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ABSTRACT: Structural and functional studies of small, disulfide-rich peptides depend on their efficient
chemical synthesis and folding. A large group of peptides derived from animals and plants contains the Cys
pattern C—C—CC—C—C that forms the inhibitory cystine knot (ICK) or knottin motif. Here we report the
effect of site-specific incorporation of pairs of selenocysteine residues on oxidative folding and the functional
activity of w-conotoxin GVIA, a well-characterized ICK-motif peptidic antagonist of voltage-gated calcium
channels. Three selenoconotoxin GVIA analogues were chemically synthesized; all three folded significantly
faster in the glutathione-based buffer compared to wild-type GVIA. One analogue, GVIA[C8U,C19U],
exhibited significantly higher folding yields. A recently described NMR-based method was used for mapping
the disulfide connectivities in the three selenoconotoxin analogues. The diselenide-directed oxidative folding
of selenoconotoxins was predominantly driven by amino acid residue loop sizes formed by the resulting
diselenide and disulfide cross-links. Both in vivo and in vitro activities of the analogues were assessed; the block
of N-type calcium channels was comparable among the analogues and wild-type GVIA, suggesting that the
diselenide replacement did not affect the bioactive conformation. Thus, diselenide substitution may facilitate
oxidative folding of pharmacologically diverse ICK peptides. The diselenide replacement has been success-
fully applied to a growing number of bioactive peptides, including a-, u-, and w-conotoxins, suggesting that
the integrated oxidative folding of selenopeptides described here may prove to be a general approach for
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efficient synthesis of diverse classes of disulfide-rich peptides.

Multiple disulfide cross-links are a major structural feature of
many secreted polypeptides (/—3). If a secreted polypeptide is
injected or meant to act on another organism (as is the case for
animal venom components), it is subject to an additional selective
pressure: to make the polypeptide smaller for rapid dissemination
through the targeted animal’s body. There is likely also selection
for a tighter, less flexible structure to increase resistance to pro-
teases, presumably leading to an even higher degree of disulfide
cross-linking. Thus, most animal venom polypeptides character-
ized, independent of their phylogenetic origin, are significantly
smaller and much more disulfide rich than other polypeptides (4).
This evolutionary trend reaches a zenith in some Conus venoms,
where 12 amino acid residue venom peptides with three disulfide
cross-links have been identified (5). There is also an increasing
pharmacological interest in disulfide-rich peptides, not only
because they are often highly selective in their targeting specificity
but also because of their potential as templates for drug deve-
lopment (6, 7).

A general problem encountered when working with small,
disulfide-rich peptides is that they can be difficult to fold
in vitro (8—11). A peptide with three disulfide bonds can
potentially form 15 isomers, each with different cross-links. Thus,
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achieving a good yield of the properly folded, biologically active
peptide can be a significant challenge. Indeed, some peptides have
never been successfully folded (although failures are rarely
reported in the literature). Replacing disulfide bridges with
diselenide bridges turned out to be an effective strategy to
simplify oxidative folding of cysteine-rich peptides without
affecting their native conformation or biological activity
(12—16). The greater redox stability and more rapid formation
of diselenide bonds, as compared to disulfide bonds, can be used
to significantly improve folding yields. Furthermore, a new
approach to facilitate folding and simultaneously improve disul-
fide mapping (i.e., “integrated oxidative folding”) was recently
introduced (16). The basic strategy is to substitute a diselenide for
one disulfide cross-link in a peptide containing a pair of '*C/!*N-
labeled cysteine residues. Although promising with respect to
engineering oxidative folding of peptides containing multiple
disulfide bridges, the selenopeptide strategy has been tested on
very few disulfide-rich motifs.

A particularly common motif in small polypeptides with three
disulfide bonds is the inhibitory cysteine knot (ICK)! or knottin
motif, with one disulfide bond threaded through the other two,

' Abbreviations: Cay2.2, N-type calcium channel; DTT, dithiothrei-
tol; FT-MS, Fourier transform mass spectrometry; GVIA, w-conotoxin
GVIA; GSH, reduced glutathione; GSSG, oxidized glutathione; ICK,
inhibitory cystine knot; NOESY, nuclear Overhauser enhancement
spectroscopy; RP-HPLC, reverse-phase high-performance liquid chro-
matography; Sec, selenocysteine; Sec-GVIA, selenocystine containing
GVIA.
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FiGure 1: Inhibitory cysteine knot (ICK) motif and available cysteine patterns in three disulfide-containing peptides as revealed from
KNOTTIN database analysis (see Supporting Information Table S1 for details). The KNOTTIN database, standardized database of ICK
motifs, contains 1621 sequences out of which > 1000 sequences possess six cysteines. ICK peptides containing six cysteine residues can be further
classified into three types based on cysteine pattern in the sequence. Greater than 750 sequences in the database share the following cysteine

pattern: C---C---CC---C---C, identical to w-conotoxin GVIA.

thereby forming a topological knot (/7—20). The three hydro-
phobic disulfide bonds generally constitute the hydrophobic
interior of the polypeptide, greatly stabilizing the ICK structural
framework (18, 21). Figure 1 and Supporting Information
Table 1 summarizes the diversity of ICK motif and correspond-
ing occurrence of cysteine patterns in three disulfide-containing
peptides. The cysteine pattern C---C---CC---C---C is shared by
various peptides including those isolated from microbes, insects,
plants, and animals and can be considered currently the largest
class within the ICK motif family. This motif is shared by one
well-characterized class of Conus snail venom peptides (22). The
O-gene superfamily of conopeptides has differentiated into a
number of pharmacologically distinct families, each with dif-
ferent targeting specificity. This is a consequence of the unpre-
cedented rate of evolution of conopeptide superfamilies (23, 24).

Among the ICK motif Conus peptide families are the
w-conopeptides that inhibit voltage-gated calcium channels (25),
the k-conopeptides that target voltage-gated K channels (26), the
o-conopeptides that inhibit voltage-gated Na channel inactiva-
tion (27) ,and the uO-conotoxins that inhibit Na channel activa-
tion (28, 29). Arguably, the best characterized of all of the
O-superfamily peptides are the members of the w-family that
block voltage-gated Ca®" channels (30, 3). One of these,
w-conotoxin MVIIA, is an approved drug for intractable pain
(Prialt) (32, 33). Perhaps the most widely used disulfide-rich
peptide in neuroscience is w-conotoxin GVIA (30, 31, 34, 35),
which was key to the identification and biochemical character-
ization of N-type Ca channels (Cay2.2) (36—38) and has become
a standard pharmacological tool for inhibiting synaptic transmis-
sion (39, 40). The oxidative folding of w-conotoxins was pre-
viously investigated by Goldenberg and co-workers (4/—44).
These peptides are generally more easily folded in vitro than some
other Conus peptides, although folding yields for w-conotoxins
can be also relatively low (41).

In this report, we applied the integrated oxidative folding
strategy to w-conotoxin GVIA: selenoconotoxin GVIA analogues

containing a pair of *C/"*N-labeled cysteines were synthesized,
and their folding and bioactivity were investigated. The solution
structure, disulfide bridging pattern, and folding properties of
GVIA are well established (45—48). Because the interactions of
GVIA with its target, N-type Ca channels, have been extensively
characterized (49—353), an assessment of the effects of substituting
a diselenide for a particular disulfide cross-link can be carried out
with an unprecedented sensitivity. Our results suggest that there
are significant differences in the kinetics of folding as the single
diselenide-bonded analogues are folded to the corresponding
fully oxidized diselenide-containing GVIA species. This is the
first report on applying the integrated oxidative folding to the
ICK peptides, suggesting a broader applicability of this strategy
toward discovery efforts and studying structure/function of
diverse disulfide-rich peptides.

EXPERIMENTAL PROCEDURES

Peptide Synthesis. Peptides were synthesized using standard
Fmoc (N-(9-fluorenyl)methoxycarbonyl) chemistry and acti-
vated Opfp (pentafluorophenyl) esters of the protected amino
acids, as described (/6). Side chains of selenocysteines were
protected with a p-methoxybenzyl group (Chem Impex Int.,
Wood Dale, IL), labeled cysteines (U-""C3, 97-99%; "N,
97-99%; Cambridge Isotope Laboratories, Andover, MA)
and unlabeled cysteines were protected with trityl (Trt) groups,
and 4-hydroxyproline was protected with a tBu group. Sec-GVIA
analogues were removed from the resin using enriched reagent K
[trifluoroacetic acid (TFA)/thianisol/phenol/water (90:2.5:7.5:5)
and 1.3 equiv of DTNP (2,2'-dithiobis(5-nitropyridine))], and
GVIA was cleaved using reagent K [TFA/thianisol/phenol/
water/ethanedithiol (82.5:5:5:5:2.5)]. Peptides were precipitated
with methyl rert-butyl ether (MTBE) and washed several times
with cold MTBE. Sec-GVIA analogues were subjected to DTT
(threo-1,4-dimercapto-2,3-butanediol) treatment, before purifi-
cation, using 50 mM DTT in 100 mM Tris-HCl (pH 7.5)
containing 1| mM EDTA for | h, as described (16). Peptides
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were purified using preparative RP-HPLC using a Cg column
over a linear gradient of 10—35% buffer B (90% acetonitrile
containing 0.1% TFA) for 40 min. Purified peptides were
analyzed using mass spectrometry. The observed mass of Sec-
GVIA analogues is 2 Da less than predicted mass, confirming
the presence of diselenide in the peptide (expected, 3145 Da;
observed, 3143 Da).

Previous studies with u-selenoconotoxin SIITA proved that,
after an aforementioned cleavage/reduction method, the peptide
analogues contained a preformed diselenide bridge, as deducted
from mass spectrometry analysis of the alkylation products (16).
To confirm the presence of a diselenide bridge in the “linear”
form of Sec-GVIA prior to the folding experiments, one of the
analogues, GVIA[C8U,C19U] was subjected to the alkylation
reaction, followed by mass spectrometry analysis (Figure SI,
Supporting Information). First, the crude, postcleavage peptide
was shown to contain two S-thionitropyridyl groups (Figure S1,
Supporting Information). After thiolysis with DTT and subse-
quent alkylation with iodoacetamide, the resulting species was
shown by mass spectrometry to contain a diselenide bridge.
HPLC traces, mass spectra, and experimental details are pro-
vided in the Supporting Information.

Oxidative Folding. Folding reactions were initiated by
resuspending 5 nmol of linear peptides into 200 uL of folding
buffer containing 0.1 M Tris-HCl (pH 7.5), 1 mM EDTA, 1 mM
oxidized glutathione (GSSG), and 2 mM reduced glutathione
(GSH). Reaction was quenched, after an appropriate time
interval, by acidification with formic acid (10% final con-
centration). Samples were further analyzed using C;g analytical
HPLC over a linear gradient of 10—40% buffer B (90%
acetonitrile containing 0.1% TFA) in 40 min. Accumulation of
natively folded peptide at a given time point was calculated by
integrating the HPLC chromatogram. Two Sec-GVIA analogues
have nearly the same retention time for folded and linear
peptides; in such cases, the isotopic patterns of observed and
predicted masses were compared, and the quality of folded
peptides was accessed. At all of the given time intervals, the
observed isotopic pattern was similar to the predicted peptide,
confirming the presence of folded peptide. (Note: the most
intense peaks of linear and folded peptides in the mass spectrum
have the same charge stated: [M + 4H]*".) Experimental points
were analyzed by Prism software (GraphPad Software, Inc., San
Diego, CA), and the rate constant was calculated by a single
exponential fit. Oxidative folding experiments in the presence of
denaturing agent, 8 M urea, were carried out as described above.

Mass Spectrometry and NMR Spectroscopy. Electro-
spray ionization (ESI) mass spectra were obtained using a
Micromass Quattro II mass spectrometer at the Mass Spectro-
metry and Proteomics Core Facility of the University of Utah.
ESI-FTMS was recorded using Thermo-FT-MS, and data were
analyzed using the software provided by the manufacturer. A
theoretical isotopic pattern of Sec-GVIA was derived using the
molecular formula Cy;4H;9oN3¢043848:ZX, where Z = 1°C
and X = "N. Sec-GVIA analogues for NMR were prepared by
dissolving purified peptide (I mM) in buffer containing 40 mM
sodium phosphate (pH 6.2), 50 mM sodium chloride, 90% H,O,
and 10% D,O. Two-dimensional ['*C,'H] HSQC and 2D
['H,'H] "*C-edited NOESY were recorded at 15 °C on a Varian
Inova 600 NMR spectrometer with a cryogenic probe. Data were
processed with FELIX2004 and analyzed using the SPARKY
program (T. D. Goddard and D. G. Kneller, University of
California, San Francisco).
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Disulfide Mapping of Non-Native Folded Species.
The non-native folded species of GVIA[CIU,C16U] and
GVIA[C15U,C26U] were isolated after reaching the steady state
during oxidative folding in the presence of 8 M urea. Disulfide
mapping of GVIA[C1U,C16U] was achieved through proteolysis
using trypsin and GVIA[C15U,C26U] using chymotrypsin. Five
nanomoles of the peptide was dissolved in 100 mM sodium
phosphate buffer of pH 6.8 and incubated with the desired
enzyme for 24 h at 37 °C. The enzyme to substrate ratio was
1:100. The resulting proteolytic fragments were separated using
an analytical C;g HPLC column over the linear gradient of
acetonitrile from 10% to 50% over 40 min. Isolated peptide
fragments were characterized using MALDI-MS, and the topo-
logy of corresponding non-natively folded peptide was deduced.

Measurement of N-Type Calcium Currents (CaV2.2).
HEK?293 cells were transfected as previously described with
Cay2.2_cpp, 00 and f3,, subunits (54). N-channel expressing
cells were visualized by CFP (cyan fluorescent protein), which
was attached to the N-terminus of o5 (Cay2.2_cpp). Cells were
voltage-clamped using the whole-cell configuration of the patch
clamp technique as described previously (54, 55). The external
recording solution contained S mM BaCl,, 145 mM N-methyl-p-
glucamine (NMG)-Cl, and 10 mM NMG-HEPES, osmolarity =
325 mOsm and pH = 7.4. The pipet solution contained 104 mM
NMG-CI, 10 mM NMG-HEPES, 10 mM NMG-EGTA, 6 mM
MgCl,, 5mM Tris-ATP, 0.3 mM Tris-GTP, and 14 mM creatine
phosphate, osmolarity = 280 mOsm and pH = 7.4. Wild-type
w-conotoxin GVIA for the electrophysiology experiments was
purchased from Bachem Americas (King of Prussia, PA). Test
solutions were applied from a gravity-fed perfusion system with
an exchange time of 1—2 s. Group data were calculated as mean
+ SD, and significance differences (p < 0.05) were determined
using a one-way ANOVA with Tukey HSD post hoc analysis.

Behavioral Assay. Intracerebral injection of folded GVIA
and Sec-GVIA analogues to 21—23-day-old Swiss Webster mice
was achieved using a syringe with a 29-gauge needle. Mice
injected with equal volumes of normal saline were used as
control. After injection, mice were placed in a cage for observa-
tion. All of the peptides exhibited shaking syndrome, which is
characterized by persistent body tremor, and this behavior
maintained for a long time period in a dose-dependent man-
ner (25).

RESULTS

Chemical Synthesis. To study the effects of site-specific
incorporation of diselenide bridges, three GVIA analogues were
designed and synthesized, namely, GVIA[C1U,C16U], GVIA-
[C8U,C19U], and GVIA[C15U,C26U]. Each analogue had a
single native disulfide bridge replaced by a diselenide bridge
(Figure 2). Incorporation of selenocystine was achieved by
introducing p-methoxybenzyl-protected selenocysteine during
solid-phase peptide synthesis.

After cleavage, the crude peptide was subjected to 50 mM DTT
treatment (thiolysis) to enrich for the reduced selenoconotoxin
analogue (/6). The predicted reduced peptide mass of the Sec-
GVIA analogues is 3145.2 Da, and observed masses for GVIA-
[C1U,Cl16U], GVIA[C8U,C19U], and GVIA[C15U,C26U] were
3143.2, 3143.3, and 3143.2 Da, respectively. The observed mass
for all the reduced Sec-GVIA analogues was 2 Da less than the
predicted mass, consistent with the presence of a preformed
diselenide bridge. Mechanistic features underlying deprotection
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FIGURE 2: Structural representation of Sec-GVIA analogues and the strategy for disulfide mapping using the integrated oxidative folding. (a) The
position of the distinct diselenide bond in the 3D structure of GVIA (diselenide bond in gray and disulfide bond in yellow) and corresponding
cysteine/selenocysteine patterns (U and C correspond to selenocysteine and '*C/'*N-labeled cysteine residues, respectively). The structure of
GVIA (2CCO) was modeled using PyMOL software. (b) The integrated oxidative folding strategy using GVIA[C8U,C19U]. The redox potential
favors diselenide (—381 mV) over selenosulfide (—326 mV), whereas the labeled cysteine residues facilitate NMR-based disulfide mapping by

identification of cross-disulfide NOEs.

of the selenocysteine side chain protecting group by DTNP
(56, 57) and the low redox potential of diselenide (E, = —381
mV) over disulfide (E, = —180 mV) and selenosulfide (E, =
—326 mV) with respect to DTT (£, = —323 mV) (58) predicted
the presence of the preformed diselenide in the reduced Sec-
GVIA analogues, which was actually detected (Figure SI,
Supporting Information).

The diselenide-containing reduced Sec-GVIA analogues were
subjected to oxidative folding with a mixture of oxidized (1 mM
GSSG) and reduced (2 mM GSH) glutathione; these folding
conditions were shown previously to promote efficient folding of
GVIA (41). Figure 3a shows chromatographic elution profiles of
the oxidative folding of GVIA and Sec GVIA analogues at the
steady state. The identity of folded species was further character-
ized using mass spectrometry and NMR. Figure 3b shows steady-
state accumulation of natively folded GVIA and Sec-GVIA
analogues during oxidative folding. The order of highest accu-
mulation of natively folded peptides for Sec-GVIA analogues is
GVIA[C8U,C19U] > GVI[CIU,C16U] > GVIA[C15U,C26U].
The folding efficiency of GVIA and GVIA[CI5U,C26U] was
found to be nearly the same. Diselenide in the second position of
the canonical disulfide connectivity of w-conotoxin GVIA has a
greater influence on improving the folding efficiency to yield the
native configuration.

For GVIA[C1U,C16U] and GVIA[C15U,C26U], the folded
and reduced species exhibited identical HPLC retention times. In
order to access the quality of folded peptides, high-resolution FT-
MS was employed, and the isotopic pattern generated from
elemental composition was compared to that of the observed
peptide isotopic pattern. Supporting Information Figure S2
shows the high-resolution FT mass spectrum of folded GVIA-
[C1U,C16U] and the corresponding theoretical spectrum. The
isotopic patterns of the theoretical and experimental mass spectra
are nearly identical, confirming the absence of the linear peptide

in the folding mixture (even a residual presence of the reduced
peptide would have altered the isotopic pattern in the mass
spectrum, as indicated in Supporting Information Figure S2b).
Our work supports the use of high-resolution FT-MS as a
diagnostic tool in assessing the quality of folded peptides having
identical (or overlapping) HPLC retention times as the linear or
partially reduced peptide.

To further evaluate the effect of the preformed diselenide
cross-link on oxidative folding of GVIA, folding reactions were
carried in the presence of a denaturing agent, 8 M urea. Figure 3b
illustrates the steady-state accumulation of natively folded GVIA
and Sec-GVIA analogues in the presence of 8 M urea. The
amount of accumulation of natively folded peptides of GVIA and
Sec-GVIA analogues is decreased, and the order of accumulation
of the natively folded species for the Sec-GVIA analogue
remained the same as observed during folding without denatur-
ant. The decrease of yield of natively folded species for GVIA and
Sec-GVIA analogues in 8 M urea could be ascribed in part to a
loss of tertiary interactions under denaturing conditions. Inter-
estingly, GVIA[C1U,C16U] and GVIA[C15U,C26U] have an
additional HPLC peak with an oxidation state identical to that of
the natively folded species (the observed masses were 3139.3 and
3139.5, respectively). Oxidative folding of the wild-type GVIA
was devoid of predominant non-natively folded species in the
presence of 8 M urea, as judged from the HPLC elution profile.
These findings suggest that the diselenide cross-links may not
only improve the yield of natively folded species but also affect
the folding pathways. These data confirm the site-specific effects
of the diselenide bridges on oxidative folding.

NMR-Based Disulfide Mapping. Disulfide mapping of
Sec-GVIA analogues was carried out using the NMR-based
method, recently described by Walewska et al. (59, 16). The
NMR-based mapping of disulfides, in the case of three-disulfide
containing peptides, mainly relies upon observation of cross-disulfide
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F1GURE 3: Synthesis and oxidative folding of GVIA and Sec-GVIA analogues. (a) RP-HPLC elution profiles of the linear/reduced species and the
folding reactions carried out at room temperature and in the absence or presence of 8 M urea. Linear Sec-GVIA analogues contain a diselenide
bridge, preformed during the processing of synthetic peptide. The folded peptide profile corresponds to the oxidative folding at steady state. The
asterisk indicates the natively folded peptide. (b) Accumulation of natively folded peptide during oxidative folding at steady state, room
temperature, and 8 M urea. Error bars represent the standard error of mean, derived from four independent experiments.

H%/H'/H” NOESY cross-peaks across selectively labeled
cysteines. The preformed diselenide bridge restricts the possible
number of disulfide connectivites in three disulfide-containing
peptides to three distinct possibilities.

To achieve the disulfide mapping for all three Sec-GVIA
analogues, position-specific '*N/"*C-labeled cysteines were in-
troduced during the chemical synthesis. GVIA[CI1U,C16U] con-
tained labeled cysteines at Cys8 and Cys19, GVIA[C8U,C19U]
contained labeled cysteines at Cys15 and Cys26, and GVIA-
[C15U,C26U] contains labeled cysteines at Cysl and Cysl6.
Figure 4 shows heteronuclear NMR spectra of Sec-GVIA
analogues. Two-dimensional ['*C,"H] HSQC experiments were
performed to identify labeled Cys residues, and the correspond-
ing methine and methylene protons were assigned using the
reported chemical shift values of GVIA. Two-dimensional
BC-edited NOESY were recorded to identify cross-disulfide
NOEs across interresidual H“/Hﬁ ! /Hﬁ2 protons to confirm the
disulfide bridge between labeled Cys residues. Two NOEs were
observed across H?/H? protons of labeled cysteines in GVIA-
[CIU,C16U], six NOEs across Hﬁ/Hﬂ protons of labeled
cysteines in GVIA[C8U,C19U], and five NOEs across H*/H?
and H*/H® protons of labeled cysteines in GVIA[C15U,C26U],
confirming the presence of a disulfide bond between labeled
cysteine residues in Sec-GVIA analogues. In the case of GVIA-
[C15U,C26U], strong interresidue H*/H” and H*/H* NOE:s are
present while H?/H” NOEs are absent, perhaps due to the
motional averaging about the disulfide (S—S) bond. The refined
GVIA structure suggests that the disulfide Cys1-Cys16 exists in
two different confirmations (46, 48), indicating the motion about
the disulfide bond and consequently affecting the orientation of

methylene protons. Mass spectrometric data of folded Sec-GVIA
analogues confirm the formation of the remaining disul-
fide bridge during oxidative folding. Thus, the disulfide con-
nectivity in all tof he Sec-GVIA analogues, as revealed by the
integrated approach, is between Cys1-Cys16, Cys8-Cysl19, and
Cys15-Cys26, which is identical to that of disulfide pairing in
GVIA.

Peptide Mapping of Folding Intermediates. Disulfide
mapping of the non-natively folded species of GVIA[CIU,
Cl16U] and GVIA[C15U,C26U] was achieved using the proteo-
lytic digestion strategy. The presence of four tryptic cleavage sites
and three chymotryptic cleavage sites in GVIA allowed peptide
mapping of the non-natively folded species. Figure 5a illustrates
disulfide mapping of the non-natively folded GVIA[C1U,C16U]
using trypsin. The tryptic digest of the non-natively folded
GVIA[CIU,C16U] yielded closely migrating fragments with
masses of 1269 and 1907 Da. These two masses could be ascribed
to peptide fragments as rationalized in Figure Sa, confirming the
disulfide connectivity in non-natively folded GVIA[C1U,C16U]
as Cys8-Cys15 and Cys19-Cys26. Similarly, Figure Sb shows
disulfide mapping of the non-natively folded GVIA[CISU,
C26U] using chymotrypsin. The chymotryptic digest of non-
natively folded GVIA[CI5U,C26U] yielded fragments with
masses of 1337 and 1821 Da. These two masses could be ascribed
to peptide fragments as rationalized in Figure 5b, confirming the
disulfide connectivity in non-natively folded GVIA[C15U,C26U]
as Cys1-Cys8 and Cys16-Cys19. Noteworthy, the natively folded
species are intact during enzymatic digestion due to their compact
structure, further supporting the usefulness of NMR-based
disulfide mapping.
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FIGURE 4: NMR-based disulfide mapping in Sec-GVIA analogues. Alignment of 2D F2-'*C-edited ['H,"H] NOESY (panels a, ¢, and ¢) with
corresponding 2D ['*C,'H] HSQC (panels b, d, and ) spectra of Sec-GVIA analogues: GVIA[C1U,C16U] (panels a and b), GVIA[C8U,C19U]
(panels c and d), and GVIA[C15U,C26U] (panels ¢ and f). Nondegenerate Cys C°H, are connected with a line, and NOE cross-peaks confirming
the disulfide bond between labeled cysteines are boxed. NOE between C1*H/C16*H in GVIA[C15U,C26U] is detected on the sharp C1*H signal
only and not on the broader C16%H signal. The NOEs not labeled are assigned as intra-cysteine or from unassigned proximal protons, which pose
no problems in disulfide mapping. All have been rationalized with the GVIA structure (46).

Folding Kinetics. The position-specific replacement of a
disulfide bridge by the diselenide bridge imposes topological
and conformational restrictions of the peptide chain in the
reduced form that are present prior to the formation of the
disulfide bridges. To better characterize the oxidative folding
mechanism of the Sec-GVIA analogues, we studied folding
kinetics and thermodynamics in the presence of the appropriate
redox buffers. Figure 6a shows the RP-HPLC elution profile
of the oxidative folding of GVIA and Sec-GVIA analogues
quenched at appropriate time points. An accumulation of the
native species was rapid for all three Sec-GVIA analogues
compared to unsubstituted GVIA (Sec-GVIA analogues require
formation of two disulfide bridges, whereas the wild-type GVIA
requires the formation of three disulfide bonds). Figure 6b
illustrates the kinetics of accumulation of native species in GVIA
and Sec-GVIA analogues. Table 1 provides the rate constant for
accumulation of natively folded GVIA and Sec-GVIA analogues
during folding. Figure 6c highlights the importance of the
diselenide cross-link on the folding kinetics of GVIA. During
the early folding events of GVIA[C1U,C16U] and GVIA[C15U,
C26U], the non-natively folded species is significantly accumu-
lated, but the natively folded species predominates at the
equilibrium (see Figure 6a and Figure S3, Supporting In-
formation). Noteworthy, the non-natively folded species possess
the smaller disulfide loops compared to the three distinct possible
disulfide isomers of GVIA[CIU,C16U] and GVIA[CI5U,
C26U].

Table 2 summarizes the steady-state accumulation of the
native and non-natively folded species under native and denaturing

folding conditions. It is apparent from Table 2 that the accumu-
lation of non-natively folded species decreases the overall yield
of the natively folded peptides. The formation of smaller size
disulfide loops favors the accumulation of non-natively folded
species.

Figure 7 summarizes results derived from the oxidative folding
of GVIA and Sec-GVIA analogues and also demonstrates the
site-specific effect of the diselenide cross-link on oxidative folding
of GVIA. Incorporation of site-specific selenocysteine residues
has a significant impact on the oxidative folding mechanism of
w-conotoxin GVIA: the introduction of a diselenide bridge
decreases the folding time required to produce the native-like
species and improves folding yields, independent of the position
of the diselenide bridge. However, in detail, the folding pathway
for each Sec-GVIA analogue differs; the preformation of each
diselenide specifically influences the orientation of the remaining
thiol groups differentially.

Biological Activity. The NMR results demonstrate that the
Sec-GVIA peptides fold properly, which predicts that each
analogue should block N-type channels like GVIA. This was
tested by applying each peptide at 1 uM to HEK293 cells
transiently expressing N-type channels along with the ss,, and
0,0 subunits (54). Because of the slow blocking kinetics in the
presence of millimolar divalent cations (60), we used an isochro-
nic measurement to assess the block of N-current by each
peptide (67). Figure 8 shows that a 16 min application of each
Sec-GVIA peptide yielded almost complete block that was
similar to GVIA. On average the percentage block was 98.5 &+
1.0 (£SD) for GVIA (n = 4), 98.7 £ 0.1 for GVIA[C1U,C16U]



Article

(a) 3139.76Da

Natively folded
3140.06 Da

Non-natively folded

GVIA[C1U,C16U]

‘ Trypsindigestion [

3139.88Da

1269.56 Da & 1907.56 Da

e

{Intact and resistant to digestion) LKSOGSS%SOTSYNfL R+SCNOYTK RCY*

U-—-C——CU-—C-—-C U-—C— U-—C—-C

Biochemistry, Vol. 49, No. 12, 2010 2747

(b)
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FiGURrE 5: Disulfide mapping of non-natively folded peptides using proteolysis. (a) RP-HPLC elution profiles of folded GVIA[C1U,C16U] in the
presence of 8 M urea and elution profile of the corresponding enzymatic digest using trypsin. (b) RP-HPLC elution profiles of folded
GVIA[C15U,C26U] in the presence of 8 M urea and elution profile of the corresponding enzymatic digest using chymotrypsin. Disulfide topology
in non-natively folded peptides was deduced using the observed mass of the enzymatic digest as rationalized in the figure, and observed mass in
MALDI-MS was also indicated. (Note: Cand * corresponds to labeled cysteine and C-terminal amidation, respectively. The diselenide bond exists
prior to folding in linear Sec-GVIA analogues, and disulfide topology of natively folded peptide was derived using the integrated disulfide

mapping approach as mentioned in Figure 4).

(n=4),96.6 £ 1.7 for GVIA[C8U,C19U] (n = 4),and 96.5+0.7
for GVIA[C15U,C26U] (n = 5). A small residual (unblocked)
current was observed in each peptide after 16 min application
(1 uM) and likely results from slow block in the presence of 5 mM
Ba®" used to record these currents (60, 6/). ANOVA analysis
revealed no significant difference between the block induced by
GVIA and GVIA[C1U,C16U] or GVIA[C8U,C19U], as well as
among Sec-GVIA analogues. However, there was a difference
between GVIA and GVIA[C15U,C26U] (p < 0.05). Itis possible
that GVIA[C15U,C26U] blocks slightly more slowly than GVIA,
which would explain the significantly larger current at our 16 min
time point. A more detailed evaluation of these peptides on
voltage-dependent calcium currents is presently underway to
address this and other issues. Together, our results demonstrate
that all of the Sec-GVIA analogues are effective N-channel
blockers.

Intracranial injection of the folded GVIA and Sec-GVIA
analogues in mice elicited a shaking syndrome. Injected mice
were persistently shaking their body a few minutes after injection.
Prolongation of the persistent tremor is observed to be dose
dependent, and at 1 nmol the behavior lasted for more than a day,
with the mice being able to carry out normal functions although
they were shaking. At higher concentrations, mice also exhibit a

passive behavior with a backward leg extension. The similar
behavioral phenotypes exhibited by GVIA and Sec-GVIA ana-
logues upon intracranial injection in mice are consistent with the
isomorphic replacement of cysteine by selenocysteine.

DISCUSSION

In this study, we assess the effects of substituting a diselenide
for a native disulfide cross-link in the well-characterized inhibi-
tory cystine knot peptide, w-conotoxin GVIA. A diselenide was
substituted for each of the three native disulfides, and the
resulting selenocysteine-containing analogues were evaluated
for whether the substitution affected either oxidative folding
or/and function. The cross-linking pattern of each folded analo-
gue of w-conotoxin GVIA (containing a diselenide and two
disulfides) was determined by NMR.

w-Conotoxin GVIA is a well-characterized pore blocker of
voltage-gated calcium channels with high affinity for the Cay2.2
subtype (31, 36, 37, 54). Thus, one apparent advantage of using
w-GVIA as a model for testing the diselenide substitution was an
easy and sensitive assessment of this approach on the bioactivity
of the ICK-motif containing peptide. Electrophysiological
experiments using HEK293 cells expressing the Cay2.2 channel
demonstrated that all three Sec analogues of w-conotoxin GVIA
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FiGure 6: Folding kinetics of GVIA and Sec-GVIA analogues. (a) Reverse-phase Cig analytical HPLC elution profiles of the oxidative folding
pathway. Reactions were quenched by acidification at regular intervals of time and analyzed using chromatography. The major peak in the profile
indicates the natively folded peptide. (b) The accumulation of folded peptides was plotted against the regular intervals of time. Rate constants were
obtained by fitting the experimental points to a single exponential fit. (c) Bar graph summarizing the time required to fold 50% of the natively

folded species.

Table 1: Rate Constant (min") of Oxidative Folding of Natively Folded
Peptide in GVIA and Sec-GVIA at Different Experimental Conditions

peptide 25°C 8 M urea
GVIA 0.049 £0.005 0.111+£ 0.009¢
GVIA[C1U,C16U] 0.912+0.061 0.7474+0.034
GVIA[C8U,C19U] 0.407+0.011 0.2024+0.008
GVIA[C15U,C26U] 0.392+0.026 0.22740.013

“Accumulation of natively folded GVIA was not observed during initial
time points of oxidative folding in the presence of 8 M urea).

are fully functional compared to native w-conotoxin GVIA. The
in vivo functional activity of the Sec-GVIA analogues was not
detectably different from w-GVIA. Such benign effects of disulfide
to diselenide were previously observed in other Conus peptides,
namely, a- and p-selenoconopeptides targeting nicotinic acetyl-
choline receptors and voltage-gated sodium channels, respec-
tively (15, 16). These examples add to a growing list of bioactive

peptides containing diselenide bridges (62) and encourage further
efforts to explore the selenopeptide strategy for discovery efforts
and structure/function studies of disulfide-rich peptides (63).

Marked differences with respect to oxidative folding between
Sec-GVIA analogues and w-GVIA were observed. For all three
Sec analogues, the kinetics of folding were significantly faster and
the yields greater. The best yield was obtained when the second
disulfide linkage (Cys8-Cys19) was replaced by a diselenide
(an increase to 78%). The effects of diselenide bridges on folding
kinetics were striking; it took significantly longer to fold w-GVIA
(12 > 50 min) than any of the Sec-GVIA analogues (t;, < 10
min). Thus, substituting a diselenide for a native disulfide linkage
in GVIA had no detectable effect on function but a marked
acceleration in the kinetics of folding and an increase in yield of
the properly folded analogue. Our proof-of-concept findings with
Sec-GVIA are encouraging to apply the diselenide replacement to
more difficult to chemically synthesize and oxidized ICK pep-
tides, such as 4O- or d-conotoxins.
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Table 2: Accumulation of Natively and Non-Natively Folded Sec-GVIA Analogues at Steady State under Different Folding Conditions®

fraction of natively and non-natively folded species

Sec-GVIA analogues disulfide isomers 25°C 8 M urea loop sizes of disulfides
GVIA[CIU,Cl16U] 8—15,19-26 14.5 343 6,06
8—19, 15-26 67.2 30.8 10, 10
GVIA[C8U,C19U] 1-16, 1526 78.4 37.0 14, 10
GVIA[C15U,C26U] 1-8, 16—19 25.2 41.5 6,2
1-16, 8—19 62.5 27.4 14, 10
“Note: native-like disulfide connectivity is highlighted in bold font.
(a) Yield=60%
| K=0.048 m! |
| |
= |
E Linear GVIA[C15U,C26U] l
! - GVIA[C15U,C26U] i
1 eS¢
E oo | - esows i
! " K=0.391m v
Linear GVIA[C1U,C16U] ™.
- o GVIA[C1U,C16U] \\u
[ __Vield=67% _
K=0.911m*
Linear GVIA N ol R
\\ I'
S\, Linear GVIA[C8U,C19U] d e
\_A s SH l’
o 9 =3 Yield=78%
10 “Tk=0.406m -
(b) GVIA GVIA[C1U,C16U] GVIA[C8U,C19V] GVIA[C15U,C26V)
H SH SHSH SH SH SH SH SH SH SH SHSH SH SH SH SH SH
bd P SR ., e bnd GEETD
A P E ntropy ............. >
i o Entropy o Entropy
| -
z
:

FIGURE 7: Schematic illustration of the oxidative folding of GVIA and Sec-GVIA analogues. (a) The topology of Sec-GVIA analogues is
presented, and the number of residues involved in inter-cysteine or inter-selencysteine loops is also indicated. Folding yield and rates were derived
from steady-state and folding kinetics experiments, respectively. (Note: rate constants for the natively folded peptides in Sec-GVIA analogues can
be correlated with loop sizes of the corresponding disulfides formed during oxidative folding.) (b) Folding funnel representation of the site-specific
effect of diselenide bridges on oxidative folding of GVIA. Disulfide connectivity of natively and non-natively folded Sec-GVIA analogues

observed during the folding reactions is also emphasized.

Thermodynamic and kinetic studies on Sec-GVIA analogues
emphasize the importance of loop sizes of disulfides/diselenides
in increasing the yield and rate of accumulation of the natively
folded peptides. The larger the size of a preformed diselenide
loop, the faster the rate of accumulation of natively folded
peptide. Effectiveness of improving the folding yield by site-
specific incorporation of selenocysteine may depend on the
formation of non-native disulfides, which also depends on the
loop sizes of all the remaining possible disulfide connectivities
(three distinct combinations exist for forming two disulfide

bridges). The possibility of forming small disulfide loops in
GVIA[CIU,C16U] and GVIA[CI5U,C26U] resulted in the
accumulation of non-natively folded peptides, decreasing the
yield of forming the natively folded species. Comparable and
larger size of non-native disulfide loops in GVIA[C8U,C19U]
may have precluded the accumulation of the non-natively folded
species, thus increasing the overall folding yield. These findings
suggest how to design analogues of cysteine-rich peptides with
site-specific incorporation of selenocysteine to rationally engineer
the oxidative folding pathways. More studies are clearly needed



2750  Biochemistry, Vol. 49, No. 12, 2010
®

Cntl
0
J—120 my
b)

GVIA[C1U,C16U]

%0 -120mvV 60
()

(

GVIA[C15U,C26U]

Cntl 5ms Cntl

0 0
J -120 mv 60 -120mv 00

FIGURE 8: The blocking effect of GVIA and Sec-GVIA analogues on
the N-type calcium channel. N-type currents were recorded before
(control, Cntl) and after 16 min application of 1 uM peptide
analogues (as indicated). Voltage protocol is shown at the bottom
of'each panel. The tail currents on the control records were clipped to
highlight the block of step current.

to generalize these findings to other than the ICK disulfide
scaffolds.

Our results also support broader use of selectively labeled
BC/N cysteine residues for disulfide mapping by means of
NMR. In general, the following rules may assist preferential
incorporation of labeled cysteine in disulfide-rich peptides and
subsequent efficient disulfide mapping. (1) Cysteines with well-
dispersed H” chemical shifts should be first selected for labeling
as they potentially can provide the largest number of cross-
disulfide NOEs. (2) In the case of degenerate H” chemical shifts,
intraresidue degenerate H”s should be preferred over inter-
residue degenerate HPs for labeling. High-resolution NMR
spectroscopy together with careful selection for incorporation
of *C/"*N-labeled cysteine residues in disulfide-rich peptides
should assist rapid disulfide mapping. Recently, ’Se NMR was
used to determine a diselenide connectivity in a selenopeptide
analogue of spider toxin k-ACTX-Hvlc (64), further confirming
that NMR-based methods may offer an attractive alternative to a
traditional mapping of disulfide bridges by partial reduction,
followed by a proteolytic or chemical fragmentation and mass
spectrometry analysis.

The results demonstrate that diselenide substitution for a
native disulfide bond may be a feasible strategy for producing
ICK peptide analogues that retain the biological activity of the
native peptide but have improved folding kinetics and yields. The
improved folding kinetics could be particularly beneficial in those
cases where ICK peptides fold very inefficiently and tend to
aggregate during the folding reaction. These are all candidates for
using the diselenide strategy. We are presently determining
whether a dramatic improvement in yield can be attained
in these cases. The ICK peptides comprise a structurally and
functionally diverse group of bioactive peptides, including
neurotoxins, protease inhibitors, antiviral cyclotides, and anti-
microbial peptides. Research on ICK peptides involves drug
discovery and preclinical/clinical development, validating this
group of peptides as a rich source of new, potential first-in-class,
biotherapeutics. Our work encourages using the integrated
oxidative folding approach to study structure and function of
the ICK peptides.

Gowd et al.
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One table (summary of KNOTTIN database analysis for
three disulfide-containing ICK peptides) and three supplemental
figures (Figure S1, HPLC and mass spectrometry analysis of
the linear form of GVIA[C8U,C19U]; Figure S2, high-resolu-
tion mass spectrometry analysis of the folded species of GIVA-
[C1U,C16U]; and Figure S3, folding kinetics of GVIA and
Sec-GVIA analogues in the presence of 8 M urea). This mate-
rial is available free of charge via the Internet at http://
pubs.acs.org.
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