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Optimization of oxidative folding
methods for cysteine-rich peptides:
a study of conotoxins containing
three disulfide bridges

Andrew M. Steiner and Grzegorz Bulaj∗

The oxidative folding of small, cysteine-rich peptides to selectively achieve the native disulfide bond connectivities is critical
for discovery and structure-function studies of many bioactive peptides. As the propensity to acquire the native conformation
greatly depends on the peptide sequence, numerous empirical oxidation methods are employed. The context-dependent
optimization of these methods has thus far precluded a generalized oxidative folding protocol, in particular for peptides
containing more than two disulfides. Herein, we compare the efficacy of optimized solution-phase and polymer-supported
oxidation methods using three disulfide-bridged conotoxins, namely µ-SIIIA, µ-KIIIA and ω-GVIA. The use of diselenide bridges
as proxies for disulfide bridges is also evaluated. We propose the ClearOx-assisted oxidation of selenopeptides as a fairly
generalized oxidative folding protocol. Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article
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Generalized Reaction Scheme

General Optimized Procedure(s)
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Oxidative Folding

1. Glutathione : Tenfold concentrated solutions were used to prepare a folding reaction with 1 mM oxidized glutathione, 1 mM reduced
glutathione, 0.1 M Tris, pH 7.5, 0.1 mM EDTA, 20 µM µ-Conotoxin SIIIA. The reaction was allowed to proceed for 16 h and was quenched
by acidification with formic acid to a final concentration of 8%. 2. Dimethyl Sulfoxide : To a dilute solution of dimethyl sulfoxide (11.63%)
were added 10-fold concentrated solutions to a final concentration of 0.1 M Tris, pH 7.5, 0.1 mM EDTA and 20 µM µ-Conotoxin SIIIA,
making the final DMSO concentration 10%. The reaction proceeded for 16 h and was quenched by acidification with formic acid to a final
concentration of 8%. 3. ClearOx : To 12 molar equivalents of swelled and washed resin was added a solution of 3 mM µ-Conotoxin SIIIA in
50% acetonitrile, 50% 0.1 M MOPS, pH 7. The reaction proceeded for 1 h, and was quenched by 100-fold dilution with 0.1% TFA in water.

Z denotes pyroglutamate, and # denotes amidation at the C-terminus.

Scope and Comments

Disulfide bonds conformationally restrict a peptide, which is
crucial to their biological activity. However, achieving specificity in
the topology of disulfide formation during chemical synthesis
is difficult, in particular for peptides containing more than
two disulfide bridges (for two disulfide-bridged peptides, the
orthogonal side chain protection of pairs of cysteines and
regioselective folding is the method of choice [1]). The challenge
in chemical synthesis of disulfide-rich peptides is reflected in
their oxidative folding yields, ranging from prohibitively low to
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quantitative [2]. Coincidently, a majority of cysteine-rich bioactive
peptides contain three or more disulfide bridges, including plant-
derived protease inhibitors, defensins from both vertebrates and
invertebrates and neurotoxins from spiders, scorpions and
mollusks. Despite the fact that these peptides comprise a pool
of millions of bioactive compounds, many of which have already
become research tools and even therapeutics, their discovery
and structure–function studies have progressed at a relatively
slow pace. Due to their small size, chemical synthesis has been
the method of choice over recombinant expression, but efficient
oxidative folding methods remain the bottleneck in exploring the
full potential of cysteine-rich peptides [3–5].

Herein, we compare oxidation methodologies in the context of
conotoxins, a large class of cysteine-rich peptides that includes one
of the only venom-derived, FDA-approved biopharmaceuticals to
date [6–9]. These peptides are very short (10–40 residues), usually
with 2–4 disulfide bonds, and exhibit a wide range of folding
yields (Table 1). Conus peptides are an excellent model system for
the study of disulfide bond formation because they are natural
product peptides that are sufficiently complex and diverse to
address the myriad variables of oxidative folding.

There are several methods used to oxidize cysteine-rich peptides
to their folded products; these methods fall into three broad
categories: solution-phase, polymer-bound oxidants and on-resin
oxidation. To form the disulfide, deprotonation of the thiol
is required to make the reactive nucleophilic thiolate [20,21];
consequently, the pH must be buffered (near neutral) to control the
thiol/thiolate equilibrium (see Table S1, Supporting Information,
for pH dependence). The protonation/deprotonation of cysteine
residues is sequence dependent [22], and this property could
be used to modulate reactivity of individual cysteines. The other
variables in the folding reaction, such as peptide concentration,
temperature and folding time should be optimized. Further
optimization of peptide folding can be accomplished using
folding additives. These factors can often be predicted based
on the sequence of the peptide. Salt can suppress electrostatic
interactions [23], and organic solvents that are miscible with
water, detergents or 1-ethyl-3-methylimidazolium acetate can
significantly increase the folding efficiency of hydrophobic
peptides [13,24,25].

Solution-phase oxidation is the most commonly employed
method to form intramolecular disulfide bonds in peptides
[13,23,24,26,27]. Solution-phase oxidation requires very dilute
peptide (20–50 µM), in order to ensure that the disulfide bonds
form intramolecularly. At higher peptide concentrations, the effec-
tive concentration of the intramolecular thiols is surpassed by the
concentration of intermolecular thiols, leading to oligomers and
resulting in lower folding yields [1]. As solution-phase oxidation
has been thoroughly explored, there are numerous possible oxi-
dants (glutathione, selenoglutathione, cysteine, cystamine, DMSO,
(±)-trans-1,2-bis(2-mercaptoacetamido)cyclohexane (BMC) [28]
and molecular oxygen are common examples), with context-
dependent variations in the folding efficiency. Although selenog-
lutathione can oxidize peptides at mildly acidic pH (∼5), to our
knowledge, it has not been used to fold peptides with three or
more disulfides [29]. Glutathione-based redox buffers are common,
as they are believed to better reflect oxidation pathways in vivo
[30,31]. The folding efficiency and extent of oxidation are also
influenced by the ratio of GSSG to GSH (Figure 2). Dilute dimethyl
sulfoxide (final concentration 5–10%) is another common oxidant.
The product ratios from glutathione and DMSO methods are of-
ten very similar, although dimethyl sulfoxide oxidation can give

a slightly more random distribution of folding isomers (Figure 3),
and often requires longer folding times (Table S4). Molecular oxy-
gen is also used to oxidize thiols to disulfides. Drawing oxygen from
either air or oxygen atmosphere, this method relies on low levels
of oxygen dissolved in solution; consequently, these methods are
relatively slow (usually requiring several days) [1].

Folding at high dilution presents problems with both scaled-
up and higher throughput folding; these problems can often
be overcome using polymer-bound oxidation. With this type of
oxidation, the oxidant is bound to a solid support at low loading
levels, exploiting the pseudodilution effect to fold peptides at
significantly higher concentrations; nonetheless, intramolecular
disulfide bonding remains preferred. The low loading levels ensure
that each molecule of the peptide is isolated, and intramolecular
disulfide bonds are favored. With respect to polymer-bound
folding methods, we evaluated the use of ClearOx resin. Solution-
phase oxidants to fold peptides isolated on a hydrocarbon-based
resin has been previously explored [14]; however, the (relative)
folding yields did not justify further consideration of these methods
(Table 1). On more complicated or difficult folding substrates,
agarose-bound folding media that include folding chaperones
and oxidant have also been employed [15].

With peptides containing one or two disulfides, oxidative
folding before cleavage from the resin has been reported [5,32,33].
Although on-resin folding methods are quite effective for folding
one or two disulfide bonds, successful folding of three or more
disulfide bonds with resin-bound peptide has not been reported
to our knowledge.

µ-Conotoxin SIIIA (shown in generalized reaction scheme) has
three disulfide bridges and has been the subject of several folding
studies [10,26,27]. Noteworthy, µ-SIIIA is a potent blocker of
neuronal subtypes of sodium channels and exhibits analgesic
activity in animal models of pain [34]. In addition, SIIIA has
a known three-dimensional structure [35]; it is used here as
the model peptide to compare various oxidation methods. The
wider applicability of these folding methods is demonstrated with
additional Conus peptides, µ-KIIIA and ω-GVIA, and these results
are presented in the Supporting Information.

To describe the efficiency of the folding methods, we employed
two terms: ‘relative folding yield’ (accumulation of the native
species, relative to all folding species, determined from HPLC
separations of the quenched folding mixtures) and ‘apparent
folding yield’ (recovery of the native species, relative to the
amount of linear form used in the folding reaction). As illustrated
in Figure 1, relative folding yield is taken to mean the fraction of
the integrated HPLC peak corresponding to the natively folded
species, relative to the total integrated HPLC area corresponding
to all folding species in a given HPLC chromatogram. This is the
canonical measurement of refolding efficiency on the analytical
scale. Apparent folding yield is the fraction of correctly folded
peptide to peptide in the reaction, accomplished by comparison
of the HPLC peak corresponding to the natively folded species in
the reaction with the integral of the same peak of a known quantity
of very pure (≥95% by analytical HPLC) reference folded peptide.
In selenocysteine-containing peptides, the non-selenocysteine
form was used for the calculation of apparent folding yield.
Interestingly, these are quite distinct measurements of folding
efficiency (Figure 1).

Both relative folding yield and apparent folding yield are
useful measurements of folding efficiency; their difference lies
in what is used as the theoretical value for 100% conversion. The
canonical measurement (relative folding yield) takes this value as
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Table 1. Comparing oxidative folding yield for various cysteine-rich peptides

Peptide Origin Folding method Yield (%) Ref.

µ-SIIIA C. striatus Solution 18a ± 5a 10

µ-GIIIA C. geographus Solution 49.3 ± 3a 11

ω-MVIIC C. magus Solutionb 8a ± 1a 11

ω-MVIIC C. magus ClearOxb 13a ± 2a 11

δ-PVIA C. purpurascens Solutionb 2.1 ± 0.5a 12

δ-PVIA C. purpurascens Solutionc 6.4 ± 0.8a 12

α-ImI C. imperialis Solutiond 73 ± 4 13

α-GI C. geographus Solution 68 14

α-GI C. geographus Hydrocarbon resin 34 14

α-GI C. geographus ClearOx 80–88 14

µ-PIIIA C. purpurascens Solution 20 ± 1a 14

µ-PIIIA C. purpurascens Hydrocarbon resin 15 ± 1a 14

µ-PIIIA C. purpurascens ClearOx 32.5 ± 2.5a 14

Cn5 Scorpion Resin-bound Mediae 87 15

α-AahI Scorpion Solution 0.3%-2% 16

β-CssII Scorpion Solution 34.1 17

AAI A. hypocondriacus Solution >95 18

Urotensin II Humanf ClearOx 54 19

a These values are approximated from the graph provided in the publication.
b This is thermally optimized, but without folding additives, and folding additives improve folding yield.
c Tween-40 was used as a folding additive.
d Methanol was used as a folding additive.
e A special preparation of a ternary matrix (miniGroEL/DsbA/PPI/Agarose) was used to fold the peptide.
f Peptide is present in humans, but was originally discovered in teleost fish.

the integral of the entire folding area, hence assuming that all
oxidation products are represented in the HPLC chromatogram
(e.g. there is no aggregation). Conversely, apparent folding yield
uses a separate HPLC chromatogram of the same peptide that has
been folded, purified and quantified (e.g. by spectrophotometry),
hence comparing with an amount of the folded species that
would represent 100% conversion. Although neither is equivalent
to the gold standard of a mass-to-mass calculation of yield, we
use apparent folding yield throughout in order to meaningfully
compare oxidation methods with different propensities for
aggregation. Also of note, the proposed intermediate for the
polymer-supported oxidation method that we employ is resin-
bound, and hence is not present in the HPLC separation. Canonical
folding yield data is available in the Supporting Information.

Experimental Procedures

Reduced peptides

Peptides were synthesized on a single-channel automated peptide
synthesizer using Rink Amide resin and standard Fmoc (N-(9-
fluorenyl)methoxycarbonyl) chemistry. All cysteine residues were
trityl protected. Selenocysteine residues were 4-methoxybenzyl
protected. Peptides without selenocysteine residues were cleaved
from resin with Reagent K (TFA : phenol : water : thioanisole : 1,2-
ethanedithiol; 33 : 2 : 2 : 2 : 1 by volume). Selenocysteine-containing
peptides were cleaved from resin with enriched Reagent K†

(TFA : phenol : water : thioanisole : DTNP; 178 : 14 : 5 : 1.6 : 1
by volume). DTNP is included in order to remove the p-
methoxybenzyl protecting group from selenocysteine, which
produces an adduct of selenocysteine with 2-thio-5-nitro-pyridine
[36,37]. Cleaved peptides were filtered and precipitated with

methyl tert-butyl ether. Selenocysteine-containing peptides were
then treated with 50 mM DTT (in 0.1 M Tris, pH 7.5 with 0.1 mM

EDTA) for 2 h, in order to remove the 2-thio-5-nitro-pyridine
adduct. The diselenide-containing peptide is recovered following
HPLC purification [38]. Peptides without selenocysteine were also
purified by HPLC on a Waters 600 chromatograph with a dual-
wavelength absorbance detector using Vydac C18 semipreparative
and preparative columns. All SIIIA HPLCs (linear and folded) were
run with a linear gradient from 4.5 to 31.5% acetonitrile, with 0.9%
change per minute, maintaining 0.1% TFA throughout. Masses
of the linear/diselenide peptides were validated by electrospray
ionization mass spectrometry.

Solution-phase oxidation

Glutathione-based oxidation

Oxidative folding with glutathione-based redox buffers was
accomplished with varying ratios of GSSG and GSH. Typical
reaction conditions were 0.1 M Tris, 0.1 mM EDTA, 0.5–2 mM GSSG,
0–2 mM GSH and 20 µM µ-SIIIA (final concentration), pH 7.5. The
pH dependence was investigated using MOPS in lieu of Tris/EDTA
as the buffer (Supporting Information). The buffered glutathione
redox system was first established, and the peptide was added
as the final component. Reactions were set up in triplicate on an
analytical scale (14 nmol of peptide), and were allowed to proceed
for 16 h. The temperature dependence of solution-phase folding
was evaluated at 4, 22 and 37 ◦C using a mixture of 1 mM GSSG,
1 mM GSH. In order to manipulate product ratios in a solution-phase
oxidation reaction, folding temperature and time are commonly
optimized in parallel. The effect of pH was tested using three
buffer systems. Folding at acidic pH was assayed with 0.1 M sodium
acetate/acetic acid buffer (pH 4); mid-range pH’s were considered
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Figure 1. Methods for determining folding yields used in this study.
(A) Sample analytical HPLC separation of a quenched SIIIA folding reaction.
Relative folding yield is calculated by taking the peak area of the natively
folded peak (blue), and dividing by the total area (sum of blue and purple).
To calculate apparent folding yield, the peak area of a folded and purified
sample (with the same total amount of peptide as the folding reaction) is
used as a reference, representing 100% yield. The apparent folding yield
is then the area of the peak in the folding reaction (blue) divided by the
average area of reference peaks (mean of three runs). (B) A comparison
between relative folding yield and apparent folding yield of selected
conditions for oxidation of SIIIA.

with 0.1 M MOPS (pH 6–8); 0.1 M sodium carbonate/bicarbonate
buffer (pH 10) was used to assess folding under basic conditions.
Quenching by acidification was accomplished by the addition of
formic acid to a final concentration of 8% (final pH ≈1.78).

Dimethyl sulfoxide mediated oxidation

Folding reactions contained 0.1 M Tris, pH 7.5, 0.1 mM EDTA,
5–10% dimethyl sulfoxide and 20 µM µ-SIIIA (final concentrations).
Because the reaction begins when the peptide contacts DMSO,
the buffered, dilute DMSO was prepared, and the peptide was
added as the final component. Reactions were set up in triplicate
on an analytical scale (14 nmol of peptide). After 16 h, formic acid
was added to a final concentration of 8% to quench the folding

Figure 2. Apparent folding yield of SIIIA oxidation under various oxidation
conditions. Error bars show standard deviation from three analytical HPLC
separations. Unless otherwise stated, ‘Glutathione’ indicates 1 mM oxidized
(GSSG) and 1 mM reduced (GSH) glutathione. All reactions with glutathione
or DMSO proceeded for 16 h. ClearOx folding reactions were carried
out with 12 equivalents of ClearOx resin and proceeded for 1 h. HPLC
separations were monitored by measuring UV absorbance at 220 nm.

reaction (final pH ≈1.83). A final concentration of 10% dimethyl
sulfoxide was found to be most effective to fold µ-SIIIA.

A summary of various folding conditions investigated and
the resulting apparent folding yields is shown in Figure 2, with
representative HPLC chromatograms of the folding reactions
shown in Figure 3.

Polymer-supported oxidation

ClearOx is a commercially available resin that has been preloaded
with Ellman’s reagent (DTNB), immobilizing the peptide by reac-
tion of the peptide thiolate with the on-resin disulfide, producing
a peptide-resin disulfide intermediate [19]. Because ClearOx is
preloaded, the low loading conditions are preestablished to favor
intramolecular disulfide bonding at millimolar peptide concentra-
tions (indicated by the apparent folding yield, shown in Figure 2).

ClearOx-based folding

Twelve molar equivalents of resin per disulfide (1 equiv.= 2.768 µg
resin/nmol peptide/disulfide to be oxidized) were swelled in
dichloromethane for 30 min. For folding 30 nmoles of SIIIA,
2.93 mg of ClearOx was employed. 20–30 mg of ClearOx was pre-
pared in a single vessel, using 300–700 µl of each of the swelling
and washing solvents. To begin washing, excess dichloromethane
was pipetted off, and replaced with dimethylformamide. The
same process was repeated with centrifugation to wash the resin
with methanol, then 50% acetonitrile in water and finally 50%
acetonitrile, 0.05 M MOPS, pH 7. To ensure that the resin remains
swelled, the solution is never entirely removed, enforcing the low
loading conditions that allow efficient folding while the solution is

wileyonlinelibrary.com/journal/psc Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2011; 17: 1–7
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Figure 3. Representative HPLC traces of glutathione- and DMSO-assisted folding of SIIIA. Both folding reactions were carried out at pH 7.5 for 16 h at
room temperature. Also, both HPLC separations were done with the same gradient, from 4.5 to 31.5% acetonitrile, with 0.9% change per minute, and
maintaining 0.1% TFA throughout.

changed from dichloromethane to one that is more amenable to
oxidative folding of peptides. The swelled and washed resin was
then divided into separate vessels for each folding reaction. 50%
acetonitrile, 0.05 M MOPS, pH 7.0 was used to redissolve µ-SIIIA to
3 mM. To minimize folding and aggregation due to air-mediated
oxidation, the peptides were resuspended as shortly before use as
possible. Following resin preparation, all excess wash solution was
pipetted off and replaced with solution containing 3 mM µ-SIIIA.
Reactions were done in triplicate on an analytical (30 nmol) scale.
Folding reactions proceeded for 1 h in 50% acetonitrile, 50%
0.1 M MOPS, pH 7.0. Reactions were quenched by acidification,
accomplished by 100-fold dilution with 0.1% TFA in water (final
pH ≈2.17). Air oxidation and disulfide shuffling are possible unless
the reaction is acidified; for preparative work, this can also be
done by the addition of formic acid in order to maintain a small
reaction volume. The peptide solution was then removed from
the polymer-bound oxidant following centrifugation.

The amount of cosolvent present during ClearOx-based
oxidative folding may affect both the relative folding yield
and apparent folding yield; although this effect tends to vary
based on the oxidation substrate, 50% acetonitrile is sufficiently
generalizable to be a starting point for subsequent optimization.
Optimization remains necessary, although the variables to be
optimized are rather limited to the amounts of cosolvent and
ClearOx resin in the folding reaction (see Supporting Information
on folding of ω-conotoxin GVIA). Noteworthy, further optimization
of ClearOx-assisted folding may involve changing to more acidic
pH, as described previously [4,19].

Folding efficiency with ClearOx was found to be optimal at
room temperature, although the folding time varies substantially
among peptides (Tables S3–S5, Supporting Information). Due to
generally shorter folding times and higher peptide concentrations
(which provide for preferable acidification conditions), ClearOx
has significant potential for higher throughput peptide folding.

Selenocysteine

Selenocysteine residues have recently been shown to simplify
oxidative folding and facilitate disulfide mapping in peptides
[5,10,38–42]. The replacement of both cysteines of a single disul-
fide bridge with selenocysteines allows one bridge to be formed

directly after deprotection and treatment with DTT [38]. The strong
reduction potential of selenium prevails over encoded sequence
information [40], and consequently, the preformed bridge reduces
the number of possible disulfide isomers. The preformed bridge
serves as both a combinatorial constraint with respect to the num-
ber of possible folding isomers as well as an entropic constraint
in the oxidative folding process, both of which benefit the folding
efficiency. The combinatorial effect remains constant; however,
the entropic effect depends on the location of the diselenide
bridge [10,38]. The use of diselenide bridges has been shown to
complement solution-phase oxidative folding [10,38,39]. As re-
placement of the first disulfide of µ-SIIIA with a diselenide gave the
largest increase in relative folding yield [10], this substrate, namely
[C3U;C13U] SIIIA (Sec-SIIIA) was used in the folding experiments.

Folding of selenocysteine-containing peptides

In solution, selenocysteine-containing peptides were folded under
the same conditions as the same peptide without the diselenide.
Briefly, folding reactions contained 0.1 M Tris, pH 7.5, 0.1 mM EDTA,
20 µM peptide, and either 1 mM each of GSSG and GSH or 5–10%
DMSO. With ClearOx, the resin preparation was identical; however,
the amount of resin used was decreased in order to maintain 12
equivalents of resin per disulfide bond to be closed in the folding
reaction. Apparent folding yield calculations of selenocysteine-
containing peptides were accomplished by normalizing to a
known quantity of the folded form of the same peptide without the
diselenide proxy. Figure 4 shows the effect of the diselenide, with
analytical HPLC traces of parallel-foldings of SIIIA with Sec-SIIIA,
both at 3 mM peptide concentration using ClearOx resin as the
oxidant. The effect on folding efficiency is summarized in Figures 2
and S1, Supporting Information. When combined with a similar
observation that the ClearOx-assisted oxidation of a selenopeptide
analog of GVIA (Table S5 and Figure S5) also produced relatively
high folding yields, these results suggest that the above strategy
could be considered as a more generalized folding protocol.

Summary and Limitations

Optimized solution-phase folding often produces the highest
reaction yields; however, there are intrinsic costs to oxidative
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Figure 4. Analytical HPLC traces of SIIIA (top) and Sec-SIIIA (bottom) foldings with ClearOx. Arrows indicate the native species. Both reactions were carried
out at 3 mM peptide using 12 equiv. of ClearOx in 50% acetonitrile in 0.1 M MOPS, pH 7.0 for 1 h, and were quenched by 100-fold dilution with 0.1% TFA.

folding in the solution phase. The requirement for high dilution
conditions presents problems for large-scale and high-throughput
applications. However, with relatively minor costs, these problems
may largely be overcome using resin-bound oxidants, such as
ClearOx. For example, to oxidize 1 g of µ-SIIIA using solution phase
methods would require a reaction volume of 22.7 l. However, to
oxidize 1 g of µ-SIIIA using ClearOx would require a reaction
volume of only 151 ml. The optimization of folding time with
ClearOx is significantly more reliable when separate reactions for
each timepoint are carried out because swelled ClearOx resin is
not readily pipetted.

Selenocysteine proxies for disulfides can significantly increase
the relative folding yield, and simplify the HPLC folding pattern,
allowing for easier purification. Although the apparent folding
yield for some peptides is not necessarily significantly increased
with a diselenide proxy (Figures 2 and S1), the benefit to
apparent folding yield for other selenopeptides can be quite
substantial (Figure S5 and Table S5). We suggest that ClearOx-
assisted oxidation of selenopeptides (Figure 2 and S5) should
be considered for higher throughput folding of cysteine-rich
peptides.

Given the unprecedented molecular diversity of cysteine-rich
peptides with respect to both disulfide scaffolds and primary
amino acid sequences, a word of caution about the generality of
the recommended folding methods should be made. The selection
of oxidation method and extent of optimization of the reaction
conditions will depend on the peptides’ structure, quantities
required for subsequent studies, as well as on the purpose
of studying the peptides. When smaller quantities (<1–2 mg)
of a peptide are needed, it is recommended to start with
optimization of the solution-phase folding methods. For folding
larger quantities of a peptide, the resin-bound oxidants should be
considered. For folding difficult peptides, or for higher throughput
oxidative folding of multiple peptides or combinatorial libraries,
the use of selenopeptide analogs and resin-bound oxidants is
suggested.
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