and 11 (both originally protected as S-
Trt) formed spontaneously on lengthy stirring of the peptide at high
dilution; meanwhile, the Cys(Acm) at position 7 and Cys(tBu) at posi-
tion 20 were unaffected. Acidolytic cleavage of a Cys(Acm)B!O,
Cys(Trt)B22-protected peptide-resin gave a B chain intermediate retain-
ing S-Acm protection, for which the free thiol was temporarily S-
pyridylated to prevent unwanted dimerization. Selective deprotection of
S-1Bu on the aforementioned A chain intermediate already containing a
single disulfide proved challenging, even in the presence of a variety of
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scavengers. Consequently, a one-pot acid deprotection/simultaneous S-
pyridylation procedure was devised for the A chain. The S-pyridyl-A chain
intermediate was then mixed with the free thiol form of the B chain inter-
mediate, thus forming the first interchain disulfide connecting positions
A20 and B22 (chemistry of Scheme 3B). The resultant [Cys(Acm)A7-B10]
bombyxin IV was purified, and the second interchain disulfide was
formed by iodine oxidation under acidic conditions similar to the Ciba-
Geigy insulin synthesis.

Human relaxin, another insulin-like peptide, has been prepared by
regioselective methods as well, in an elegant study by Biillesbach and
Schwabe (96). The A and B chains were assembled by Fmoc and Boc
solid-phase chemistry, respectively, and in all, four thiol-protecting
groups were used: S-Trt, S-Acm, S-Meb, and S-Npys. The A chain was
cleaved first with TFA-thiophenol, exposing free thiols at positions 10
and 15 (originally blocked by S-Trt), whereas the Cys(Acm) at position
11 and Cys(Meb) at position 24 remained intact. Intramolecular oxida-
tion with iodine formed a cyclic disulfide in the A chain intermediate,
which was treated further with HF. The stronger acid step now cleaved
selectively S-Meb, exposing a free thiol to form an intermolecular bridge
by reaction with the S-Npys group at position 23 of the HF-cleaved B
chain intermediate. Finally, as with the two strategies already described
(Schemes 6 and 7), the relaxin synthesis involved iodine oxidation to
link Cys(Acm) residues (positions A1l and B11) for the third disulfide
bridge. There remained deprotection steps for the Trp(HCO) and Met(O)
residues present in the B chain; these were accomplished by applications
of aqueous NaOH and ammonium iodide in TFA-water (9:1) respec-
tively, without destroying the assembled disulfide array.

7. Analytical Methods to Establish Disulfide Pairing

The accurate and efficient assignment of cystine connectivities in natu-
ral and synthetic peptides is an essential final step for determination and/
or proof of structure, yet poses a variety of analytical challenges (for
analyses of synthetic peptides, availability of material is generally not a
limiting factor, and the order of amino acids does not usually require
extensive verification). In the classic insulin work of Sanger and cowork-
ers (290), and in numerous studies carried out since then (291), the plan
has been as follows: (1) work out the linear sequence(s) by using materi-
als in which the disulfide bridges have been cleaved and irreversibly



132 Andreu et al.

modified, typically by reduction/S-alkylation (e.g., dithiothreitol [DTT]
or tri-n-butylphosphine, followed by iodoacetic acid or 4-vinylpyridine;
see ref, 292 for protocols and leading references), or by performic acid
oxidation; and (2) separately, perform one or more rounds of proteolysis
(or less commonly, chemical cleavage) on the natural unmodified mate-
rial with the goal of obtaining relatively small fragments that retain intact
disulfide bridges (Table 4). Once such fragments are isolated in pure
form, a process often expedited by diagonal electrophoretic or chromato-
graphic methods (277,304,319-323) and by disulfide-specific spectro-
photometric, fluorescence, or electrochemical assays (324-327),
determinations of their compositions (via amino acid analysis), masses
(via mass spectrometry, as described in greater detail below), and/or par-
tial sequences (via Edman degradation) invariably provide more than
adequate information to relate each fragment unambiguously to its
source(s) in the primary sequence. The positions of the disulfide bridges
are then readily deduced (Scheme 8).

Interpretations of fragmentation/peptide mapping data become more
intricate when the linear sequence includes consecutive (or nearly so)
half-cystines that are paired to different partners; it may be difficult or
impossible to cut between such residues, and specialized approaches are
necessary (for examples, see refs. 67,77,147,300,328). Another poten-
tially challenging task is to distinguish intermolecularly cyclized parallel
and antiparallel dimers: The problem is solved by cutting specifically
between the relevant half-cystines on each chain. The parallel arrange-
ment gives two different homodimers, whereas antiparallel structures
give a single heterodimer (for examples, see refs. 141,149,286,329).

Edman sequential degradation is usually carried out on peptides or
proteins in which the disulfide bridges have been modified. However,
degradations on unmodified materials, either complete or after fragmen-
tation, can be instructive with regard to the locations of multiple disul-
fides (47,72,294,314,315). When there is a single free N-terminus, the
cycle corresponding to the first of two paired half-cystines should give a
null result, i.e., no phenylthiohydantoin (PTH) derivative is observed.
Further in the sequencing process, bis(PTH)-cystine should be noted at
the cycle corresponding to the second of the paired half-cystines. When
there are two chains connected by a disulfide bridge and two N-termini,
each Edman cycle gives primarily two PTH-derivatives in approximately
equimolar amounts. Formation of a significant level of bis(PTH)-cystine
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Scheme 8. Classical approach for determination of disulfide alignments in
peptides and proteins. A hypothetical single-chain polypeptide with four
intramolecular bridges is subjected to fragmentation under conditions that do
not promote disulfide scrambling. For clear results, there should be at least one
cleavage site between successive half-cystines 1n the linear sequence. A num-
ber of disulfide-bridged peptides (including one with an intact loop) are 1so-
lated, as are peptides that lack cysteine. Diagonal methods are based on the
premise that after reductive or oxidative cleavage, disulfide-containing pep-
tides give two new peptides (unless the disulfide is in an intramolecular loop),
whereas the electrophoretic or chromatographic mobilities of peptides that lack
disulfide bridging will not change following such treatments.

at one such cycle allows the conclusion that the appropriate half-cystines
located the same number of residues into the sequence on both chains are
paired (a situation that occurs quite frequently in natural structures, or
that can be arranged by judicious choices of enzymes or reagents for
fragmentation). Otherwise, bis(PTH)-cystine will appear at the cycle cor-
responding to the later of the paired half-cystines. While it should be
stressed that the experimental design and interpretation requires consid-
erable caution (particularly with regard to stepwise yields; preview and
carry-over effects; avoidance of the reducing agents typically added to
sequencing reactions; and identification of alternative cystine-derived
PTHs, particularly adducts to PTH-dehydroalanine), the approaches out-
lined have been used successfully to differentiate various isomeric disul-
fide arrangements connecting as many as three linear chains (references
at beginning of this paragraph).
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Table 4
Methods for Fragmentation of Peptides
and Proteins While Retaining Intact Disulfide Bridges®
Name Specificity? Conditions®¢ References®¢
Proteolytic enzymes
Chymotrypsin® Tyr-Y, Phe-Y, Trp-Y pH 6.5-8 5, 37°C, 73,77,112,
(Leu-Y, Met-Y, Ala-Y) 2-24h 293-297
Elastase Ala-Y, Gly-Y pH 8.0-8 5, 37°C, 295,298,299
broad specificity 1 mM CaCl,, 24 h
Endoproteinase Glu-Y (Asp-Y)? pH 4-4.5 (or78), 135,293,297,
Glu-C (V8 protease) 37°C,2-24h 300
Endoproteinase Lys-Y pH 6.5-7.0, 37°C, 65,72,112,
Lys-Cf 2-24h 301
Endoproteinase X-Asp pH 70-8 0, 37°C, 299,302
Asp-N 624 h
Pepsin Phe-Y, Leu-Y pH 1.0-2.5, 37°C, 301,303-306
pairs of nonpolar 2-16 h
residues
Thermolysin X-Leu, X-Phe pH 6 5-7.5, 88,107,
other nonpolar residues 37-65°C, 1 mM 113,136,
CaCl,, 2-12h 305-309
Trypsin/ Arg-Y, Lys-Y pH 6.5-8 5, 37°C, 73,77,293,294,
2-24h 297,298,301,
303,310
Chemical cleavage
Cyanogen bromide Met-Y 70% aq. HCOOH or 293,296,298,
(CNBr) 0.1N HC1, 25°C, 311
24h
Edman degradation N-terminal AA (1) PhNCS 1n semi- 118,296,300,
(sequential) aq media, “pH” 312-315
9-10, 25-50°C,
Sminto1h;
(2) anhydrous TFA,
40°C, 15 min
Mild acid cleavage Asp-Pro; 70% aq HCOOH, 118,290,291,
other sites depending 3740°C,24 hor 293,316
on peptide structure and 2% aq HCOOH,
acid conditions 110°C,4 h

“Modified and expanded from tables compiled by Carrey (317) The references provided are
examples from the protein analytical literature or from analyses of synthetic peptides with multiple
disulfide bridges, they are mtended to be representative rather than exhaustive. Conditions are hsted
that minimize scrambling or disproportionation of disulfides. Thiol proteases, such as papain, are not
recommended under any circumstances. See ref 318 for warning about transpeptidation during pro-

teolysis as a possible source of disulfide misassignments
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Another general kind of approach to working out disulfide alignments
involves partial reduction of the peptide or protein, followed by
peralkylation of the freed sulfhydryls with reagent RX, followed by com-
plete reduction, followed by peralkylation with a different reagent R'X
(Scheme 9). The groups R and R' serve to “tag” paired half-cystines, and
are located after one or more specific steps to fragment the linearized
reduced/alkylated chain. Such approaches are closely allied, in a recipro-
cal sense, to methodologies being used to identify disulfide-bridged
folding intermediates (4,9,44,330-333), and hence subject to the same
potential ambiguities with regard to partial scrambling under conditions
of alkylation and/or fragmentation.

Recent advances in mass spectrometry have been a major boon to
structural work on peptides and small proteins (291,334-337, see also
Chapter 7, PAP). When the appropriate instrumentation is on hand and
operating well, results are obtained quickly and with relatively little mate-
rial. An obvious benefit of mass spectrometric techniques is the accurate
elucidation of molecular masses of charged biomolecules in the range of
up to 10,000 amu for fast atom bombardment mass spectrometry
(FABMS), and in excess of 100,000 amu for electrospray mass spec-
trometry (ESMS) and matrix-assisted laser desorption mass spectrom-
etry (MALD). Furthermore, modern instruments make it possible to
analyze mixtures (direct probe insertion or on HPLC/MS), and to deduce
sequences based on the fragmentation of molecular ions (directly or by
tandem MS/MS techniques), hence shortcutting tedious fractionation and
selective cleavage or degradation steps that characterize wet protein ana-
lytical chemistry (compare to Schemes 8 and 9; see refs. 338-343 for
specific examples).

The methods for ionization and determination of molecular mass, as
listed in the previous paragraph, are readily applicable for the study of

bPrimary cleavage sites are indicated, followed where appropriate by secondary cleavage sites in

parentheses. Digestion with V8 protease at acidic pH is specific adjacent to Glu, whereas at alkaline

pH, the specificity is extended to both Glu and Asp peptide bonds
“For proteolysis, the enzyme substrate ratio is typically 15 to 1 100 (w/w); this table specifies

reaction pH, salt if critical, temperature, and time. Cyanogen bromide cleavage 1s carried out with a 30-

to 100-fold molar excess of reagent over Met cleavage sites.

4For safe digestion on the higher pH end, an alkylating agent, such as iodoacetate or iodoacetamide,

15 often added to inhibit disulfide scrambling (e.g., refs. 301,305).
In many of the references cited, more than one enzyme or chemical reagent is used to achieve
secondary cleavage(s) of isolated peptide fragments

f Often, trypsin and chymotrypsin are used in combination
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Scheme 9. A general approach for distinguishing alternative possible disul-
fide arrays. In the example schematized above, a hypothetical single-chain
polypeptide with two intramolecular bridges is first subjected to partial reduc-
tion and then alkylated to introduce group R'. There follows complete reduction
and further alkylation to introduce group R. To distinguish R and R', they should
have different charge and/or mass and/or radiolabels, e.g., R = [*C]-
CH,CONH, and R' = [*H]-CH,CO,H, as was chosen by Gray et al. (44). Below
the horizontal dotted line are given two possible linear products (not shown are
the linear sequence with four R, corresponding to complete reduction, or the
linear sequence with four R', corresponding to no reduction, since these will
provide no information concerning the original disulfide array). The arrows
show desirable sites of cleavage after single or serial cleavages by enzymes or
chemical means. Application of one or more of these cleavage procedures will
clearly distinguish the alternative disulfide pairings.

disulfide-containing synthetic polypeptides. Clearly, the material to be
analyzed needs to be dissolved in a nonreducing matrix, e.g., glycerol,
acidified thioglycerol, m-nitrobenzyl alcohol, and mixtures thereof;
beyond that, the standard technology can be used (296,344,345). Oxi-
dized and reduced forms of intramolecularly linked peptides and pro-
teins are easily distinguished, since the mass differences (2 amu X number
of disulfides) are covered by the resolution of routine spectrometers set
up for FABMS (provides MH*) and for ESMS (provides families of ions
with m/z = [M + nH]*/n). For asymmetrical intermolecular disulfides, it
is difficult to avoid reduction under FABMS conditions, which leads to
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weaker quasi-molecular ions (and sometimes pairing information en
passant; see ref. 291 and discussion below), but reduction is not a prob-
lem with ESMS (e.g., refs. 106,346). In fact, ESMS can be used to
“count” the numbers of free cysteine residues and disulfide-bridged half-
cystines, based on mass measurements on unmodified, alkylated, and
reduced/alkylated materials (347).

Mass spectrometry can be applied to work out disulfide pairing. In the
mass spectrometric analog of diagonal methodology (see legend to
Scheme 8), disulfide-containing peptides are recognized easily in
FABMS or ESMS by the weight change after performic acid oxidation
(348) or reduction (349,350). Reduction can be carried out as a discrete
chemical procedure, or it can occur in situ with matrices such as alkaline
dithiothreitol (349,351,352). Scission of an intramolecular bridge leaves
a single polypeptide, whereas cleavage of intermolecular disulfides gives
two daughter peptides. Moreover, in the tandem mass spectrometry mode,
intact intermolecular disulfides give rise to strong disulfide cleavage
peaks (generally a triplet, for RS*, RSH*, and RSH,*; see ref. 352). In all
of these cases, it then becomes possible to obtain at least partial sequence
information on the linearized forms of the previously bridged peptide
fragment(s), and this is often enough to make unambiguous assignments.

An elegant approach to disulfide alignment developed by Hidaka and
Shimonishi combines chemical synthesis and mass spectrometry
(Scheme 10). Deuterio-cysteine is incorporated at specific positions in
the linear chain, followed by acid hydrolysis and determination of the
isotope distribution in cystine.

Finally, it should be noted that when experimentally feasible, it is
desirable to apply NMR or X-ray structural analysis to confirm disulfide
connectivities deduced by the chemical and mass spectrometric methods
covered in this section.

8. Representative Experimental Procedures

This chapter has been organized in a way that the range of deprotection
and oxidation conditions used for the preparation of disulfide-containing
peptides and proteins are indicated and discussed extensively within the
appropriate sections of the text. For the convenience of the reader who
would like a starting point for her or his own research applications, we
offer in this section a few selected procedures that have been used suc-
cessfully in our laboratories and/or are reported in the literature (refer-
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Scheme 10. A synthetic/mass spectrometric strategy for determining disul-
fide pairings. Adapted from Hidaka and Shimonishi (353,354). Regular (unla-
beled) and heavy (x) cysteine is incorporated into the linear polypeptide by
chemical synthesis, and the chain 1s then allowed to oxidize and fold spontane-
ously. There follows total acid hydrolysis, under conditions shown 1n control
experiments to minimize (<20%) scrambling of disulfides. Amino acids are then
converted to theirr Fmoc derivatives, and bis(Fmoc)-cystine 1s 1solated by HPLC
and analyzed by FABMS. Bis(Fmoc)-cystine gives a monoisotopic MH* at 685.
Observation of an ion at 689 corresponding to bis(Fmoc)-cystine (x,*) is taken
as evidence for the disulfide array at the left of the scheme. Observation of ions
at 687 is consistent with the middle and right disulfide arrays. The experiment
can be set up in other ways to differentiate further among various possibilities
and to solve the problem for molecules with more than four half-cystines.

ences given in the following are not necessarily the primary ones; also
for transformations not included, the reader is referred to the publica-
tions cited throughout this chapter). We must reiterate and stress that
structural and conformational factors are often highly critical, as are solu-
bility considerations and solvent effects. Consequently, experimental
conditions for disulfide bond formation usually need to be optimized on
a case-by-case basis. Also, workup and purification procedures will vary
widely, depending on the properties of the target peptide or protein.
Finally, the reader is reminded of the need for careful analytical work to
characterize intermediates and completed products (131,166,292).

8.1. Removal of S-Acm with Hg(Il),
Followed by Air Oxidation

Thus text was adapted from refs. 55 and 187.

1. Prepare a pH 4.0 solvent by adding a few drops of HOAc to water, and
then carry out degassing.

2. Use 2 mL of this degassed solvent to dissolve 20 pmol of an S-Acm-pro-
tected peptide, 1n a screw-cap test tube.
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Add solid Hg(OAc), (mol wt 318.7) corresponding to 2.5 Eq/S-Acm func-
tion. A gray precipitate is noted.

The reaction mixture is purged by bubbling through N,, the tube is sealed
and covered with aluminum foil, and stirring is carried out for 70 min at 25°C.
0.45 mL of B-mercaptoethanol is added (at this point the precipitate
becomes solubilized), and the mixture is stirred overnight at 25°C.

Gel filtration chromatography on a Bio-Gel P2 column (1.2 X 100 cm) equuli-
brated with 0.1M aqueous HOAc removes excess mercury salt and thiol.
The column fractions corresponding to the unprotected, reduced peptide
are poured directly into 2 L of 0.1M Tris-HCI buffer, pH 8.0, and air oxida-
tion is allowed to proceed with slow stirring. Aliquots are removed at dif-
ferent times to monitor the oxidation by HPLC (see Chapter 3, PAP),
Ellman’s assay (238) and/or biological assay.

When oxidation is judged to be complete (e.g., after 2 d), the peptide is puri-
fied further by ion-exchange chromatography (see Chapters 2 and 5, PAP).

8.2. Simultaneous Deprotection/Oxidation
of S-Acm with Iodine

This text was adapted from refs. 37 and 149; see also ref. 182 for alter-

native procedures.

1.

2.

Prepare a mixture of HOAc and water in a 4:1 ratio (optionally add 1.5 Eq
of HCI/S-Acm function).

Use 100 mL of the aforementioned mixture to dissolve 100 wmol of an
S-Acm-protected peptide.

Add solid iodine (mol wt 253.8) corresponding to 5 Eq/S-Acm function.
The reaction proceeds with vigorous mixing at 25°C

Quench the reaction after 10 min to 1 h (based on HPLC monitoring) by
dilution with 100 mL of water.

Extract with CCl, (4 x 50 mL) to remove the iodine.

Lyophilize the aqueous phase, which contains the oxidized (disulfide
cyclized) peptide.

8.3. Simultaneous Deprotection/Oxidation
of S-Acm with TUIII)

This text was adapted from refs. 49 and 288.

1.
2.

3.

Prepare a mixture of anisole and TFA in a 1:19 ratio.

Use 5 mL of this mixture to dissolve 5 umol of an S-Acm-protected pep-
tide, in a screw-cap test tube. Chill to 4°C in an ice bath.

Add solid Tl(tfa); (mol wt 543.4) (Caution: handle this reagent with care)
corresponding to 0.6 Eq/S-Acm function.
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Stir the reaction for 1 h at 4°C.

Add 15 mL of ethyl ether to precipitate the peptide, and triturate for 2 min.
The peptide is collected by centrifugation, the ether is decanted, and the
trituration/centrifugation cycle is repeated two more times to ensure com-
plete removal of the toxic thallium salt.

8.4. Intramolecular Disulfide Cyclization
by Potassium Ferricyanide Oxidation

This text was adapted from refs. 24, 26, and 33.

L.

The peptide dithiol obtained after a cleavage/deprotection procedure that
leaves Cys residues deblocked is dissolved to a concentration of 0.1-1 mg/
mL in a suitable buffer, pH 7-8.

Over a 30-min period, the peptide solution is titrated at 25°C with 0.01M
aqueous K;Fe(CN), solution, until a slight yellow color persists (the oxi-
dation can be followed by Ellman analysis, ref. 238). The amount of oxi-
dant used is typically in 20% or so excess over theory. (An inverse addition
procedure at pH 7 is advocated to prevent intermolecular disulfide bond
formation by keeping the concentration of sulfhydryl as low as possible
during the oxidation.)

The pH is adjusted to 5 with 50% aqueous HOAc.

The oxidant is removed with AG-3 anion-exchange resin.

8.5. Disulfide Formation Mediated
by Glutathione Redox Buffers

This text was adapted from refs. 75, 79, 90, 91, 101, and 134.

1.

A buffer of 0.1M Tris-HCI, pH 8.0-8.5, is prepared, and used to dissolve
both reduced (1-10 mM) and oxidized (0.1-1.0 mM) glutathione (the molar
ratio of reduced to oxidized glutathione is typically 10:1, but other ratios
can be tried as well).

. The aforementioned redox buffer is used to dissolve a poly(thiol) peptide

that has been previously reduced (and preferably purified, including
removal of excess salts and reducing agents). The final concentration
should be approx 50 pg/mL.

. The oxidation reaction is allowed to proceed at 25°C (higher temperature

reaction, at 30-35°C, has also been described), and monitored by HPLC.

Once an end point is determined, typically in 16 h to 2 d, the oxidized
peptide is concentrated by lyophilization, and purified by gel filtration
chromatography on Sephadex G-10 or G-25, developed with aqueous buf-
fers at acidic pH. (It is sometimes noted that during this procedure, perma-
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nently intractable precipitates form. In such cases, an alternative folding
procedure is recommended, in which the peptide is oxidized against a series
of redox buffers with a slow pH gradient from 2.2 to 7.0 or 8.0.)

8.6. DMSO-Mediated Disulfide Formation

This text was adapted from ref. 81.

1.

Use HOAc and water (as required) to dissolve 50-100 pmol of a crude
peptide that is obtained directly from a cleavage/deprotection procedure
that leaves Cys residues deblocked (e.g., HF reaction, followed by extrac-
tions to remove organic scavengers).

Bring the overall volume to 250 mL, so that the final ratio of HOAc to
water is 1:19.

Use (NH,),COj to bring the pH to 6, and add 50 mL of DMSO.

The oxidation reaction is run for 1-4 h at 25°C, and its progress is moni-
tored by HPLC.

. The reaction mixture is diluted with 2 vol of CH;CN-0.05% aqueous TFA

(1:19) (Buffer A), and loaded directly onto a preparative reversed-phase
HPLC column (Vydac, 10 x 25 cm, 5 particle size).

The HPL.C purification is developed with a linear gradient of Buffer A and
CH,;CN-0.04% aqueous TFA (3:2) (Buffer B).

8.7. Solid-Phase Simultaneous Deprotection/
Oxidation of S-Fm

This text was adapted from refs. 64 and 124.

1.

Following completion of solid-phase chain assembly, 0.5 g of a peptide-
resin with a substitution level of 0.4-0.6 mmol/g is placed into a reaction
vessel for manual synthesis and swollen by repeated washes with CH,Cl,
and DMF (10 mL/wash).

Five milliliters of a freshly prepared 1:1 mixture of piperidine and DMF
are added.

. Reaction is allowed to proceed for 3 h at 25°C (monitored by a convenient

qualitative solid-phase adaptation of Ellman analysis: A 3—-5 mg resin aliquot
is treated with 1 mL of a 1:1 mixture of DTNB in pH 8.0 phosphate buffer
with DMF,; a soluble yellow color indicates that free thiol groups remain on
the resin, i.e., oxidation is still incomplete; both positive and negative [i.e.,
with protected Cys] peptide-resin controls should be run concurrently).
The anchoring linkage connecting the peptide to the support 1s cleaved by
appropriate methods, and the disulfide-containing peptide 1s released into
solution and isolated further.
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9. Conclusions and Future Challenges

The goal of this chapter has been to illustrate different chemical
approaches to form one or more disulfide bonds in synthetic peptides
and small proteins. Current success in this area (Table 1) can be attrib-
uted to a repertoire of cysteine-protecting groups (Table 2) that are applied
to selective synthetic strategies. Peptides with a single disulfide bond, e.g.,
cyclic monomers, homodimers, and heterodimers, can be obtained via a
range of the approaches discussed in these pages. For some cyclic struc-
tures, the ring size is such (either too small or too large) that the desired
intramolecular process is slow with respect to unwanted intermolecular
dimerization and oligomerization. Nevertheless, modifications in syn-
thetic strategies and reaction conditions usually suffice to provide at least
modest yields of the target molecules. The synthesis of peptides with two
disulfides, in any of the three possible intramolecular arrangements as
well as parallel or antiparallel dimers, requires considerable experimen-
tal skill for optimal results. Regioselective methods for disulfide bond
formation have been especially useful in this field. Although it would be
premature to conclude that successful results within the endothelin,
apamin, conotoxin, and other families can be readily generalized to any
given two-disulfide structure, the substantial collective experience acquired
to date justifies a certain measure of optimism. By far the greatest chal-
lenges to peptide chemists are posed by molecules with three or more
disulfide bridges. Increasingly the literature provides accounts of syn-
theses of this complexity, mostly relying on simultaneous air oxidation
for the crucial folding steps. Purifications are often tedious and result in
relatively low overall yields, and some published work has been difficult
to reproduce in other systems and/or laboratories. This state of affairs
punctuates the lack of generality of the modern art, and supports a
compelling urgency for the development of improved chemistries, for
example multiorthogonal cysteine-protection schemes. With the continued
discovery and characterization of biologically active peptides containing
multiple disulfide bridges (135,136,294,295,306,355-358), there can be
little doubt that the synthetic challenge for peptide chemists will remain
undiminished in the coming years.
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Abbreviations

Abbreviations used for amino acids and the designations of peptides
follow the rules of the IUPAC-IUB Commission of Biochemical
Nomenclature in J. Biol. Chem. (1972) 247, 977-983. The following
additional abbreviations are used: Acm, acetamidomethyl; ANF or ANP,
atrial natriuretic factor (peptide); Ar, aryl; Boc, tert-butyloxycarbonyl;
Bpoc, 2-(4-biphenylyl)propyl(2)oxycarbonyl; Bzl, benzyl; DBU,
1,8-diazabicyclo[5.4.0]undec-7-ene; DEAD, diethyl azodicarboxylate;
DMF, N,N-dimethylformamide; DMSO, dimethyl sulfoxide; Dnpe,
2-(2,4-dinitrophenyl)ethyl; DPSO, diphenyl sulfoxide; DTNB, 5,5'-dithio-
bis(2-nitrobenzoic acid); DTT, dithiothreitol; EDTA, ethylenediamine-
tetracetic acid; ESMS, electrospray mass spectrometry; FABMS, fast
atom bombardment mass spectrometry; Fm, 9-fluorenylmethyl; Fmoc,
9-fluorenylmethyloxycarbonyl; For, formyl; Gu, guanidine; HF, hydro-
gen flouride; HFIP, hexafluoroisopropanol; HMB, hydroxymethyl-
benzoyl linker; HOAC, acetic acid; HOBt, 1-hydroxybenzotriazole; HPLC,
high-performance liquid chromatography; MALD, matrix-assisted laser
desorption mass spectrometry; MBHA, 4-methylbenzhydrylamine
(resin); Meb, 4-methylbenzyl; MeOH, methanol; Mob, 4-methoxybenzyl;
Moz, 4-methoxybenzyloxycarbonyl; Mpa, B-mercaptopropionic acid,;
Nb, o-nitrobenzylamide; NMM, N-methylmorpholine; NMP, N-methyl-
pyrrolidinone; Nps, 2-nitrophenylsulfenyl; Npys, 3-nitro-2-pyridine-
sulfenyl; PAB or PAC, p-alkoxybenzyl (ester) linker (Wang resin); PAL,
tris(alkoxy)benzylamide linker [5-(4-FMOC-)aminomethyl-3,5-dimethoxy-
phenoxy)valeric acid]; PAM, phenylacetamidomethy! (resin); Ph, phenyl,
Phacm, phenylacetamidomethyl; Pixyl, 9-phenylxanthen-9-yl; PTH,
phenylthiohydantoin; Pyr, 2-pyridyl; Rink, 4-(2',4'-dimethoxyphenyl-
aminomethyl)phenoxy acid linker; Scb, fert-butyloxycarbonylsulfenyl,;
Sce, ethyloxycarbonylsulfenyl; Scm, S-methyloxycarbonylsulfenyl; Snm,
(N'-methyl-N'-phenylcarbamoyl)sulfenyl; SBu, fert-butylmercapto; Sz,
benzyloxycarbonylsulfenyl; Tacm, trimethylacetamidomethyl; ¢Bu,
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tert-butyl; TCEP, tris(2-carboxyethyl)phosphine; TCMS, trichloro-
methylsilane; TFA, trifluoroacetic acid; TFE, trifluoroethanol; TFMSA,
trifluoromethanesulfonic acid; TI(tfa);, thallium (III) trifluoroacetate;
Tmob, 2,4,6-trimethoxybenzyl; TMTr, 4,4'.4"-trimethoxytriphenyl-
methyl; Trt, triphenylmethyl; Z, benzyloxycarbonyl. Unless stated oth-
erwise, amino acid symbols denote the L-configuration, and all solvent
ratios and percentages are vol/vol.
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