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Abstract
In cysteine-rich peptides, diselenides can be used as a proxy for disulfide bridges, since the
energetic preference for diselenide bonding over mixed selenium-sulfur bonds simplifies folding.
Herein we report that an intramolecular diselenide bond efficiently catalyzes the oxidative folding
of selenopeptide analogs of conotoxins, and serves as a reagentless method to substantially
accelerate formation of various native disulfide bridging patterns.
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Disulfide bonds are critical to stabilizing the native structure of many peptides and proteins.
These cross-links are formed during oxidative folding, and machinery to assist formation of
the correct cysteine pairings is used by all walks of life, from prokaryotes to humans.[1, 2]

However, in the chemical synthesis of disulfide-containing biomolecules, alternative
methods are employed to arrive at the native disulfide connectivity,[3] usually involving
redox buffers and requiring peptide-specific optimization.[4]

Selenocysteine is often referred to as “nature’s 21st proteinogenic amino acid,” [5] and it can
be readily incorporated into chemically synthesized peptides. Since diselenide bonds have
greater thermodynamic stability than disulfide bonds, selenocysteine pairings can prevail
over sequence-encoded folding information in short, cysteine-rich peptides.[6] By serving as
a proxy for a disulfide bridge, selenocysteine incorporation into peptides may reduce the
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complexity of oxidative folding.[4,6–9] Consequently, diselenide bonds in peptides have been
assumed to act as a fixed structural element during oxidative folding as a result of their high
stability.

Diselenide bridges were incorporated into only a handful of cysteine-rich peptides including
two-disulfide containing apamin[6,10] and α-conotoxins,[7,11] as well as three-disulfide
bridged conotoxins.[4,8,12,13] Diselenides have also been useful to facilitate disulfide
mapping.[12,14] While several groups have noted the enhanced kinetics of disulfide
formation in selenopeptides,[8,11] to date, the rate enhancement has been assumed to be due
to conformational effects.

Diselenide additives have been found to catalyze oxidative protein folding for a wide range
of substrates.[15,16] With these additives, catalysis stems from rapid regeneration of the
diselenide by reaction of the selenols formed in situ with atmospheric oxygen, even under
(mildly) reducing conditions.[4,8] In contrast, thiols will not readily oxidize without a
catalyst, such as a metal ion. Here we tested a hypothesis that if a diselenide can act as an
intermolecular catalyst of cysteine oxidation, then disulfide-rich selenopeptides should be
able to catalyze their own aerobic oxidative folding.

Conotoxins, which are derived from the venom of marine gastropods, represent an important
target for improvements in oxidative folding efficiency. The venom of each species of
Conus has a large and distinct array of disulfide-rich peptides, many of which are used as
neuropharmacological tools.[17] While conotoxins have broad applicability, their oxidative
folding is often quite challenging,[4,8,11,18,19] making conotoxins an attractive system for
studying the mechanisms of oxidative folding.

To examine whether diselenides enable the reagentless oxidative folding of cysteine-rich
peptides, we selected previously characterized selenocysteine-containing analogs of ω-
conotoxin GVIA and μ-conotoxin SIIIA (Figure 1).[4,8] Comparisons of the folding
behavior for GVIA and [C8U;C19U] GVIA in Tris-buffered water are shown in Figure 2a–
c. Both kox (the rate of formation of the first disulfide) and knative (the rate of appearance of
the native connectivity) show significant enhancement in the presence of a diselenide,
indicating its role in directing both oxidation and isomerization. To test the generality of this
effect, similar experiments were also carried out using μ-conotoxin SIIIA and [C4U;C19U]
SIIIA (Figure 2d–f). The significant increase in both kox (by approximately 12- to 20-fold)
and knative (by approximately 34- to 175-fold) indicated that diselenides are efficient
oxidative catalysts independent of the disulfide scaffold. Details of the kinetic analysis are
presented in the Supporting Information.

The reagent-free formation of a disulfide bond by an intramolecular diselenide likely
proceeds through three phases. First, the diselenide transfers an oxidizing equivalent to a
pair of thiols to form a disulfide. Second, the selenol(ate) acts as a nucleophile to promote
disulfide isomerization. Third, the selenol(ate)s are reoxidized by molecular oxygen in
solution.

Both copper(II) and selenocystine are known to catalyze the oxidation of thiols to
disulfides.[20,21] For both disulfide scaffolds considered, the addition of these oxidative
catalysts afforded a substantial increase in the rate of oxidation (kox). Similarly, the rate of
native formation (knative) was also enhanced, albeit to a much lower extent. However, for
diselenide-containing peptides, neither oxidative catalyst provided a significant change in
either the rate of oxidation or the rate of native formation (Figure 3). Interestingly, wild type
GVIA folding in the presence of a selenocystine additive remains less efficient than that of
reagentless folding with [C8U;C19U] GVIA.
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The kinetic advantage of an intramolecular diselenide over added intermolecular diselenide
in GVIA suggests a unimolecular mechanism. However, further analysis suggests that the
reaction shows both inter- and intra-molecular character. On one hand, the initial oxidation
of [C8U;C19U] GVIA appears concentration-independent across a 10-fold range in
concentrations (Supporting Information, Figure S1); however, a 1:1 mixture of diselenide-
containing peptide with its all-thiol counterpart suggests that intermolecular catalysis also
contributes (Figure 2b and e, insets). This mixture of inter- and intra-molecular catalysis is
particularly pronounced for SIIIA, where the initial oxidation step (kox) was slightly faster
with added selenocystine (intermolecular catalysis), but isomerizations and subsequent
oxidations leading ot the native disulfide connectivity (knative) were slightly faster with an
intramolecular diselenide (Supporting Information, Table S1). Further discussion is provided
in the Supporting Information.

To consider the role of diselenide placement within a peptide scaffold, we compared
[C4U;C19U] SIIIA with [C3U;C13U] SIIIA and [C8U;C20U] SIIIA, which were chosen for
this analysis because the reduced and folded forms are more readily separable by HPLC than
the comparable analogs of GVIA. This data is shown in Figure 3 and in Supporting
Information, Table S1, and demonstrates that the presence of a diselenide—regardless of its
position in the peptide—greatly accelerates folding. While always beneficial, the position of
the diselenide within the peptide does lead to some variation in the folding rate
enhancement.

Thus, in addition to directing oxidative folding towards the native disulfide connectivity,
intramolecular diselenide bridges also serve as catalysts for the formation of diuslfide
bridges. A diselenide bridge in a peptide is therefore able to catalyze disulfide formation
using dissolved oxygen as the stoichiometric oxidant, effectively enabling ‘reagentless’
oxidation. Using only molecular oxygen as the oxidant further simplifies the oxidative
folding of cysteine-rich peptides. We envision the use of reagentless oxidation of
selenopeptides, whether in solution or on-resin [4] will be effective, even for peptides that
are difficult to synthesize.[19]

In the folding of selenopeptides, seleno-sulfide bonds are likely to be necessary
intermediates for catalysis of intramolecular electron transfer reactions and isomerization
steps. Examples of stable seleno-sulfide bonds are rare (Gowd, K.H., Blaise, K., Elmslie,
K.S., Steiner, A.M., Olivera, B.M., and Bulaj, G., submitted). Non-native seleno-sulfide
bonds have also been shown to exist in synthetic α-conotoxin and oxytocin analogs bearing
a native pair of selenocysteines.[7,11,23] The high reactivity of selenocysteine is likely the
reason why nature has selected disulfide bridges over diselenide bridges to form covalent
crosslinks in polypeptides. To this end, our findings warrant a cautious approach towards
exploring selenopeptides as drug leads. However, this does not preclude the added value of
selenocysteine in the chemical synthesis of cysteine-rich peptides, as well as in manipulating
oxidative folding pathways (Metanis, N. and Hilvert, D., submitted).

Our work shows that incorporation of diselenides into conotoxins may significantly improve
their folding rates because the oxidative folding of the peptide is catalyzed by the peptide
itself. In combination with previous reports, in which diselenides showed superior effects on
simplifying and improving folding yields and disulfide mapping, this approach provides a
significant advantage to chemical syntheses of cysteine-rich peptides. Since molecular
biology techniques have already revealed thousands of bioactive peptides from plants,
snails, spiders, scorpions and vertebrate animals, selenopeptide technologies will accelerate
discoveries of novel research tools and biotherapeutics based on cysteine-rich peptides.
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Experimental Section
Detailed methods are provided in the Supporting Information. Briefly, peptides were
synthesized with standard Fmoc chemistry; all cysteine residues were trityl-protected, and
all selenocysteine residues were 4-methoxybenzyl protected. Following cleavage from the
resin, selenocysteine-containing peptides were treated with DTT. Peptides were then
purified by HPLC prior to oxidative folding.

Unless otherwise indicated, all oxidations were air-mediated, using molecular oxygen as the
only oxidant. Dried, reduced peptides were redissolved in 5% acetonitrile, 0.01% TFA. The
peptide solution was then added to the folding mixture, which contained (final) 0.1 M Tris,
pH 7.5, 0.1 mM EDTA, as well as any other folding additives for the specific condition.
Folding reactions proceeded at 20 °C. Timepoints were analyzed by analytical HPLC.

HPLC peak integration was used to quantify the extent of peptide folding for each timepoint.
This data was used to derive kinetic parameters using DynaFit. Details of the kinetic
analysis are presented in the Supporting Information.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Folded products of peptides used in this study. a) shows the three-dimensional structure of
GVIA (PDBID: 2CCO). b) shows the schematic representation of GVIA, where the bridge
indicated in green was replaced with a diselenide in [C8U;C19U] GVIA. c) shows the three-
dimensional structure of SIIIA (BMRB #20023). d) shows the schematic representation of
SIIIA; the bridge indicated in green was replaced with selenocysteines in [C4U;C19U]
SIIIA. Z indicates pyroglutamate, O indicates hydroxyproline, and # indicates C-terminal
amidation.
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Figure 2.
Folding kinetics of GVIA, SIIIA and their diselenide-containing analogs. a) and d) show
HPLC chromatograms after 1 hour of folding, comparing GVIA and SIIIA to their
diselenide-containing analogs, respectively. Full folding timecourses are available in the
Supporting Information, Figure S4. b) and e) show kinetic traces of the disappearance of the
starting material (bearing either six thiols or four thiols and a diselenide), with insets
showing the same traces when the all-thiol and diselenide-containing peptides are folded in a
1:1 mixture. c) and f) show kinetic traces of the formation of natively-bridged peptide;
equivalent traces using a linear timescale are shown in the Supporting Information, Figures
S2 and S3.
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Figure 3.
Rate constant comparison. a) shows the rate constants for initial oxidation, and b) shows the
rate constants for the formation of the native connectivity. On each graph are compared
GVIA, GVIA with 100 nM cupric chloride, [C8U;C19U] GVIA with 100 nM cupric
chloride, [C8U;C19U] GVIA, GVIA with equimolar selenocystine, [C8U;C19U] GVIA
with equimolar selenocystine, as well as variation due to the location of the diselenide
within SIIIA.
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