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Abstract: Disulfide-rich peptides represent a megadiverse group of natural products with very promising
therapeutic potential. To accelerate their functional characterization, high-throughput chemical synthesis
and folding methods are required, including efficient mapping of multiple disulfide bridges. Here, we describe
a novel approach for such mapping and apply it to a three-disulfide-bridged conotoxin, u-SxIIIA (from the
venom of Conus striolatus), whose discovery is also reported here for the first time. u-SxIlIA was chemically
synthesized with three cysteine residues labeled 100% with '°N/'3C, while the remaining three cysteine
residues were incorporated using a mixture of 70%/30% unlabeled/labeled Fmoc-protected residues. After
oxidative folding, the major product was analyzed by NMR spectroscopy. Sequence-specific resonance
assignments for the isotope-enriched Cys residues were determined with 2D versions of standard triple-
resonance ('H, '3C, "®N) NMR experiments and 2D ['°C, 'H] HSQC. Disulfide patterns were directly
determined with cross-disulfide NOEs confirming that the oxidation product had the disulfide connectivities
characteristic of u-conotoxins. u-SxIIIA was found to be a potent blocker of the sodium channel subtype
Nay1.4 (ICso = 7 nM). These results suggest that differential incorporation of isotope-labeled cysteine
residues is an efficient strategy to map disulfides and should facilitate the discovery and structure—function

studies of many bioactive peptides.

Introduction

Small, disulfide-rich peptides include toxins derived from
venomous animals such as spiders, scorpions, and mollusks and
plant-derived cyclotides or proteinase inhibitors, many of which
have therapeutic applications.' > Although these megadiverse
groups of disulfide-rich peptides may comprise millions of
distinct sequences, only a small fraction have been discovered
and characterized to date."®” There is considerable interest in
accelerating the exploration of these unique natural product
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Figure 1. Representative disulfide patterns of cysteine-rich peptides.

libraries.® Examples of disulfide scaffolds found in these peptides
are shown in Figure 1. A major challenge for study of disulfide-
rich peptides is synthesis of native-folded molecules and then
determination of their disulfide bonding patterns (Table 1).
Currently, chemical synthesis of peptides containing more than
two disulfide bridges utilizes direct oxidation methods,”'° but
this can result in the formation of both native and non-native
disulfide bridges depending on the reactivity of the cysteine
thiolates and thermodynamic stability of the native conformation.
In many instances, oxidative folding of disulfide-rich peptides
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(9) Moroder, L.; Besse, D.; Musiol, H. J.; Rudolph-Bohner, S.; Siedler,
F. Riskebisis 1996, 40, 207-34.
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80, 85-97.
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Table 1. Sequences of u-Conotoxins Reported to Date?®

Conotoxin Sequence References
SxIIIA RCCTGKKGSCSGRACKNL-KCCA# This work
SxIIB ZKCCTGKKGSCSGRACKNL-RCCA# This work
GIIIA RDCCT-0OKKCKDRQCKOQ-RCCA# 43
GIIIB RDCCT-OORKCKDRRCKOM-KCCA# 43
GIIC RDCCT-0OKKCKDRQCKOL-KCCA# 43
PIIA  ZRLCCG-FOKSCRSRQCKOH-RCC# a4
SmIlIA 7RCCN-GRRGCSSRWCRDHSRCCH 3
SITIA ZNCCN---GGCSSKWCRDHARCCH ¥
KITIA CCN----- CSSKWCRDHSRCCH as
CnllTA GRCCD-VPNACSGRWCRDHAQCCH i
CnllIB 7GCCG-EPNLCFTRWCRNNARCCROQ %
MIIIA 7GCCN-VPNGCSGRWCRDHAQCCH 6
CIIIA GRCCE-GPNGCSSRWCKDHARCC# 6
TIIA DLCCCK_CORGOSSRECRAN_HOCH 26

“ Of these peptides, only five were isolated directly from the venoms
(GIITA, GIIIB, GIIIC, PIIIA, and TIIIA), and the remaining structures
were deduced from cDNA sequences. Key: Z, pyroglutamate; O, 4-hy-
droxyproline; #, amidated C-terminus.

results in multiple species and a very low yield of native-folded
scorpion toxins or certain conotoxins.'"'? Knowledge of the
disulfide patterns in the resulting oxidation products is critical
for a rigorous interpretation of the bioactivity data.
Determination of disulfide bridge connectivity in short (<40
amino acids (aa)), disulfide-rich peptides remains a challenging
task. Mass spectrometric fragmentation is still of limited use
for disulfide mapping (peptide bonds are significantly more
stable than disulfides), despite tremendous progress in various
analytical applications.'*”'® Combining enzymatic digest/mass
spectrometry analysis is also not efficient for many bioactive
peptides, in particular for those containing adjacent cysteine
residues, since short peptides often lack convenient proteolytic
or chemical cleavage sites (Figure 1). A commonly used method
to determine disulfide bridge connectivities was introduced by
Gray.'”'® Using phosphine-based compounds, such as tris(2-
carboxyethyl)phosphine (TCEP), the folded peptides are partially
reduced at low pH, followed by an HPLC purification of the
unfolding intermediates and their subsequent alkylation. Each
of the alkylated intermediates is then subjected to complete
reduction, followed by a second alkylation and Edman’s
sequencing. In addition to being laborious (most of the steps
described above require optimizations), this time-consuming
strategy has a further limitation in that intramolecular rear-
rangements of disulfide bridges can occur during the partial
reduction and/or alkylation. A modification of Gray’s strategy
was introduced by the Watson group; the partially unfolded
intermediates were cyanylated followed by cleavage in aqueous
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ammonia.'” "' There is a continuous need for new methods
that allow rapid and unambiguous determination of the bridging
pattern in disulfide-rich peptides.®

One group of the disulfide-rich peptides currently being
explored for potential therapeutics are sodium-channel-
blocking u-conotoxins. Two members of the u-conotoxin
family, namely, u-KIITA and u-SIITA, possess very potent
analgesic activity following systemic administration.?>?* As
shown in Table 1, u-conotoxins are relatively short (16—25
aa) and contain three disulfide bridges that stabilize the native
conformation. NMR studies of u-conotoxins showed the
following disulfide bridging connectivities: CysI—CyslIV,
CysIT—CysV, and CysIlI—CysVI.>*"?” To produce a syn-
thetic u-conotoxin, the reduced/linear peptide is subjected
to direct oxidation in which all six cysteines are allowed to
form disulfide bonds simultaneously.?® The oxidation prod-
ucts are HPLC-purified and tested for biological activity. For
proper interpretation of bioactivity results, it is necessary to
ensure that the synthetic peptide contains the native pattern
of disulfide bridges.

In this study, we applied a novel disulfide mapping approach
to characterize a u-conotoxin from Conus striolatus, u-SxIIIA,
that was discovered by concerted efforts that employ molecular
cloning, phylogeny, and exogenomics strategy.*” u-SxIIIA was
chemically synthesized with three Cys residues labeled with
100% '>N/'C, while the remaining three Cys residues were
incorporated using a mixture of 70%/30% unlabeled/labeled
Fmoc-protected residues. NMR assignments were made with
fast, 2D versions of triple-resonance experiments, and the
disulfide pattern was then directly determined from cross-
disulfide H*/H?*/H?* NOESY cross-peaks. This NMR-based
strategy for analyzing synthetic disulfide-rich peptides should
be broadly applicable to the very large and structurally diverse
libraries of peptidic natural products and to SAR studies of these
peptides.

Results

Molecular Cloning and Chemical Synthesis. Using the exo-
genomics strategy,* two new conotoxin sequences belonging
to the M-superfamily were identified from C. striolatus. The
cDNA-derived sequences of the peptides p-SxIIIA and pu-SxIIIB
were very similar to each other and were predicted to have
C-terminal amidation (Table 1). The Arg residue in the second
inter-cysteine loop and the number of amino acid residues in
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Rivier, J. E.; Smith, B. J.; Norton, R. S.; Olivera, B. M.; Yoshikami,
D.; Bulaj, G. i . 2007, 282, 30699-706.
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Figure 2. Oxidative folding of u-SxIITA. (A) Folding was carried out for 2 h in the presence of reduced and oxidized glutathione, followed by an HPLC
separation using a reverse-phase Cjg column. Correctly folded species are indicated by asterisks. The top HPLC trace shows the folding reaction carried out
at 0 °C and 1 M NaCl, whereas the middle HPLC trace shows the same folding reaction at room temperature and with no salt. The former folding conditions
produced fewer low-populated folding species. The folding yields shown in panel B were obtained by integrating the HPLC peaks. (B) Bar graphs represent
folding yields of x-SxIIIA at two different conditions: no salt at room temperature and 1 M NaCl at 0 °C. Error bars represent the standard error calculated

from three experiments.

all three inter-cysteine loops suggested that they belonged to
u-conotoxins. However, the sequences within the inter-cysteine
loops of these peptides were significantly different from those
of all previously characterized u-conotoxins (Table 1), and this
provided a motivation to more closely examine their structures
and functions. One of these peptides, u-SxIIIA, was chemically
synthesized on a solid support using the standard Fmoc protocol.
All Cys residues were protected with a trityl group. After
cleavage and HPLC purification of the reduced peptide, several
direct oxidation conditions were tested. As illustrated in Figure
2, folding yields increased from 27 & 3% under the standard
folding conditions (ambient temperature, no salt) to 46 + 4%
when the peptide was oxidized at high ionic strength and at
low temperature. The major folding species was purified by
reversed-phase HPLC and the identity of the final product
confirmed by mass spectrometry (MWexp/calecd = 2271.4/2271.8).

NMR-Based Mapping of the Disulfide Bridges. To confirm
synthetic 4-SxIIIA has the canonical disulfide pattern found in
other u-conotoxins, we developed a new NMR-based strategy
that relies on preparing peptides with different levels of '*C/
>N isotope enrichment at selected cysteine residues. In this
application we prepared conotoxin u-SxIITA with 100% isotope
("3C/">N) enrichment of cysteines C2, C3, and C10 and 30%
enrichment of C15, C20, and C21 (Figure 3A). Cysteine-specific
resonance assignments were achieved using intensities of the
2D [*C, "H] HSQC signals to initially resolve the two classes
of cysteines, 30% and 100%, and then triple-resonance methods
to identity and order the two Cys—Cys dipeptides C2C3 and
C20C21. The remaining and isolated cysteines, C10 and C15,
were identified on the basis of intensity alone. This resulted in
unambiguous sequence-specific resonance assignments. Fol-
lowing assignment, 2D F2-'*C-edited ['H, '"H] NOESY was
recorded to identify NOEs across disulfide bonds.

The two cysteine labeling classes were first identified with
2D ["*C, "H] HSQC. The methine and methylene signals of the
six cysteines are completely resolved, and as expected, the group
with 100% enrichment have signal intensities ~3x larger than
those from the group enriched at 30% (Figure 3B). The averages
of the normalized signal intensity of the two groups are shown
as dashed lines in Figure 3B (1.0 &= 0.09 and 0.32 £ 0.10 for
100% and 30% labeled groups, respectively). This demonstrates
the strategy can be used to distinguish these differently enriched
cysteines. The 2D [°N, 'H] HSQC spectrum of the molecule
is also of high quality but shows only five of the expected six
amide signals, and the signal intensity shows a wide intensity

14282 J. AM. CHEM. SOC. = VOL. 130, NO. 43, 2008
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Figure 3. (A) The chemically synthesized u-SxIIIA contains three cysteines
labeled 100% with '>N/'*C and a mixture of 70%/30% (“*N/*>C)/(*>N/
13C) for the remaining three cysteines. (B) 2D ['*C, "H] HSQC spectrum
of C2,C3,C10,C15,C20,C21-"°N,"*C-enriched u-SxIIIA. Resonance assign-
ments of methine (lower) and methylene (upper) u-SxIIIA signals. The
methylene H#>/H?? signals are connected with a solid line. Signal intensities
are plotted in a bar graph and are normalized to an average of the same
signals (methine or methylene) in 100% labeled C2, C3, and C10 residues.
The dashed lines are the arithmetic means of the 30% (0.32 + 0.10) and
100% (1.0 £+ 0.09) labeled groups. The error bars are derived from
propagation of error in quadrature. The standard error of ~0.1 for both
isotope classes suggests enrichment levels differing by ~25% could be
reliably distinguished. Regular and constant-time 2D ['*C, "H] HSQC data
were analyzed, and both gave similar results; the constant-time version is
shown here.

range. The amide of C2 is significantly exchange broadened in
our solution conditions (not shown).

After separation of the two classes of cysteine residues, the
Cys—Cys dipeptides were identified in a straightforward manner
using HNCACB and CBCA(CO)NH (Figure 4). Dipeptides
C2C3 and C20C21 show a characteristic single pair of C* and
C” signals in the C3 and C21 CBCA(CO)NH strip plots (Figure
4, correlations boxed in C3 and C21 A strips) and two pairs of
C* and C” signals in the corresponding HNCACB (Figure 4, B
strips). Note the absence of CBCA(CO)NH signals in C10, C15,
and C20, also consistent with having unlabeled amino acids at
residues 9, 14, and 19. The H* and H? assignments from
HBHA(CO)NH and HNHA are also consistent with the two
dipeptide sequences (not shown). The resulting C*//H*#
chemical shifts were then mapped on the 2D ['*C, "H] HSQC
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Figure 4. Sequence-specific resonance assignments. Amide NH strips for
u-SxIITA showing the CBCA(CO)NH (A) and HNCACB (B) signals of
the five observable amide NH signals. HNCACB C” cross-peaks are shown
in black, and C* cross-peaks are shown in red, while CBCA(CO)NH C*
and C” cross-peaks are both shown in black.

and their relative signal intensities used to confirm C2C3 and
C20C21 dipeptide fragments. The two remaining cysteine
residues, C10 and C15, are isolated in sequence and also
differently enriched—C10 (100%) and C15 (30%). Isolated
cysteines will not show inter-residue signals in CBCA(CO)NH
(see A strips for C10 and C15 in Figure 4) and only intra-
cysteine C* and C? signals in HNCACB (B strips for C10 and
C15). The two isolated cysteines were consistent with this
pattern and could then be assigned on the basis of signal
intensities in the 2D ["*C, 'H] HSQC spectrum (Figure 3). This
strategy resulted in sequence-specific assignment for all cysteine
CH and NH pairs with the exception of the exchange-broadened
amide of C2 (Table S1 in the Supporting Information).
Independent confirmation of C2, C3, and CI15 resonance
assignments was also performed using two independently
prepared and isotope-labeled peptides: (1) uniform '*C- and '*N-
labeled C2/C15 and (2) C2/C3/C15 u-SxIIIA. An overlay of
2D ["*C, 'H] HSQC for these peptides with the fully labeled
u-SxIIIA described here (Figure 3A) confirms these assignments
(Figure S1 in the Supporting Information).

Following cysteine assignment, a 2D F2-'*C-edited NOESY
was recorded to identify the NOEs expected across each
disulfide bond (Figure 5), the underlying hypothesis being that
interproton distances across the disulfide bond are sufficiently
short to give a defining NOE network for each disulfide. The
most intense NOE signals observed in Figure 5 arise from intra-
cysteine methylene H*2/H?* NOEs in the 2.6—3.8 ppm region
and H/H?*> NOEs in the 4.4—5.1 ppm region. These confirmed
our through-bond resonance assignments. In addition to the
above expected intra-cysteine NOEs, several other inter-cysteine
NOE:s define the disulfide bridge. Disulfide C2—CI15 is defined
with NOEs 1—6, C3—C20 with NOEs 7—9, and C10—C21 with
NOE 10 (see the Figure 5 caption for details). There are fewer
inter-cysteine NOEs observed across the C10—C21 disulfide
due to H” methylene resonance overlap. This disulfide pattern

-C15
-C2

——rC3
—C20

0 . 3% @0 -+E1913
5.0 @ 4810 B 62

3.6 'Hlppm] 2.6

Figure 5. u-SxIIIA NOESY assignments. 2D F2-'3C-edited ['H, 'H]
NOESY spectrum of u-SxIIIA recorded at 15 °C with a mixing time of
250 ms. Cysteine H*/H” assignments are labeled on the right side of the
spectrum (see also Table S1 in the Supporting Information). Intra-cysteine
NOEs are unlabeled. Inter-cysteine NOEs are boxed in red with the
following assignments: 1, C2—C15; 2, C2—C15; 3, C2—Cl15; 4, C2—Cl5;
5, C2—Cl15; 6, C2—Cl5; 7, C3—C20; 8, C3—C20; 9, C3—C20; 10,
C10—C21. Boxed in blue are inter-cystine NOEs.

is identical to that found in all other u-conotoxins characterized
to date (Table 1).

There are also NOEs arising from proximal cystines. In
particular, NOEs A and B (Figure 5) connect C10 with C15, in
apparent conflict with the C10—C21 and C2—C15 disulfide bond
identification. This potential problem was successfully resolved
using our sparse NOE data set to calculate a fold for x-SxIIIA.
The converged fold is only consistent with the C2—C15,
C3—C20, and C10—C21 disulfides, and the NOEs linking C10
with C15 are clearly inter-cystine (Figures S2 and S3 in the
Supporting Information).

Bioactivity. Since u-SxIIIA belonged to the u-conotoxin
family, we examined whether it could block sodium channels.
When injected intraperitoneally or subcutaneously in mice,
u-SxIITA caused motor impairment/paralysis and was lethal at
doses as low as 0.6 nmol per mouse. Since similar behavioral
effects are observed with other u-conotoxins, such as u-GIIIA,
this paralytic activity indicated that u-SxIIIA could be a potent
blocker of skeletal muscle sodium channel subtype Na,1.4. As
shown in Figure 6, 10 nM u-SxIIIA significantly, yet reversibly
blocked rat Nay1.4 expressed in Xenopus oocytes. Dose—response
analysis showed it had an ICsy of 7 nM, making u-SxIITA an
even more potent blocker of the skeletal muscle sodium channel
than the previously characterized u-GIIIA, which has an ICsg
of 19 nM against rat Nay1.4 expressed in oocytes.”” A more

(29) Safo, P.; Rosenbaum, T.; Shcherbatko, A.; Choi, D. Y.; Han, E.;
Toledo-Aral, J. J.; Olivera, B. M.; Brehm, P.; Mandel, G. Jubigitigie
2000, 20, 76-80.
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Figure 6. u-SxIIIA blocks skeletal muscle sodium channels. Cloned Nay 1.4
was expressed in Xenopus oocytes, which were voltage clamped as described
in the Methods. (A) Representative recordings of the sodium current in
control solution (large trace) and in the presence of 10 nM u-SxIIIA
(attenuated trace). (B) Time course of the block of Nayl.4 by 10 nM
u-SxIITA (the bar indicates when peptide was present) and following its
washout. Same oocyte as in (A). Recovery of the current during peptide
washout indicates the block was reversible.

detailed neurobiological characterization of pu-SxIIIA will be
described elsewhere.

Discussion

We used molecular cloning techniques to discover a novel
u-conotoxin from the cone snail C. striolatus. This discovery
represents an example of how to successfully mine the diverse
natural product libraries comprising hundreds of thousands of
unique disulfide-rich peptides."®” Chemical synthesis and the
oxidative folding of u-SxIIIA illustrates one challenge in the
characterization of such peptides, namely, how to rapidly and
unambiguously determine the disulfide bridging patterns in a
synthetic, cysteine-rich peptide. As a proof-of-concept, we
performed a novel, NMR-based assessment of the disulfide
bridges in u-SxIIIA using differential incorporation of isotope-
labeled Cys residues. Although NMR methods have been
extensively applied to conotoxins to study their structure,
dynamics, and post-translational modifications,>* ™3 this is the

(30) Marx, U. C.; Daly, N. L.; Craik, D. J. 1 . 2006, 44,
S41-50.

(31) Mitchell, S. S.; Shon, K. J.; Olivera, B. M.; Ireland, C. M. L Ngz
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first report of using selectively labeled peptides to rapidly
determine disulfide bridging patterns. Our NMR analysis of the
peptides also differs from the previously reported use of '*C
chemical shifts to verify whether cysteine residues were in the
reduced or oxidized state.*® The main advantage of the NMR
method described here is the rapid verification of the disulfide
patterns in the oxidized peptides that contain multiple disulfide
bridges. This information is critical for a proper interpretation
of any functional data (and in particular negative data) for either
newly discovered peptides or SAR analogues. By labeling only
the cysteine residues of this 21-residue peptide, the NMR
spectrum is dramatically simplified compared to that of an
unlabeled sample. The availability of the adjacent cysteines,
C2—C3 and C20—C21, in u-SxIIIA allowed us to rapidly collect
2D versions of powerful 3D triple-resonance experiments and
make unambiguous assignments. In contrast to the heavily
overlapped 2D NOESY for an unlabeled sample, the selectively
cysteine labeled '*C-edited 2D NOESY allowed for rapid and
complete assignment.

The disulfide bridging pattern in synthetic u-SxIIIA was
directly determined on the basis of cross-disulfide H*/H’*/H??
NOESY cross-peaks and confirmed that the major oxidation
product indeed had the disulfide connectivities characteristic of
all u-conotoxins characterized to date (Table 1). This finding
further validated our assumption that, for closely related
conotoxins identified from cDNA, the disulfide patterns are
conserved, increasing the odds of predicting which cysteine
residues should be isotope-labeled for mapping their connec-
tivities. There are, however, a few instances where predicting
the native-like connectivity of disulfide bridges in conotoxins
identified solely from cDNA sequencing appears challenging
(for a relevant review see ref 11) and requires a more judicious
design of the differential incorporation of isotope-labeled
cysteine and perhaps even a synthesis of more than one labeled
peptide.

The NMR-based mapping of the disulfide bridges may offer
both economic and time-saving advantages, compared to a
standard, chemical-based peptide mapping.'”'>*! For both
methods, comparable amounts of the synthetic peptide are
needed (300 nmol of a synthetic peptide yields a >1 mM peptide
solution in a 250 uL. NMR tube). Producing NMR quantities
of u-SxIITA containing the differentially labeled cysteine
residues required only 133 gmol (~78 mg) of the labeled Fmoc-
protected cysteine derivative (based on the 25 umol synthesis
scale with a 2-fold excess of the Fmoc-protected intermediate
during a coupling reaction). Therefore, the costs of producing
the labeled peptide may become even several-fold lower, as
compared to total costs associated with multiple mass spec-
trometry analyses and at least several Edman’s sequencing
reactions that are critical during the chemical-based peptide
mapping. With respect to a time-saving aspect, it took 3—4 days
to determine the disulfide pattern in u-SxIIIA (2—3 days of
recording NMR spectra and 1 day of data analysis), whereas
the standard peptide mapping procedure can take 1—2 weeks
or even months to obtain unambiguous information about the
disulfide connectivity.

The NMR-based method does have some limitations, although
we think it is generally superior to chemistry-based methods.
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Figure 7. General strategies for NMR-based mapping of disulfide bridges
in ICK peptides. (A) One-step folding strategy with labeling levels as
indicated: CI, 100%; CII, 75%; CIII/CIV, 100%; CV, 25%; CVI, 50% >N/
13C. The 100% sites are differentiated using triple-resonance NMR
connectivities, while the remaining isolated sites are differentiated by
enrichment levels. An alternative strategy would be to introduce '°N- and/
or '*N,"3C- labeled amino acids adjacent to isolated cysteines, expanding
the NMR capability. (B) Two-step folding strategy with labeled cysteines:
100% labeled with '>N/'*C and orthogonal cysteine protection. Since the
first folding step involves the direct oxidation of four cysteines, three
products are possible, only one having two native disulfide bridges. The
ISN/'3C-labeled pair of cysteine residues that form one of the native disulfide
bridges allows a rapid selection of the correctly folded isomer to be further
oxidized.

The 2D F2-'*C-edited NOESY used to simplify the NOESY
spectrum detects only those 'H signals directly attached to '*C,
and this means cysteines labeled at 30% will have a similar
reduction in the signal/noise ratio of NOE signals. This did not
present a problem in the current study using a highly sensitive
cryogenic probe and a 1 mM sample concentration. Resonance
overlap will hamper observation and interpretation of NOEs.
In the current scheme there was overlap of a C10 and C21 H”
resonance that precluded observation of H’/H” NOEs for the
C10—C21 disulfide bond (Figure 5). Two or more disulfides
that closely approach one another in the molecule’s tertiary
structure could make interpretation of disulfide bonds based on
NOEs ambiguous. We observed two cross-cystine NOEs, which
suggests the potential problems that might be seen with other
conotoxin peptides; however, we were able to assign these NOE
cross-peaks for u-SxIIIA. This limitation can be generally
addressed by using the sparse NOE data set to calculate the
peptide fold (Figure S2 in the Supporting Information).

This methodology can also be extended to other disulfide-
rich peptides, for example, to those containing the so-called
inhibitory cystine knot (ICK) motif (Figures 1 and 7). This motif
is commonly found in peptides derived from animals, plants,
fungi, or viruses.>® To synthesize the labeled ICK peptide, three
cysteine residues would be 100% '*C/'*N-labeled, whereas the
remaining three cysteines would be introduced with enrichment
levels of 25%, 50%, and 75% labeled/unlabeled amino acid as
shown in Figure 7. The labeled CIII and CIV, which are next
to each other, could be identified using 2D versions of HNCACB
and CBCA(CO)NH experiments as shown for u-SxIIIA. Mea-
suring the intensity of each cross-peak using a 2D ['*C, 'H]
HSQC spectrum, one should be able to confirm the enrichment

levels for each cysteine residue. From Figure 3, we conserva-
tively estimate the limit of isotopic enrichment resolution is
about 25%. Subsequently, a 2D F2-'*C-edited NOESY experi-
ment would verify formation of the disulfide bridges. The NOE
patterns in this spectrum would then indicate the disulfide
framework of the peptide. Yet another route to access natively
folded ICK-type peptides would be to use regioselective folding
as recently described for conotoxin #O-MrVIB combined with
a simple variant of our NMR disulfide assay.?” In an ICK-type
peptide, one pair of Trt-protected cysteines would be labeled
with '*C/"°N, whereas the second pair would be protected with
the Acm groups. After the first oxidation step, only three
potential folding intermediates can be formed, and only one
would contain the native-like pattern of two disulfide bridges.
This species could be easily detected using cross-disulfide NOEs.
The native-like folding intermediate would then be subjected
to the second oxidation step, resulting in the correctly folded
final product. Nearly any cysteine-rich peptide, even those
lacking consecutive Cys residues, could be unambiguously
mapped using two labeled samples having different patterns and
levels of isotopic enrichment. An additional strategy for peptides
lacking consecutive cysteine residues would be to introduce
additional '*N- and/or '°N,'*C-labeled amino acids adjacent to
labeled cysteines. This would expand the assignment capability.
In summary, we have demonstrated that differential incor-
poration of isotope-labeled cysteine residues in a disulfide-rich
peptide allows for rapid determination of the disulfide bridging
pattern. This approach will facilitate structural and functional
characterization of bioactive disulfide-rich peptides.

Methods

Cloning of Conotoxins. PCR amplification, construction of
cDNA libraries, and cloning of conotoxins were performed as
described previously.*®3°

Peptide Synthesis. u-SxIIIA was synthesized on a solid support
using standard Fmoc (N-(9-fluorenyl)methoxycarbonyl) chemistry,
as described previously. The cysteine residues were protected with
the trityl group. Fmoc-protected '°N/'*C-cysteine residue (U-'*C3,
97—99%; "N, 97—99%) was obtained from Cambridge Isotope
Laboratories, Inc. (Andover, MA). The enrichment level for in-
dividual cysteine residues was controlled by an appropriate mixing
(w/w) of the labeled and unlabeled Fmoc-protected cysteine
residues, prior to the coupling. The peptide was removed from the
resin by a 4 h treatment with reagent K (trifluoroacetic acid (TFA)/
water/ethanedithiol/phenol/thioanisole, 90:5:2.5:7.5:5 by volume)
and subsequently filtered and precipitated with methyl zert-butyl
ether (MTBE). The linear, reduced peptide was purified by reversed-
phase HPLC using a preparative C;g Vydac column (218TP1022,
10 mm x 250 mm, 5 um particle size). To elute the peptide, buffer
A (0.1% TFA in water) and buffer B (0.1% TFA, v/v, in 90%
aqueous acetonitrile) were used to produce a linear gradient from
5% to 30% buffer B over 25 min. The flow rate was 5 mL/min,
and the elution was monitored by measuring the absorbance at 220
nm. Oxidative folding was carried out in buffered solution (0.1 M
Tris—HCI, pH 7.5) containing 1 mM EDTA and 1 mM reduced
and 1 mM oxidized glutathione. After completion of folding (2 h),
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the reaction was quenched by acidification with formic acid (8%
final concentration). Folded u-SxIIIA was purified by semiprepara-
tive HPLC. Folding yields were determined by integration of HPLC
peaks, following separations of the folding reactions quenched at
the steady state (at 2 h).

NMR Spectroscopy. Purified u-SxIIIA (1 mM) was dissolved
in an NMR buffer containing 40 mM sodium phosphate (pH 6.2),
50 mM sodium chloride, 90% H,0, and 10% D,0. Standard triple-
resonance NMR experiments were recorded at 25 °C on a Varian
Inova 600 MHz NMR spectrometer equipped with a cryogenic
triple-resonance probe and z-axis pulsed-field gradients.*® Data were
processed with FELIX 2004 (Accelrys, San Diego) and resonances
assigned using standard approaches within the SPARKY program
(T. D. Goddard and D. G. Kneller, University of California, San
Francisco).

Fold Calculations. NOEs were obtained from a 2D F2-'>C-
edited NOESY (250 ms mixing time). NOEs were manually
assigned and intensities measured using the tools in SPARKY and
then exported to CYANA for fold calculation.*' Twelve NOEs
(Figure 5) were used in the calculations, and ten coordinate sets of
the lowest energy were superimposed using C*, C” heavy atoms
of the six cysteines (Figures S2 and S3 of the Supporting
Information). The structures were visualized and superimposed and
figures made using PYMOL (Delano Scientific).

Biological Assays. SxIIIA was tested for its ability to block the
cloned mammalian sodium channel Na,1.4 expressed in Xenopus
oocytes using methods recently described.?” Briefly, the oocytes
were two-electrode voltage-clamped, and sodium currents were
acquired using a holding potential of —80 mV and stepping to 0
mV for 40 ms every 20 s. SXIIIA exposure was carried out in a
static bath to conserve the peptide. Recordings were conducted at
room temperature (~20 °C). For in vivo bioassays, conotoxins were
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delivered to Swiss Webster mice (25—30 g) by intraperitoneal or
subcutaneous injection, as described previously.** The lyophilized
peptides were dissolved in normal saline solution and injected using
a 29-gauge insulin syringe.
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