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d It forms the core of the inhibitor cystine knot motif

d It is highly resistant to thermal denaturation

d It appears to be common to a previously undescribed class of
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In Brief

Robinson et al. report the discovery of a

new peptide fold they have called the

single disulfide-directed b hairpin (SDH).

The SDH is a naturally occurring, small,

highly stable, independent folding unit

and is the common elementary motif

underlying several peptide folds,

including the inhibitor cystine knot.
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SUMMARY

Certain peptide folds, owing to a combination of
intrinsic stability and resilience to amino acid substi-
tutions, are particularly effective for the display of
diverse functional groups. Such ‘‘privileged scaf-
folds’’ are valuable as starting points for the engi-
neering of new bioactive molecules. We have identi-
fied a precursor peptide expressed in the venom
gland of the marine snail Conus victoriae, which ap-
pears to belong to a hitherto undescribed class
of molluscan neuropeptides. Mass spectrometry
matching with the venom confirmed the complete
mature peptide sequence as a 31-residue peptide
with a single disulfide bond. Solution structure deter-
mination revealed a unique peptide fold that we have
designated the single disulfide-directed b hairpin
(SDH). The SDH fold is highly resistant to thermal
denaturation and forms the core of several othermul-
tiple disulfide-containing peptide folds, including the
inhibitor cystine knot. This elementary fold may offer
a valuable starting point for the design and engineer-
ing of new bioactive peptides.

INTRODUCTION

A limited number of topologically distinct protein and peptide

folds is found in nature (Orengo et al., 1993), some of which

are utilized for diverse functions, for example the inhibitor cystine

knot (ICK; also known as knottin) fold adopted bymany disulfide-

rich peptides. The ICK fold can be described as a b-hairpin motif

stabilized by a cystine knot, in which a ring formed by two disul-

fides and their connecting backbone is threaded by a third disul-

fide (Pallaghy et al., 1994), The peptide chain (usually 25–50

amino acids) contains six cysteine residues (denoted Cys I–VI),

and can be divided into five intercysteine loops (although Cys

III and IV are often contiguous in the amino acid sequence). A re-

silience to chemical changes in these intercysteine loops, com-

bined with exceptional intrinsic stability, has allowed the ICK fold

to be used in a range of naturally occurring peptides with diverse

biological functions (Norton and Pallaghy, 1998). ICK peptides
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have been found in a variety of organisms, including plants,

fungi, and in the venoms of animals, where they serve as prote-

ase inhibitors, antimicrobials, or ion channelmodulators, respec-

tively (Gelly et al., 2004).

The concept of a ‘‘privileged’’ chemical scaffold that is

capable of interacting productively withmultiple targets was pro-

posed originally for certain classes of small organic molecules

(Evans et al., 1988). It is clearly equally applicable to the ICK

and several other peptide folds. As with their small organic coun-

terparts, privileged peptide scaffolds represent valuable starting

points for the design and engineering of new bioactive peptides

(Moore et al., 2012).

Animal venoms are complex mixtures, often containing more

than 100 unique bioactive peptides, and, owing to the require-

ments for high stability and diverse functionality, are a rich

source of privileged peptide scaffolds (Reeks et al., 2015). The

venoms of predatory marine cone snails are composed of hun-

dreds of unique, small, mostly disulfide-rich peptides, known

as conotoxins (Norton and Olivera, 2006; Olivera et al., 1990).

Here, we report the discovery and structural characterization

of the cone snail venom peptide contryphan-Vc1, which adopts

a novel peptide motif that we have designated the single disul-

fide-directed b hairpin (SDH). This elementary structural motif

forms the core of several other peptide folds and represents a

new stable and synthetically accessible scaffold.
RESULTS

Discovery
Contryphan-Vc1 was identified as a prepropeptide in the venom

gland transcriptome of Conus victoriae (Robinson et al., 2014).

Conotoxins can be classified into gene superfamilies based on

their signal peptide sequence (Jimenéz et al., 1996), and by

this criterion contryphan-Vc1 was defined as a member of the

contryphan superfamily. However, beyond its signal peptide

sequence and its single pair of cysteines, contryphan-Vc1

shared no obvious sequence similarity with other peptides of

the contryphan superfamily (Figure S1), or indeed any other pre-

viously described conotoxin.

By searching a high-resolution tandem mass spectrometry

(MS/MS) profile of reduced, alkylated, and trypsinized

C. victoriae venom against the translated venom gland transcrip-

tome, the mature peptide of contryphan-Vc1 and its associated
3–299, February 2, 2016 ª2016 Elsevier Ltd All rights reserved 293
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Figure 1. Discovery of Contryphan-Vc1

(A) MS/MS spectrum of contryphan-Vc1 tryptic peptides. Precursor ions selected for MS/MS had monoisotopicm/z of 860.75 (z = 4, predictedm/z 860.75) and

554.24 (z = 2, predicted m/z 554.24). For clarity, only b and y ions are labeled. Inset: b/y ladder diagrams summarize observed b and y ions.

(B) The precursor sequences of contryphan-Vc1, CGI_10002631, and LOC101860216. Precursor signal peptides are highlighted in purple, dibasic cleavage sites

in red, and the confirmed encoded mature peptide of contryphan-Vc1 in blue.
post-translational modifications were confirmed. Two tryptic

peptide fragments encoded by the contryphan-Vc1 precursor

were detected by MS matching (Figure 1A), both of which were

derived from the C-terminal region of the precursor and followed

one another in the precursor sequence. The first 22-residue frag-

ment was identified as an [M + 3H]3+ ion of m/z 860.75 (theoret-

ical m/z = 860.75), where the N-terminal Gln was post-transla-

tionally modified to pyroglutamic acid. This post-translational

modification cannot occur mid-chain, indicating that this residue

must represent the N terminus of the complete mature peptide.

This residue also followed a dibasic cleavage site in the precur-

sor, supporting this conclusion. This peptide fragment termi-

nated in an Arg residue, which, as described below, was the

result of tryptic cleavage of the complete mature peptide.

The second peptide fragment, nine residues in length, directly

followed the first fragment in the precursor sequence. It was

identified as an [M + 2H]2+ ion of m/z 554.24 (theoretical m/z =

554.24). Importantly, the C terminus of this peptide was not

the result of tryptic cleavage (it did not occur C-terminal to a

Lys or Arg), indicating that this was the C terminus of the com-

plete mature peptide. A short, positively-charged C-terminal

propeptide is therefore removed during maturation, a process

not unusual for conotoxins (Robinson and Norton, 2014). To

further confirm that these two tryptic peptide fragments

make up the complete contryphan-Vc1 mature peptide, the

unprocessed venom was analyzed for the corresponding

mass and collision-induced dissociation (CID) fragmentation

ions consistent with those expected of the complete peptide.

In the total ion chromatogram of the unprocessed crude venom,

a peak ofm/z 1,184.89 was identified, corresponding to the [M +

3H]3+ of the full-length oxidized contryphan-Vc1 (theoretical

m/z = 1184.89). Furthermore, when fragmented under CID,

this peak yielded several strong ions diagnostic of the contry-

phan-Vc1 peptide sequence, including 728.29, 547.21, and

666.29 m/z, corresponding to the y6 (PGNYDY) and the inter-

nal fragment ions y6jb30 (PGNYD) and y27jb10 (PGYAYN),
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respectively, reflecting expected preferential cleavage N-termi-

nal to Pro5, 11, and 26. These data confirm the primary

structure of native contryphan-Vc1 as a single-chain, single-

disulfide-containing 31-residue peptide with an N-terminal

pyroglutamic acid modification and the amino acid sequence

ZWCQPGYAYNPVLGICTITLSRIEHPGNYDY.

A search of UniProt/GenBank using BLASTp for sequences

similar to the mature contryphan-Vc1 peptide yielded two hits;

predicted proteins CGI_10002631 and LOC101860216. Despite

low alignment probability scores (E = 0.41 and 1.8), several fac-

tors led us to further explore these hits: relatively high sequence

identities were observed (46% and 41%), sequence similarity

was observed for residues predicted to be structurally important

for contryphan-Vc1 (see Discussion), and both sequences were

derived from other molluscs. Both sequences are uncharacter-

ized and had been predicted using automated computational

analysis, namely CGI_10002631 and LOC101860216 from the

genomes of the non-venomous molluscs Crassostrea gigas

(Pacific oyster) (Zhang et al., 2012) and Aplysia californica (Cali-

fornian sea hare), respectively. Analysis of the full-length se-

quences and comparison with that of contryphan-Vc1 revealed

some striking similarities (Figure 1B). Both sequences are clearly

prepropeptides, with a 20-residue secretory signal peptide,

followed by a propeptide region, a dibasic cleavage site, and

one or more mature peptides encoded near the C terminus. In

CGI_10002631 from C. gigas the predicted mature peptide is

32 residues in length and, as with contryphan-Vc1, is followed

by a dibasic cleavage site and a three-residue propeptide region.

The sequence LOC101860216 from A. californica encodes two

distinct mature peptides (29 and 30 residues in length) separated

by an additional dibasic cleavage site. All three predicted mature

peptides have an intercysteine loop size of 11 residues and

share several residues, some of which appear to be structurally

important in contryphan-Vc1 (see Discussion). A search of the

GenBank/EMBL/DDBJ expressed sequence tag database using

tblastn revealed that the sequence LOC101860216, predicted
ights reserved



Table 1. NMR and Refinement Statistics for Contryphan-Vc1

NMR Distance and Dihedral Constraints

Distance constraints

Total NOE 489

Intra-residue 132

Inter-residue 357

Sequential (ji � jj = 1) 150

Medium-range (ji � jj < 4) 112

Long-range (ji � jj > 5) 95

Hydrogen bonds 5

Total dihedral angle restraints 34

4 24

c 10

Structure Statistics

Energiesa

ENOE (kcal mol�1) 1.81 ± 0.33

EVdW (kcal mol�1) 0.703 ± 0.27

Violations (mean and SD)

Distance constraints (Å) 0.011 ± 0.001

Dihedral angle constraints (�) 0.312 ± 0.195

Max. dihedral angle violation (�) 3.242

Max. distance constraint violation (Å) 0.159

Deviations from idealized geometry

Bond lengths (Å) 0.003 ± 0.000

Bond angles (�) 0.511 ± 0.011

Impropers (�) 0.317 ± 0.013

Average pairwise RMSDb (Å)

Heavy 0.397 (2–20)

Backbone heavy 0.095 (2–20)
aThe values for ENOE were calculated from a square-well potential with

force constants of 150 kcal mol�1 Å2.
bPairwise RMSD was calculated among 20 refined structures.

Figure 2. Structure of Contryphan-Vc1

(A) Stereo view of the ensemble of the final 20 structures superimposed over

the backbone heavy atoms of residues 2–20 (showing backbone heavy

atoms). The N-terminal 20 residues form a well-defined b-hairpin motif while

the C terminus is less well defined but shows some helical propensity. b turns

are shown in green, b sheets in blue, disulfide in yellow, and the N andC termini

are labeled.

(B) Ensemble of the final 20 structures superimposed over the backbone heavy

atoms of residues 2–20 (showing backbone and side-chain heavy atoms). The

side chains of Tyr7, Tyr9 (labeled), and the disulfide (yellow) make up the small

hydrophobic core of the peptide.

(C) Closest-to-average structure of contryphan-Vc1.
from the Aplysia genome, is present as a transcript, CNSN01-

C-010033, in the neuronal transcriptome of A. californica

(Moroz et al., 2006). Thus, contryphan-Vc1 may belong to a

previously undescribed class of structurally related molluscan

neuropeptides.

Peptide Synthesis
As contryphan-Vc1was only available in limited amounts from its

natural source, it was necessary to produce the peptide synthet-

ically for further characterization. The linear peptide was synthe-

sized by microwave-assisted solid-phase peptide synthesis

(SPPS) using commercially available L-amino acids and sub-

jected to oxidative folding in 0.1 M ammonium bicarbonate

buffer to induce formation of the disulfide bond. Co-elution ex-

periments (data not shown) and sedimentation velocity analysis

(Table S1), suggested that the synthetic contryphan-Vc1 was

chemically identical to that found in the venom.

NMR Spectroscopy
Initial examination of one- and two-dimensional 1H nuclear mag-

netic resonance (NMR) spectra (Figure S2) indicated that contry-
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phan-Vc1 adopted a single major conformation and was highly

structured in solution. Chemical shifts were assigned by stan-

dard sequential assignment of total correlation spectroscopy

(TOCSY), nuclear Overhauser effect spectroscopy (NOESY),

and double quantum filtered correlation spectroscopy (DQF-

COSY) spectra (293 K, pH 3.9). Complete 1H, 13C, and 15N

chemical-shift assignments have been deposited in the BMRB

(accession code BMRB: 25585). Strong dad NOEs for Gln4-

Pro5, Asn10-Pro11, and His25-Pro26 were diagnostic of trans

conformations about each X-Pro bond.

Structures were generated in CYANA then refined in Xplor-NIH

using a total of 489 NOE-derived distance constraints, 34 dihe-

dral angle constraints (from 3JHN-Ha J-coupling measurements

and TALOS-N predictions), and five hydrogen bond constraints

(from amide temperature coefficients and 2H exchange experi-

ments). Structural constraints are summarized in Table 1. Deter-

mination of the solution structure of contryphan-Vc1 revealed

that this peptide had a unique fold, not only among peptide

toxins but among peptides in general, which can be described

as an SDH (Figure 2). The most conspicuous feature of the

structure is a double-stranded anti-parallel b sheet connected
3–299, February 2, 2016 ª2016 Elsevier Ltd All rights reserved 295



Figure 3. The SDH Fold of Contryphan-Vc1 Is Highly Resistant to

Thermal Denaturation

Far-UV CD spectra of contryphan-Vc1 acquired from 20�C to 95�C (at 15�C
intervals).
by a b turn, otherwise known as a b-hairpin motif. This region of

the peptide (residues 1–20) is exceptionally well defined (back-

bone heavy atom pairwise root-mean-square deviation [RMSD]

of 0.09 Å). While the single disulfide is likely to be critical in main-

taining the high degree of structure, the side chains of residues

Tyr7 and Tyr9 also appear to be important as they contribute

the remainder of the small hydrophobic core of the peptide.

The N-terminal pyroglutamic acid residue is well defined and in

close proximity to the side chain of Tyr9. The four residues

following Cys3 (Gln-Pro-Gly-Tyr) form a type-II b turn, leading

into the first b strand. This b turn is stabilized by an i � i + 3

hydrogen bond between the carbonyl of Gln4 and the amide of

Tyr7. The two strands are connected by a type-IV b turn around

the four residues (Pro-Val-Leu-Gly). The second b strand incor-

porates Cys16 linking back to the N-terminal region via the disul-

fide. This strand terminates following a final hydrogen bond be-

tween the amide of Thr19 and the carbonyl of Gly6. Additional

hydrogen bonds predicted as part of the anti-parallel b sheet

were Ala8 HN-Thr17 O, Thr 17 HN-Ala8 O, and 10 HN-15 O. All

of the above amides exhibited slow 2H exchange, had tempera-

ture coefficients less negative than�4.75 ppb/K (Baxter andWil-

liamson, 1997), and participated in hydrogen bonds (as defined

in MOLMOL) in the initial structure calculations, and were there-

fore incorporated as structural restraints in the final structure cal-

culations. The C-terminal tail of the peptide is less well defined

but has regions with some helical propensity (Figure S3), with

residues 20–22 and 28–30 forming short helical segments in 19

and 11 of the final structures, respectively. Temperature coeffi-

cients less negative than�4.75 ppb/K were observed for several

residues of the C-terminal region (Arg22, His25, Asn28, Tyr29,

and Asp30), indicating some degree of structure in this region.

Analysis of one-dimensional 1H NMR spectra acquired at pH

7.0 (Figure S4A) indicated that this peptide fold was stable at

physiological pH.

Thermal Stability
The thermal stability of contryphan-Vc1 was assessed using

circular dichroism (CD) spectroscopy (Figure 3). Far-UV (260–

190 nm) CD data acquired at 20�C (37 mM) were consistent

with a high content of b-strand and b-turn secondary structure
296 Structure 24, 293–299, February 2, 2016 ª2016 Elsevier Ltd All r
(Figure 3). Estimation of secondary structure composition using

the CDSSTR algorithm (Whitmore and Wallace, 2004, 2008)

(34% strand, 28% turn, 6% helix, and 31% unordered; normal-

ized RMSD value of 0.016) was consistent with the solution

structure determined on the basis of NMR data. Increasing the

temperature to 95�C had little effect on the CD spectrum of con-

tryphan-Vc1, demonstrating that the secondary structural fea-

tures of this peptide are highly resistant to thermal denaturation.

To probe the effect of temperature on the tertiary structure, we

recorded one-dimensional 1H NMR spectra of contryphan-Vc1

in water as a function of temperature. The excellent spectral

dispersion evident at room temperature was fully maintained at

70�C (Figure S4B), the highest temperature accessible on the

spectrometer, indicating that any thermally-induced change in

the tertiary structure begins well above this temperature.

Activity
The intracranial injection (Olivera et al., 1990) of contryphan-Vc1

in mice did not produce any strong reproducible behavioral

changes compared with control mice injected with saline (data

not shown). Similarly, the peptide did not produce any observ-

able changes to normal or depolarization-induced intracellular

Ca2+ levels in mouse dorsal root ganglion cells (data not shown).

It is possible that contryphan-Vc1 interacts with a receptor target

in mice in such a way as to not produce observable responses in

these assays, or, as C. victoriae is a molluscivorous species of

Conus, it is possible that this peptide is selective for one or

moremolluscan receptors. Our observation that similar peptides

are encoded in the genomes of C. gigas and A. californica, and

transcribed in the CNS of the latter, suggests that these may

represent a new class of molluscan neuropeptide for which a

cognate receptor is likely to exist, and its identification is an

exciting prospect for future studies.

There have been several reports of the presence of hormone/

neuropeptide-like components in the venoms of cone snails,

where they play a role in prey capture by disrupting neuronal

and/or neuroendocrine function (Craig et al., 1999; Robinson

et al., 2015; Safavi-Hemami et al., 2015). Contryphan-Vc1 may

represent another such example.

DISCUSSION

Here we report the discovery of a unique peptide, contryphan-

Vc1, from the venom of a cone snail. This peptide is highly struc-

tured and adopts a novel fold that we have designated the SDH.

Even with just a single disulfide bridge, this structure is highly

resistant to thermal denaturation.

To our knowledge, contryphan-Vc1 is the first example of an

SDH, either naturally occurring or engineered. While a search

for similar structures using Dali (Holm and Rosenström, 2010)

did not yield any significant matches, it was clear that the fold

of this single disulfide-containing peptide strongly resembled

that of the multiple-disulfide-containing ICK structural motif. Of

the many ICK peptides characterized structurally, hainantoxin-I

(m-theraphotoxin-Hhn2b), a sodium-channel blocker from the

venom of the Chinese bird spider Haplopelma hainanum, is

used here for sequence and structural comparisons. The SDH

core motif of contryphan-Vc1 (residues 3–20) and hainantoxin-I

(residues 16–33) align with a remarkably low RMSD of 0.75 Å
ights reserved



Figure 4. The SDH Fold Is a Basic Core Unit

of Several Peptide Folds Including the Inhib-

itor Cysteine Knot

(A) Structures of contryphan-Vc1, hainantoxin-I

(PDB: 1NIX), U1-liotoxin-Lw1a (PDB: 2KYJ), and

Ugr 9-1 (PDB: 2LZO) representing the SDH, ICK,

DDH, and BBH folds, respectively. The core SDH

unit of each fold is colored as follows: b turns,

green; b strands blue; disulfides, yellow.

(B) Schematic illustrating the core SDH unit of each

fold (using the same color scheme as in A).

(C) Structure-based sequence alignment of con-

tryphan-Vc1, hainantoxin-I, U1-liotoxin-Lw1a, and

Ugr 9-1 representing the SDH, ICK, DDH, and BBH

folds, respectively (using the same color scheme

as in A).

(D) The SDH, ICK, DDH, and BBH folds, aligned

over the 17 (or 16) residues of each fold comprising

the basic SDH unit.

(E) The core SDH region of each of the four folds

can be overlaid with backbone heavy atom root-

mean-square deviation values of 0.75 Å (SDH

[residues 3–19] versus ICK [16–32]), 0.86 Å (SDH [3–10, 16–19] versus DDH [17–24, 29–32]), 0.77 Å (SDH [3–10, 16–19] versus BBH [7–14, 19–22]), 0.78 Å (ICK

[16–23, 29–32] versus DDH [17–24, 29–32]), 1.18 Å (ICK [16–23, 29–32] versus BBH [7–14, 19–22]), and 1.12 Å (DDH [17–32] versus BBH [7–22]).
(backbone heavy atoms) (Figures 4D and 4E). A sequence align-

ment based on the structural overlay (Figure 4C) indicates that

hainantoxin-I aligns well with contryphan-Vc1; 7 of the 20 aligned

residues are shared and they share the same equivalent inter-

cysteine loop-3, -4, and -5 lengths.

The shared SDH core of each fold consists of a single disulfide

(Cys3–16 in contryphan-Vc1, Cys III–VI in the ICK fold), two anti-

parallel b strands (residues 7–10 and 15–18 of contryphan-Vc1,

residues 20–23 and 28–31 of hainantoxin-I) separated by a b

turn, and, following the first half-cystine and preceding the first

b strand, another b turn. In addition, the structural similarity be-

tween contryphan-Vc1 and hainantoxin-I extends to the back-

bone heavy atoms of several residues immediately following

the second b strand. Both peptides share a Gly residue at the

central position of the first b turn, and a Tyr in the following posi-

tion. A turn-facilitating Gly (or Pro) residue at the former position

is observed in the majority of ICK peptides. Similarly, the hydro-

phobic side chain (e.g. Tyr) at the latter position makes up part of

the hydrophobic core of many ICK peptides.

Beyond the SDH core, the peptides differ in that the ICK fold of

hainantoxin-I has an extended N terminus, whereas contryphan-

Vc1 has an extended C terminus (Figure 4). Importantly, the

N-terminal region of the ICK fold, which is missing in contry-

phan-Vc1, includes Cys I and II of the cystine knot. Therefore,

contryphan-Vc1 does not have the Cys I–IV or Cys II–V disulfides

of the ICK fold, and the equivalent positions in contryphan-Vc1 of

Cys IV and V of the ICK fold are Gln4 and Tyr9, respectively.

The SDH core is common to other multiple disulfide-contain-

ing peptide folds (Figures 4A and 4B). It is present in the disul-

fide-directed b hairpin (DDH) fold found in U1-liotoxin-Lw1a, a

peptide from the venom of the scorpion Liocheles waigiensis

(Smith et al., 2011), and as a subdomain of several eukaryotic

body proteins such as the cellulose-binding domain of cellobio-

hydrolase I from the fungus Trichoderma reesei (Wang et al.,

2000). The SDH core is also found in the recently reported

boundless b hairpin (BBH) fold of the class9a sea anemone toxin

Ugr9-1 (p-AnmTX Ugr 9a-1) (Osmakov et al., 2013).
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A structural alignment of the shared SDH core of contryphan-

Vc1 and the ICK, DDH, and BBH folds (Figure 4D) reveals

remarkable similarity. The SDH core of contryphan-Vc1 overlays

with the ICK (hainantoxin-I), DDH (U1-liotoxin-Lw1a), and BBH

(Ugr9-1) folds with backbone heavy atom RMSD values of

0.75, 0.86, and 0.77 Å, respectively (Figure 4E). Similarly, low

RMSD values are observed between each of the ICK, DDH,

and BBH folds. As well as sharing an overall fold, several key

amino acids are shared; in each of the folds Pro or Gly is favored

as the central residue of the first b turn, followed by an amino acid

with a hydrophobic side chain, which forms part of the small

hydrophobic core of the shared motif. It is clear that the SDH is

the common core unit of these peptide folds.

Small, stable, synthetically accessible peptide scaffolds are

useful as templates in drug design and for the engineering of

novel bioactive peptides. The ICK fold, for example, has at-

tracted attention for numerous such applications (Moore et al.,

2012). Further efforts to identify the underlying core or minimal

autonomous folding unit of the ICK fold have been made, with

the hypothesis that such a peptide would represent a privileged

peptide scaffold, valuable for the applications described above.

Several lines of evidence had demonstrated that the N-terminal

region of ICK peptides, including the I–IV disulfide, was not

essential in maintaining the stability or three-dimensional struc-

ture of the ICK fold (Chiche et al., 1993; Le-Nguyen et al.,

1993). Based on this, Min-23, an N-terminally truncated version

of the ICK peptide EETI II, was engineered (Heitz et al., 1999).

This peptide was shorter and, with only two disulfides, retained

the high stability and tertiary structure of the ICK fold. It was

termed the cystine-stabilized b sheet (CSB) motif and proposed

as the elementary structural motif underlying the ICK fold, and

indeed the potential of Min-23 as a scaffold for the development

of new peptide ligands has since been confirmed (Souriau et al.,

2005). It was, however, later recognized that the CSBmotif could

be viewed as just one example of a broader class of naturally

occurring proteins/peptides defined by the two-disulfide DDH

fold (Smith et al., 2011; Wang et al., 2000). As a result, the less
3–299, February 2, 2016 ª2016 Elsevier Ltd All rights reserved 297



rigidly defined DDH fold was considered as the elementary

structural motif underlying the ICK fold.

With the discovery of contryphan-Vc1 we show that a new

structural motif, the SDH, forms the basic common core of not

only the ICK and DDH folds but also the recently reported BBH

fold. The SDH is a naturally occurring, small, highly stable, inde-

pendent folding unit and is the common elementary motif under-

lying each of these peptide folds. As demonstrated elegantly in

nature, the SDH motif can function as a scaffold for a vast array

of functionalities. The exploration of this motif as a starting point

for the design and engineering of new bioactive peptides will

form the basis of future studies.

EXPERIMENTAL PROCEDURES

Detailed experimental procedures are provided in Supplemental Experimental

Procedures. In brief, venom was obtained by manual extrusion from freshly

dissected C. victoriae venom glands (several specimens), and three samples

(unprocessed venom, reduced and alkylated venom, and reduced, alkylated,

and trypsinized venom) were prepared for MS. The mature peptide of contry-

phan-Vc1 and its associated post-translational modifications were confirmed

by searching a high-resolution MS/MS profile of reduced, alkylated, and tryp-

sinized C. victoriae venom against the translated venom gland transcriptome

of C. victoriae, the preparation of which has been described previously (Rob-

inson et al., 2014).

Contryphan-Vc1 was generated by SPPS and analyzed using NMR spec-

troscopy. Chemical-shift assignments for backbone and side-chain protons

weremade by conventional analysis of two-dimensional homonuclear TOCSY,

NOESY, and DQF-COSY spectra. For structure calculations, assigned cross-

peaks of NOESY spectra (200 msmixing time) were used to generate distance

constraints, 3JHN-Ha J-couplingmeasurements and TALOS-N predictionswere

used to generate dihedral angle constraints, and amide 2H exchange rates and

temperature coefficients were used in defining hydrogen bond constraints.

Structures were optimized for a low target function in CYANA before the final

constraint set was entered into Xplor-NIH, where conventional simulated

annealing protocols were used to generate a new ensemble of 200 structures,

from which the 20 lowest-energy structures were chosen to represent the

solution structure of contryphan-Vc1.

Thermal stability was assessed by analysis of far-UV CD spectra and one-

dimensional 1H NMR spectra acquired over a range of temperatures.
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