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Abstract

Peptide grafting, i.e. reproduction of the structural features and functional properties of active
epitopes on an appropriate scaffold or a template with high conformational and proteolytic
stability, provides one potential solution for overcoming poor stability and bioavailability of
the peptide epitopes. Contryphan-Vcl, a 31-residue peptide from the venom of the cone snail
Conus victoriae, has been shown to have a unique fold, designated the single disulfide-directed
B-hairpin (SDH). The most conspicuous structural feature of contryphan-Vcl is its two-
stranded anti-parallel B-sheet stabilised by a single disulfide bond. The B-hairpin core of
contryphan-Vcl displays an ordered structure and remarkable thermal stability, and is very
similar structurally to the inhibitory cystine knot (ICK) fold, which is stabilised by a minimum
of three disulfide bonds. These properties suggest that contryphan-Vcl may have potential as
a useful scaffold for grafting. This thesis focuses on establishing and developing the SDH fold
as a novel peptide scaffold.

The first part of my thesis examines different aspects of the stability of the contryphan-
Vcl, including thermal, chemical, redox and proteolytic stability. Contryphan-Vcl exhibited
remarkable thermal stability, with the SDH fold of the peptide being maintained even at 95°C.
Contryphan-Vcl also exhibited remarkable chemical stability in the presence of urea, showing
<30% unfolding even in 7 M urea. Contryphan-Vc1 is also quite stable over a broad pH range
of pH 2 to 8. It is highly redox stable and required more than 2 days at room temperature for
complete reduction in the presence of an excess of a strong reducing agent such as tris(2-
carboxyethyl)phosphine (TCEP). The B-hairpin core structure was found to be resistant to
cleavage by trypsin and chymotrypsin although it was susceptible to cleavage by pepsin. In
addition, using backbone °N relaxation data we have shown that residues Trp2—1le18 adopt a
well-defined conformation, while residues beyond Thr19 are more disordered. The flexible C-
terminus of contryphan-Vcl could be truncated without loss of ordered structure.

The loops in the core structure of contryphan-Vcl were replaced with a five-residue
DINNN motif from inducible nitric oxide synthase (iNOS) that mediates the interaction of
INOS with the SPRY domain-containing SOCS (suppressor of cytokine signalling) box (SPSB)
proteins, which facilitate the proteolytic degradation of iNOS. Even though both Vc1-DINNN
analogues, sCon-Vcli-22[Z1Q, DINNN4.s] and sCon-Vcli-22[Z1Q, DINNN12.16], bound to
SPSB2 with affinities of 25 + 8 and 5.7 + 3 nM respectively , 'H NMR spectra of both peptides
showed poor peak dispersion, indicating that substituting the loop 1 or loop 2 residues with the
five-residue DINNN motif disrupted the native SDH fold. The analogue sCon-Vc11-22[ NNN12-
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14], which had a shorter three-residue NNN insert in place of the VLG residues in loop2, bound
to human SPSB2 with an affinity of 1.3 uM. Moreover, *H NMR spectra of this analogue
showed good peak dispersion and native-like chemical shifts, indicating that the B-hairpin fold
was maintained.

An attempt was made to further enhance the limited proteolytic stability and to overcome
the limitation of incorporating only short peptide motifs by constraining the SDH fold of
contryphan-Vcl with an additional disulfide bond. An additional disulfide bond is introduced
by changing GInl and Tyr9 of contryphan-Vc1 to Cys utilising orthogonal Cys protection. The
introduction of an additional disulfide bond into contryphan-Vcl did not disrupt the SDH fold.
Contryphan-Vc11-22[Q1C, Y9C] was shown to be resistant to trypsin digestion and to be
cleaved at Leu20 by chymotrypsin, similar to that of Con-Vc¢11-22[Z1Q]. However, contryphan-
Vcli1-22[Q1C, YIC] was completely resistant to pepsin digestion, whereas native contryphan-
Vcl was fully degraded by pepsin.

The membrane binding properties of contryphan-Vcl were also explored using
dodecylphosphocholine micelles as a model membrane. Both full-length and truncated
contryphan-Vc1 interact with DPC micelles, as seen in the significant changes in the *H NMR
spectra of both peptides in presence of DPC. In contrast surface plasmon resonance (SPR)
analysis showed that, Con-Vc11-22[Z1Q] bound very weakly to a flat bilayer formed by the
zwitterionic POPC lipid and surprisingly full-length contryphan-Vc1 did not show any binding
to POPC lipid.

Homologous sequences to contryphan-Vcl were identified and their sequences were
aligned with contryphan-V/c1 to identify conserved residues. As expected, the Cys residues are
highly conserved in all sequences, consistent with our finding that the disulfide bond was
critical maintenance of the SDH fold of contryphan-Vcl. We have undertaken structural
characterisation of contryphan-Vcl homologous peptide contryphan-cgl which is 46%
identical to that of contryphan-Vcl and was expected to have similar structure. Surprisingly,
full-length contryphan-cgl peptide is found out to be unstructured. We have also shown that
the SDH fold can be restored by introducing conserved amino acid residues as observed in the
native contryphan-Vcl.

In summary, this thesis provides an understanding of the SDH fold of contryphan-Vcl
and explores its potential as a peptide scaffold. Further structural and functional
characterisation of the newly identified members of this family should allow us to understand
the functional significance of the SDH fold of contryphan-Vcl and its role in the venom of

Conus victoriae as well as other species in which homologues are found.
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Chapter 1. Introduction
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1.1 Introduction

Protein—protein interactions (PPIs) are essential for almost all intracellular and extracellular
biological processes, including cell proliferation, cell division, signal transduction,
transcription, translation, and programmed cell death. As PPIs maintain homeostasis and also
play a critical role in various pathological conditions, PPI-modifying drugs have massive
therapeutic potential.! Traditionally, small molecules are preferred drug candidates to modulate
PPIs owing to their size, bioavailability and membrane permeability.? Targeting PPIs with
small molecules has produced a mix of both exciting success stories and frustrating challenges
that has been observed in several studies where the binding surfaces of the proteins are large
and with less defined binding pockets.®® By contrast, peptides and peptidomimetics, even
though having challenges to be developed as drugs, are good candidates to target PPIs because
of their specificity and ability to mimic a protein surface to effectively compete for binding.
Interestingly, it has been estimated that 15-40% of all PPIs are mediated by short linear peptide
sequences.! Peptides can be rationally designed based on the natural sequences that mediate
PPIs in the proteins, and therefore can mask a critical part of the binding surface; furthermore,
peptidomimetics can be chemically modified to stabilize the bioactive conformation,
mimicking the three-dimensional structure of the binding surface of the protein.!

Most of the linear peptides occurring in nature are not directly suitable for use as
therapeutics because of their intrinsic weaknesses, including poor chemical and physical
stability, and a short circulating plasma half-life.> These aspects must be addressed in
developing peptides to use as therapeutics.’ Peptide grafting, i.e. reproduction of the structural
features and therefore the functional properties of the active epitopes on an appropriate scaffold
or a template with high conformational and proteolytic stability provides one potential solution
for overcoming poor stability and bioavailability of the peptide epitopes.®

The use of naturally-occurring proteins as scaffolds is an attractive choice, as nature has
evolved a spectra of well-defined and intrinsically stable templates. By using natural
constraints such as covalent interaction in the form of disulfide bridges, and non-covalent
interactions such as electrostatic interaction and salt bridges, nature has found effective ways
of stabilizing short polypeptide chains as peptide scaffolds. Examples of natural protein
scaffolds include three-finger toxin from snakes, charybdotoxin from scorpions, and various
inhibitory cystine knot (ICK) motif-containing peptides from different sources such as cone
snails, plants and spiders.

Many of these natural scaffolds present stable secondary structure elements such as a-

helix and/or B-sheets, held together in a compact structure that is reinforced by disulfide bridges,
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while leaving most of the functional side chains free to engage their biological target.® *° These
natural scaffolds typically also exhibit a high level of tolerance to sequence mutation and
functional adaptability. Most of the scaffolds are comparatively smaller in size, and are
compact with well-defined secondary structures. Peptide scaffolds that are most utilized for
grafting novel biological activities are described below.

1.1.1 CSo/p Scorpion toxin fold

Charybdotoxin, a scorpion toxin with CSa/p fold,** is the first peptide scaffold utilized to
design a grafted molecule, in this case to inhibit the CD4-gp120 interaction associated with
HIV infection.*? This fold consists of a triple stranded anti-parallel B-sheet on one face and a
short a-helix on the opposite face. The core structure is stabilized by three disulfide bonds. The
core cysteine framework of CSa/p scorpion toxins is the C—C—-C—-C—C—C pattern, but some

scorpion toxins like maurotoxin and chlorotoxin have additional disulfide bonds!3(Figure 1).

Charybdotoxin Maurotoxin

Figure 1. A and B Cartoon representation of charybdotoxin (PDB code 2CRD) and maurotoxin
(PDB code 1TXM) as examples of peptides with CSa/p fold.

1.1.2 Inhibitor cystine knot scaffold

The smallest of all B-sheet-containing scaffolds known to date is the inhibitory cystine knot
(ICK) motif containing peptides.}* *° Peptides containing ICK motifs are found in myriad
organisms, such as plants, insects, and mammals, and carry out diverse functions including
protease inhibition, ion channel blockade, and antimicrobial activity. The ICK motif is a

prominent structural motif among the different folds identified in disulfide rich protein domains.
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o-conotoxin MVIIA, which is used in chronic pain therapy under trade name PRIALT
(Ziconotide), is an extensively-studied ICK peptide.’® The in vivo stability exhibited by -
conotoxin MVIIA highlights the exceptional stability conferred upon this peptide by its cystine
knot structure. The consensus sequence among the initially identified ICK peptides was CXs-7
CX4-6 CXo-5 CX1-4 CXs-10 C and the presence of the ICK motif was predicted utilizing this half-
cystine gaps in the sequence of the peptides.’® The number of ICK peptides identified has
increased significantly and new members have expanded the lengths of the intercysteine loops.
Schematic representation of the ICK fold and structures of ICK peptides w-Conotoxin GVIA
and agatoxin are shown in the figure 2.

These ICK molecules typically contain 25-35 residues and are characterized by a triple-
stranded, anti-parallel B-sheet stabilized by a cystine knot. The cystine knot comprises a ring
formed by two disulfide bridges and the interconnecting backbone, through which the third
disulfide passes. The B-strands are reported as the minimal conserved secondary structural
elements among the ICK peptides and the B-sheet is regarded as integral to this ICK motif. ICK
peptides despite sharing a core structure exhibit significant sequence and functional diversity.
Peptides with an ICK motif structure exhibit a wide variety of biological targets ranging from
different ion channels to proteases. The high sequence diversity in the ICK peptides arises from
the loop regions between the half-cystine residues, which are hypervariable and generate high
functional diversity with the same underlying scaffold.t> 17: 18

Owing to their small size, high thermal and proteolytic stability and tolerance to new
sequences ICK peptides gradually became preferred molecular scaffolds as exemplified by
utilization of several ICK peptides like EETI-II and agouti-related protein (AgRP) for protein
engineering purposes. Ecballium elaterium trypsin inhibitor (EETI-II), an ICK peptide from
the squash family of protease inhibitors, was the first ICK peptide to be modified to incorporate
RGD-based integrin binding motifs in one of its surface-exposed loop.!> 2 AgRP, a
neuropeptide that is involved in regulating metabolism and appetite, is another ICK peptide
that is regularly used as a peptide scaffold.?> 22 EETI and AgRP analogues engineered for
integrin binding were labelled with a variety of contrast agents and used in non-invasive tumour
imaging. More recently agatoxin, an ICK peptide from spider venom, was also successfully

engineered for tumour imaging purpose.?® 2
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w- Conotoxin GVIA @

Agatoxin

Figure 2. A and B Cartoon representation of w-conotoxin GVI A (PDB code 1TTL) and
agatoxin (PDB code 2N6N) as examples of peptides with ICK motif. B. Schematic
representation of ICK motif.

1.1.3 Cyclotide peptide scaffold

Cyclotides are a large family of plant-derived peptides that contain approximately 28-37 amino
acids and are characterized by a head-to-tail cyclic backbone and ICK knot arrangement of
three disulfide bonds.*® This structural motif is referred to as the cyclic cystine knot (CCK) and
provides exceptional stability to cyclotides. Kalata B1, (Figure 3) a cyclotide from the plant
Oldenlandia affinis has been utilized as a scaffold to generate novel anti-cancer and anti-viral
peptide-based lead molecules.? 2 The trypsin inhibitor cyclotide MCoTI-1I from Momordica
cochinchinensis had been utilized to produce stable and potent angiogenic agents with

promising potential in the design of drug leads for therapeutic angiogenesis.?’
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Kalata B1 Cycloviolacin 02

Figure 3. A and B Cartoon representation of kalata B1 (PDB code 1NB1) and cycloviolacin
02 (PDB code 2KCG) as examples of peptides with CCK motif.

1.2 Animal venoms: A rich source of peptide scaffolds

Animal venoms are a rich source of many peptide scaffolds. Venom is a complex cocktail of
bioactive compounds which comprise a mixture of protein and peptides (commonly referred to
as toxins), salts and organic components, such as amino acids and neurotransmitters.?8-%° The
proteinaceous components are usually the most abundant. The peptide toxins have attracted the
attention of the researchers due to their extreme diversity of the biological targets and their
mode of action. Apart from exhibiting remarkable structural and functional diversity some of
the peptide toxins have high conformational and proteolytic stability making them attractive
candidates for utilizing as peptide scaffolds.

1.2.1 Cone snails

Cone snails are a group of venomous predatory marine molluscs that belong to the genus Conus
and family Conidae. Based on their prey, cone snails are divided into three groups: the
vermivorous (worm-hunting) species, molluscvorous (snail hunting) species and the
piscivorous (fish-hunting) cone snails. Short disulfide-rich peptides called conopeptides or
conotoxins constitute the majority of the venom of the predatory cone snails. Conopeptides or
conotoxins are produced in the venom duct attached to the venom bulb. The venom bulb
contracts to push venom into a disposable, hypodermic needle like structure, which injects
venom into the prey. These harpoons are evolutionary modified teeth that are stored in a radular
sac.31' 32

1.2.2 Conopeptides: classification and their molecular organization
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Conopeptides target a wide variety of receptors, including both ligand-gated and voltage-gated
ion channels, various G-protein coupled receptors and neuro-transmitter transporters, and have
therefore been invaluable tools in understanding the structural and functional aspects of their
molecular targets and are emerging as promising therapeutic molecules.®®* The w-conotoxin
Ziconotide (SNX-111; Prialt®), a synthetic equivalent of a conopeptide isolated from Conus
magus is the first approved venom-derived drug that acts on nervous system and is being used
in chronic pain therapy.'®

Conopeptides are classified according to three schemes: Gene superfamily classification,
based on the consensus conserved signal peptide sequence, cysteine framework classification,
based on the occurrence of cysteine residues in a conopeptides primary sequence independent
of their connectivity, and pharmacological families based on receptor specificities and the
physiological activity (Figure 4). Pharmacological families are denoted by using Greek
letters.3 34 35 Conopeptides are expressed as precursor proteins that are processed into mature
peptides in the endoplasmic reticulum and Golgi apparatus. Each precursor of a conopeptide
consists of a highly conserved and hydrophobic secretory signal sequence, a propeptide region
and the mature peptide region. The signal sequence facilitates secretion of the peptide and the
propeptide region contains binding sites for the enzymes that modify the peptide post-
translationally and is abundant in charged residues. The mature peptide region is the functional
peptide, and the sequence of the mature peptide is least conserved and is subjected to hyper
mutations (Figure 5). Mature conopeptides exhibit a vast array of post translational

modifications.3* 36
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Figure 4. Schematic representation of the classification of conopeptides.
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Figure 5. Schematic representation of the molecular organization of conopeptides.

Many conopeptides have been studied for their clinical and therapeutical potential.

However, the vast combinatorial-like library of bioactive peptides has been only sparsely
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tapped to date. The recent advent of proteomic/transcriptomic approaches combined with high-
throughput screens has accelerated the identification of new conopeptides.3”*° Recently, one
such study was undertaken for large-scale discovery of conopeptide sequences from the venom
gland of the Australian cone snail Conus victoriae using cDNA library normalization, high-
throughput sequencing and de novo transcriptome assembly yielded over 100 unique
conopeptide sequences.*

1.3 Diversity of conotoxins in the Conus victoriae

More than 100 unique conotoxin sequences from 20 gene superfamilies were discovered in a
transcriptomic study of the venom gland of Conus victoriae using cDNA library normalization,
high-throughput 454 sequencing, de novo transcriptome assembly and annotation with
BLASTX and profile hidden Markov models; this was the highest diversity of conotoxins so
far reported in a single study. Many of the sequences identified were new members of known
conotoxin superfamilies, some help to redefine these superfamilies and others represent
altogether new classes of conotoxins.*°

1.4 Contryphan family

The first contryphan peptide was identified in 1996 from the venom of the piscivorous cone
snail Conus radiatus as a peptide containing D-tryptophan. Subsequently, many peptides
belonging to the contryphan family were identified from various species of cone snails (Table
1).4-% Contryphans are considered the smallest peptide components in cone snail venom, with
around 7-12 amino acid residues. Contryphan peptides are remarkable for their extensive post-
translational modifications, including proline hydroxylation, C-terminus amidation as well as
isomerization of tryptophan, and leucine, bromination of tryptophan, occurrence of gamma
carboxy glutamate.*® Contryphan peptides are cyclized via a single disulfide bridge.

All the members of the contryphan family of peptides characterized to date have the
consensus sequence motif XaCOwXsPWC-NH2, where Xu is either glycine or absent, O is 4-
trans-hydroxyproline and Xs is glutamate, aspartate or glutamine. Contryphan peptides exist as
a mixture of two conformers in solution due to cis-trans isomerization around the N-terminal
Cys-Pro peptide bond. Intra-cerebro-ventricular injection of contryphan peptides in mice
causes stiff-tail syndrome at low doses and induces seizures as well as death at high doses.***
However the exact molecular target(s) of these peptides are still unknown.

Table 1. List of different contryphan peptides with their sequence
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Peptide Sequence References 40-44

Contryphan-R GCOWEPWC-NH2 Jimenez et al. 1996
Contryphan-Sm GCOWQPWC-NH2 Jacobsen et al. 1998
Contryphan-P GCOWDPWC-NH2 Jacobsen et al. 1998
Contryphan-Tx GCOWQPYC-NH2 Jimenez et al. 2001
Contryphan-Vn GDCPWKPWC-NH2 Massilia et al. 2001
Contryphan-fib GCOWMPWC-NH2 Rajesh et al. 2015

1.5 Contryphan-Vcl

Contryphan-Vcl is identified in the transcriptome analysis performed on the venom gland of
Conus victoriae. Contryphan-Vcl is placed under the O2 /contryphan super family, based on
significant similarities in its signal peptide sequence and the cysteine framework. However,
beyond the signal peptide and single disulfide bond, contryphan-Vcl shared no obvious
sequence similarities with other previously characterised contryphans or indeed with any other
conopeptides (Figure 6A).

Contryphan-Vcl is the largest contryphan peptide, with 31 residues, and the first with an
intercysteine loop length other than five residues. Contryphan-Vcl shows a remarkably well
ordered structure. The solution structure of contryphan-Vcl shows that this peptide adopts a
unique fold described as single disulfide-directed p-hairpin (SDH) which is entirely different
from previous known contryphan fold.*” The most conspicuous feature in the structure of
contryphan-Vcl is the presence of a double-stranded anti-parallel B-sheet that is stabilized by
a single disulfide bond. Residues Tyr7 and Tyr9 form a mini hydrophobic core and the N-
terminal pyro glutamic acid residue is in close association with the side chain of Tyr9. The four
residues (QPGY) following Cys3 form a type Il B-turn, leading into the first B-strand. The two
strands are connected by a type IV B-turn encompassing four residues (PVLG). The second p-
strand has Cys16 which links to Cys3 via the disulfide. This strand terminates following a final
hydrogen-bond between the amide of Thr19 and the carbonyl of Gly6. The C-terminus of the
peptide is less structured and highly flexible (Figure 6B).%
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A 02_contryphan_ Vel MGKLTILFLVAAALLS TQVMVQGDGAHERTEAEEPQHHGAKRQDGTGGYPVDDVDMMQRI FRTPLKRQWEQPG YAYNPVLGICTI TLSRIEHPGNYDYRRGRQ
02_contryphan_Ve2 MGKLTILFLVAAALLSTQVMVQGDGDQPADRDAVPRDDNPAGTI EKFMNLLRQVRCRWTRVCG —

ZWCQPGYAYNPVLGICTITLSRIEHPGNYDY
(Contryphan-Vcl)

(o4

Loop1

Loop2

Figure 6. A. Amino acid sequence of mature peptide of contryphan-Vcl B. Ensemble of the
final 20 structures of synthetic contryphan-Vclsuperimposed over the backbone heavy atoms
of residues 1-20. The N-terminal 20 amino acids of the peptide form a well-defined B-hairpin
motif while the C-terminus is less well-defined but shows some helical propensity. C.
Schematic representation of SDH fold.

1.6 Scope of the thesis

Contryphan-Vcl exhibits a highly ordered structure despite the presence of only a single
disulfide bond, and is the founding member of a hitherto unknown peptide fold, the single
disulfide-directed B-hairpin (SDH) fold. Subsequently, many sequences with similarities to the
primary structure of contryphan-Vcl have been identified in both venomous and non-
venomous molluscs, suggesting that contryphan-Vcl may belong to a previously undescribed
class of structurally-related mollusc peptides. Contryphan-Vcl also exhibits remarkable
thermal stability,*’ as seen in circular dichroism (up to 95°C) and NMR experiments (up to
70°C), where the SDH fold is maintained even at high temperatures.*’ The p-hairpin core of
contryphan-Vcl is very similar structurally to the ICK fold despite its reduced cysteine
framework complexity (Figure 7). Its highly ordered structure, remarkable thermal stability,
and similarities to the ICK fold suggested that contryphan-Vcl may have potential as a useful
scaffold for grafting. Therefore, a major aim of this study is to investigate the stability of the
SDH fold and its potential as peptide scaffold and also understand the novel SDH fold by

studying some of the contryphan-Vc1 homologous peptides.
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Single disulfide-directed
B-hairpin fold (SDH)

C

Inhibitor cystine knot (ICK) motif

C N

Loop 2 Loop 1

N

Figure 7. Comparison of schematic representations of SDH and ICK folds.

In Chapter 2, all general materials and methods used in the study are elaborated, which
includes recombinant and synthetic production of the contryphan-Vc1 and its analogues, NMR
data acquisition and structure calculation and refinement using CYANA and Xplor. Assays for
establishing proteolytic stability, binding studies of Vc1-DINNN analogs utilizing SPR and
molecular dynamics (MD) simulations studies are also described.

Chapter 3 describes studies of the stability of the SDH fold to chemical denaturation and
proteolytic enzymes, as well as its resilience to truncation and the insertion of non-native
peptide motifs in order to evaluate its potential as a scaffold. The backbone dynamics of
contryphan-Vcl were analysed in order to identify the ordered and flexible regions of the
peptide, and showed that the flexible C-terminal region is highly flexible. We have investigated
whether contryphan-Vcl can incorporate a bioactive epitope by utilizing the DINNN motif of
inducible nitric oxide synthase (iNOS) which is essential for recognition of iNOS by the SPRY
domain-containing SOCS (suppressor of cytokine signalling) box (SPSB) proteins in
circulating macrophages.*®° The peptide analogues sCon-Vcl1-22[Z1Q, DINNNa-s], sCon-
Vcl1-22[Z21Q, DINNN12.16] and sCon-Vcli-22[NNNi2-14], were tested for their affinity for
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human SPSB2 utilizing surface plasmon resonance (SPR) and analysed conformationally by
NMR.

Chapter 4 outlines the design, synthesis and structural characterization of the two-
disulfide bonded analogue of contryphan-Vcl, contryphan-Vc11-22[Q1C,Y9C). An additional
disulfide bridge was added by replacing GInl and Tyr9 with cysteine residues in order to
further enhance stability and flexibility of loops to receive longer epitopes.

Chapter 5 describes the lipid binding properties of contryphan-Vc1 as observed by NMR
experiments in the presence of deoxyphosphocholine (DPC) micelles, and by SPR experiments
utilizing an L1 chip in the presence of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) lipid.

In Chapter 6, the design and structural characterization of analogues of contryphan-cgl
-Vcl, a homologue of contryphan-Vcl identified from pacific oyster Crassostrea gigas. NMR
spectra recorded on the full-length contryphan-cgl peptide showed that the peptide is not
structured. A double mutant (contryphan-cgl 122[M9Y, P18I]) and a quadruple mutant
contryphan-cgli-22[R4Q, MY, R15l, P18l] were designed and synthesized based on
conserved residues in the primary structure of contryphan-Vcl homologues and studied for the
effect of those residues on the SDH fold. It is shown that the SDH fold can be restored by

introducing conserved amino acid residues as observed in the native contryphan-Vcl.

Finally, all major findings from this study are summarised and potential future directions

are discussed in Chapter 7.
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Chapter 2

Materials and Methods
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2.1 Recombinant expression of contryphan-Vcl peptides

Chemical synthesis and recombinant production have been the most widely used methods for
production of peptide toxins. Recombinant expression of peptide toxins from E. coli has
become preferred common mode of production of peptide toxins owing to the advantages such
as high yield and cost effectiveness.55 However, the poor yield of correctly-folded disulfide-
rich peptides in the reduced environment of the cytosol, the occurrence of peptide in inclusion
bodies, and lack of post translational modifications in E. coli make it challenging to produce
peptide toxins. Periplasmic expression of disulfide rich peptides in E. coli where the over
expressing peptide is secreted into oxidizing environment of periplasm which contains foldases,
disulfide oxidoreductase (DsbA) and disulfide isomerase (DsbC), that catalyse the formation
and isomerisation of disulfide bonds is also an attractive option for production of disulfide rich
peptides in E. coli. Nonetheless, the presence of a single disulfide bond and lack of complex
post translational modifications in the sequence of the contryphan-Vcl prompted us to
undertake recombinant production of contryphan-Vcl and its variant peptides.

2.1.1 Preparation of the expression plasmid for thioredoxin fused contryphan-Vcl by
cloning

DNA encoding the open reading frame (ORF) of the mature peptide sequence of contryphan-
Vcl was codon-optimized for E. coli expression, synthesized and cloned in pUC based vector
(Genscript). The ORF of full-length contryphan-Vc1 was amplified using the primers F1 and
Rland the DNA fragment was subjected to restriction digestion using BamH1 and Xhol
enzymes. The DNA fragment was subsequently ligated to the BamH1 and Xhol digested
pPET32a" vector to generate a modified pET32a+ plasmid which expresses thioredoxin fused
contryphan-Vcl protein with an enterokinase cleavage site between thioredoxin and
contryphan-Vcl and a hexa histidine tag at C-terminus. Similarly a modified pET32a+ plasmid
which expresses thioredoxin fused truncated contryphan-Vcl is made utilizing primers F1 and
R2 (Figure 1).
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A Forward primer (F1): 5° CAGBGGAEGATGACGATGACAAACAG 3
Reverse primer (R1): 5’ GGTGGATCCOTCGAGEMGTAATCATAATTGCCCGG 3

Reverse primer (R2): 5° CGGGATCCENCGAGHBNACGGCTCAGCGTGATGGTAC 3

@ontﬂﬁhan-\lﬂ Contryphan-Ve1, 5,

Xho Salt Xhot salt

- o
E_. pET-32a +contryphan-Vc1 E pET-32a +contryphan-Ve1

(6000 bp) (5970 bp)

-~ o~
[ 3
& &

Figure 1. A. Primers used to amplify the DNA sequence of full-length contryphan-Vcl and
truncated contryphan-Vcl. Restriction enzyme cleavage sequence is coloured green and the
stop codon is coloured red. B. Schematic representation of the modified pET-32a plasmids
expressing thioredoxin fusion proteins of full-length and truncated contryphan-Vcl.

2.1.2 Expression checking for thioredoxin-fused contryphan-Vcl

The pET32a+ plasmids coding for thioredoxin fused to contryphan-Vc1 were transformed into
E. coli BL21 cells and the E. coli colonies were selected on Luria-Bertani (LB) agar plates
containing 100 pg/mL of ampicillin. In order to check the expression of the thioredoxin-fused
contryphan-Vcl, a single colony was picked and inoculated into 5 mL of LB medium
containing 100 pg/mL of ampicillin and allowed to grow at 30 °C till the ODeoo of the culture
reached 0.6. The cells were then induced with 0.5 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG) and allowed to grow for 4 h. Cells equivalent to 0.2 OD before and after IPTG induction
were pelleted and resuspended in 50 pL of 1 x SDS gel loading dye and boiled at 90 °C for 10
min in order to lyse the cells. The cell lysate was loaded in equal amounts on a 12% SDS PAGE
gel along with protein molecular weight marker (BioRad). Overexpression of thioredoxin fused
contryphan-Vcl proteins were confirmed initially by matching the molecular mass of the
fusion proteins to the standards.

2.2 Purification of thioredoxin fused contryphan-Vcl by Nickel affinity chromatography
For purification of the thioredoxin-fused contryphan-Vc1, the cultures were scaled up to 1 L,
where the transformed E.coli BI21 cells were grown at 30 °C and induced for 4 h with 0.5 mM
IPTG once the culture reached 0.6 OD. The cells were pelleted and were either frozen or
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utilized immediately for the purification of thioredoxin-fused contryphan-Vcl protein. The
cells were resuspended in Novagen bug buster and incubated for 20 min in the presence of
EDTA-free protease inhibitor cocktail from Roche, then clarified by centrifuging at 14,000 rpm
for 30 min at 4 °C. The supernatant was loaded onto pre-equilibrated Ni-NTA Hitrap column
(GE Healthcare, 5ml) at a flow rate of 0.25 ml/min. Unbound proteins were removed by
extensive washing with buffer A (20 mM Tris-Cl, pH 8.0, 10 mM imidazole, 100 mM NacCl)
followed by a wash with buffer A containing 0.5 M NaCl. The fusion protein was eluted with
buffer A containing 250 mM imidazole and exchanged with enterokinase cleavage buffer (50
mM Tris-Cl, pH 8.0, ImM CaClz2 and 50 mM NaCl). The thioredoxin tag was removed by
incubating the fusion protein in enterokinase at 23 °C for 16 h and passing the mixture back
onto Ni-NTA Hitrap column (GE Healthcare, 5 mL). Unbound peptide was collected in buffer
A.

2.3 Reversed-phase HPLC (RP-HPLC) and LC-MS

Reversed-phase HPLC (RP-HPLC) effectively separates molecules based on polarity and their
interactions with a hydrophobic matrix. Peptides bind to the column under aqueous conditions
and are eluted with increasing concentrations of organic solvent. All peptides described here
were purified by reversed-phase high performance liquid chromatography (RP-HPLC) on a
Phenomenex® Luna C18 column (100 A, 5 um, 100 x 10 mm) using a gradient of 5-95% B
(A:99.9% H20, 0.1% tri fluoro acetic acid (TFA); B: 80% acetonitrile (ACN), 19.9% H-0,
0.1% TFA) over 30-60 min and the samples were lyophilized. The purity and molecular mass
of the recombinant contryphan-Vcl were confirmed with liquid chromatography-mass
spectrometry (LC-MS) on a Shimadzu LCMS2020 instrument, incorporating a Phenomenex®
Luna C8 column (100 A, 3 um, 100 x 2 mm) and using a linear gradient of 100% H20 (0.05%
TFA) for 4 min, followed by 0-60% ACN (0.05% TFA) in water over 10 min at a flow rate of
0.2 mL/min.

2.4 Synthesis and purification of contryphan-Vcl and its analogues

2.4.1 Solid phase peptide synthesis (SPPS)

SPPS is an alternative to obtain natural peptides that are difficult to express in bacteria. SPPS
can incorporate amino acids that do not occur naturally and modify the peptide/protein
backbone. In this method, amino acids attach to polymer beads suspended in a solution to build
peptides, which remain attached to beads until cleaved by a reagent such as TFA. This
immobilizes the peptide during the synthesis so it can be captured during filtration, while

liquid-phase reagents and by-products are simply flushed away. The benefits of solid-phase
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synthesis are that it greatly speeds production of peptides since it is a relatively simple process;
it is easier to scale, and it is more suitable for making peptide analogues quickly by skipping
the cloning optimization of expression.

Contryphan-Vcl and its truncated analogs were synthesized utilizing an automated
Peptide Synthesizer via Fmoc chemistry. All the peptides were synthesized at 0.1 mmol scale.
Full-length contryphan-Vcl was synthesized using N-(9-fluorenyl) methoxycarbonyl (Fmoc)-
Tyr (tBu)-Wang resin on a Prelude automated peptide synthesizer (Protein Technologies,
Tucson, Arizona). All couplings were mediated with diisopropylcarbodiimide with 6-ClI-
HOBT for 3 h. The peptide was cleaved from the resin support and simultaneously deprotected
using a cocktail of trifluoroacetic acid, anisole, triisopropylsilane, thioanisole, water and 1,2
ethanedithiol (9:1:2:1:1:1 v/v) for 2 h at room temperature. The crude peptide was precipitated
with ice-cold diethyl ether and washed three times with the same, then subsequently dissolved
in 50% aqueous acetic acid.

Con-Vcl1-22[Z1Q)], con-Vcl1-22[Q1C, Y9C], full-length contryphan-cgl, Vc1-DINNN,
and the Vc1-NNN analogues (Table 1) were synthesized on a PTI Instruments PS3 peptide
synthesizer, using Rink amide AM resin. Rink Amide AM resin (0.47 mmol/g loading) was
weighed into a reaction vessel and swelled in dimethylformamide (DMF) (10 mL/g resin) for
30 min. 0.3 mmol (3 eq, 124 mg) of Fmoc-protected amino acids and O-(1H-6-
chlorobenzotriazole-1-yl)-1,1,3,3- tetramethyluronium hexafluorophosphate (HCTU) were
weighed into vials (with one amino acid/HCTU powder mixtures per vial) and sealed using a
PTFE/Silicone septa and cap. All vials were then queued (from C-terminus residue to N-
terminus residue) on the carousel on PS3. To start the synthesis, each vial was assigned with
Program 7, where the Fmoc protecting group on the resin was first removed by 20% (v/v)
piperidine in DMF prior coupling to the amino acid residue for 50 min per coupling cycle under
the activation of 0.3 mmol (3 eq) of HCTU and 7% (v/v) N,N-diisopropylethylamine (DIPEA)
in DMF. Cleavage from the resin was performed for 3 h with a mixture of 3, 6-dioxa-1, 8-
octanedithiol, triisopropylsilane, 1,3-dimethoxy benzene and trifluoroacetic acid
(DODT:TIPS:DMB:TFA at ratios 2.5: 2.5: 5: 92.5 by volume) The cleavage mixture was
purged with nitrogen and the crude peptide was precipitated with ice-cold diethyl ether and
washed three times with the same and subsequently dissolved in 50% acetonitrile and freeze
dried.

The double mutant of contryphan-cgli-22, contryphan-cgi-22[M9Y, P18I] and quadruple
mutant contryphan-cgi-22[R4Q, MY, R15I, P18I] were synthesized on PTI Instruments PS3
peptide synthesizer, using chloro-trityl (CTC) resin. CTC resin (0.7 mmol/g loading) was
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weighed into a reaction vessel, swelled in dichloromethane (DCM) for 30 min and coupled
manually with the last amino acid in the sequence by dissolving two equivalents of the amino
acid in a mixture of DCM and DMF (2.5 ml+0.5 ml) and 87.5 pul of DIPEA for over 1 h. The
uncoupled resin was then capped with methanol (0.8 ml/gram resin) for 30 min and the resin
washed with an excess of DCM and then an excess of DMF. Synthesis and cleavage of the

peptide from the resin were done as mentioned earlier.

Table 1. Peptide used in this study

Peptide Sequence

sCon-Vcl ZWCQPGYAYNPVLGICTITLSRIEHPGNYDY
rCon-Vcl[Z1Q] QWCQPGYAYNPVLGICTITLSRIEHPGNYDY
rCon-Vcli-22[Z1Q)] QWCQPGYAYNPVLGICTITLSR
sCon-Vcl11-22[NNN12-14] ZWCQPGYAYNPNNNICTITLSR
sCon-Vcl1-22[Z1Q,DINNNa4-g] QWCDINNNAYNPVLGICTITLSR
sCon-Vcli1-22[Z1Q,DINNN12-16] QWCQPGYAYNPDINNNICTITLSR
con-Vcl1-22[Q1C, YOC] CWCQPGYACNPVLGICTITLSR

Contryphan-cgi-22[R4Q, M9Y, R15I, P181] GWCQPGFTYNPVLNICVITMRS

2 Pyroglutamate modification is indicated as Z

2.4.2 Peptide folding by air oxidation and purification by reversed-phase HPLC

The linear peptide was allowed to fold by air oxidation in 0.1M ammonium bicarbonate by
adjusting the concentration to 0.3 mg/mL and pH 8.0 with continuous stirring. For some
peptides 5-10% DMSO was added to the folding reaction in order to enhance the oxidation
process. The folded peptide was purified by reversed-phase HPLC on a Phenomenex® Luna
C18 column (100 A, 5 um, 100 x 10 mm) using a gradient of 5-95% B (A: 99.9% H20, 0.1%
TFA; B: 80% acetonitrile (ACN), 19.9% H20, 0.1% TFA) over 30-60 min and the samples
were lyophilized. The purity and molecular mass of the each peptide were confirmed by liquid
chromatography-MS (LC-MS) on a Shimadzu LCMS2020 instrument, incorporating a
Phenomenex® Luna C8 column (100 A, 3 um, 100 x 2 mm) using a linear gradient of 100%
H20 (0.05% TFA) for 4 min, followed by 0-60% ACN (0.05% TFA) in water over 10 min at
a flow rate of 0.2 mL/min.

2.5 Nuclear magnetic resonance (NMR) spectroscopy
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NMR spectroscopy is a powerful tool that enables the determination of structures of proteins
in solution under near-physiological conditions. Even though proteins with molecular masses
larger than about 50 kDa present a major challenge for structure determination, NMR
spectroscopy is ideal for structure determination and dynamics for peptides and small proteins
(5-25 kDa).>* Freeze-dried peptide that was > 95% pure was dissolved in either 93% H20/7%
2H20 or 100% 2H20 to concentrations ranging from 0.2 to 1.5 mM, and pH was adjusted
accordingly. A sufficiently low concentration of 2H20 was added to the solvent to facilitate
lock of the field (typically 10% 2H20), while minimizing the loss of signal by deuterium
exchange for rapidly exchanging protons. Spectra were acquired using 600 MHz Bruker NMR
spectrometer equipped with a cryogenically cooled triple-resonance probe.
2.5.1 One-dimensional *H NMR experiments
One-dimensional (1D) NMR spectra of a peptide are often recorded to check the spectral
quality and signal dispersion, which gives information about the folded state, propensity of
aggregation of the peptide and whether the peptide exists in single conformation.>* In this study,
one-dimensional NMR was used often to judge the spectral quality and signal dispersion to get
an estimation of the folded state of the peptide, for temperature titration, and pH titration
experiments. 1D NMR spectra recorded at temperatures ranging from 283 — 313 K, in 5 K
increments is also regularly used to obtain information on the thermal stability conformation
of the peptide and also to obtain amide temperature coefficients for the residues which will be
helpful in identifying the residues that are in hydrogen bonding. 1D NMR spectra recorded at
different temperatures also help to identify the optimal temperature where the signal dispersion
and spectral quality are best for subsequent two dimensional (2D) NMR experiments.

pH titration experiments were performed to check the stability of the conformation over
different pH ranges (pH 2.0 — 9.0), to identify an suitable pH for subsequent 2D NMR
experiments, and to identify titratable amino acids based on pH-dependent changes in proton
chemical shift.
2.5.2 Two-dimensional *H NMR experiments
Because of the large number of protons per residue and the resulting resonance overlap, even
smaller peptides cannot be assigned completely from only 1D H NMR spectra. The
homonuclear 2D NMR experiments correlation spectroscopy (COSY) and total correlation
spectroscopy (TOCSY) are frequently used in conjunction with 1D *H NMR for obtaining the
'H NMR assignments. The cross-peaks manifest through-bond relations between protons that
are separated by not more than three covalent bonds, i.e. which are part of the same amino acid
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residue. The connectivities of the protons are described below for the COSY, TOCSY and
NOESY experiments.

The most important information for structure determination of peptides is obtained from
either 'H-'H ROESY (Rotating frame Overhauser Effect Spectroscopy) for peptides of
molecular mass between 0.6- 1.2 kDa or 'H-'H NOESY (Nuclear Overhauser Effect
Spectroscopy) for peptides > 1.2 kDa. *H-H NOESY was the experiment of choice in my study
as the molecular mass of the peptides investigated here was > 2 kDa. A cross-peak between
two hydrogen atoms is observed only if those two proton are separated by a shorter distance
than approximately 5.0 A. Since the NOE depends on the through- space distance, the locations
of the two interacting protons in the primary structure may be far apart.* %°
2.5.3H-'H COSY
The COSY displays [ H, H]-correlations arising from scalar (through-bond) couplings
(usually up to four bonds). The positions of cross peaks in the COSY are characteristic for
particular amino acids. COSY cross peaks display a multiplet fine structure, which is caused
by the scalar couplings. Active couplings (those that lead to the cross peak) display anti-phase
components (components with positive and negative signal intensity) whereas all other
couplings (passive couplings) are in-phase. *H-H COSY was frequently used in my studies for
obtaining proton resonance assignments.>®
2.5.4 'H-'H TOCSY
A TOCSY experiment contains all cross peaks from protons of the same spin system. Protons
from different amino acids always belong to different spin systems, because there is no scalar
coupling across the amide bond. Analysis of spin systems identifies which type of amino acids
the spin system belongs. Possible criteria for identifying a particular spin system are:
occurrence or absence of methyl groups, length of the spin system, positions of chemical shifts
in the spin system. Although the exact amino acid can rarely be derived, many amino acids can
be excluded from such an analysis. In the study described in this thesis, *H-'H TOCSY was
regularly used to in conjunction with 1D NMR, 2D *H-'H COSY and *H-H NOESY to obtain
resonance assignments and sequential assignments. *H-'H TOCSY spectra with a spin lock
time of 70 or 80 ms were acquired using the DIPSI-2 pulse sequence with excitation sculpting
for water suppression.®8: %7
2.5.5 1H-'H NOESY
Cross peaks in the NOESY are due to dipolar couplings resulting from interactions of spins via
space and hence only depend on the distance but not on the number of intervening bonds.

Dipolar couplings are averaged to zero in solution but give rise to very important relaxation
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phenomena, one of which is the NOE (nuclear Overhauser effect, NOE).>® The strong
dependence of the cross peak intensity on the proton separation explains why this parameter is
the most useful for structure determination.>* *H-'H NOESY was regularly used in this study
to obtain sequential resonance assignments and distance restraints for structure calculations.
'H-'H NOESY spectra were acquired at different mixing times ranging from 50 ms to 300 ms
to determine the optimal mixing time for maximum cross peak intensity. For Con-Vc11-22[Z1Q]
a mixing time of 200 ms, and for Con-Vc11-22[Q1C, Y9C] a mixing time of 300 ms was selected
for cross-peak analyses.

2.6 Sequence-specific resonance assignments

The 'H-'H COSY, 'H-H TOCSY and *H-'H NOESY spectra were overlayed in either Topspin
or CCPNMR programs for the analysis and assignments of the cross peaks.>® The sequence-
specific assignment of proton resonances for all the peptides were performed according to
procedures developed by Wiithrich and co-workers.>* Residues containing methyl groups such
as Ala, Thr, Leu and lle served as good starting points for relatively simple identification of
the spin systems and sequential assignment process. The spin systems for proline was identified
by the observation of strong NOE cross peaks between the H of the preceding residue and Pro
Hd,

2.7 Structure calculation

Structure calculation requires both distance constraints and angle constraints as inputs to
different structure calculation programs such as CYANA.>® The intensities of cross peaks in
the NOESY spectra were utilized to generate distance constraints. 3Jxn-H. coupling constants
were measured from 1D 'H spectra, which yielded ¢ angle constraints. These ¢ angles were
restrained to -120 + 30° for 3Jun-Ha > 8.0 Hz and -65 *+ 25° for 3Jun-He < 6.0 Hz. Three distance
constraints were added for the disulfide bridge as follows: 2.00, 3.00, and 3.00 A for S(i)-S(j),
S(i)-CB(j), and S(G)—CP(i), respectively. The initial structures were generated using the
program CYANA (version 3.0) and then refined by energy minimization using Xplor-NIH.%
Conventional simulated annealing protocols were used in Xplor-NIH to generate an ensemble
of 100 structures, from which the 20 lowest-energy structures were chosen to represent the
solution structure. The root-mean-square deviation (RMSD) values for these structures were
assessed using MolMol (version 2K.1).8* Structural figures were prepared using PyMOL
(version 1.5.0.4).

2.8 NMR relaxation measurements

5N relaxation experiments were performed on *N-labelled full-length contryphan-Vcl at

20°C on a Bruker 600 MHz spectrometer. Spin-lattice relaxation times (T1) were obtained from
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a series of *H-°N correlation spectra with 0, 50, 100, 200, 400, 800, and 1600 ms relaxation
delays. Spin-spin relaxation times (T2) were obtained using 0, 20, 50, 80, 120, 150, 180, and
240 and 300 ms spin-lock periods. The T1 and T2 time constants were calculated using CcpNmr
Analysis by plotting peak volumes versus relaxation delay times to an equation for single-order
exponential decay. The reported errors are standard deviations derived from the fit of the data.
Steady-state *H-1>N NOE values were determined from the ratio of peak intensities for spectra
collected with and without 3 s proton presaturation. The peak intensities of residues with and
without proton presaturation were calculated utilizing CARA.
2.9 Proteolysis assays
A potentially important attribute of a peptide for use in pharmaceutical applications or as a
scaffold is resistance to proteolytic degradation.® Proteolytic stability for the peptides in this
study was tested in the presence of the common digestive enzymes trypsin, chymotrypsin and
pepsin. Proteolysis assays were performed at a 250:1 substrate (peptide)/enzyme ratio. at 37°C
for up to 4 h. As a positive control to ensure that active enzyme was present, bovine serum
albumin was used as substrate. All digestion assay products were analysed by LC-MS (0-60 %
ACN gradient, 10 min). Trypsin (EC 3.4.21.4, Sigma) and a-chymotrypsin (EC 3.4.21.1, Sigma)
stocks were prepared in 50 mM Tris, 100 mM NaCl (pH 7.4), and pepsin (EC 3.4.23.1, Sigma)
stocks were prepared in 10 mM HCI (pH 2). The reactions for trypsin and o-chymotrypsin were
performed in 50mM Tris, 100mM NaCl, 2mM CaClz, pH 7.4. The reaction for pepsin was
performed in 1 mM HCI, pH 2. The trypsin and a-chymotrypsin reactions were quenched with
0.1% TFA, and the pepsin reaction was quenched with 50% 1 M NaOH.
2.10 Surface plasmon resonance
Surface plasmon resonance (SPR) biosensors are optical sensors that use special
electromagnetic waves (surface plasmon-polaritons) to probe interactions between an analyte
in solution and a biomolecular recognition element immobilized on the SPR sensor surface.®?
SPR detects changes in the refractive index of the medium adjacent to the thin metal film (in
this case, the sensor chip with gold film), which is dependent on the mass of the surface. SPR
has been used to study a diverse set of interaction partners of biological interest, such as
protein—protein, protein—lipids, protein—nucleic acids, or protein and low molecular weight
molecules such as drugs, substrates, and cofactors.

The binding affinities of VVc1 peptide analogues were analyzed by SPR, using a Biacore
T200 instrument. All experiments were performed in degassed 25 mM HEPES buffer (pH 7.4)
containing 150 mM NaCl, 3 mM EDTA, and 0.05% surfactant P-20 at 25°C. Human SPSB2

was immobilized on a Biacore CM5 biosensor chip by amine coupling as follows: the CM-
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dextran matrix was activated with 0.2 M 1-ethyl-3(3-diethylaminopropyl)-carbodiimide
hydrochloride (EDC) and 0.05 M N-hydroxysuccinimide. Human SPSB2 (at 100 pg/mL in 10
mM sodium acetate [PH 5.5]) was then flowed over the activated surface at 10 pulL/min for 10
min. Finally, 1 M ethanolamine-HCI, pH 8.5, was injected into both target and reference flow
cells to deactivate any remaining activated carboxyl groups on the surface. The binding of the
Vcl contryphan-Vcl peptide analogues was investigated in a running buffer containing 10 mM
HEPES, 150 mM NaCl, 3 mM EDTA, and 0.05% Surfactant P-20, with and without 1m DTT,
pH 7.4. The peptides were injected onto the surface with contact time of 100 s, flow rate of 100
puL/min, and dissociation time of 600 s. Sensorgrams were further corrected for nonspecific
binding to the surface by subtracting the signals of the reference surface from those of the target
protein surface. The corrected signal was then fitted to a steady state 1:1 interaction model with
Biacore T200 Evaluation Software (version 2.0), in order to estimate the binding affinity (Kb),
association rate, kon, and dissociation rate, Koft.

Lipid binding by Con-Vc11-22[Z1Q] and full-length contryphan-Vc1 was analysed on a 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) immobilized Biacore L1 chip using
buffer containing degassed 20 mM HEPES buffer (Ph 7.4) containing 50 mM NacCl, and 3 mM
EDTA at 25°C. A POPC solution at 600 uM in SPR buffer was immobilized on the Biacore
L1 chip and the binding of contryphan-Vcl peptides was investigated in the same buffer.

2.11 Molecular dynamics simulations

Molecular Dynamics simulations (MD) is a computational method which has become one of
the principal tools in the theoretical study of biological molecules. This method calculates the
time-dependent behaviour of a molecular system, providing detailed information on the
fluctuations and conformational changes of biological molecules. These methods are now
routinely used to investigate the structure, dynamics and thermodynamics of biological
molecules and their complexes.®® 54

MD simulations were carried out using GROMACS version 5.0.4,% utilising the
GROMOS 54a7 united-atom force field and a 2 fs time step.%® Temperature coupling made use
of the velocity rescale algorithm with a reference temperature of 298 K. Pressure coupling used
the Parinello-Rahman algorithm, with a reference pressure of 1 bar and compressibility of 4.5
x 107 bar-1. Initial structures were generated using the Maestro software package (v 10.3.014),
by in silico mutation of the published structures of contryphan-Vcl (PDB codes: 2N24 and
5KKM). These structures were solvated with SPC water and subjected to a steepest-descent
minimisation of 2000 steps to remove bad van der Waals contacts between atoms. Temperature

equilibration (without pressure coupling) was run for 10,000 steps. Isotropic pressure coupling
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was then applied for 500,000 steps. Following equilibration, the simulation production runs
were executed for 300 ns each. The resultant trajectories were visualised with the Visual

Molecular Dynamics (VMD) software package (v 1.9.2)%” and analysed with VMD and
GROMACS built-in tools.
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ABSTRACT: Grafting bioactive peptide sequences onto small cysteine-rich scaffolds is a
promising strategy for enhancing their stability and value as novel peptide-based (5
therapeutics. However, correctly folded disulfide-rich peptides can be challenging to %
produce by either recombinant or synthetic means. The single disulfide-directed S-hairpin
(SDH) fold, first observed in contryphan-Vcl, provides a potential alternative to complex
disulfide-rich scaffolds. We have undertaken recombinant production of full-length

Engineered

SPSB2-DINNN SDH fold SDH fold

contryphan-Vcl (rCon-Vcl[Z1Q]) and a truncated analogue (rCon-Vcl,_,,[Z1Q]),

analyzed the backbone dynamics of rCon-Vc1[Z1Q], and probed the conformational and proteolytic stability of these peptides to
evaluate the potential of contryphan-Vcl as a molecular scaffold. Backbone '*N relaxation measurements for rCon-Vcl[Z1Q]
indicate that the N-terminal domain of the peptide is ordered up to Thr19, whereas the remainder of the C-terminal region is
highly flexible. The solution structure of truncated rCon-Vcl,_,,[Z1Q] was similar to that of the full-length peptide, indicating
that the flexible C-terminus does not have any effect on the structured domain of the peptide. Contryphan-Vcl exhibited
excellent proteolytic stability against trypsin and chymotrypsin but was susceptible to pepsin digestion. We have investigated
whether contryphan-Vcl can accept a bioactive epitope while maintaining the structure of the peptide by introducing peptide
sequences based on the DINNN motif of inducible nitric oxide synthase. We show that sCon-Vcl,_,,[NNNj, ,,] binds to the
iNOS-binding protein SPSB2 with an affinity of 1.3 #M while maintaining the SDH fold. This study serves as a starting point in

utilizing the SDH fold as a peptide scaffold.

Grafting bioactive peptide sequences that target specific
protein—protein interactions onto stable scaffolds is a
promising approach for the development of peptide-based
therapeutics." Disulfide-rich peptides have proven to be
valuable acceptor scaffolds, with applications as drugs,
pharmacological probes, and imaging agents.””’ A valuable
scaffold in such applications is the inhibitor cystine knot (ICK)
motif,”” which is found in peptides from plants, cone snails,
scorpions, and spiders.'”"" The ICK motif peptides agatoxin
and Agouti-related protein (AgRP) have been engineered for in
vivo tumor imaging 2 and targeting tumor angiogenesis,]3
respectively.

The production of correctly folded disulfide-rich peptides by
chemical synthesis or recombinant expression can be
challenging, especially for peptides containing three or four
disulfide bridges."*™'° Recently, contryphan-Vcl, a 31-residue
peptide identified in the venom of the marine cone snail Conus
victoriae,' "'® has been shown to have a unique fold, designated
as the single disulfide-directed p-hairpin (SDH)."” The core
structure of contryphan-Vcl is a double-stranded antiparallel S-
sheet stabilized by just a single disulfide bridge. The f-hairpin
core of contryphan-Vcl consists of two loops, the first of which
comprises residues Gln4, ProS, Gly6, and Tyr7 (QPGY), which
form a type II f-turn that leads to the first S-strand. The second
loop comprises residues Prol1, Val12, Leul3, and Gly14, which

-4 ACS Publications  © 2017 American Chemical Society
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form a type IV p-turn. Residues from Thrl9 to Tyr31 are
flexible and unstructured. The f-hairpin core of contryphan-
Vel displays an ordered structure and remarkable thermal
stability and is very similar structurally to the ICK fold despite
its simpler cysteine framework; these properties suggest that it
may have potential as a useful scaffold for grafting.

In this study, we have investigated the stability of the SDH
fold to chemical denaturation and proteolytic enzymes, as well
as its resilience to truncation and the insertion of non-native
peptide motifs, to evaluate its potential as a scaffold. We have
undertaken recombinant production of full-length contryphan-
Vel (rCon-Vcl[Z1Q]) by replacing the N-terminal pyrogluta-
mic acid with a glutamine residue. We analyzed the backbone
dynamics of contryphan-Vcl to identify the ordered and
flexible regions of the peptide and showed that the flexible C-
terminal region could be deleted without affecting the ordered
structure of the peptide. We also investigated whether
contryphan-Vcl can accept a bioactive epitope by utilizing
the DINNN motif of inducible nitric oxide synthase (iNOS),
which is essential for recognition of iNOS by the SPRY
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Table 1. Peptide Sequences Investigated in This Study

Peptide

Sequence

sCon-Vcl;

rCon-Vcl[Z1Q]

rCon-Vcl | 2[Z1Q]

sCon-Vcl | 25[NNNj. 4]
sCon-Vel122[Z1Q,DINNNys]
sCon-Vcl.22[Z1Q,DINNN 5. 6]

SZWCQPGYAYNPVLGICTITLSRIEHPGNYDY
QWCQPGYAYNPVLGICTITLSRIEHPGNYDY
QWCQPGYAYNPVLGICTITLSR
ZWCQPGYAYNPNNNICTITLSR
QWCDINNNAYNPVLGICTITLSR

QWCQPGYAYNPDINNNICTITLSR

“Pyroglutamate modification is indicated as Z.

domain-containing SOCS (suppressor of cytokine signaling)
box (SPSB) proteins in circulating macrophages.”’”>* The
peptide analogues sCon-Vcl,_»,[Z1QDINNN, ], sCon-
Vecl,_,,[Z1Q,DINNN,,_ 6], and sCon-Vcl,_,,[NNN;,_,,]
were tested for their affinity for human SPSB2 utilizing surface
plasmon resonance (SPR) and analyzed conformationally by
NMR.

B EXPERIMENTAL PROCEDURES

Construction of Plasmids Expressing Full-Length and
Truncated Contryphan-Vc1. Codon-optimized DNA corre-
sponding to the mature peptide sequence of contryphan-Vcl
was synthesized (GenScript) with Sall and Xhol restriction
sites, respectively, at the 5’ and 3’ ends. An enterokinase
cleavage site was included at the 5" end after the Sall restriction
site. The gene fragment was ligated into the pET32a vector
(Novagen) using the Sall and Xhol restriction sites to generate
modified pET32a expressing a thioredoxin (Trx) fusion protein
of full-length contryphan-Vcl. The DNA sequence of
contryphan-Vcl was then amplified with a forward primer for
contryphan-Vcl with a Sall restriction site and enterokinase
cleavage site and a reverse primer with a stop codon after the
Arg22 codon, and the gene fragment was ligated into the
pET32a vector using the Sall and Xhol restriction sites to
generate modified pET32a expressing the Trx fusion protein of
truncated contryphan-Vcl (rCon-Vcl,_,,[Z1Q]) (Table 1).

Peptide Expression and Purification. Trx fusion proteins
of both full-length contryphan-Vcl and the truncated analogue
Con-Vcl,_,, were expressed in Escherichia coli BL21(DE3)
cells at 30 °C, induced for 4 h with 0.5 mM isopropyl p-p-1-
thiogalactopyranoside. To generate '*N-labeled and '*N- and
13C-labeled contryphan-Vcl peptides, E. coli BL21(DE3) cells
were grown in M9 minimal medium supplemented with 1 g/L
15NH4C1 and 3 g/L [13C]glucose. For purification of the Trx-
fused peptides, cells were resuspended in bug buster (Novagen)
at a concentration of 1 g of cell paste per mL and incubated for
20 min in the presence of EDTA-free protease inhibitor cocktail
(Roche) and then clarified by centrifugation at 23660g for 30
min at 4 °C. The supernatant was loaded onto a pre-
equilibrated Ni-NTA Hitrap column (GE Healthcare, S mL) at
a flow rate of 0.25 mL/min. Unbound material was removed by
extensive washing with buffer A [20 mM Tris-HCl (pH 8), 10
mM imidazole, and 100 mM NaCl] followed by a wash with
buffer A containing 0.5 M NaCl. The fusion protein was eluted
with buffer A containing 250 mM imidazole and buffer-
exchanged with enterokinase cleavage buffer [SO mM Tris-HCl
(pH 8), 1 mM CaCl,, and S0 mM NaCl]. The Trx tag was
removed by incubating the fusion protein with enterokinase
(NEB) at a concentration of 0.005 ug/mg of protein at 23 °C
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for 16 h and passing the mixture onto a Ni-NTA Hitrap
column. Unbound supernatant was collected and purified by
reversed-phase HPLC (RP-HPLC) on a Phenomenex Luna
C18 column (100 A, S ym, 100 mm X 10 mm) using a gradient
from 5 to 95% B [A, 99.9% H,O and 0.1% TFA; B, 80%
acetonitrile (ACN), 19.9% H,0, and 0.1% TFA] over 30—60
min, and then the samples were lyophilized. The peptides were
further purified by peptide gel filtration using a Superdex
peptide 10/300 GL column, and the purity and molecular mass
of each peptide were confirmed by liquid chromatography and
mass spectrometry (LC—MS) on a Shimadzu LCMS2020
instrument, incorporating a Phenomenex Luna C8 column
(100 A, 3 ym, 100 mm X 2 mm) using a linear gradient of
water having 0.05% TFA for 4 min, followed by 0—60% ACN
(0.05% TFA) in water over 10 min at a flow rate of 0.2 mL/min
(Table 1 and Figures S1 and S2).

Peptide Synthesis. Full-length contryphan-Vcl was
synthesized using N-(9-fluorenyl) methoxycarbonyl (Fmoc)-
Tyr (tBu)-Wang resin on a Prelude automated peptide
synthesizer (Protein Technologies, Tucson, AZ). All couplings
were mediated with diisopropylcarbodiimide with 6-chloro-1-
hydroxybenzotriazole (6-CI-HOBT) for 3 h. The peptide was
cleaved from the resin support and simultaneously deprotected
using a cocktail of trifluoroacetic acid, anisole, triisopropylsi-
lane, thioanisole, water, and 1,2-ethanedithiol [9:1:2:1:1:1 (v/
v)] for 2 h at room temperature. The crude peptide was
precipitated and washed thrice with ice-cold diethyl ether, then
dissolved in 50% aqueous acetic acid, and diluted in water to a
concentration of 0.3 mg/mL. The pH of the peptide solution
was adjusted to 7.8 with ammonium hydroxide (NH,OH).
Disulfide bond formation was accelerated by adding 1 mL of
3% hydrogen peroxide (H,0,), and the peptide solution was
allowed to stir gently for 18 h. Other contryphan-Vcl peptide
analogues were synthesized on a PTI Instruments PS3 peptide
synthesizer, using Rink amide AM resin. Peptides were
deprotected with 20% piperidine in dimethylformamide
(DMF), activated with 70 mL/L N,N-diisopropylethylamine
(DIPEA) in DMF, and coupled with a 3-fold excess of 2-(6-
chloro-1H-benzotriazol-1-y1)-1,1,3,3-tetramethylaminium hexa-
fluorophosphate (HCTU) for 50 min. Cleavage from the resin
was performed over 2 h with a mixture of 3,6-dioxa-1,8-
octanedithiol, triisopropylsilane, 1,3-dimethoxybenzene, and
trifluoroacetic acid [2.5:2.5:5:92.5 (v/v) DODT/TIPS/DMB/
TFA]. The cleavage mixture was purged with nitrogen, and the
crude peptide was precipitated and washed thrice with ice-cold
diethyl ether, then dissolved in 0.1 M ammonium bicarbonate
(pH 8.0), and allowed to fold by adjusting the concentration to
0.3 mg/mL. The crude folded peptide was purified by RP-
HPLC on a Phenomenex Luna C18 column (100 A, 5 ym, 100
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mm X 10 mm) using a gradient of 5 to 95% B (4, 99.9% H,0
and 0.1% TFA; B, 80% ACN, 19.9% H,0, and 0.1% TFA) over
30—60 min, and the samples were lyophilized. The purity and
molecular mass of the each peptide were confirmed by LC—MS
on a Shimadzu LCMS2020 instrument, incorporating a
Phenomenex Luna C8 column (100 A, 3 gm, 100 mm X 2
mm) using a linear gradient of water having 0.05% TFA for 4
min, followed by 0 to 60% ACN (0.05% TFA) in water over 10
min at a flow rate of 0.2 mL/min (Table 1 and Figures S1 and
S3).

NMR Spectroscopy. All spectra were recorded on a Bruker
600 MHz spectrometer equipped with a cryogenically cooled
triple-resonance probe. The lyophilized peptide was dissolved
in either 93% H,O with 7% *H,0 or 100% *H,O (pH 4.0).
One-dimensional 'H spectra were recorded at different
temperatures between S and 30 °C, at intervals of 5 °C, and
between pH 3 and 9. Two-dimensional NMR spectra utilized
for sequence-specific assignments and structure calculations
were recorded at pH 4 and 20 °C. Two-dimensional
homonuclear TOCSY spectra with a spin-lock time of 80 ms
were recorded using the DIPSI-2 pulse sequence™ with
excitation sculpting for water suppression’* at 15, 20, and 25
°C. Two-dimensional NOESY spectra were recorded at two
different mixing times, 50 and 200 ms, to analyze the time
dependence of NOE intensities. A DQF-COSY spectrum was
recorded in 100% *H,O for measuring J couplings. *C HSQC
and "N HSQC spectra were recorded for carbon and nitrogen
chemical shifts, respectively. A sine-bell squared window
function was used for processing spectra. All spectra were
processed using Bruker TopSpin (version 3.2) and analyzed
using CcpNmr Analysis (version 2.1.5).”° The sequence-
specific resonance assignments are summarized in Table S1
and deposited in BMRB*® (entry 30124). For the determi-
nation of potential amide backbone hydrogen bonding in rCon-
Vcl,_»,[Z1Q], a series of one-dimensional 'H spectra was
recorded at 10, 15, 20, 25, and 30 °C, and the amide resonance
temperature coefficients were determined from the slope of
linear least-squares fits to the data.

Structure Calculation. The intensities of cross-peaks in
NOESY spectra with a mixing time of 200 ms were utilized to
generate distance constraints. ¥ iN-Ha coupling constants were
measured from one-dimensional 'H spectra, which yielded 11 ¢
angle constraints. These ¢ angles were restrained to —120 +
30° for *Jyn_pg values of >8.0 Hz and —65 =+ 25° for *Jun_pa
values of <6.0 Hz. Three distance constraints were added for
the disulfide bridge as follows: 2.00, 3.00, and 3.00 A for S(i)—
S(j), S(i))—Cp(j), and S(j)—Cp(i), respectively. The initial
structures of contryphan-Vcl,_,, were generated using CYANA
(version 3.0)*” and then refined utilizing Xplor-NIH.*®
Structure calculations were performed using 297 interproton
distance constraints derived from the NOESY spectrum (88
intraresidue, 88 sequential, 66 medium-range, and 55 long-
range NOE constraints), 11 dihedral angle constraints derived
from *Jyn_1e J coupling measurements from one-dimensional
'H, two other dihedral angle constraints derived from two-
dimensional DQF-COSY spectra, and three disulfide bond
restraints. Conventional simulated annealing protocols were
used in Xplor-NIH to generate an ensemble of 100 structures,
from which the 20 lowest-energy structures were chosen to
represent the solution structure of rCon-Vcl;_,,[Z1Q]. The
root-mean-square deviation (RMSD) values for these structures
were assessed using MolMol (version 2K.1).” Structural figures
were prepared using PyMOL (version 1.5.0.4).
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NMR Relaxation Measurements. "N relaxation experi-
ments were performed at 20 °C on a Bruker 600 MHz
spectrometer. Spin—lattice relaxation times (T;) were obtained
from a series of "H—'""N correlation spectra with relaxation
delays of 0, 50, 100, 200, 400, 800, and 1600 ms. Spin—spin
relaxation times (T,) were obtained using spin-lock periods of
0, 20, 50, 80, 120, 150, 180, 240, and 300 ms. The T, and T,
time constants were calculated using CcpNmr Analysis by
plotting peak volumes versus relaxation delay times with an
equation for single exponential decay. The reported errors are
standard deviations derived from the fit of the data. Steady-state
"H—'5N nuclear Overhauser enhancement (NOE) values were
determined from the ratio of peak intensities for spectra
recorded with and without 3 s proton presaturation. The peak
intensities of residues with and without proton presaturation
were calculated utilizing CARA.>

Reduction Assay. Tris(2-carboxyethyl)phosphine (TCEP)
stock solutions (0.5 M) were prepared in Milli-Q water
immediately prior to use. TCEP was added to 0.5 mM synthetic
contryphan-Vcl (sCon-Vcl) to a final concentration of 10 mM,
and the sample was incubated at room temperature. Peptide
samples were assayed at time intervals of 0, 1, 6, 18, 24, and 48
h using LC—MS on a Shimadzu LCMS2020 instrument
incorporating a Phenomenex Luna C8 column (100 A, 3 um,
100 mm X 2 mm) with a linear gradient of 0.05% TFA in water
for 4 min, followed by 0 to 60% ACN (0.05% TFA) in water
over 10 min at a flow rate of 0.2 mL/min. One-dimensional 'H
NMR spectra were recorded on synthetic contryphan-Vcl
(sCon-Vcl) in 6 mM TCEP (pH 4 and 20 °C) after incubation
for 1, 2, 16, and 24 h.

Proteolysis Assays. Proteolysis assays were performed at a
250:1 substrate (peptide):enzyme ratio with pepsin, trypsin,
and a-chymotrypsin. For all assays, peptides were incubated
with protease at 37 °C for up to 4 h. As a positive control to
ensure that active enzyme was present, bovine serum albumin
was used as a substrate. All digestion assay products were
analyzed by LC—MS (0 to 60% ACN gradient, 10 min).
Trypsin (EC 3.4.21.4, Sigma) and a-chymotrypsin (EC
3.4.21.1, Sigma) stocks were prepared in SO0 mM Tris (pH
74) and 100 mM NaCl, and pepsin (EC 3.4.23.1, Sigma)
stocks were prepared in 10 mM HCI (pH 2). The reactions for
trypsin and a-chymotrypsin were performed in 50 mM Tris-
HCI (pH 7.4), 100 mM NaCl, and 2 mM CaCl,. The reaction
for pepsin was performed in 1 mM HCI (pH 2). The trypsin
and a-chymotrypsin reactions were quenched with 0.1% TFA,
and the pepsin reaction was quenched with 50% 1 M NaOH.

Surface Plasmon Resonance. The binding affinities of the
Con-Vcl peptide analogues were analyzed by surface plasmon
resonance (SPR), using a Biacore T200 instrument (GE
Healthcare). All experiments were performed in degassed buffer
containing 25 mM HEPES (pH 7.4), 150 mM NaCl, 3 mM
EDTA, and 0.005% surfactant P-20 at 25 °C. Human SPSB2
was immobilized on a Biacore CMS biosensor chip by amine
coupling as follows. The CM-dextran matrix was activated with
0.2 M 1-ethyl-3-[3-(diethylamino)propyl]carbodiimide hydro-
chloride (EDC) and 0.05 M N-hydroxysuccinimide; 100 ug/
mL human SPSB2 in 10 mM sodium acetate (pH 5.5) was then
passed over the activated surface at a rate of 10 yL/min for 10
min. Finally, I M ethanolamine-HCl (pH 8.5) was injected into
both target and reference flow cells to deactivate any remaining
activated carboxyl groups on the surface. The binding of the
contryphan-Vcl peptide analogues to immobilized human
SPSB2 was investigated in a running buffer containing 10
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sCon-Vcl: ZW(.L,QPGYAYNPVLGI(.L,TITLSRIEHPGNYDY

rCon-Vcl[Z1Q]: QW&QPGYAYNPVLGIETITLSRIEHPGNYDY
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Figure 1. Secondary chemical shift difference plots for synthetic and recombinant contryphan-Vcl. (A) Sequences of sCon-Vcl and rCon-Vcl[Z1Q]
indicating disulfide connectivity. (B) H” shift deviations from random coil chemical shifts. (C) H" shift deviations from random coil chemical

shifts.*’

mM HEPES, 150 mM NaCl, 3 mM EDTA, and 0.005%
surfactant P-20, with and without 1 mM DTT (pH 7.4). The
peptides were injected onto the surface with a contact time of
100 s at a flow rate of 100 #L/min and a dissociation time for
600 s. Sensorgrams were further corrected for nonspecific
binding to the surface by subtracting the signals of the reference
surface from that of the human SPSB2-bound surface. The
corrected signal was then fitted to a 1:1 Langmuir binding
model using Biacore T200 Evaluation Software (version 2.0) to
estimate the association rate, k,,, and dissociation rate, k.4 In
cases in which kinetics could not be measured, SPR data were
evaluated using a 1:1 steady-state binding model to determine

the binding affinity (Kp).

B RESULTS

Recombinant Production of Contryphan-Vc1 Pepti-
des. Full-length contryphan-Vcl (rCon-Vcl[Z1Q]) and a
truncated analogue, rCon-Vcl,_,,[Z1Q], were expressed as Trx
fusion proteins in E. coli BL21(DE3). The Trx fusion proteins
were expressed in M9 medium to produce *N-labeled and '*N-
and "*C-labeled peptides. The Trx fusion proteins were highly
soluble, with yields of 20 mg/L from expression in both Luria-
Bertani broth and M9 medium. Clarified cell lysates containing
His-tagged Trx fusion proteins were loaded onto a Ni-NTA
column, and then bound protein was eluted from the Ni-NTA
column and cleaved with enterokinase. The cleaved fusion
protein was passed through a Ni-NTA column to remove His-
tagged Trx, and the desired peptide was purified by RP-HPLC.
The identities and purities of the peptides were confirmed by
LC—MS. RP-HPLC and LC—MS showed that purified rCon-
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Vc1[Z1Q] and rCon-Vcl,_»,[Z1Q] were essentially homoge-
neous and ~95% pure (Figure S2).”

Comparison of Synthetic and Recombinant Contry-
phan-Vc1. Contryphan-Vcl from the venom gland of Conus
victoriae has an N-terminal pyroglutamate modification, which
is in the proximity of the Tyr9 side chain in the structure of the
peptide.”” To assess the role of the pyroglutamate modification
in the structure of the peptide, we produced recombinant full-
length contryphan-Vcl having unmodified glutamine at the N-
terminus and compared its chemical shifts with those of
synthetic contryphan-Vcl with pyroglutamate at its N-
terminus. Plots of the deviations of H* and backbone chemical
shifts from random coil values were nearly identical for the two
peptides, with minor differences observed only near the N-
terminus (Figure 1). This confirms that synthetic and
recombinant contryphan-Vcl have similar structures and that
the pyroglutamate modification has no significant effect on the
structure of contryphan-Vcl.

Backbone Dynamics of Recombinant Contryphan-
Vcl1. Backbone 'H—""N NOEs and "*N R, and R, relaxation
rates for rCon-Vcl[Z1Q] are shown in Figure 2. Uniform
heteronuclear NOE values of ~0.6 were observed for residues
Trp2—Ilel8, consistent with the dynamics of these residues
being dominated by a single process on a time scale of
approximately 2 ns, as would be expected for the overall
tumbling of a molecule of this size. In contrast, most residues
beyond Thr19 showed either negative or zero 'H—'"*N NOE
values, indicating the presence of faster dynamic processes
(Figure 2). Consistent with the heteronuclear NOE values, the
R, and R, rates for residues Trp2—Ilel8 are relatively uniform
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Figure 2. R;, R, and "H—"*N NOE parameters (A—C, respectively) for recombinant full-length contryphan-Vcl. Overlapping residues are denoted
with circles, and the residues with zero intensity after NOE saturation are denoted with triang]es.

and larger than those of the C-terminal residues Thr19—Tyr31.
Together, these relaxation data indicate a well-defined
conformation and limited internal mobility for residues
Trp2—Ile18 and significant flexibility across the C-terminal tail.
Sequence-Specific Resonance Assignments for rCon-
Vc1,_2,[Z1Q]. Spin systems were identified through combined
analysis of DQF-COSY, TOCSY (80 ms spin-lock time), and
NOESY (200 ms mixing time) spectra recorded at 293 K and
pH 3.9. Sequential resonance assignments were made utilizing
two-dimensional NOESY and three-dimensional HNCA and
HNCACB spectra. Residues containing methyl groups such as
Ala8, Thr17 and -19, Leul3 and -20, and IlelS and -18 served
as good starting points for the identification of spin systems and
the sequential assignment process. The spin systems for Pro$
and Proll were identified by the observation of strong NOE
cross-peaks between GIn4%Pro5° and Asnl0%-Prol1% the
presence of strong ad NOEs confirmed the trans conformations
of both X—Pro bonds. Complete backbone and side chain
proton resonance assignments were obtained for all spin
systems (Table S1). Backbone resonances of recombinant full-
length contryphan-Vcl were assigned by comparing the
chemical shifts with those of synthetic contryphan-Vcl."”
Solution Structure of Con-Vc1,_,,. To investigate the
influence of the unstructured and highly flexible C-terminal tail
of contryphan-Vcl, the structure of truncated contryphan-Vcl
(rCon-Vcl,_»,[Z1Q]) was determined and compared with that
of full-length contryphan-Vcl."” Structural constraints are
summarized in Table 2. rCon-Vcl;_,,[Z1Q] retained its
ordered structure after deletion of the flexible C-terminal tail
region and is almost identical to that of the full-length peptide,
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Table 2. Structural Statistics for rCon-Vc,; ,,[Z1Q]

NMR Distance and Dihedral Constraints

no. of distance constraints

total NOEs 297
intraresidue 88
inter-residue
sequential (li — jl = 1) 88
medium-range (1 < li — jl < 5) 66
long-range (li —jl > 5) 55
hydrogen bond 4
total no. of dihedral angle restraints
backbone (¢ angle) 12

side chain (i, angle) 3
Structural Statistics

energy”
Enog (kcal mol™) 0.60S + 0.41
Eyqw (kcal mol™) 3.02 + 0.20
RMSD among 20 conformers (residues 2—16), average
pairwise RMSD”
backbone (A) (N, Ca, C) 0.36 + 0.12
all heavy atoms (A) 091 + 0.25
Ramachandran Analysis
residues in most favored regions (%) 68.4
residues in additionally allowed regions (%) 31.6
residues in generously allowed regions (%) 0.0
residues in disallowed regions (%) 0.0

“The values for Eyog were calculated from a square-well potential with
force constants of 150 kcal mol™ A% “The pairwise RMSD was
calculated across 20 refined structures.
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as shown in Figure 3. Backbone superimposition of the full-
length form and rCon-Vcl,_,,[Z1Q] yielded an RMSD of 0.74

A

LooBVZ

Figure 3. (A) Backbone superposition (using MolMol) of the closest-
to-average structures of recombinant rCon-Vcl,_,,[Z1Q] (blue) with
sCon-Vcl (red)."” (B) Stereoview of the ensemble of the final 20
structures of rCon-Vcl;_,,[Z1Q] from Xplor-NIH superimposed over
the backbone heavy atoms (N, C% and C) of residues 3—16. (C)
PyMOL representation of the closest-to-average structure of rCon-
Vel,_5,[Z1Q]. Loop 1 and loop 2 are colored green; f-strands are
colored blue, and the unstructured C-terminus is colored gray. (D)
Surface representation of structure of rCon-Vcl;_,,[Z1Q], with the
single disulfide bridge colored bright orange.

A over C* atoms of residues 3—16 (Figure 3A). The main
feature of the structure of rCon-Vcl;_,,[Z1Q] is an antiparallel
p-sheet with two p-strands connected by a f-turn (Figure
3B,C). The first two residues of rCon-Vcl;_,,[Z1Q], Glul and
Trp2, were less well-defined and had R, and R, rates that were
smaller than those of residues in the f-hairpin core of the
peptide. Residues Gln4, ProS, Gly6, and Tyr7 form a type II p-
turn that leads to the first f-strand. Ala8, Tyr9, and Asn10 form
the first f-strand, and Ilel5, Cys16, and Thrl7 make up the
other strand. Prol1, Val12, Leul3, and Gly14 form a type IV f-
turn. Residues after the second J-strand, Ile18—Arg22, are
unstructured and highly flexible. The amides of Ala8, Asnl0,
Ile1S, and Thrl7 had temperature coeflicients less negative
than —4.75 ppb/K, indicating that these residues participate in
hydrogen bonding. The hydrogen bonds inferred from the
structure are between Ala8 HY and Thr17 O, Asnl0 HY and
IlelS O, IlelS HY and Asnl10 O, and Thr17 HY and Ala8 O,
which are all part of the antiparallel S-sheet.
Conformational Stability of Contryphan-Vc1. Contry-
phan-Vcl has been shown to have remarkable thermal
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stability.'” The conformational stability of the SDH fold was
explored further by observing the effects of urea and pH on
conformation. One-dimensional '"H NMR spectra of sCon-Vcl
recorded in the presence of increasing concentrations of urea
(<7 M) showed subtle changes in the spectrum, indicating the
interaction of urea with the peptide. Although subtle chemical
shift changes were observed in the one-dimensional "H NMR,
the chemical shift dispersion was maintained even at 7 M urea,
indicating that the peptide was still folded (Figure S4). Limited
unfolding of the peptide can be inferred from the appearance of
a minor peak from the Trp2 indole proton around 9.6 ppm as
the concentration of urea increased (Figure S4C). The degree
of unfolding of the peptide was estimated from the relative
intensity of this peak. The resulting urea unfolding curve
(Figure S4D) shows that <30% of the peptide was unfolded at
7 M urea, confirming the exceptional conformational stability of
contryphan-Vcl.

sCon-Vcl was also examined over the pH range of 2-9.
One-dimensional '"H NMR spectra of sCon-Vcl showed subtle
chemical shift changes in the pH titration between pH 2 and 8,
but the overall spectral dispersion was maintained. Most of the
amide peaks were broadened at pH 9 because of solvent
exchange (Figure SS). The titratable residues Glu24 and His2$
are present in the highly flexible and unstructured C-terminal
region, and their titrations have no effect on the conformation
of the peptide.

Redox Stability. To test the redox stability of the SDH
fold, 0.5 mM sCon-Vcl was subjected to a high concentration
of the reducing agent TCEP. Contryphan-Vc2, a seven-residue
peptide that also has a single disulfide bridge, was used as
control for the reduction assay.'® Unlike sCon-Vcl, con-
tryphan-Vc2 was completely reduced within 1 h upon
incubation with 10 mM TCEP at room temperature (Figure
S6A). In contrast, only <5% of sCon-Vcl was reduced under
similar conditions (Figure 4A). The reduction kinetics of sCon-
Vcl were slow at room temperature, and even after being
incubated for 48 h, the peptide was not completely reduced
(Figure 4A). One-dimensional 'H NMR spectra and “C
HSQC spectra of sCon-Vcl (0.5 mM) showed no significant
changes in the presence of a 12-fold excess of TCEP (6 mM)
after incubation for 1 h at 20 °C. After incubation for 16 h with
the same concentration of TCEP (Figure 4C and Figure
S6C,D), a minor peak at 10.04 ppm appeared, corresponding to
the Trp2 indole proton resonance of the reduced species of
contryphan-Vcl. Even after incubation for 24 h with 6 mM
TCEP at 20 °C, one-dimensional '"H NMR spectra showed
only a slight increase in the reduced species. One-dimensional
'"H NMR spectra recorded on contryphan-Vcl,_,,[Z1Q]
incubated with 24 mM TCEP showed that the peaks
disappeared completely after TCEP incubation for 7 days,
showing that the disulfide bond contributes to the stability of
the SDH fold (Figure SGE,F).

Proteolytic Stability of Contryphan-Vcl1. In vitro
proteolysis was performed on sCon-Vcl, rCon-Vcl[Z1Q],
and rCon-Vcl,_»,[Z1Q] utilizing the enzymes trypsin, a-
chymotrypsin, and pepsin to assess the proteolytic stability of
contryphan-Vcl and its analogues. In the presence of trypsin,
sCon-Vcl showed accumulation of a peak with a mass of
2464.8 Da, which corresponds to residues 1—22 (cleavage
following Arg22) according to LC—MS. Tryptic digestion of
rCon-Vcl[Z1Q] also showed accumulation of a peak having a
mass of 2481.8 Da, also corresponding to residues 1—22 (the
difference in the mass of the fragments between sCon-Vcl and
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Figure 4. (A) Plot showing the percentage of oxidized species of sCon-Vcl over the time course of 45 h in the presence of 10 mM TCEP at room
temperature. (B) LC—MS chromatogram of sCon-Vcl at the 6 h time point after incubation with 10 mM TCEP at room temperature, with observed
mass differences for oxidized and reduced species of sCon-Vcl marked. (C) Amide and aromatic regions of one-dimensional '"H NMR spectra of
sCon-Vcl after incubation for 1 h, overnight, and for 24 h with 6 mM TCEP at pH 4.0 and 20 °C in water containing 7% ’H,0.

rCon-Vcl[Z1Q] is due to the N-terminal pyroglutamate
modification). The pattern of cleavage with trypsin is expected
because this protease cleaves the peptide chain mainly C-
terminal to lysine and arginine (Figure S, Figure S7, and Table
S2). In contrast, trypsin did not degrade rCon-Vcl,_,,[Z1Q]
over the observed time range (0.5, 1, 2, and 4 h) (Figure S7C)
as the peptide has no tryptic cleavage site. In the presence of a-
chymotrypsin, sCon-Vcl showed accumulation of two major
peaks in the LC—MS chromatogram with masses of 2221.5 and
1350.4 Da, which correspond to fragments 1—20 and 21-31,
respectively (Figure S7A). Similarly, a-chymotrypsin digestion
of rCon-Vc1[Z1Q] also showed accumulation of two major
peaks with masses of 2238.6 and 1350.4 Da, also corresponding
to fragments 1—20 and 21-31, respectively (Figure S7B).
rCon-Vcl,_,,[Z1Q] in the presence of a-chymotrypsin shows
accumulation of a single major peak with a mass of 2238.6 Da,
which corresponds to fragment 1—20 in rCon-Vcl,_,[Z1Q]
(Figure S, Figure S7C, and Table S2). Thus, the major cleavage
site for a-chymotrypsin is Leu20 (Figure S). In contrast,
incubation for 1 h with pepsin resulted in significant digestion
of sCon-Vcl, rCon-Vcl[Z1Q], and rCon-Vcl;_,,[Z1Q]
(Figure S7).

Evaluation of a Single Disulfide-Directed f-Hairpin
(SDH) Fold as an Acceptor Scaffold. To test whether the
SDH fold can accommodate foreign peptide sequences, we
replaced loop 1 or 2 of rCon-Vcl,_,,[Z1Q] with the DINNN
motif of iNOS based on the structural similarity between this
epitope bound to its target SPSB proteins and the part of the
scaffold it was replacing (Figure 6A,B)."”™>' 'H NMR spectra
of both sCon-Vcl,_,,[Z1Q,DINNN,_4] and sCon-
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Vel,_5,[Z1Q,DINNN},_,¢] showed a significant decrease in
the level of peak dispersion compared to that of native rCon-
Vel,_5,[21Q], indicating that these peptides did not adopt the
SDH fold (Figures S8 and S9). Somewhat surprisingly,
however, both peptides bound to human SPSB2 with Kj
values of 25 + 8 and 5.7 + 3 nM, respectively, comparable
to the affinity of disulfide-cyclized CVDINNNC (Figure 6 and
Table 3).>* Because the majority of the direct interactions
between the DINNN motif and SPSB2 are with the three Asn
residues, we substituted loop 2 of sCon-Vcl,_,, with just the
NNN sequence.m’33 '"H NMR spectra of sCon-
Vel,_5,[NNNy,_;,] showed good peak dispersion, and a
comparison of backbone chemical shifts with those of sCon-
Vel _,, showed that the peptide maintained the native fold
(Figures S8 and S9). The sCon-Vcl;_,[NNN,,_,] peptide
bound to the human SPSB2 protein with an affinity of 1.3 uM,
which is almost 4-fold weaker than the affinity of the linear
DINNN motif for the human SPSB2 protein. However, the
binding affinity of sCon-Vcl;_»,[NNN,,_,,] is almost 50-fold
higher than that of the linear NNN epitope itself (Figure 6 and
Table 3).

B DISCUSSION

In this study, we have further characterized the stability of the
SDH fold first described in contryphan-Vc1' and shown that it
can be truncated without loss of ordered structure. Because the
molecule is stabilized by just a single disulfide bridge, it was
possible to obtain good expression in E. coli We further
established that the N-terminal pyroglutamate modification has
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Figure S. Reversed-phase HPLC analysis after treatment of sCon-Vcl, rCon-Vc1[Z1Q], and rCon-Vc11-22[Z1Q] with trypsin, a-chymotrypsin,
and pepsin for 2 h. (A) Sequences of peptides sCon-Vcl, rCon-Vc1[Z1Q], and rCon-Vcl,_»,[Z1Q] used in the study with expected trypsin and a-
chymotrypsin cleavage sites colored red and green, respectively, and the observed trypsin and a-chymotrypsin cleavage sites underlined with red and
green lines, respectively. (B) Observed trypsin cleavage site Arg22 and a-chymotrypsin cleavage site Leu20 are mapped on the structure of full-length
contryphan-Vcl. (C) Reversed-phase HPLC chromatogram for trypsin digestion of peptides sCon-Vcl, rCon-Vc1[Z1Q], and rCon-Vcl,_»,[Z1Q].
(D) Reversed-phase HPLC chromatogram for a-chymotrypsin digestion of peptides sCon-Vcl, rCon-Vc1[Z1Q], and rCon-Vcl,_»,[Z1Q].

a negligible effect on the core structure of the peptide, as
monitored by NMR chemical shifts. Backbone "°N relaxation
data showed that residues Trp2—Ilel8 adopt a well-defined,
stable conformation. Residues beyond Thrl9 showed either
negative or zero 'H—""N NOE values and relatively lower R,
and R, values, indicating that the region from residue 19 to 31
is highly disordered, with the flexibility increasing toward the C-
terminus.

Contryphan-Vcl exhibited remarkable thermal stability."
The secondary structure monitored by circular dichroism
spectroscopy did not change even at 95 °C, and one-
dimensional NMR spectra showed no change in peak
dispersion up to 70 °C (the highest temperature examined)."”
To further assess the conformational stability of contryphan-
Vcl, we investigated the effects of urea, pH, and reducing
agents on its structure, as monitored by NMR. The peptide
exhibited remarkable chemical stability in the presence of urea,
showing <30% unfolding even at 7 M urea (Figure S4).
Contryphan-Vcl is also quite stable over a broad pH range,
with one-dimensional NMR spectra showing no significant
changes to the core structure between pH 2 and 8 (Figure S5).

One of the potential limitations of peptides having disulfide
bridges as therapeutic leads is their redox stability. Most cellular
compartments are reducing environments,”* and in the
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circulation and extracellular space, thiol—disulfide exchange
reactions”” are performed by different members of the protein
disulfide isomerase family.*® Disulfide bridges are usually
unstable in reducing environments and are susceptible to
disulfide bond exchange reactions with biological thiols such as
glutathione.”””® This can partially or completely inactivate
peptides that have disulfide bridges,””*’ rendering them more
susceptible to proteolytic cleavage.”” With less stable disulfide-
cyclized peptides such as Ac-c{[CVDINNNC]-NH,,"" which
was shown to be reduced within 0.5 h,*" and contryphan-Vc2'®
[used in this study (Figure S6)], S mM TCEP at pH 4 was
sufficient to reduce these peptides within 1 h at room
temperature. In contrast, to completely reduce a highly stable
peptide such as sCon-Vcl, incubation with 10 mM TCEP (pH
4) for more than 2 days at room temperature was required,
emphasizing the remarkable redox stability of contryphan-Vcl.

Both the calculated structures and the backbone relaxation
parameters concur in showing that the N-terminal region of
contryphan-Vcl up to Thr19 adopts an ordered structure while
the C-terminal region from residues Thr19—Tyr31 is flexible.
To identify the minimal region sufficient to maintain the
structure and to analyze the influence of the highly flexible C-
terminus, a truncated variant of the peptide encompassing
residues 1—22 was generated. Even though residues Thr19—
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Figure 6. (A) PyMOL representation of the alignment of the DINNN motif (cyan) bound to SPSB2 (3EMW )*! and loop 1 (QPGY) (green) of
rCon-Vc11-22[Z1Q]. (B) PyMOL representation of the alignment of the DINNN motif (cyan) bound to SPSB2 (3EMW)>" and loop 2 (PVLG)
(green) of rCon-Vcl,_»,,[Z1Q]. SPR sensorgrams of the interactions between immobilized human SPSB2 and the Vc1-DINNN analogues: (C)
rCon-Vcl;_,,[Z1Q], (D) cystathionine-cyclized c[CVDINNNC], (E) linear DINNN, (F) sCon-Vcl,_,,[Z1Q,DINNN, ¢], (G) sCon-

Vel;_5,[Z1Q,DINNN,,_ ], and (H) sCon-Vcl;_,,[NNNy,_,].

Table 3. Association Rates (k,), Dissociation Rates (k,), and
Binding affinities (Kp) for the Vc1-DINNN Peptide
Analogues and Controls

peptide k,M7Ts™) kg (57D Kp (nM)
rCon-Vcl,_,,[71Q] no binding  no binding  no binding
sCon-Vel;_»,[NNN},_,] 51X 107 0.007 1300
sCon-Vel;_[Z1QDINNN, ;] 7.9 x 107°  0.00064 25+ 8
sCon- 57 X 107 0.002695 S7+3

Vel 5[Z1QDINNN, ]

DINNN LI1xX 107 012 350
Ac-[CVDINNNC] 47 x 107 0.0074 10
NNN** a a 74.6

“Association and dissociation rates were too rapid to be determined.

Arg22 are flexible, with negative or zero '"H—""N NOE values,
truncation was performed at Arg22 with a view to retaining
polar residues Thr19 and Ser2l and the charged Arg22, to
maintain aqueous solubility. The structure of rCon-
Vel,_,,[Z1Q] revealed that the peptide retained its structure
even after deletion of the C-terminal tail region (Figure 3).

A key attribute of a peptide scaffold is its resistance to
proteolytic degradation.”” Proteolysis of full-length contryphan-
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Vcl with trypsin yielded a major cleavage product, correspond-
ing to cleavage at Arg22. In contrast, the truncated peptide
rCon-Vcl,_,,[Z1Q], which lacks the tryptic cleavage site, is
highly resistant to trypsin cleavage. Both synthetic and
recombinant contryphan-Vcl full-length peptides showed two
cleavage products upon digestion with chymotrypsin, indicating
that these peptides are cleaved at a major cleavage site,
identified as Leu20 (Figure S). Cleavage of rCon-Vcl,_,,[Z1Q]
with chymotrypsin yielded a single major cleavage product
corresponding to fragment 1—20. Observation of a single
cleavage site for contryphan-Vcl, even though there are several
residues in the core f-sheet structure that can serve as cleavage
sites for chymotrypsin, indicates that this structure imparts
resistance to proteolysis. In contrast, both full-length and
truncated peptides were found to be susceptible to pepsin
cleavage, with both peptides being digested completely by this
protease.

Even some peptides with the highly stable ICK fold and
multiple disulfide bonds are susceptible to proteolytic
degradation. Derivatives of Agouti-related protein and two
squash protease inhibitors were stable to pepsin and elastase

but were extensively degraded by trypsin and chymotrypsin.*’
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Similarly constrained peptides, including @-conotoxin MVIIA
and a hybrid of two squash trypsin inhibitors (EETL-II and
MCOTI-II), were degraded by trypsin and chymotrypsin.***’
Multiple strategies for increasing the proteolytic stability of the
peptides are emerging, including backbone cyclization,***’
where the N- and C-termini of the linear peptide are linked
using peptide coupling agents.*® Depending on the target of an
engineered analogue of contryphan-Vcl, individual residues
that are sites of proteolysis, for example, Leu20 in the case of
chymotrypsin, could be replaced to enhance resistance.

To assess the capacity of the SDH fold to incorporate foreign
peptide sequences and present them in a functional manner,
the loops in the core structure of contryphan-Vcl were replaced
with a five-residue DINNN epitope from iNOS that interacts
with SPSB proteins and mediates its proteolytic degrada-
tion.”"* In the sCon-Vcl,_,,[Z1Q,DINNN,_;] analogue, the
four residues comprising loop 1 of rCon-Vcl,_,,[Z1Q]
(QPGY) were replaced by the DINNN motif, while the three
residues in loop 2 (VLG) were substituted with the DINNN
motif in the sCon-Vcl,_,,[Z1Q,DINNN,,_ ] analogue. Pro-
line is preferred at some positions of f-turns and has been
shown to increase their stability;so’51 hence, Proll was retained
in sCon-Vcl,_5,[Z1Q,DINNN,,_;]. Even though both Vcl-
DINNN analogues bound to SPSB2 with affinities of 25 + 8
and 5.7 + 3 nM, respectively (Figure 6), "H NMR spectra of
both peptides showed poor peak dispersion, indicating that
substituting loop 1 and loop 2 residues with the entire DINNN
motif disrupted the native fold (Figures S8 and S9). While this
indicates that there are limitations on the sequence variation
that can be accommodated in either of these loops, the
retention of the high binding affinity for SPSB2 implies that the
incorporated DINNN sequences can adopt a conformation that
is recognized by SPSB2 even as part of this larger, partially
constrained peptide.”’

In an effort to maintain the structure of the turn in the f-
hairpin, we replaced the VLG residues of loop 2 with a shorter
three-residue NNN epitope, noting that the majority of the
direct contacts with SPSB2 are mediated by the three Asn
residues.” The sCon-Vcl;_»,[NNN,_;,] analogue bound to
human SPSB2 with an affinity of 1.3 uM, which is almost 50-
fold stronger than that of the linear NNN epitope itself (Figure
6 and Table 3).>> Moreover, '"H NMR spectra of this analogue
showed good peak dispersion and native-like chemical shifts,
indicating that the native fold was maintained. The binding
affinity for SPSB2 implies that the NNN motif is constrained
appropriately for binding to SPSB2, but the absence of the Asp
residue of the original DINNN motif precludes tighter binding.

In the study presented here, important structural, dynamic,
and stability properties of the recently discovered contryphan-
Vcl have been evaluated. Contryphan-Vcl offers a significant
advantage in that it contains just a single disulfide bond, while
exhibiting remarkable thermal, redox, and chemical stability and
reasonable proteolytic stability. Contryphan-Vcl can accept the
NNN sequence without compromising the core structure of the
peptide, although more substantial insertions did affect the
structure. Further exploration of the capacity of rCon-
Vcl,_5,[Z1Q] to accommodate other functional epitopes is
clearly warranted.
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B ABBREVIATIONS

HSQC, heteronuclear single-quantum coherence; ICK, inhib-
itor cystine knot; NMR, nuclear magnetic resonance; NOE,
nuclear Overhauser effect; RMSD, root-mean-square deviation;
rCon-Vcl[Z1Q], recombinant contryphan-Vcl; rCon-
Vcly_5,[Z1Q], recombinant truncated contryphan-Vcl; RP-
HPLC, reversed-phase high-performance liquid chromatogra-
phy; RMSD, root-mean-square deviation; sCon-Vcl, synthetic
contryphan-Vcl; TCEP, tris(2-carboxyethyl)phosphine.
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Table S1. Chemical shifts for truncated contryphan-Vcl (rCon-Vcl;,[Z1Q]) at pH 3.9,
293K
Residue  HY H* H" N ct CP  other

Ginl NA 3.8 1.53,1.65 NA 52.6 27.1 H'2.07,H° 691

H’1 7.23; H1 10.01;
Trp2 8.75 45 3.17 1259 584  30.0 H°37.43;H%27.43;
H3 7.04,7.45; H"2 7.20

Cys3 7.8 4.69 292239 1213 51.8 42.1

Gln4 8.65 4.04 1.96,1.77 1214 54.5 272 H'2.17,2.05 H*6.72,7.12

Pro5 - 4.37 2.37,1.91 - 64.6 31.7 H'2.08,2.20; H® 3.69, 3.83

Gly6 8.9 4.35,3.62 - 1123 451

Tyr7 8.31 5.05 335,239  120.1 56.4 41.6  H’6.70; H* 6.69

Ala8 9.25 4.65 1.35 121.3 51.1 22.3

Tyr9 9.08 4.31 2.80,3.02 124.6  59.7 39.1 H’6.85; H 6.57

Asnl0 8.17 5.08 3.00,2.80 1285 493 39.5 H*27.36,7.76

Proll - 4.03 241 - 64.1 323  H'2.05,2.11; H’ 3.90
Vall2 7.57 3.75 2.11 119.5 65.4 32.1 H'a0.90; H'b 1.00

Leul3 6.95 4.28 1.29 116.7 54.8 442 H'1.52H%0.82; H°b 0.86
Glyl4 8.4 3.96,3.73 - 108.5 46.3

S2



llel5

Cysl6

Thr17

Ilel8

Thr19

Leu20

Ser21

Arg22

6.77

8.86

9.35

8.42

8.19

8.31

8.33

8.06

4.85

5.15

4.85

343

4.29

4.38

4.42

4.21

1.91

3.10,2.77

4.28

1.3

3.96

3.83

1.72,1.86

109.8

120.8

116.6

124.5

121.3

126.2

117.8

127.6

57.5

56.2

62.2

61.7

54.9

58.3

574

422

42.9

71.6

38.9

69.6

42.6

63.8

31.5

H'1 1.172; H2 0.89;
H’10.82

H2 1.20
H'1 0.79, 1.06; H2 0.69;
H°1 0.67

H"2 1.07

H" 1.59; H% 0.83; Hb 0.90

H' 1.58; H°3.18; H° 7.18

30124 - BMRB accession number for the chemical shifts of rCon-Vcl,.2,[Z1Q)]
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Table S2. Fragments and their masses observed after proteolytic digestion of sCon-Vcl,

rCon-Vcl[Z1Q] and rCon-Vcl,2[Z1Q] with the enzymes trypsin and a-chymotrypsin.

Peptide Fragment sequence ME+1 ML
(calculated) (observed)

sCon-vel 1-31 ZWCQPGYAYNPVLGICTITLSRIEHPGNYDY 35547 3554.6
sCon-Vcl 1-22 ZWCQPGYAYNPVLGICTITLSR 2466.2 2464.8
sCon-Vcl 23-31 IEHPGNYDY  1107.5 1107.1
sCon-Vel 1-20 ZWCQPGYAYNPVLGICTITL 2221.1 2224
sCon-Vel 21-31 SRIEHPGNYDY  1350.4 1350.4
rCon-Vc1[Z1Q]1-31 QWCQPGYAYNPVLGICTITLSRIEHPGNYDY 3573 3573
rCon-Vcl[Z1Q]1-22 ~ QWCQPGYAYNPVLGICTITLSR 2481.9 2482.2
rCon-Vc1[Z1Q] 23-31 [EHPGNYDY  1107.1 1107.1
rCon-Vcl[Z1Q]1-20  QWCQPGYAYNPVLGICTITL 2238.6 2240
rCon-Vcl1[Z1Q] 21-31 SRIEHPGNYDY  1350.4 1350.4
rCon-Vel, [Z1Q] QWCQPGYAYNPVLGICTITLSR 2481.9 2482.2
rCon-Vel,[21Q] QWCQPGYAYNPVLGICTITL 2238.6 2240

1 .
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Figure S1. A. RP-HPLC chromatogram of sCon-Vcl using an ODS-silica column gradient
from 10-70% B in 30 min at 1 mL/min. Absorbance at 220 nm. B. ESI-MS results for
purified sCon-Vcl peptide. Molecular ion peaks of MH**, MH* and MH**, indicating a

molecular mass of 3554.01.
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Figure S3. A. LC-MS profile of sCon-Vcl;.2[Z1Q,DINNN,s]. B. LC-MS profile of sCon-
VC11_22[ZlQ,DINNN12_16] and C. SCOH—VC11_22[NNN12_14].
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Figure S4. A. 1D 'H NMR spectra of synthetic full-length contryphan-Vcl with increasing
concentrations of urea to 7 M at pH 4.0 and 20°C in water containing 7% “H,O. Broad signal
at 5.5 ppm is due to urea. B. Amide and aromatic regions of spectra in A. C. Region of 1D 'H
NMR spectra showing Trp2 indole peak of both folded and unfolded conformations of sCon-
Vcl. D. Urea unfolding curve for Trp2 indole proton peak of sCon-Vcl. Fraction of unfolded
peptide was obtained from the relative intensities of the unfolded and folded resonances of
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Figure SS. A. One-dimensional 'H NMR spectra of synthetic full-length contryphan-Vcl
over the pH range 2-9 at 20°C in water containing 7% ’H,0. B. Amide and aromatic region
of spectra in A. C. Aliphatic region of spectra in A.
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Figure S6. A. LC-MS chromatogram of contryphan-Vc2 before and after 1 h incubation
with 10 mM TCEP at room temperature. B. LC-MS chromatogram of sCon-Vcl1 at different
time points after incubation with 10 mM TCEP at room temperature, with observed mass
difference for oxidized and reduced species of sCon-Vclmarked. C. Overlay of Bc HSQC
spectra of sCon-Vcl in presence and absence of 6 mM TCEP. D. Region of B¢ HSQC
spectra of sCon-Vcl showing PH peaks for Cys 3 and Cys16. E. One-dimensional 'H NMR
spectra of contryphan-Vcl.2,[Z1Q] in the presence of 24 mM TCEP at 24 h, 6 days and 7
days at 20°C, pH 4.0 in water containing 7% “H,0.E. Amide and aromatic region of spectra
in A.
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Figure S7. Reversed-phase HPLC analysis of synthetic, recombinant full-length contryphan-
Vel and rCon-Vcl 2[Z1Q] treated with trypsin, a-chymotrypsin and pepsin. A.
Chromatograms for synthetic full-length contryphan-Vcl digested with trypsin, a-
chymotrypsin and pepsin. B. Chromatograms for recombinant full-length contryphan-Vcl
digested with trypsin, a-chymotrypsin and pepsin. C. Chromatograms for rCon-Vcl;.2, [Z1Q]
digested with trypsin, a-chymotrypsin and pepsin. D. Chromatograms for bovine serum
albumin control digested with trypsin, a-chymotrypsin and pepsin.
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Figure S8. A. One-dimensional 'H NMR spectra of rCon-Vcl;[Z1Q], sCon-Vel,.
22[NNN12.14], sCon-Vcl12[Z1Q,DINNN,g] and sCon-Vcl;2[Z1Q,DINNN, 1¢] at pH 4 at
20°C in water containing 7% “H,O. B. Amide and aromatic regions of spectra in A.
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Figure S9. Deviations from random coil chemical shifts for rCon-Vc1;.2,[Z1Q], sCon-Vcl;.
2»[NNN5.14] and sCon-Vcl;.2[Z1Q,DINNN,g] A. H* chemical shift comparison between
rCon-Vcl1[Z1Q] and sCon-Vcl;,,[Z1Q,DINNN,g] . B. HY chemical shift comparison
between rCon-Vcl;2[Z1Q] and sCon-Vcli2[Z1Q,DINNN,g].C. H* chemical shift
comparison between rCon-Vcl;2[Z1Q] and sCon-Vcl5[NNNj, 14]. D. HY chemical shift
comparison between rCon-Vcl.,[Z1Q] and sCon-Vcl5[NNNj,. 14].1
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Chapter 4
Constraining the Single Disulfide-
Directed B-Hairpin (SDH) Fold with an
Additional Disulfide Bond
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4.1 Introduction

The single disulfide-directed p-hairpin (SDH) fold observed first in contryphan-Vcl, has been
shown to possess remarkable thermal, conformational and chemical stability and also shown
to accept short bioactive epitope without compromising the core structure of the peptide.5®
Apart from maintaining the SDH fold of the peptide, the grafted molecule Vc1-NNN also
enhanced the binding of the truncated NNN epitope of DINNN motif towards hSPSB2,
suggesting the success in utilising the SDH fold as a peptide scaffold.*®5% %8 Even though the
SDH fold of contryphan-Vcl exhibits remarkable thermal, chemical and conformational
stability, the peptide has shown only a limited proteolytic stability.%® The p-hairpin core of the
contryphan-Vcl is shown to be resistant to the cleavage by the enzymes trypsin and
chymotrypsin but is susceptible to the cleavage by pepsin.%® Pepsin is an aspartic protease,
using a catalytic aspartate in its active site which preferentially cleaves at Phe, Tyr, Trp and
Leu in position P1 or P1'.% Selective residue replacement to make the peptide resistant to
digestion by a particular protease is one of the methods to overcome the susceptibility of a
peptide towards a protease. The sequence of the truncated contryphan-Vcl consists of five sites
that are susceptible to cleavage by pepsin, which are Trp2, Tyr7 and 9, Leul3 and 20 primary
sequence rendering the method of selective residue replacement ineffective.

Apart from the susceptibility of contryphan-Vcl towards pepsin, another aspect of the
SDH fold that needs to be enhanced in order to use it as a robust scaffold is its ability to
accommodate epitopes that are larger than three residues. Incorporation of the DINNN motif
of inducible nitric oxide synthase (iNOS) which is essential for recognition of iNOS by the
SPRY domain-containing SOCS (suppressor of cytokine signalling) box (SPSB) proteins in
circulating macrophages*®° disrupted the SDH fold of the contryphan-Vcl, suggesting a
limitation of the SDH fold of contryphan-Vcl in accommodating epitopes larger than three
residues. Introducing disulfide bonds is one of the common methods utilized to increase the
stability of proteins in biomedical and industrial applications, and various proteins have been
successfully engineered for increasing thermal stability by introducing disulfide bridges.”®"
Interestingly, not all engineered disulfides have provided an increase in stability, as there are a
number of reports of destabilizing disulfides.”® Disulfide bonds are believed to decrease the
conformational entropy and raise the free energy of the denatured state, thus increasing the
stability of the folded protein conformation.”” Given that native disulfide bonds provide
considerable stability to proteins,’® it follows that the addition of a new crosslink to a protein
or peptide might increase the stability.”
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Introducing disulfide bonds, apart from increasing thermodynamic and kinetic stability of
a protein, can also enhance proteolytic stability of a peptide or protein.®% 8 An engineered
disulfide bridge in subtilisin E was shown to increase thermal stability considerably.8?
Proteases such as thermolysin have been shown to gain stability by introduction of an
additional disulfide bridge.®® In order to enhance the proteolytic stability and to overcome the
limitation of accepting only short epitopes, we decided to introduce an additional disulfide
bond to further constrain the SDH fold of the contryphan-Vcl. The residues GInl and Tyr9
were chosen to be replaced by cysteines in order to introduce an additional disulfide bond
between residues 1-9 based on their proximity in the structure of contryphan-Vc1l and based on
inspection of many peptide sequences with the ICK fold, with which the SDH fold of
contryphan-Vc1 shares many similarities.*’

Molecular dynamics (MD) simulations are routinely used to investigate the structure and
dynamics of biological molecules and their complexes in silico. In this study we have utilized
MD simulations in order to assess whether introduction of an additional disulfide bond would
destabilize the SDH fold of contryphan-Vcl. We have synthesised contryphan-Vcli-22[Q1C,
Y9C] on rink amide utilising orthogonal cysteine protection, where Cys at positions 1 and 9
were protected using S-acetamido methyl protective group and Cys 3 and 16 were protected
using S-trityl protective group. The solution structure of contryphan-Vcl1-22[Q1C, Y9C] was
determined using NMR spectroscopy and its proteolytic stability was assayed in the presence

of trypsin, chymotrypsin and pepsin.

4.2 Materials and methods

4.2.1 MD simulations

MD simulations were carried out using GROMACS version 5.0.4, using the GROMOS 54a7
united-atom force field and a 2 fs time step. Temperature coupling made use of the velocity
rescale algorithm with a reference temperature of 293 K. Pressure coupling used the Parinello-
Rahman algorithm, with reference pressure of 1 bar and compressibility of 4.5 x 10 bar™.
Initial structures were generated using the Maestro software package (v 10.3.014), by in silico
mutation of the published structure of contryphan-Vc11-22[Z1Q] (PDB code: 5KKM). These
structures were solvated with SPC water and subjected to a steepest-descent minimisation of
2000 steps to remove bad van der Waals contacts between atoms. Temperature equilibration
(without pressure coupling) was run for 10,000 steps. Isotropic pressure coupling was then
applied for 500,000 steps. Following equilibration, the simulation production runs were

executed for 300 ns each. The resultant trajectories were visualised with the Visual Molecular
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Dynamics (VMD) software package (v 1.9.2) and analysed with VMD and GROMACS built-
in tools. Root-mean-square deviation (RMSD) and radius of gyration were calculated based on
data extracted using the rms command and the gyrate command of the GROMACS software

and plotted using the gnuplot software package (v 5.0).

4.2.2 Peptide synthesis

The procedure for peptide synthesis used in this study is described in detail in the general
materials and methods under section 2.4. Here the method specific for synthesis of contryphan-
Vcli122[Q1C, YIC] is described briefly. Contryphan-Vcl1-22[Q1C, Y9C] was synthesised on a
PTI Instruments PS3 peptide synthesiser, using Rink amide AM resin. Orthogonal cysteine
protection was utilised where cysteines 1 and 9 were protected using s-acetamido methyl
protective group and the cysteines 3 and 16 were protected using s-trityl protective group.
Cleavage from the resin was performed over 2 h with a mixture of 3,6-dioxa-1,8-octanedithiol,
triisopropylsilane, 1,3-dimethoxy benzene and trifluoroacetic acid (DODT:TIPS:DMB:TFA at
ratios 2.5: 2.5: 5: 92.5 by volume) The cleavage mixture was purged with nitrogen and the
crude peptide was precipitated with ice-cold diethyl ether and washed three times with the same
and subsequently folded in 0.1M ammonium bicarbonate by adjusting the concentration to 0.3
mg/mL and pH 8.0. The partially folded peptide where the disulfide bond between Cys 3 and
16 formed by air oxidation was purified by reversed-phase HPLC (RP-HPLC) on a
Phenomenex® Luna C18 column (100 A, 5 um, 100 x 10 mm) using a gradient of 5-95% B
(A: 99.9% H20, 0.1% TFA; B: 80% acetonitrile (ACN), 19.9% H20, 0.1% TFA) over 30-60
min and the sample was lyophilised. The disulfide bond between Cys 1 and 9 was formed by
iodine oxidation where 0.5 mM of lyophilised partially folded peptide is incubated for 30
minutes in presence of 5 mM iodine dissolved in 50% acetonitrile. The reaction was stopped
using 100 mM sodium ascorbate solution and the fully oxidised peptide was purified by
reversed-phase HPLC and checked by LC-MS (Figure 1).

4.2.3 NMR spectroscopy

All spectra were acquired on a Bruker 600 MHz spectrometer equipped with a cryogenically-
cooled triple-resonance probe. Lyophilised peptide was dissolved in either 93% H20/7% 2H20
or 100% 2H20 (pH 4.0). One-dimensional H spectra were acquired at different temperatures
between 5 and 40°C, at intervals of 5°C, and between pH 3 and 9. Two-dimensional NMR
spectra utilised for sequence-specific assignments and structure calculations were acquired at
pH 4 and 40°C. Two-dimensional homonuclear TOCSY spectra with a spin lock time of 80 ms

were acquired using the DIPSI-2 pulse sequence with excitation sculpting for water
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suppression at 15, 20 and 25°C. Two-dimensional NOESY spectra were acquired with mixing
times of 50, 200 and 300 ms to analyse the time-dependence of NOE intensities. 3C-HSQC
and >N-HSQC spectra were acquired for carbon and nitrogen chemical shifts, respectively. A
sine-bell squared window function was used for processing spectra. All spectra were processed
using Bruker TopSpin (Version 3.2) and analysed using CcpNmr Analysis (Version 2.1.5). The
sequence-specific resonance assignments are summarized in Table 1.

4.2.4 Structure Calculation

The intensities of cross peaks in the NOESY spectra with a mixing time of 300 ms were utilised
to generate distance constraints. 3Jun-Ha coupling constants were measured from one-
dimensional H spectra, which yielded 7 ¢ angle constraints. These ¢ angles were restrained
to -120 + 30° for 3Jrn-He > 8.0 Hz and -65 + 25° for 3Jun-Ha < 6.0 Hz. Three distance constraints
were added for the disulfide bridge as follows: 2.00, 3.00, and 3.00 A for S(i)-S(j), S(i)-CB(),
and S(j)—CpB(i), respectively. The structures of contryphan-Vcli-22[Q1C, Y9C] were generated
using the program CYANA (version 3.0). Structure calculations were performed using 213
inter-proton distance constraints derived from the NOESY spectrum (65 intra-residue, 64
sequential, 34 medium-range and 50 long-range NOE constraints), seven dihedral angle
constraints derived from 3Jun-Ha coupling constants measured from one-dimensional *H, and
three disulfide bond restraints. The root-mean-square deviation (RMSD) values for these
structures were assessed using MolMol (version 2K.1). Structural figures were prepared using
PyMOL (version 1.5.0.4).

4.2.5 Proteolysis Assays

Proteolysis assays were performed at a 250:1 substrate (peptide)/enzyme ratio with pepsin,
trypsin and a-chymotrypsin. For all assays, peptides were incubated with enzyme at 37°C for
up to 4 h in the presence of protease. As a positive control to ensure that active enzyme was
present, full-length contryphan-Vcl was used as substrate. All digestion assay products were
analysed by LC-MS (0-60 % ACN gradient, 10 min). Trypsin (EC 3.4.21.4, Sigma) and a-
chymotrypsin (EC 3.4.21.1, Sigma) stocks were prepared in 50 mM Tris, 100 mM NaCl (pH
7.4), and pepsin (EC 3.4.23.1, Sigma) stocks were prepared in 10 mM HCI (pH 2). The
reactions for trypsin and a-chymotrypsin are performed in 50mM Tris, 100mM NaCl, 2mM
CaCl2 pH 7.4. The reaction for pepsin is performed in 1 mM HCI pH 2. The trypsin and -
chymotrypsin reactions were quenched with 0.1% TFA, and the pepsin reaction was quenched
with 50% 1 M NaOH.

4.3 Results
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4.3.1 Analysis of the MD simulation trajectories

In order to check whether introduction of an additional disulfide bond between residues 1 and
9 of the contryphan-Vclis permissible we have performed MD simulations on contryphan-
Vcl1-22[Q1C, Y9C] and calculated global RMSD and radius of gyration (Rg) across the 300 ns
simulation time of each trajectory. RMSD values indicated the extent to which the structure
was changing, while radius of gyration allowed the compactness of the structure to be
monitored. If the structure of the grafted construct were to unravel during the simulation, this
would be indicated by an increase in Rg. The RMSD plot of the simulation trajectory over the
course of 300 ns indicates that the RMSD of the molecule was fairly constant throughout the
simulation time course with an initial surge before 50 ns (Figure 1A). The radius of gyration
plot of the simulation trajectory indicates that the Rg values were generally constant throughout
the simulation time course, implying that the structure of the molecule was stable and the
peptide did not unfold (Figure 1B).
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Figure 1 A. RMSD plot throughout the time course of simulation. B. Radius of gyration plot
(Rg) of the simulation trajectory.

4.3.2 Synthesis and purification of contryphan-Vc¢1:1.22[Q1C, Y9C]
Contryphan-Vcl1-22[Q1C, Y9C] was synthesized utilising solid phase peptide synthesis on rink
amide AM resin using orthogonal cysteine protection. Cysteines 1 and 9 were protected using
s-acetamido methyl protective group and the cysteines 3 and 16 were protected using s-trityl
protective group. The partially folded peptide where the disulfide bond between Cys 3 and 16
formed by air oxidation was purified by reversed-phase HPLC (RP-HPLC). The disulfide bond
between Cys 1 and 9 was formed by iodine oxidation. Purity and mass of the peptide was
confirmed by LC-MS (Figure 2).
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Figure 2. A. LC-MS profile of partially oxidized contryphan-Vc11-22[Q1C, Y9C]. B. LC-MS
profile of fully oxidized and RP-HPLC purified contryphan-Vcl1-22[Q1C, Y9C].

4.3.3 Temperature-dependent conformational averaging and pH stability

One-dimensional *H NMR spectra of contryphan-Vc11-22[Q1C, Y9C] recorded at different
temperatures with an interval of 5°C at pH 4.0 showed that the peptide exhibits temperature-
dependent conformational averaging (Figure 3A). At temperatures of 5-25°C most of the peaks
were broad, indicating the presence of different conformations in exchange. The folded
conformation was stabilised at higher temperatures as the peaks became sharper and peak
dispersion was similar to that of native contryphan-Vcl (Figure 3B). One-dimensional 'H
NMR spectra of contryphan-Vc11-22[Q1C, Y9C] showed subtle chemical shift changes pH 2
and 7, but the overall spectral dispersion was maintained. Most of the amide peaks were

broadened by exchange with solvent at pH 8.0 (Figure 3C).
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Figure 3. A. One-dimensional *H NMR spectra of contryphan-Vc11-22[Q1C, Y9C] recorded at
different temperatures ranging from 5°C — 40°C. B. Comparison of one-dimensional *H NMR
spectra of contryphan-Vcl1-22[Q1C, Y9C] with con-Vcli22[Z1Q]. C. one-dimensional H
NMR spectra of contryphan-Vcl11-22[Q1C, Y9C] over the pH range 2-7 at 30°C in water
containing 7% 2H-0.

4.3.4 Sequence-Specific Resonance Assignments for contryphan-Vcli-2[Q1C, Y9C]

Spin systems were identified through combined analysis of DQF-COSY, TOCSY (80 ms spin-
lock time) and NOESY (300 ms mixing time) spectra acquired at 313 K and pH 4.0. Sequential
resonance assignments were made utilizing two-dimensional TOCSY and NOESY spectra.
Residues containing methyl groups such as Ala8, Thrl7 & 19, Leul3 & 20, and llel5 & 18
served as good starting points for the relatively simple identification of spin systems and
sequential assignment process (Figure 4A). The spin systems for Pro5 & 11 were identified by
the observation of strong NOE cross peaks between GIn4® - Pro5® and Asn10® - Pro11%; the
presence of strong 0d NOEs confirmed the trans conformations of both X-Pro bonds (Figure
4B). Complete backbone and side chain *H resonance assignments were obtained for all spin

systems (Figure 4C and Table 1).
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Figure 4 A. Overlay of two-dimensional *H NMR spectra TOCSY and NOESY of contryphan-
Vcli1-22[Q1C, YIC] recorded at 40°C. B. region of two-dimensional NOESY spectra showing
cross peaks between GIn4d® - Pro5® and Asn10® - Pro11° suggesting that both prolines are in
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trans-conformation. C. ®N-HSQC spectra of contryphan-Vc11-22[Q1C, Y9C] at pH 4.0 and at
40°C in water containing 7% 2H20.

Table 1. Chemical shifts for contryphan-Vcl1-22[Q1C, Y9C] at pH 4.0, 313K

Residue HN H* HP N other
Cysl ND 4.42 3.40,3.54 ND
Trp2 8.90 4,96 3.443.37 126.19 HY 7.45 He1 10.19 He3 7.80 q H*2 7.63q
H*3 7.67 q N°129.20
Cys3 8.17 4,95 2.66,3.25 121.18
GlIn4 8.67 4.48 1.96,2.31 121.64 HY2.42,2.50 H®7.31,7.41 N®111.90
Pro5 - 457 2.55,2.09 - Hv2.39, 2.25; H® 3.86, 4.03
Gly6 8.91 449376 - 111.66
Tyr7 8.23 5.14 2.76,3.43 120.11 H%6.95: H¢6.94
Ala8 9.34 4,79 1.53 122.71
Cys9 8091 4.81 3.21,3.34 120.39
Asnl0 9.04 5.36 3.18 127.44 H?°2 7.53, 8.05 N*114.92
Proll - 4,56 2.51 - HY2.25: H®4.22,4.12
Vall2 7.89 4.1 2.33 118.7 H'al.14; H'b1.22
Leul3 7.47 4.57 1.81 Hr 1.66 H% 1.09
Gly14 8.70 3.994.21 - 107.60
Ilel5 7.01 4.85 2.10 111.76 HY1 1.54; H*1.17; H1 1.10
Cysle 8.86 5.42 2.96,3.17 122.06
Thrl7 9.42 5.04 4.45 117.07 H'2 1.43
Ilel8 8.63 3.89 1.65 124.86 H1 0.94 : H'2 1.34;H%1 0.86
Thrl9 8.24 451 4.21 119.58 H'2 1.28
Leu20 8.32 4,56 1.78 125.58 H% 1.06; H%b 1.04
Ser21 841 4.61 4.03 117.00
Arg22 8.46 453 1.952.09 123.70 HY1.51; H®3.40; H®7.34 : N¢117.07

ND- not determined.

4.3.5 Solution Structure of contryphan-Vcli-2[Q1C, Y9C]

In order to investigate the influence of the additional disulfide bond between the residues 1 and
9 on the structure of the contryphan-Vc1, the structure of contryphan-Vcli1-22[Q1C, Y9C] was
determined and compared with that of native contryphan-Vcl. Contryphan-Vcl11-22[Q1C, Y9C]
retained the fold of the contryphan-Vcl even after the introduction of an additional disulfide
bond and is almost identical to that of the native contryphan-Vcl, as shown in Figure 3.
Superimposition of the structure with the lowest target function of contryphan-Vc11-22[Q1C,
Y9C] and con-Vcl1-22[Z1Q] yielded an RMSD of 0.9 A over C* atoms of residues 3-16 (Figure
4B). The main feature of the structure of contryphan-Vcli1-22[Q1C, Y9C] is an anti-parallel 3-
sheet with two B-strands connected by a B-turn (Figure 5A&C). The four residues GIn4, Pro5,
Gly6 and Tyr7 form a type-II B-turn that leads to the first B-strand. Ala8, Cys9 and Asn10 form
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the first B-strand and Ilel5, Cys16 and Thrl7 make up the other strand. Proll, Vall2, Leul3
and Gly14 form a B-hairpin. Similar to that of con-Vcli-22[Z1Q] residues after the second p-

strand, Ile18 - Arg22, are unstructured and highly flexible. Structural constraints are

summarized in Table 2.

Table 2. Structure Statistics for contryphan-Vcl1-2[Q1C, Y9C]

NMR Distance and Dihedral Constraints
Distance constraints

Total NOEs

Intra-residue

Inter-residue

Sequential (Ji-j| = 1)

Short
Medium (1 < |i-j| < 5)
Long (Ji-j| >5)

Hydrogen bond
Total dihedral angle restraints
Backbone (¢ angle)
Structure statistics
RMSD between 20 conformers (residues 3-16)
Average pairwise rmsd® (A)
Backbone (A) (N, C C)
All heavy atoms (A)
Ramachandran analysis
Residues in most favoured regions (%)
Residues in additionally allowed regions (%)
Residues in generously allowed regions (%)

Residues in disallowed regions (%)

213
65

64
129
34
50

0.27 +/- 0.06
0.55 +/- 0.07

68.1
31.9
0.0
0.0
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Figure 5. A. PYMOL representation of the closest-to-average structure of contryphan-Vcli-
2[Q1C, Y9C] B-strands are shown in marine, loops are shown in green, residues 20-22 are
shown in grey and the disulfide bonds are shown in orange. B. Backbone overlay of closest-to-
average structures of recombinant con-Vcl1-22[Z1Q] (loops in magenta and B-strands in blue)
with contryphan-Vc11-22[Q1C, Y9C] (loops in green and B-strands in marine) using PYMOL.
C. Ensemble of the final 20 structures of contryphan-Vcli22[Q1C, Y9C] from CYANA
superimposed over the backbone heavy atoms (N, C* C) of residues 3-16.

4.3.6 Proteolytic stability of contryphan-Vcl

In vitro proteolysis was performed on contryphan-Vc11-22[Q1C, Y9C] utilising the enzymes
trypsin, a-chymotrypsin and pepsin in order to assess whether the proteolytic stability of
contryphan-Vcl was enhanced after the introduction of an additional disulfide bond.
Contryphan-Vcl1-22[Q1C, Y9C] did not show any peaks corresponding to the cleavage of
trypsin as expected because the peptide has no tryptic cleavage site (Figure 6A). In the
presence of a-chymotrypsin contryphan-Vcl1i-22[Q1C, Y9C] showed two major peaks in the
LC-MS chromatogram, with masses of 2393.9 and 2153.5 Da, which correspond to uncleaved
peptide and fragment 1-20, respectively (Figure 6B). Contryphan-Vc11-22[Q1C, Y9C] also did
not show any cleavage peaks in presence of pepsin indicating that the peptide was now resistant
to pepsin digestion (Figure 6C).
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Figure 6. Reversed-phase HPLC analysis of contryphan-Vcli-22[Q1C, Y9C] treated with
trypsin, a-chymotrypsin and pepsin. A. Chromatograms for contryphan-Vc11-22[Q1C, Y9C]
digested with trypsin. B. Chromatograms for contryphan-Vcl1-22[Q1C, Y9C] digested with a-
chymotrypsin. C. Chromatograms for contryphan-Vcli-22[Q1C, Y9C] digested with pepsin.

4.4 Discussion
In the present study we have demonstrated that an additional disulfide bond can be introduced
by replacing GInl and Tyr9 with Cys and using orthogonal Cys protection. We have shown
that the introduction of an additional disulfide bond to contryphan-Vcl did not disrupt its SDH
fold. Temperature-dependent conformational averaging phenomenon was observed, where the
folded conformation of the peptide was stabilised at higher temperatures. We have also shown
that the introduction of an additional disulfide bond enhanced its proteolytic stability, with
contryphan-Vc11-22[Q1C, Y9C] being completely resistant to pepsin digestion, in contrast to
the native contryphan-Vcl.

Structural similarities of the SDH fold of the contryphan-Vcl with the peptides having
ICK motif enabled us to analyse the disulfide framework of different ICK peptides. Based on
these analyses, GInl and Tyr9 were chosen to be replaced by Cys in order to introduce an
additional disulfide bond between residues 1-9 based on the disulfide framework of the ICK
peptides and also their proximity in the structure of contryphan-Vc1.28 RMSD values from the
backbone of structures throughout the simulation indicated the extent to which the structure
was changing, while the radius of gyration allowed the compactness of the structure to be
monitored. The RMSD plot of the simulation trajectory over the course of 300 ns indicated that

the RMSD of the molecule was fairly constant throughout the simulation time course (Figure
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2A). Moreover, the radius of gyration plot of the simulation trajectory indicated that the Rg
values were generally constant throughout the simulation time course suggesting that the
structure of the molecule was stable and the peptide did not unfold (Figure 2B).

One-dimensional *H NMR spectra of contryphan-Vc11-22[Q1C, Y9C] recorded at 5-25°C
showed that most of the peaks were broad, indicating presence of different conformations in
exchange. As the temperature was increased the peaks sharpened and the dispersion became
similar to that of native contryphan-Vcl, suggesting that the folded conformation was being
stabilised at higher temperatures (Figure 3). This phenomenon of inverse temperature
transition (1TT),2 as seen in the case of elastin-like peptides where the peptides change from a
disordered (extended) to an ordered (folded) conformation upon heating, is quite intriguing and
further study is warranted to understand the reasons for this temperature-dependent
conformational averaging. One-dimensional *H NMR spectra of contryphan-Vci11-22[Q1C,
Y9C] showed subtle chemical shift changes in the pH titration between pH 2 and 7, but the
overall spectral dispersion was maintained, indicating the stability of the peptide over this pH
range.

The solution structure of contryphan-Vcl11-22[Q1C, Y9C] was similar to that of native
contryphan-Vcl, with superimposition of the structures of contryphan-Vcl1-22[Q1C, Y9C] and
con-Vcli-22[Z1Q] with the lowest target function showing an RMSD of 0.9 A over C* atoms
of residues 3-16 (Figure 5). Thus ontryphan-Vcli-22[Q1C, Y9C] maintained the overall fold
of the native contryphan-Vcl.

Another important driver for the introduction of an additional disulfide was to enhance
the proteolytic stability of the native contryphan-Vcl. Contryphan-Vcli-22[Z1Q] was resistant
to trypsin cleavage, has a single cleavage site at Leu20 for a-chymotrypsin and was completely
degraded in presence of pepsin. Contryphan-Vcli-22[Q1C, Y9C] is shown to be resistant to
trypsin digestion, but was cleaved at Leu20, in presence of chymotrypsin similar to that of con-
Vcli-22[Z1Q)]. In contrast contryphan-Vcli-22[Q1C, Y9C] was completely resistant to pepsin
digestion whereas native contryphan-Vcl was completely degraded by this enzyme (Figure 6).

In the current study, we have shown that the SDH fold of the contryphan-Vcl can be
further constrained by the introduction of an additional disulfide bond while maintaining the
overall fold of native contryphan-Vcl. We have further shown that engineering contryphan-
Vcl with an additional disulfide bond enhanced the limited proteolytic stability of the native
contryphan-Vcl. Further studies to check whether contryphan-Vc11-22[Q1C, Y9C] can accept
epitopes larger than three residues, eg. The DINNN epitope, will establish whether the disulfide
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engineering is successful or not in overcoming the limitation of accepting short epitopes (~ 3
residues) by con-Vcli-22[Z1Q].
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Chapter 5
Membrane Binding Properties of

Contryphan-Vcl
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5.1 Introduction

Most peptide toxins exert their effects by targeting ion channels and receptors of both the
central and/or peripheral nervous systems, interfering with action potential conduction and/or
synaptic transmission.®* An increasing body of evidence suggests that some peptide toxins act
by forming a ternary complex with a membrane and receptor in concert, or even target the
membrane directly, leading to lysis of the cells.?*88 Melittin, a peptide from bee venom, has
been shown to bind to lipid membranes as a monomer and induce transient leakage, whereas
at higher concentrations, it can form stable pores, and can disintegrate the membrane through
detergent-like permeabilisation activity.3® Other well-known classes of membrane active
peptides are the snake venom cytotoxins and phospholipases, the activities of which have been
reviewed extensively.®

Alternatively, some venom peptides has been shown to bind voltage-sensing domains
(VSDs) of voltage-gated ion channels (VGICs) and alter the kinetics and gating behaviour by
changing the relative stability of the closed, open or inactivated states of the channel.!4 % %1
Several gating modifier toxins (GMTSs), including GsSMTx-1V, HaTx-l, VsTx-I, ProTx-I,
ProTx-II and SgTx-I, have been shown to bind to model membranes.®>® Trimolecular lipid—
peptide—channel complexes have subsequently been proposed to exist in interactions between
GMTs, voltage-gated ion channels and the lipid membrane.®” ®7 Interestingly, all these gating
modifier toxins share a similar structural fold and have at least six cysteine residues arranged
to form an ICK motif.!® In addition, these peptides share a conserved amphipathic surface
profile characterized by a high proportion of hydrophobic amino acid residues such as Trp, Tyr
and Phe, surrounded by a ring of cationic residues including Arg and Lys that typically promote
peptide-membrane interactions,®? suggesting a common mode of access and binding to the
VSDs.

Even though bilayer partitioning was considered to be a common mechanism for all the
ion- channel gating modifiers, the ability of these different GMTs to interact with model lipid
bilayers was shown to vary considerably.® GsMTx-IV and VsTx-I were shown to interact with
both anionic and zwitterionic lipids, while SgTx-I and the GsMTx-I were shown to bind
strongly to anionic lipids only, suggesting that the factors involved in membrane binding are
still unclear.®® Contryphan-Vcl, a 31-residue peptide identified in the venom of the marine
cone snail Conus victoriae, 4% 1% has been shown to have a unique fold, designated as the single
disulfide-directed B-hairpin (SDH). The core structure of contryphan-Vcl is a double-stranded
anti-parallel B-sheet stabilized by just a single disulfide bridge. The SDH fold of contryphan-

Vcl is very similar structurally to the multiple disulfide containing ICK motif.#" 1%t Apart from
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the structural similarity, contryphan-Vcl has also shown to possess remarkable conformational,
chemical and thermal stability, which are the preferable qualities in many of the ICK peptides.?
24,88 The activity of contryphan-Vcl remains elusive and the peptide did not show any
reproducible activity in mice upon intracranial injection®” The peptide did not produce any
observable changes to normal or depolarization-induced intracellular Ca?* levels in mouse
dorsal root ganglion cells.*’

The surface of the B-hairpin core of contryphan-Vcl is highly hydrophobic with Trp, Pro,
Tyr, Ala, Leu, Val and lle. Polar residues like Gln, Ser, Thr and Arg are on the edges and
another hydrophilic residue asparagine is buried.*” ® The similarity in structure to the ICK
peptides and presence of a hydrophobic core of contryphan-Vcl has posed the question of
whether the peptide binds to lipid membranes. Dodecylphosphocholine (DPC) is a detergent
often used to mimic zwitterionic membranes by forming micelles and DPC micelles have been
successfully utilized as a model membrane in a number of studies.® 192 103 |n this study we
have utilized dodecylphosphocholine (DPC) micelles as a model membrane system and
characterized the interactions of contryphan-Vcl and DPC micelles utilising solution NMR.
Zwitterionic lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) is used as model

bilayer and the interactions were analysed utilizing surface Plasmon resonance.
5.2 Materials and methods

5.2.1 Peptide synthesis

The procedure for peptide synthesis used in this study is described in the general Materials and
Methods (Chapter 2 and section 2.4) quite elaborately.

5.2.2 Sample preparation and NMR spectroscopy

All spectra were acquired on a Bruker 600 MHz spectrometer equipped with a cryogenically-
cooled triple-resonance probe. Lyophilised peptide was dissolved in 93% H20/7% 2H20 (pH
4.0). Working stocks of 2Hzs-DPC (Cambridge Isotope Laboratories) and LPPG (Avanti Polar
Lipids) were freshly prepared in the Milli-Q water. For samples containing DPC micelles, 50
mM DPC solutions were prepared by dissolving 16 mg of dodecylphosphocholine or
deuterated dodecylphosphocholine in milli-Q water and added to the lyophilized peptide. One-
dimensional H spectra of full-length contryphan-Vc1 was acquired at 20°C, at pH 4.0 in the
presence of 50 mM DPC. One-dimensional *H spectra of truncated contryphan-Vcl (Con-
Vcli-22[Z1Q]) were recorded in the presence of different concentrations of DPC micelles
ranging from 10-50 mM at temperatures 20°C and 40°C. Two-dimensional NMR spectra

utilised for sequence-specific assignments were acquired at pH 4 and 40°C. Two-dimensional
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homonuclear TOCSY spectra with a spin lock time of 80 ms were acquired using the DIPSI-2
pulse sequence with excitation sculpting for water suppression at 40°C in the presence of 20,
30, 40 and 50 mM DPC. Similarly, two-dimensional NOESY spectra were acquired at 200 ms
in the presence of 20, 30, 40 and 50 mM DPC at 40°C. A sine-bell squared window function
was used for processing spectra. All spectra were processed using Bruker TopSpin (Version
3.2).

5.2.3 Surface plasmon resonance

The lipid binding property of Con-Vc11-22[Z1Q] and full-length contryphan-Vc1 were analyzed
by SPR, using a Biacore T200 instrument. All experiments were performed in degassed 25 mM
HEPES buffer (pH 7.4) containing 150 mM NaCl, 3 mM EDTA, and 0.05% surfactant P-20 at
25°C. Around 700 uM of POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) was
immobilised on a Biacore L1 chip using buffer containing degassed 20 mM HEPES buffer (Ph
7.4) containing 50 mM NaCl, and 3 mM EDTA at 25°C. POPC lipid was prepared by
dissolving in chloroform:methanol (1 : 1), dried under N2 and vacuum, and resuspended to 26.3
mM lipid in buffer. The lipid mixture was sonicated until a clear solution was obtained. The
peptides were injected onto the surface with a contact time of 100 s, flow rate of 100 puL/min,
and dissociation time of 600 s. Sensorgrams were further corrected for nonspecific binding to
the surface by subtracting the signals of the reference surface from those of the target protein

surface.
5.3 Results

5.3.1 Interaction of full-length contryphan-Vcl with DPC micelles

One-dimensional *H spectra of full-length contryphan-Vc1 in the presence of 50 mM DPC has
shown significant changes when compared to the spectra recorded in the absence of DPC
micelles (Figure 1). Intermediate exchange of peaks with DPC micelles was observed for the
peaks between 8.8 and 10.0 ppm, which included the peak corresponding to the indole NH of
Trp2 and the backbone amide peaks for Gly6, Ala8, Tyr9, Cysl16, and Thrl7, with peaks
corresponding to those residues becoming very broad and not observed in the spectrum. Peak
broadening and shifts were observed for peaks between 6.5 and 8.86 ppm. Peak exchange, shift
of peaks and peak broadening for several residues confirmed that the peptide is interacting with
the DPC micelles.
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Figure 1. A. 1D *H NMR spectra of synthetic full-length contryphan-Vc1 overlayed with *H
NMR spectra of synthetic full-length contryphan-Vcl in presence of 50 mM DPC. Both the
spectra were recorded at pH 4.0 and 20°C in water containing 7% 2H20. B. Amide and aromatic
regions of spectra in A.

5.3.2 Interaction with DPC micelles is mediated by the structured part of contryphan-
Vcl

In order to understand whether the core structure or the highly flexible C-terminus part of
contryphan-Vcl was interacting with the DPC micelles, we utilised con-Vcli-22[Z1Q] and
performed titration with increasing concentrations of DPC up to 50 mM with intervals of 10
mM. At 50 mM DPC one-dimensional *H spectra of con-Vcli1-22[Z1Q] also showed similar

changes where the peaks between 8.8 and 10.0 ppm were in exchange. Peak broadening and
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shifts were observed for many peaks between 8.8 and 6.5 ppm, similar to that of the full-length

contryphan-Vcl, suggesting that the f-ha

interaction with DPC micelles (Figure 2).

recorded in the presence of increasing co

irpin core of the contryphan-Vcl was involved in the
Both two-dimensional TOCSY and NOESY spectra
ncentrations of DPC micelles showed concentration-

dependant changes in peaks, where the intensity of amide peaks of residues Ala8 and Tyr9
were considerably reduced at 20 mM DPC and are completely broadened at higher

concentrations of DPC. (Figure 3).
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Figure 2. A. 1D 'H NMR spectra of con-Vcl1-22[Z1Q] recorded in the presence of increasing

concentrations of DPC micelles ranging
containing 7% 2H20. B. 1D 'H NMR sp
increasing concentrations of DPC micell
in water containing 7% 2H-O.

from 10 mM to 50 mM at pH 4.0 and 20°C in water
ectra of con-Vcli-22[Z1Q)] recorded in the presence of
es ranging from 10 mM to 50 mM at pH 4.0 and 40°C
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Figure 3. A. Two-dimensional *H NMR TOCSY spectra of con-Vc11-22[Z1Q] recorded in the
presence of increasing concentrations of DPC ranging from 20 to 50 mM at pH 4.0 and 40°C
in water containing 7% 2H20. Residues that showed considerable changes in the presence of
DPC micelles are labelled. B. Two-dimensional *H NMR NOESY spectra of con-Vc11-22[Z1Q]
recorded in the presence of increasing concentrations of DPC ranging from 20 to 50 mM at pH
4.0 and 40°C in water containing 7% 2H:0.

5.3.3 Sequence-specific resonance assignments for contryphan-Vcli2[Z1Q] in the
presence of DPC micelles

Spin systems were identified through combined analysis of TOCSY (80 ms spin-lock time) and
NOESY (200 ms mixing time) spectra acquired at 313 K and pH 4.0 in the presence of
increasing concentrations of DPC micelles. Sequential resonance assignments were made
utilizing two-dimensional COSY, TOCSY and NOESY spectra. Residues containing methyl
groups such as Ala8, Thrl7 & 19, Leul3 & 20, and llel5 & 18 served as good starting points
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for the relatively simple identification of spin systems and sequential assignment process.

Complete backbone assignments were obtained for all spin systems (Figure 3).

Table 1. Chemical shifts for contryphan-Vcli-22 at pH 4.0, in presence of 50 mM DPC at 313K.

Residue HN He HB

Ginl ND 4,106 3.40,3.54
Trp2 8.95 4.76 3.34
Cys3 8.14 493 2.77,3.21
GlIn4 8.68 4.42 1.96,2.31
Pro5 - 457 2.55,2.09
Gly6 8.90 4.46,3.81 -

Tyr7 8.41 5.14 2.77,3.458
Ala8 9.22 4.79 1.53
Tyr9

Asnl0 8.32 5.23 3.12, 2.99
Proll - 431 2.51
Vall2 1.74 4.004 2.34
Leul3 7.32 4.44

Glyl4 8.50 3.92,4.15 -

Ilel5 7.07 4,92 2.10
Cys16 8.91 5.26 3.046,3.31
Thrl7 9.25 4977 4.45
I1e18 8.22 3.94 1.65
Thr19 8.20 455 4.26
Leu20 8.42 457 1.07
Ser21 8.34 461 4.03
Arg22 8.49 452 3.39

ND- Not determined

5.3.4 SDH fold of contryphan-Vcl is maintained in the presence of DPC micelles

There are several instances where changes in conformation and oligomeric status of peptides
and proteins were reported in the presence of DPC micelles.!%1% In order to understand the
effect of DPC micelles on the SDH fold of the contryphan-Vcl we have analysed both the
amide and Ha secondary chemical shift plots of the con-Vcl1-22[Z1Q] in presence of 50 mM
DPC. Both amide and Ha secondary chemical shifts showed similar deviations from random
coil values when compared to the secondary chemical shifts of con-Vcl1-22[Z1Q] without DPC
micelles, with minor differences at the N- and C-termini of the peptide, suggesting that the
structure of contryphan-Vcl is not altered significantly, however significant peak broadening

for residues Ala8 and Tyr9 and subtle chemical shift differences for several residues warrants
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an in depth analysis of the structure of contryphan-Vcl in presence of DPC in order to
understand the influence of DPC on the SDH fold of the contryphan-Vcl. (Figure 4).
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Figure 4. Secondary chemical shift difference plots for con-Vcli-22[Z1Q] in presence of 50
mM DPC and con-Vcli-22[Z1Q] without (W/O) DPC. A. Ha secondary chemical shift plots of
the con-Vcl1-22[Z21Q] in presence of 50 mM DPC. B. HN secondary chemical shift plots of the
con-Vcli-22[Z1Q)] in presence of 50 mM DPC.

5.3.5 Contryphan-Vcl12[Z1Q)] binds weakly to POPC bilayers

DPC micelles are roughly spheres in solution above the critical micellar concentration of 1.0-
1.5 mM.292.197 Owing to the strong curvature of the micelles, hydrophobic peptides will more
readily interact with DPC micelles than flat bilayers. POPC bilayers were used to study the
interaction of contryphan-Vcl towards bilayer-forming lipids. SPR sensorgrams for the
interaction of the con-Vcli-22[Z1Q] to the POPC bilayers immobilized on the surface of a L1-
biacore chip suggest that con-Vcl1-22[Z1Q] interacts with the zwitterionic POPC with a weak

affinity in the high uM range, where a response is shown starting from 2.5 uM of peptide
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concentration (Figure 5). Surprisingly, the full-length contryphan-Vcl did not show any
response in when passed over the POPC bilayers, suggesting that the full-length contryphan-
Vcl does not interact with the bilayer forming POPC lipid.
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Figure 5. SPR sensorgrams of the interactions between immobilized POPC lipid on L1-

biacore chip and the peptides con-Vcli-22[Z1Q] and full-length contryphan-Vcl. A. Con-Vcli-
22[Z1Q)]. B. Full-length contryphan-Vc1.

5.4 Discussion

In this study the lipid binding property of contryphan-Vcl is studied utilising DPC micelles as
a model membrane system. One-dimensional *H spectra of full-length contryphan-Vcl
acquired in the presence of 50 mM DPC showed significant changes when compared to spectra
recorded in the absence of DPC micelles, suggesting that contryphan-Vcl does interact with
DPC micelles. Many studies have been shown that DPC micelles induce some unstructured
peptides to adopt helical conformation.'® Unstructured plantaricin peptides from Lactobacillus
plantarum C11 have been shown to adopt a helical conformation in presence of DPC

micelles.’® DPC micelles also has been shown to cause a switch between a B-strand and an a-
helix 109, 110
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In order to determine whether contryphan-Vcl interacts with the DPC micelles through
its unstructured C-terminus or the structured region we have used the truncated con-Vcli-
22[Z1Q)] peptide and performed a concentration-dependent titration with DPC micelles. Similar
peak broadening and peak shifts to those seen in the spectra of full-length contryphan-Vcl in
the presence of DPC micelles suggested that the interaction of contryphan-Vcl with DPC
micelles is mediated by the structured region. In order to observe the influence of DPC micelles
on the SDH fold of the peptide we have analyzed the secondary chemical shift plots for both
H* and HN. Similar deviation from the random coil values for con-Vcl122[Z1Q] when
compared to the contryphan-Vcl in absence of DPC micelles observed in the amide and “H
secondary chemical shift plots suggests that the structure of contryphan-Vcl is not altered
significantly, however significant peak broadening for residues Ala8 and Tyr9 and subtle
chemical shift differences for several residues warrants an in depth analysis of the structure of
contryphan-Vcl in presence of DPC.%

We also investigated the interaction of contryphan-Vcl with the bilayer-forming lipid
POPC. SPR sensorgrams for the interaction of the con-Vcli1-22[Z1Q] to the POPC bilayers
suggest that con-Vcli-22[Z1Q)] interacts with the zwitterionic POPC, albeit with a weak affinity
in the high M range. Surprisingly, the full-length contryphan-Vc1 did not show any response
in the presence of POPC lipid, suggesting the full-length contryphan-Vc1 does not interact with
POPC bilayers. POPC is shown to form vesicles in the diameter of 20-28 nm range, which
falls in the range expected for small unilamellar vesicles. The existence of separate inner and
outer choline N(CHs)™ methyl signals at 3.2 ppm also provided positive evidence for the
formation of vesicles.!!! It is expected that the partitioning of the peptides in POPC will be
considerably less when compared to the highly curved DPC micelles as the surface of the
vesicles of POPC is quite flat, but the lack of interaction of full-length contryphan-Vcl with
POPC vesicles is quite surprising. It will be interesting to test whether contryphan-Vcl binds
to other anionic vesicles or a mixture of zwitterionic and anionic lipids. Analyzing the structure
of the contryphan-Vc1 in the presence of DPC using *®N-1*C double labelled peptide will help
in understanding the influence of DPC on the SDH fold. Further characterization of lipid
interactions of contryphan-Vc1 utilizing various spin-labelled lipids,'*? and obtaining diffusion
coefficient rates in different lipids will shed more light on the membrane binding and

membrane partitioning ability of contryphan-Vcl.
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Chapter 6
Understanding the Roles of Key
Residues in Maintenance of the SDH
Fold
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6.1 Introduction

The single disulfide-directed B-hairpin (SDH) fold, first observed in contryphan-Vc1l, is a novel
and unique peptide fold which represents an ideal privileged peptide scaffold.*” %8 The SDH
core structure is a double-stranded anti-parallel B-sheet stabilised by just a single disulfide
bridge as observed in contryphan-Vc1.4” %8 The SDH core is common to other multiple
disulfide-containing peptide folds such as the inhibitory cystine knot fold (ICK), disulfide-
directed B hairpin (DDH) fold and boundless f hairpin (BBH) fold.!® 4" 191113 The SDH fold
is a small, highly stable, elementary independent folding unit, with potential as a new peptide
scaffold where one of the loops of the SDH core of the contryphan-Vcl is amenable to
replacement by a short bioactive NNN epitope.®®

Two predicted proteins CGI_10002631 and LOC101860216 with relatively high
sequence identities (46% and 41%), and sequence similarity for residues predicted to be
structurally important for contryphan-Vcl, were identified from the genomes of the non-
venomous molluscs Crassostrea gigas (Pacific oyster) and Aplysia californica (Californian sea
hare), respectively. 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 CGl_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.*’

Homologous sequences are expected to have similar structures, and potentially similar
functions as well. Structural and functional characterisation of homologous sequences for a
given protein or a peptide can provide valuable insights into the structure and function of all
the members of the similar family.!* In this study we have mined different cone snail
transcriptomic data and UniProt/GenBank for sequences similar to contryphan-Vcl, we have
made an analogue of the truncated contryphan-Vcl (con-Vcli-22[Z1Q]) where both cysteines,
Cys3 and Cys16 were replaced with Ser residues in order to study the effect of the disulfide
bond on the structure of contryphan-Vcl, and synthesised the mature peptide CGI_10002631
of the C. gigas homologous to contryphan-Vcl and characterised the peptide to further
understand the SDH fold.

6.2 Materials and methods
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6.2.1 Peptide synthesis

The procedure for peptide synthesis used in this study is described in Chapter 2 under section
2.4. Here methods specific for synthesis of peptides used in this study are described briefly.
The peptides full-length contryphan-cgl, contryphan-Vcli-22 [C3S, C16S] were synthesised
using Rink Amide AM resin (0.47 mmol/g loading) on PTI Instruments PS3 peptide synthesiser
as described in section 2.4. A double mutant of contryphan-cgli-22, contryphan-cgli-22[M9Y,
P18I1] and quad mutant contryphan-cgli-22[R4Q, M9Y, R15I, P18I] were synthesised on PTI
Instruments PS3 peptide synthesiser using chloro-trityl (CTC) resin. CTC resin (0.7 mmol/g
loading) was weighed into a reaction vessel and swollen in dichloromethane (DCM) for 30 min
and coupled manually with the last amino acid in the sequence by dissolving two equivalents
of the amino acid in a mixture of DCM and DMF (2.5 mI+0.5 ml) and 87.5 ul of DIPEA for
over an hour. The uncoupled resin was then capped with methanol (0.8 ml/gram resin) for 30
min and the resin washed with an excess of DCM and then an excess of DMF. Cleavage of the
peptide from the resin and folding were as described in section 2.4.

6.2.2 Sample preparation and NMR spectroscopy

All spectra were acquired on a Bruker 600 MHz spectrometer equipped with a cryogenically-
cooled triple-resonance probe. Lyophilised peptide was dissolved in either 93% H20/7% 2H20
or 100% 2H20 (pH 4.0). One-dimensional *H spectra of contryphan-Vc11-22 [C3S,C16S], full-
length contryphan-cgl and the truncated analogues, double mutant of contryphan-cgl 1-22,
contryphan-cgli-22[M9Y, P18I] and quad mutant contryphan-cgli-22[R4Q, M9Y, R15l, P18lI]
were acquired at 20°C, at pH 4.0. Two-dimensional NMR spectra for sequence-specific
assignments were acquired at pH 4 and 20°C. Two-dimensional homonuclear TOCSY spectra
with a spin lock time of 80 ms were acquired using the DIPSI-2 pulse sequence with excitation
sculpting for water suppression. Similarly, two-dimensional NOESY spectra were acquired
with 200 ms mixing time. A DQF-COSY spectrum was acquired in 100% 2H20 for measuring
J-couplings. ¥C-HSQC and *N-HSQC spectra were acquired for carbon and nitrogen
chemical shifts, respectively. A sine-bell squared window function was used for processing

spectra. All spectra were processed using Bruker TopSpin (Version 3.2).
6.3 Results

6.3.1 Identification of contryphan-Vcl homologous sequences
A search of UniProt/GenBank using BLASTp for sequences similar to mature contryphan-Vcl
and careful examination of transcriptomic data obtained on different cone snails yielded an

additional six sequences homologous to contryphan-Vcl apart from the existing three
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sequences.*” Three of the nine sequences are from the venom glands of mollusc-hunting cone
snails (victoriae, ammiralis, crocatus). Another two sequences are from worm-hunting cone
snails (lenavati and tessulatus) and another sequence is from the nervous system of a mollusc-
hunting cone snail (textileNR). The mature peptide sequences are aligned and the residues that
are conserved are coloured based on the extent of the conservation across the available nine

sequences (Figure 1).

A.californica (LOC101860216) GWCRPNMTFNSILGRCTYVYSKLKGGRGKR-—--—----
C.gigas (CGI_10002631) ‘GWCRPGFTMNPVLNRCVPTMRSLIKGRNYNRFRRFGK-
C.lenavati (AOAOKS8TURY) ‘QWCRRGMAYNPALGTCTFSVAAMRGRGRKYR--RH---
C. textileNR2 QWCRRGMAYNPALGTCTFSVAAMRGRGR--KYRRH---
C.textileNR ‘QWCRSGMSYNPVLGTCTLSLAALRGRGRSFR--—--GV-
C. tessulatus ‘QWCRSGMSFNPVLGTCTLSLAALRGRGRSFR----GV-
C.crocatus QWCQPGWAYNPVLGTCIKSLAAIKYPGLYEN--SRGHQ
C.victoriae (WAVSF6) QWCQPGYAYNPVLGICTITLSRIEHPGNYDY--RRGRQ
C.ammiralis QWCRPGWAYNPALGRCTISKSRIEHPGNYEY--RRGRQ

Figure 1. Sequence alignment of contryphan-Vcl homologous sequences identified from
different cone snails and non-venomous molluscs like Aplysia californica and Crassostrea
gigas. Residues that are completely conserved throughout the nine sequences are coloured red
and the residues that are fairly conserved are coloured green, blue and purple. (CGI_10002631-
contryphan-cgl from Crassostrea gigas, LOC101860216- contryphan-acl from Aplysia
californica, AOAOK8TURSY — contryphan-li from conus lenavati, W4VSF6- contryphan-Vcl
from conus victoriae.)

6.3.2 Disulfide bond is critical for the folding and maintenance of SDH fold
Contryphan-Vcli-22 [C3S, C16S], an analogue of Con-Vc¢11-22[Z1Q] where both Cys 3 and 16
were replaced with Ser, was made to analyse the importance of the disulfide bond in the folding
and maintenance of the SDH fold of the contryphan-Vc1. One-dimensional *H spectra of Con-
Vcli22 [C3S, C16S] recorded at 20°C at pH 4.0 showed that the peptide was not folded as the
peak dispersion is lost when compared to the native contryphan-Vcl (Figure 2B & C). Both
amide and *H secondary chemical shift plots confirmed that the contryphan-Vcli22 [C3S,
C16S] had not formed the SDH fold (Figure 2D).
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Figure 2. A. LC-MS profile of contryphan-Vcli22 [C3S, C16S]. B. Comparison of one-
dimensional *H NMR spectra of contryphan-Vc11-22 [C3S, C16S] at 20°C in water containing
7% 2H20 with the *H NMR spectra of contryphan-Vcli22. C. Amide and aromatic region of
spectra in B. D. Comparison of H* and HN shift deviations from random coil chemical shifts*®
between rCon-Vcli-22[Z1Q] and contryphan-Vcli-22 [C3S, C16S].

6.3.3 Full-length contryphan-cgl is unfolded

Full-length contryphan-cglwas made using solid-phase peptide synthesis and the mass and
purity were checked by LC-MS (Figure 3A). One-dimensional 'H spectra of full-length
contryphan-cgl recorded at 20°C at pH 4.0 confirmed that the peptide was unfolded, as evident
from the lack of peak dispersion of the spectra when compared to the spectrum of native
contryphan-Vcl (Figure 2B).
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Figure 3. A. LC-MS profile of full-length contryphan-cgl B. Comparison of one-dimensional
'H NMR spectrum of full-length contryphan-cglat 20°C in water containing 7% 2H20 with *H
NMR spectrum of contryphan-Vc1.

6.3.4 Analogues contryphan-cgli22[M9Y, P181] and contryphan-cgli-22[R4Q, M9Y, R15I,
P18l] restore the SDH fold

In order to check the influence of the residues Met and Pro on the folding of the peptide, a
double mutant of contryphan-cgli-22, contryphan-cgli-22[M9Y, P181] is made where both Met
and Pro were replaced with Tyr and lle as observed in contryphan-Vcl. Another analogue a
quad mutant, contryphan-cgli-22[R4Q, M9Y, R15l, P18I], was made to check the influence of
positively charged Arg4 and 15 residues on the SDH fold. Both Arg4 and 15 were replaced
with GlIn and lle, respectively, as found in contryphan-Vcl. Both contryphan-cgl analogues
were made using solid-phase peptide synthesis and their mass and purity were checked by LC-
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MS. One-dimensional 'H spectra of contryphan-cgli-22[M9Y, P18I] and contryphan-cgli-
2[R4Q, MY, R15I, P18I] recorded at 20°C at pH 4.0 suggest that both of the analogues are
folded based on the well-dispersed peaks observed in the spectra. Both amide and “H secondary
chemical shift plots showed similar deviations from random coil values when compared to the
secondary chemical shifts of con-Vcli-22[Z1Q], confirming that the both the contryphan-

cglanalogue adopt the SDH fold.
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Figure 4. A. LC-MS profile of contryphan-cgli-22[M9Y, P18I]. B. LC-MS profile of and
contryphan-cgli-22[R4Q, MY, R15l, P181]. C. Comparison of one-dimensional *H NMR
spectra of contryphan-cgl-22(M9Y, P18I) and contryphan-cgli22[R4Q, M9Y, R15I, P18lI] at
20°C in water containing 7% 2H20 with the *H NMR spectra of full-length contryphan-cg1 and
contryphan-Vcli-22. D. Amide and aromatic region of spectra in C. E. Comparison of H* and
HN shift deviations from random coil chemical shifts!'® between rCon-Vcli22[Z1Q] and
contryphan-cgl1-22[M9Y, P18I]. F. Comparison of H* and HN shift deviations from random
coil chemical shifts!®® between rCon-Vc11-22[Z1Q] and contryphan-cgli-22[R4Q, MY, R15l,
P18l].

6.4 Discussion
In this study | performed a database search for sequences similar to that of contryphan-Vcl in

order to further understand the SDH fold of the contryphan-Vc1 and the possible functions the
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peptides might carry out. Sequence alignment and database searching are essential tools in
biology because a protein's structure and function can often be inferred from homologous
proteins or peptides.’'® A search of databases like UniProt and GenBank using BLASTp has
previously helped in identifying two predicted proteins CGl_10002631 and LOC101860216
with relatively high sequence identities (46% and 41%), and sequence similarity for residues
predicted to be structurally important for contryphan-Vcl, from the genomes of the non-
venomous molluscs Crassostrea gigas (Pacific oyster) and Aplysia californica (Californian sea
hare), respectively.*’ Further data mining utilising transcriptomic sequences of different cone
snails yielded an additional six sequences that are homologous to the contryphan-Vcl. Three
of the nine sequences are from the venom glands of mollusc-hunting cone snails (victoriae,
ammiralis, crocatus). Another two sequences are from worm-hunting cone snails (lenavati and
tessulatus) and another sequence is from the mollusc-hunting cone snail (textileNR).

Disulfide bonds are often responsible for stabilising the structure of a protein or a peptide,
and therefore have an important role in protein folding and stability.**"-*1° In order to check the
importance of the disulfide bond for maintenance of the SDH fold, we created an analogue of
contryphan-Vcli-22 where both the cysteines were replaced with serine. Serine is often used to
replace cysteine as they differ only in the swap of a sulfur atom with an oxygen, so the side
chain remains the same size and retains its hydrophilic properties, while losing only its redox
activity. Both *H spectra of Con-Vc11.22[C3S, C16S] and the amide and *H secondary chemical
shift plots confirmed that the contryphan-Vcli-22 [C3S, C16S) did not maintain the SDH fold
of native contyphan-Vcl, suggesting the importance of the disulfide bond in stabilising the
SDH fold.

The predicted protein CGI_10002631, from the genome of the non-venomous mollusc
Crassostrea gigas (Pacific oyster), showed 46% similarity with contryphan-Vc1.#” In order to
check whether the mature peptide sequence from the Pacific oyster adopted the SDH fold, the
full-length contryphan-cgl peptide was made using solid-phase peptide synthesis. Surprisingly,
one-dimensional *H spectra of full-length contryphan-cg1 peptide showed that the peptide was
poorly folded. Close observation of the sequence of contryphan-cgl showed the presence of a
Met in the sequence rather than Tyr or Phe in other homologous sequences. Contryphan-cgl
also had a Pro where Leu or Ile the preferred residues. The sequence of contryphan-cgl was
also found to be highly cationic and is Arg-rich, with a predicted pl of 12.0.

In order to check the influence of the Met and Pro on the folding of the peptide, we
replaced them with Tyr and lle as observed in contryphan-Vcl. Another analogue was made

where Arg4 and 15 were replaced with GIn and lle, respectively, as found in contryphan-Vc1.
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Both analogues contryphan-cgli-22[M9Y, P18I] and contryphan-cgli-22 [R4Q, M9Y, R15I, and
P18I1] showed similar NMR spectral dispersion to that of native contryphan-Vcl and similar
deviations from random coil values as in con-Vcli1-22[Z1Q)], confirming that the SDH fold of
the contryphan-Vcl was restored in these analogues. Restoration of SDH fold after replacing
selected residues like Met and Pro suggests that there are critical residues apart from Cys
contribute to the stability of the SDH fold and also suggests that a consensus motif might be
present for a peptide to exhibit the SDH fold. It also raises the possibility that the reported
Crassostrea gigas sequence may be incorrect, but this needs to be explored further. The
availability of new genomic and transcriptomic data for related species will help clarify this
point. Determining the structures of these analogues will provide further information on the
SDH fold and the roles of different residues. Further examination of the influence of other
conserved residues on the B-hairpin core by selective residue replacement should also help
define a consensus motif for the SDH fold.
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Chapter 7

Conclusions and Future Directions
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Conclusions

Grafting bioactive peptide sequences that target specific protein-protein interactions onto stable
scaffolds has become a promising approach for the development of peptide-based therapeutics.
Animal venoms are a rich source of potentially useful peptide scaffolds. Cone snails have
arguably the most complex venoms, consisting of small and highly selective peptides for prey
capture and defence. The venoms of cone snails are vast combinatorial-like libraries of
evolutionarily selected bioactive peptides called conotoxins or conopeptides, which have huge
therapeutic potential. The recent identification of contryphan-Vcl, a 31-residue peptide from
the venom of the cone snail Conus victoriae, has been shown to have a unique fold, designated
as the single disulfide-directed B-hairpin (SDH). The most conspicuous structural feature of
contryphan-Vcl is its two-stranded anti-parallel B-sheet stabilised by a single disulfide bond.
The B-hairpin core of contryphan-Vcl displays an ordered structure and remarkable thermal
stability, and is very similar structurally to the ICK fold, which is stabilised by a minimum of
three disulfide bonds. These properties suggest that contryphan-Vcl may have potential as a
useful scaffold for grafting.

In Chapter 3 of this thesis my focus was to characterize the SDH fold in order to evaluate
its stability. Based on backbone °N relaxation data I showed that residues Trp2—Ile18 adopt a
well-defined conformation, while residues beyond Thrl9 are highly disordered, with the
flexibility increasing towards the C-terminus. | have shown that the flexible C-terminus of
contryphan-Vcl can be truncated without loss of ordered structure. | have determined the
thermal, chemical, redox and proteolytic stability of the contryphan-Vcl. Contryphan-Vcl
exhibited remarkable thermal stability, with the SDH fold of the peptide being maintained even
at 95°C. Contryphan-Vc1 also exhibited remarkable chemical stability in the presence of urea,
showing <30% unfolding even in 7 M urea. Contryphan-Vcl is also quite stable over a broad
pH range of pH 2 to 8. It is highly redox stable and required more than 2 days at room
temperature for complete reduction in the presence of an excess of a strong reducing agent such
as TCEP. The B-hairpin core structure was found to be resistant to cleavage by trypsin and
chymotrypsin although it was susceptible to cleavage by pepsin.

In order to assess the capacity of the SDH fold to incorporate foreign peptide sequences
and present them in a functional manner, the loops in the core structure of contryphan-Vcl
were replaced with a five-residue DINNN motif from iNOS, which interacts with SPSB
proteins and mediates its proteolytic degradation. Even though both VVc1-DINNN analogues,
sCon-Vcl1-22[Z1Q, DINNN4-g] and sCon-Vcl11-22[Z1Q, DINNN12-16], bound to SPSB2 with
affinities of 25 + 8 and 5.7 + 3 nM respectively , *H NMR spectra of both peptides showed poor
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peak dispersion, indicating that substituting the loop 1 and loop 2 residues with the five-residue
DINNN motif disrupted the native SDH fold. | have shown that the analogue sCon-Vcli-
22[NNN12-14] with a shorter three-residue NNN insert in the place of the VLG residues in loop2
bound to human SPSB2 with an affinity of 1.3 uM, which is almost fifty-fold stronger than
that of the linear NNN epitope itself. Moreover, *H NMR spectra of this analogue showed good
peak dispersion and native-like chemical shifts, indicating that the B-hairpin fold was
maintained.

This study indicated that the SDH fold of contyphan-Vcl has limited proteolytic stability
and limitations on the length of sequence variation that can be accommodated in either of these
loops. In order to further enhance the limited proteolytic stability and to overcome the
limitation of incorporating only short peptide motifs we decided to constrain the SDH fold of
the contryphan-VVcl with an additional disulfide bond. Chapter 4 describes our effort in
obtaining the two disulfide bonded analogue of contryphan-Vcl, contryphan-Vcli-
22[Q1C,Y9C], and its characterisation using NMR. | demonstrated that an additional disulfide
bond can be introduced by changing GInl and Tyr9 of contryphan-Vcl to Cys utilising
orthogonal Cys protection. The introduction of an additional disulfide bond into contryphan-
Vcl did not disrupt the SDH fold. Contryphan-Vc11-22[Q1C,Y9C] was shown to be resistant to
trypsin digestion and to is cleaved at Leu20 by chymotrypsin, similar to that of Con-Vcli-
22[Z1Q]. In contrast contryphan-Vcl1-22[Q1C,Y9C] was completely resistant to pepsin
digestion, whereas native contryphan-Vcl was completely susceptible to pepsin.

The target of contryphan-Vcl remains elusive as the peptide did not show any
reproducible activity in mice upon intracranial injection. The peptide did not produce any
observable changes to normal or depolarization-induced intracellular Ca?* levels in mouse
dorsal root ganglion cells. As the surface of the B-hairpin core of the contryphan-Vc1l is highly
hydrophobic, with the presence of Trp, Tyr Pro, Leu, lle, Val and Ala residues, we explored
the membrane binding properties of contryphan-Vcl using dodecylphosphocholine micelles as
a model membrane. In Chapter 5 | showed that both full-length and truncated contryphan-Vcl
interact with DPC micelles, as seen in the significant changes in the *H NMR spectra of both
peptides in presence of DPC. In contrast, Con-Vc11-22[Z1Q] bound very weakly to a flat
bilayer formed by the zwitterionic POPC lipid and surprisingly full-length contryphan-Vc1 did
not show any binding towards POPC lipid.

The concept of homology is central to analyses of protein and DNA sequences.
Homologous sequences are expected to have similar structures, and frequently, similar

functions as well. Structural and functional characterisation of the homologous sequences for
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a given protein or a peptide will provide valuable insights on the structure and function of all
the members of the similar family. In Chapter 6 we presented the alignment of available
contryphan-Vcl homologous sequences and noted the different residues based on the degree
of the conservation. As expected, the Cys residues are highly conserved in all sequences, and
showed that the disulfide bond is critical for folding and the maintenance of the SDH fold of
the contryphan-Vcl using the analogue contryphan-Vcli-22 [C3S, C16S]. | showed that full-
length contryphan-cgl peptide is unstructured and the SDH fold can be restored by introducing

conserved amino acid residues.

Future directions
The two-disulfide bonded analogue of contryphan-Vcl, contryphan-Vcli-22[Q1C, Y9C] not
only maintained the SDH fold of the peptide but also showed enhanced proteolytic stability.
Further studies to check whether contryphan-Vc11-22[Q1C, Y9C] can accept motifs larger than
three residues will establish whether the disulfide engineering was successful in overcoming
the limitation of accepting short epitopes (~ 3 residues) and will provide insights into the
directed evolution of disulfide-rich folds from the elementary SDH fold. Contryphan-Vcli-
22[Q1C,Y9C] exhibits conformational averaging, and the unusual temperature dependence,
where the peptides becomes more ordered upon heating is quite intriguing. Further studies are
warranted to understand the reasons for this temperature-dependent conformational averaging.

Contryphan-Vcl was shown to interact strongly with DPC micelles through its structured
region. In contrast, only weak binding was observed for truncated contryphan-Vcl in the
presence of a flat bilayer composed of zwitterionic POPC lipid, and surprisingly full-length
contryphan-Vcl did not show any binding towards POPC lipid. Determining the structure of
contryphan-Vcl in DPC micelles will help in understanding whether the peptide is able to
maintain the SDH fold and the influence of DPC micelles on the structure of the peptide. It will
be interesting to assess whether contryphan-Vcl binds to anionic vesicles or a mixture of
zwitterionic and anionic lipids. Further characterisation of lipid interactions of contryphan-Vcl
utilising different spin-labelled lipids and obtaining diffusion coefficient rates in different lipid
environments and observing whether labelled-contryphan-Vcl interacts with cell membranes
using microscopy will shed more light on the membrane binding and membrane partitioning
ability of contryphan-Vcl.

We have identified some crucial residues which can stabilise or destabilise the SDH fold
as seen in the analogues of contryphan-cgl. Further structural characterization of these

analogues will help define the fine details and nuances of the SDH fold and the influence of
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different residues on that fold. Further examination of the influence of other conserved residues
on the B-hairpin core by selective residue replacement should define the minimum consensus
motif necessary for the SDH fold. Contryphan-Vcl is the first member identified in this new
family of peptides with SDH fold whose function is still elusive. Further structural and
functional characterisation of the newly identified members of this family allows us to
understand the functional significance of contryphan-Vcl and its role in the venom of Conus

victoriae.
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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 other mul-
tiple disulfide-containing peptide folds, including the
inhibitor cystine knot. This elementary fold may offer
avaluable 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 by many 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
Il 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

P

@ CrossMark

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 channel modulators, respec-
tively (Gelly et al., 2004).

The concept of a “privileged” chemical scaffold that is
capable of interacting productively with multiple 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

Structure 24, 293-299, February 2, 2016 ©2016 Elsevier Ltd All rights resewe?30293


mailto:ray.norton@monash.edu
http://dx.doi.org/10.1016/j.str.2015.11.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.str.2015.11.015&domain=pdf

Cell’ress

A aMAQEIENATINEYEEEICITETESIE (MK =86075)

Relative abundance

100 200 300 400 500 600 700 800 900

contryphan-Vc1 (Conus victoriae)

IEHREINTIDIY (MH* = 554.24)

bg bs

Y

ysl i l vr Ve

M ] 7Y IO § N |

100 200 300 400 500 600 700 800 900 1,000 1,100 1,200
m/z

Relative abundance

MGKLTTLFLVAAALLSTOVMVOGDGAHERTEAEEPQHHGAKRODGTGGYPVDDY-====== DMMORTFRTPLKROWCOPGYAYNPVLGICTITLSRIEHPGNYDY=RRGR)

CGI_10002631 (Crassostrea gigas)

VMNNESLVECLAACEFIMTDEVMATVAYDS--------------~- DSGDIDIDEYM------ DELLR-ARTPERRGHCRPGFTMNPVLNRCVPTMRSLIKGRNYNRFRREGK

LOC101860216 (Aplysia californica)

MGSGSRLVCLLLLSMLALAAVSA----SSLD-QTRSRRSLOAADS SDDMLADDWAASVPTDDLLMRLGEGREKRGHCRPNMT FNSILGRCTYVYSKL-KGG---RGKRGHCRPDMIFNPILGRCTFT YAATRNRGRG

Figure 1. Discovery of Contryphan-Vc1

(A) MS/MS spectrum of contryphan-Vc1 tryptic peptides. Precursor ions selected for MS/MS had monoisotopic m/z of 860.75 (z = 4, predicted m/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]>* ion of m/z 860.75 (theoret-
ical m/z = 860.75), where the N-terminal GIn 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]?* 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 of m/z 1,184.89 was identified, corresponding to the [M +
3H]** 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 y6|b30 (PGNYD) and y27|b10 (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
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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 — j| = 1) 150
Medium-range (i — j| < 4) 112
Long-range (i — j| > 5) 95
Hydrogen bonds 5
Total dihedral angle restraints 34
® 24
i\ 10
Structure Statistics
Energies®
Enoe (kcal mol™) 1.81 +0.33
Evaw (kcal mol™") 0.703 + 0.27
Violations (mean and SD)
Distance constraints (A) 0.011 + 0.001
Dihedral angle constraints (°) 0.312 + 0.195
Max. dihedral angle violation (°) 3.242
Max. distance constraint violation (A) 0.159
Deviations from idealized geometry
Bond lengths (A) 0.003 + 0.000
Bond angles (°) 0.511 + 0.011
Impropers (°) 0.317 £ 0.013
Average pairwise RMSD® (A)
Heavy 0.397 (2-20)
Backbone heavy 0.095 (2-20)

®The values for Enoe Were calculated from a square-well potential with
force constants of 150 kcal mol~" A2,
PPairwise RMSD was calculated among 20 refined structures.

from the Aplysia genome, is present as a transcript, CNSNO1-
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-Vc1 was 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 'H nuclear mag-
netic resonance (NMR) spectra (Figure S2) indicated that contry-

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 and C 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.

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 'H, '3C, and '°N
chemical-shift assignments have been deposited in the BMRB
(accession code BMRB: 25585). Strong d.; 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 3 JHN-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
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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 A). 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 (GIn-Pro-Gly-Tyr) form a type-Il B turn, leading
into the first B strand. This B turn is stabilized by ani — i + 3
hydrogen bond between the carbonyl of GIn4 and the amide of
Tyr7. The two strands are connected by a type-IV $ turn around
the four residues (Pro-Val-Leu-Gly). The second f 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 § sheet
were Alag HN-Thr17 O, Thr 17 H"-Ala8 O, and 10 HN-15 O. All
of the above amides exhibited slow ?H exchange, had tempera-
ture coefficients less negative than —4.75 ppb/K (Baxter and Wil-
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 'H 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 uM) were consistent
with a high content of B-strand and B-turn secondary structure
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(Figure 3). Estimation of secondary structure composition using
the CDSSTR algorithm (Whitmore and Wallace, 2004, 2008)
(84% 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 'H 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
Ca?* levels in mouse dorsal root ganglion cells (data not shown).
Itis possible that contryphan-Vc1 interacts with areceptor 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
more molluscan 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 Rosenstrom, 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
(u-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-|
(residues 16-33) align with a remarkably low RMSD of 0.75 A
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Figure 4. The SDH Fold Is a Basic Core Unit
D of Several Peptide Folds Including the Inhib-
3 itor Cysteine Knot
(A) Structures of contryphan-Vc1, hainantoxin-|
(PDB: 1NIX), Us-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.
E RMSD (A) (B) Schematic illustrating the core SDH unit of each

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

(C) Structure-based sequence alignment of con-
tryphan-Vc1, hainantoxin-I, Us-liotoxin-Lw1a, and
Ugr 9-1 representing the SDH, ICK, DDH, and BBH
folds, respectively (using the same color scheme
asinA).
(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 A (SDH

SDH
ICK | 0.75
DDH|0.86 0.78 1.12
BBH|0.77 1.18 1.12

0.75 0.86 0.77
0.78 1.18

[residues 3-19] versus ICK [16-32]), 0.86 A (SDH [3-10, 16-19] versus DDH [17-24, 29-32]), 0.77 A (SDH [3-10, 16-19] versus BBH [7-14, 19-22]), 0.78 A (ICK
[16-23, 29-32] versus DDH [17-24, 29-32]), 1.18 A (ICK [16-23, 29-32] versus BBH [7-14, 19-22]), and 1.12 A (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 IlI-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-l 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 § 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 | and Il 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 GIn4 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 U4-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 | 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 (m-AnmTX Ugr 9a-1) (Osmakov et al., 2013).

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 (U,-liotoxin-Lw1a), and BBH
(Ugr9-1) folds with backbone heavy atom RMSD values of
0.75, 0.86, and 0.77 A, 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 § 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 Il, 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 CSB motif 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

Structure 24, 293-299, February 2, 2016 ©2016 Elsevier Ltd All rights resewe?34297

CellPress




Cell’ress

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
were made by conventional analysis of two-dimensional homonuclear TOCSY,
NOESY, and DQF-COSY spectra. For structure calculations, assigned cross-
peaks of NOESY spectra (200 ms mixing time) were used to generate distance
constraints, 3JH,\,_HmJ-coupling measurements and TALOS-N predictions were
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 "H NMR spectra acquired over a range of temperatures.
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The accession number for contryphan-Vc1 are Uniprot: W4VSF6 and PDB:
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SUPPLEMENTAL DATA:

contryphan-Vc1 (Conus victoriae)

MGKLTILFLVAAALLSTQVMVQGDGAHERTEAEE PQHHGAKRODGTGGY PVDDVDMMORT FRT PLKRQWCQPGYAYNPVLGICTITLSRIEHPGNYDYRRGRQ

contryphan-R (Conus radiatus)
MGRLTILVLVAAVLLSAQVMVOGDGDQPADRNAVPRDDNPGGASGKFMNVLRRSGCPHERWCG

contryphan-Sm (Conus stercusmuscarum)

MGKLTILVLVAAVLLSTQVMVQGDADQPADRDAVPRDDNPSGT DGKFMNVLRRFGCPHOPWCG

Figure S1, related to Figure 1: Contryphan-Vcl is member of the contryphan superfamily
of conotoxins but shares no obvious sequence similarity with other contryphans. A
comparison of the precursor sequence of contryphan-Vcl with those of contryphan-R
(Uniprot: P58786) and contryphan-Sm (Uniprot: P58787) from the venoms of Conus radiatus
and Conus stercusmuscarum, respectively. Precursor signal peptides are highlighted in
purple, dibasic cleavage sites in red and the mature peptides in blue.
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Figure S2, related to Figure 2: Contryphan-Vcl adopts a single major conformation and is
highly structured in solution. (A) Amide/aromatic region of one-dimensional *H NMR
spectra as a function of temperature for contryphan-Vcl in 93% H,0/7% 2H,0 at pH 3.9,
acquired on a Bruker 600 MHz spectrometer. (B) Amide/aromatic region of NOESY (200
ms) (blue) and TOCSY (80 ms) (red) spectra of contryphan-Vcl in 93% H20/7% ?H20 (293
K, pH 3.9).

139



Figure S3, related to Figure 2: The C-terminal tail of contryphan-Vcl (residues 19-31)
shows some helical propensity. Stereo view of residues 19-31 of the final 20 structures of
contryphan-Vcl, superimposed over the C, atoms of residues 19-23.
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Figure S4, related to Figure 3: Contryphan-Vcl is stable over a

f;[ppm]
range of pH values and at

high temperature. (A) Amide/aromatic region of one-dimensional 'H NMR spectra of
contryphan-Vcl at pH 3.9, 6.0 and 7.0, acquired on a Bruker 600 MHz spectrometer. (B)
Amide/aromatic region of one-dimensional *H NMR spectra of contryphan-Vc1, acquired on
a Bruker 600 MHz spectrometer up to 343 K (70 °C) in water at pH 3.9. Most amide
resonances shift upfield at higher temperature as expected and some are broader at pH 7 and

at higher temperatures because of exchange with solvent water.

141



Table S1, related to Figure 3: Hydrodynamic properties of contryphan-
\/cl calculated from sedimentation velocity analysis.

Sample Weight average sedimentation Estimated M,  Frictional
concentration  coefficient of peaks (S) ratio
37 uM 0.51 (96 %) 3.3 kDa 1.40
110 uM 0.55 (92 %) 3.5 kDa 1.71
1.72 (8 %) 18.7 kDa

% Theoretical M, of monomeric contryphan-Vcl is 3.55 kDa.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Venom gland transcriptome. Specimens of C. victoriae were collected from Broome,
Western Australia. Preparation of the venom gland tissue and subsequent sequencing of the
transcriptome has been described previously (Robinson et al., 2014). Briefly, whole venom
glands of live specimens were dissected, snap-frozen in liquid nitrogen and stored at -80°C.
Frozen venom glands were pulverized and homogenized prior to extraction of total RNA with
Trizol (Invitrogen, Life Technologies). cDNA library preparation, normalization and 454
sequencing were performed by Eurofins, MWG Operon (Budendorf, GER). De novo
transcriptome assembly was performed using MIRA3 (Chevreux et al., 2004). Conotoxin
sequences were annotated using profile hidden Markov models built from known conotoxin
superfamily sequences (Robinson et al., 2014).

Venom extraction & preparation. Venom samples obtained by manual extrusion from
freshly dissected venom glands were snap-frozen in liquid nitrogen and stored at -80°C.
Venom (from several specimens) was reconstituted in 0.1% trifluoroacetic acid (TFA),
pooled and homogenized using a glass Dounce tissue grinder. Insoluble material was pelleted
by centrifugation, and the supernatant was collected and lyophilized. Pellets were
resuspended in 0.1% TFA / 20% acetonitrile (MeCN) then centrifuged, and the supernatant
was collected and lyophilized. This process was repeated with 40% and 60% MeCN.
Lyophilized venom was resuspended in 2% acetonitrile (MeCN), 0.1% TFA and pooled.
Protein concentration was determined using a Bradford assay with ovalbumin as the standard.
An aliquot of the venom sample was reduced in 20 mM tris(2-carboxyethyl)phosphine
(TCEP) (pH 8) for 30 min at 60°C, then alkylated by incubating in 40 mM iodoacetamide for
30 min. The reduced and alkylated venom was further processed by tryptic digestion,
essentially according to the manufacturer’s instructions (proteomics-grade trypsin, Sigma-
Aldrich), with an incubation time of 4 h at 37°C.

Mass spectrometry (MS) and MS matching. Aliquots (0.5 pg) of the unprocessed venom
and the reduced, alkylated and trypsinized venom, were centrifuged at 13,000 x g for 10 min
and loaded onto a microfluidic trap column packed with ChromXP C18-CL 3 pum particles
(300 A nominal pore size; equilibrated in 0.1% formic acid/5 % MeCN) at 5 pL/min using an
Eksigent NanoUltra cHiPLC system. An analytical (15 cm x 75 pm ChromXP C18-CL 3)
microfluidic column was then switched in line and venom separated using a linear gradient
elution of 0-80 % MeCN/ 0.1 % formic acid over 90 min (300 nL/min). Separated venom
peptides were analysed using an AB SCIEX 5600 TripleTOF mass spectrometer equipped
with a Nanospray Il ion source and accumulating 30 tandem mass spectrometry (MS/MS)
spectra per second. Data were processed in ProteinPilot software (version Beta 4.1.46) using
the Paragon algorithm. The search databases comprised a six-frame translation of the C.
victoriae venom gland transcriptome database, as described previously (Robinson et al.,
2014). Hits identified by ProteinPilot were then validated by comparison of experimentally-
derived peaks against a theoretical peak list (Protein Prospector MS-Product, University of
California, San Fransisco).
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Peptide synthesis and folding. Contryphan-Vcl was synthesized on Wang resin (loading 1.1
mmol/g, 0.091 g, 0.1 mmol); the C-terminal amino acid was double-coupled manually to the
resin (Fmoc-protected amino acid: dimethylamino pyridine (DMAP):
diisopropylcarbodiimide, 3:0.1:3 equivalents respectively) and full chain synthesis was
completed using microwave-assisted solid-phase peptide synthesis on a CEM Liberty-
Discovery™ synthesiser. Resin was swollen for 60 min in N, N -dimethylformamide (DMF):
dichloromethane (DCM) (1:1). Coupling conditions were as follows: Fmoc-amino acids (0.2
M in DMF), activator (0.5 M O-(7-azabenzotriazol-1-yl)-N,N,N’,N -tetramethyluronium
hexafluorophosphate (HATU) in DMF) and activator base (2 M N,N -diisopropylethylamine
(DIPEA) in N-methylpyrrolidone (NMP)). Fmoc-deprotection was accomplished using 20 %
v/v piperidine in DMF. The default microwave conditions used in the synthesis of the linear
peptide were as follows: initial deprotection (40 W, 75 °C, 0.5 min), deprotection (40 W, 75
°C, 3 min), and coupling (20 W, 75°C, 5 min). In the case of cysteine and histidine, the
coupling was carried out at 50 °C with a multistep microwave method consisting of pre-
activation (0 W, 50 °C, 2 min) and coupling (25 W, 50 °C, 4 min). Acid-mediated cleavage
was performed at room temperature for 4 h, using a solution of 95:2:2:1 (v/viviv) TFA:
triisopropylsilyl (TIPS):water:thioanisole. Air oxidation of the crude linear peptide was
carried out at a concentration of 0.3 mg/mL in 0.1 M ammonium bicarbonate, according to
the procedure described by Clark et al. (Clark et al., 2006). The reaction progress was
monitored by reversed-phase RP-HPLC and ESI-MS. Folding was quenched by acidification
to pH 2 with glacial acetic acid and the oxidised peptide was purified by preparative RP-
HPLC to > 95% purity. Analytical and preparative RP-HPLC were performed on Agilent
1200 series instruments using a Vydac C18 analytical column (4.6 x 250 mm, 5 um) at 1.5
mL/min and preparative column (22 x 250 mm, 10 um) at 10 mL/min, respectively.

Co-elution. While we were able to confirm, by MS, the complete primary structure of the
peptide, including the N-terminal pyroglutamic acid modification and disulfide bond
formation, one post-translational modification potentially remained undetected: D-amino acid
epimerization, which has been reported in other contryphans on the basis of co-elution
experiments (Jimenéz et al., 1996). This modification does not cause a shift in mass and
cannot be observed by MS, so in order to determine whether the native venom peptide
contained any D-amino acids, a simple co-elution experiment was performed with the
synthetic peptide. A 100 pg sample of C. victoriae crude venom was loaded onto a Luna C-8
column (100 A, 2 x 100 mm) coupled to a Shimadzu LCMS2020 instrument, and separated
using a linear gradient of 0-60% MeCN/0.05% TFA over 30 min. An extracted ion
chromatogram for the expected [M+3H]" ion of contryphan-Vc1 indicated a peak eluting at
24.3 min. This was repeated with a ~500 ng sample of synthetic contryphan-Vcl and an
extracted ion chromatogram for the same ion indicated a peak eluting at the identical
retention time (24.3 min) (data not shown).

Sedimentation velocity analysis. Several conotoxins are known to be present in venom

as dimers (Loughnan et al., 2006; Quinton et al., 2009; Walker et al., 2009; Wu et al., 2010).
Confirmation of monomeric contryphan-Vcl in the unprocessed venom ruled out the
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possibility of covalent dimerization. To explore the possibility of non-covalent
homodimerisation we performed sedimentation velocity analysis of the peptide.
Samples were analyzed using an XL-I analytical ultracentrifuge (Beckman Coulter, Fullerton,
CA) equipped with an AnTi-60 rotor. Contryphan-Vcl samples at 37 uM or 110 pM (in
water, pH 3.9) were added to double-sector Epon-filled centerpieces, with water in the
reference compartment. Radial absorbance data was acquired at 20 °C using a rotor speed of
50,000 rpm and a wavelength of 280 nm, with radial increments of 0.003 cm in continuous
scanning mode. The sedimenting boundaries were fitted to a model that describes the
sedimentation of a distribution of sedimentation coefficients with no assumption of
heterogeneity (c(s)) using the program SEDFIT (Schuck and Rossmanith, 2000). Data were
fitted using a regularization parameter of p = 0.95, floating frictional ratios, and 150
sedimentation coefficient increments in the range of 0.1-10 S.

At both concentrations tested (37 and 110 uM), the peptide was monomeric (Table S1),
with a small percentage (8 %) of higher order aggregate present at the higher concentration
(110 pM).

NMR spectroscopy. Samples were prepared by dissolving the freeze-dried peptide in either

93% H20/7% H20 or 100% *H20 (pH 3.9). The peptide did not dissolve completely under
these conditions; insoluble material was pelleted by centrifugation and the supernatant used
for further analysis (with a final concentration, as determined by Agzso, of ~110 uM). All

spectra were acquired on a Bruker Avance 600 MHz instrument. One-dimensional *H spectra
were acquired at temperatures over the range 278-303 K, at intervals of 5 K, as well as 293 —
343 K at intervals of 15 K, and pH 3.9 and 4.8 (293 K). Two-dimensional homonuclear
TOCSY spectra (spin lock time 80 ms) were acquired at 288 K, 293 K, and 298 K (pH 3.9)
and at 293 K (pH 4.8). Two-dimensional homonuclear NOESY spectra (mixing times 50 and

200 ms) were acquired at 293 K, pH 3.9 in 93% H,0/7% “H.0 and 100% *H.0. DQF-COSY
spectra were acquired at 293 K, pH 3.9 in 100% 2Hz0. *®N SOFAST-HMQC and **C HSQC

spectra were acquired at 293 K, pH 3.9 in 93% H,0/7% *H.0 and 100% ?H.0, respectively.
Chemical shift assignments for backbone and side chain protons were made by conventional
analysis of two-dimensional TOCSY, NOESY and DQF-COSY spectra (293 K, pH 3.9). 1,4-

Dioxane (chemical shift of 3.75) was used as a reference for *H chemical shifts, while *N
and *3C chemical shifts were determined indirectly. All spectra were processed in TOPSPIN
(version 3.2) and analyzed using CcpNmr-Analysis (version 2.1.5). Amide deuterium (*H)

exchange rates were monitored by the acquisition of a series of one-dimensional *H spectra
and two-dimensional homonuclear TOCSY spectra following reconstitution of the freeze-

dried peptide in 100% 2H,0O. Amide temperature coefficients were determined by analysis of
one-dimensional *H spectra and TOCSY spectra acquired over temperature ranges 278-303 K
and 288-298 K, respectively.

Assigned cross-peaks of NOESY spectra (200 ms mixing time) acquired at 293 K, pH 3.9,
were used to generate distance constraints for structure calculations. A combination of *Jun-ie

J-coupling measurements from one-dimensional H spectra and two-dimensional
homonuclear NOESY spectra (acquired with 32K data points) as well as TALOS-N
predictions (Shen and Bax, 2013) were used to generate dihedral angle constraints. Hydrogen

bond constraints, consistent with measured amide ?H exchange rates and temperature
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coefficients, and where hydrogen bond acceptors could be determined from initial rounds of
structure calculation (present and consistent in > 80% of structures), were included for
subsequent calculations. Structures were optimized for a low target function in CYANA
(Glntert, 2004) and initial structures were used to resolve the assignment of several
ambiguous inter-residue NOEs. Once optimized in CYANA, the final constraint set was
entered into XPLOR-NIH (Schwieters et al., 2003) and with conventional simulated
annealing protocols a new ensemble of 200 structures was generated. The 20 lowest energy
structures generated were chosen to represent the solution structure of contryphan-Vcl.
PROCHECK-NMR (Laskowski et al., 1996) was used for the validation of final calculated
structures and the final ensemble of 20 structures (residues 2-20) had 78.6% of residues in
favored and 21.4% in allowed Ramachandran-plot regions. Structures were analyzed in
MOLMOL (Koradi et al., 1996) and molecular representations were prepared using PyMOL
[DeLano WL. The PyMOL Molecular Graphics System, Version 1.5.0.4 Schrodinger, LLC
(http://www.pymol.org)] and the UCSF Chimera package.

Circular dichroism spectroscopy. Far UV CD spectra were recorded for contryphan-Vcl
(37 UM, in water, pH 3.7) using an Aviv 410SF CD spectrometer (Lakewood, NJ). Spectra
were acquired between 190 and 260 nm (far UV) from 20 to 95 °C, using a 1 mm path-length
quartz cuvette, 0.5 nm step size, and 4 s averaging. CD spectroscopy data were analysed for
secondary structure content using the CDSSTR program (Whitmore and Wallace, 2004,
2008) reference database 4 (Sreerama and Woody, 2000).

Data availability. The nucleotide sequence of the contryphan-Vcl precursor has been
deposited at DDBJ/EMBL/GenBank [Accession: GAIH01000059] and Uniprot [Accession:
W4VSF6]. The solution structure and chemical shifts of contryphan-Vcl have been deposited
in the PDB [accession code: 2N24] and BMRB [accession code: 25585], respectively.
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In natural proteins and peptides, amino acids exist almost invariably as L-isomers. There are, however,
several examples of naturally-occurring peptides containing p-amino acids. In this study we investigated
the role of a naturally-occurring p-amino acid in a small peptide identified in the transcriptome of a
marine cone snail. This peptide belongs to a family of peptides known as contryphans, all of which
contain a single p-amino acid residue. The solution structure of this peptide was solved by NMR, but
further investigations with molecular dynamics simulations suggest that its solution behaviour may be
more dynamic than suggested by the NMR ensemble. Functional tests in mice uncovered a novel
bioactivity, a depressive phenotype that contrasts with the hyperactive phenotypes typically induced by
contryphans. Trp3 is important for bioactivity, but this role is independent of the chirality at this position.
The p-chirality of Trp3 in this peptide was found to be protective against enzymatic degradation. Analysis
by NMR and molecular dynamics simulations indicated an interaction of Trp3 with lipid membranes,
suggesting the possibility of a membrane-mediated mechanism of action for this peptide.

p-amino acid

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The contryphans are a family of small disulfide-cyclised pep-
tides found in the venoms of marine cone snails of the genus Conus.

Abbreviations: BMRB, Biological Magnetic Resonance Data Bank; BSA, bovine
serum albumin; DIPEA, N,N-diisopropylethylamine; DMF, N,N-dimethylformamide;
DPC, dodecylphosphocholine; Hyp, hydroxyproline; LC-MS, liquid chromatography/
mass spectroscopy; MD, molecular dynamics; NMR, nuclear magnetic resonance;
NOE, nuclear Overhauser effect; PDB, Protein Data Bank; POPC, 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine; POPG, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoglycerol; ROESY, rotating-frame Overhauser effect spectroscopy; RP-
HPLC, reversed-phase high performance liquid chromatography; TFA, trifluoro-
acetic acid; TOCSY, total correlation spectroscopy. The abbreviations for the com-
mon amino acids (L-isomers unless indicated otherwise) are in accordance with the
recommendations of the IUPAC-IUB Joint Commission on Biochemical Nomencla-
ture (Eur. J. Biochem. 1984, 138:9-37)..

* Corresponding author. Medicinal Chemistry, Monash Institute of Pharmaceu-
tical Sciences, 381 Royal Parade, Parkville, Victoria 3052, Australia.

E-mail address: Ray.Norton@monash.edu (R.S. Norton).

http://dx.doi.org/10.1016/j.toxicon.2017.02.012
0041-0101/© 2017 Elsevier Ltd. All rights reserved.

All contryphans investigated to date produce strong behavioural
effects when administered by intracranial injection in mice
(Jacobsen et al., 1999; Jimenez et al., 1997, 1996, 2001). The mo-
lecular basis for this activity is unknown, although target receptors
for four contryphans have been proposed: voltage-gated Ca®*
channels (contryphan-Lo and contryphan-Am) (Sabareesh et al.,
2006), 1-type Ca®* channels (glacontryphan-M) (Hansson et al.,
2004) and Ca®*-dependent K* channels (contryphan-Vn)
(Massilia et al., 2003). Contryphans range in length from 7 to 11
residues and in most cases share the consensus sequence CO(°W)
XPWC. A sequence alignment of the known contryphans that have
been investigated at the protein level is presented in Table 1.
Consensus features include two Pro residues at positions 2 and 5 of
the intercystine loop, with the first proline usually modified to
hydroxyproline. A C-terminal Pro-Trp-Cys tripeptide is also present
in all family members characterised to date, except contryphan-Tx
(in which Trp is replaced by Tyr) (Jimenez et al., 2001). C-terminal
amidation is almost ubiquitous, being absent only in Leu-
contryphan-P (Jacobsen et al., 1999). Several members also have
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Table 1
Sequence alignment of members of the contryphan family. W = p-tryptophan, L = p-
leucine, W = 1-6-bromo-tryptophan, O = hydroxyproline, Y = gamma-carbox-
yglutamic acid, * = C-terminal amidation. Adapted from (Thakur and Balaram,
2007).

Designation Sequence Ref

Contryphan-Vc2 -—--CRWTPVC* (Robinson et al., 2014)

Leu-contryphan-P ---GCVLLPWC* (Jacobsen et al., 1998)
Leu-contryphan-Tx ----CVLYPWC* (Jimenez et al., 2001)
Contryphan-In (In936) ---GCVLYPWC* (Thakur and Balaram, 2007)
Glacontryphan-M NYSYCPWHPWC* (Hansson et al., 2004)
Contryphan-Vn - -GDCPWKPWC* (Massilia et al., 2001)
Contryphan-Lo (Lo959) -—-GCPWDPWC* (Sabareesh et al., 2006)
Contryphan-Tx ---GCOWQPYC* (Jimenez et al., 2001)
Contryphan-Sm - - -GCOWQPWC* (Jacobsen et al., 1998)
Contryphan-P ---GCOWDPWC* (Jacobsen et al., 1998)
Contryphan-R ---GCOWEPWC* (Jimenez et al., 1996)
Des(Gly1) contryphan-R ----COWEPWC* (Jimenez et al., 1996)
Bromocontryphan-R - - -GCOWEPWC * (Jimenez et al., 1997)
Contryphan-Am (Am975) ---GCOWDPWC * (Sabareesh et al., 2006)
Contryphan-fib -~ -~GCOWMPWC ** (Rajesh, 2015)

Unnamed” -VVGCOWQPWC* (Thakur and Balaram, 2007)

@ Detected by mass spectrometry; isomerism of residue 3 not investigated.
b Detected in venom of C. zeylanicus, C. betulinus and C. figulinus.

N-terminal extensions to the consensus motif.

One noteworthy feature of contryphans is the presence of a p-
amino acid at position 3 of the intercystine loop, which is either Trp
or (rarely) Leu (Hansson et al., 2004; Jacobsen et al., 1998, 1999;
Jimenez et al., 1997, 1996, 2001; Massilia et al., 2003; Sabareesh
et al,, 2006). The role of this p-amino acid in contryphans has not
been explored in depth. The inclusion of a p-amino acid residue in a
natural peptide is uncommon, but not unknown; in 2009, just over
30 examples of p-amino acid-containing peptides in animals were
reported, of which nine were contryphans (Bai et al., 2009). In other
peptides, p-amino acids have a range of effects. The first p-amino
acid-containing peptide to be discovered in vertebrates was der-
morphin, which was isolated from the skin of the frog Phyllomedusa
sauvagei and contains p-Ala in position 2 (Montecucchi et al., 1981).
The p-residue was found to be crucial for the potent opiate-like
activity, which was lacking in a synthetic all-L analogue
(Montecucchi et al., 1981). In the P-type Ca®>* channel antagonist w-
agatoxin IVB, found in spider venom, p-Ser46 conferred protection
against the proteolytic effect of carboxypeptidase P (Heck et al.,
1994). The excitotoxic conopeptide 1-RXIA contains p-Phe, and the
analogue with 1-Phe, 1-RXIA[L-Phe44], had a two-fold lower affinity
and two-fold faster off rate than 1-RXIA on Nay1.6 channels. In
addition, the r-analogue was inactive at Nay1.2 channels (Fiedler
et al., 2008).

In this study, we investigate a newly-discovered contryphan,
contryphan-Vc2, identified in the transcriptome of Conus victoriae
(Robinson et al., 2014). Mouse bioassays were used to define a novel
bioactivity, which is distinct from that seen previously for other
contryphans. We assessed the effect of epimerising Trp3 on the
activity, solution structure, proteolytic stability and lipid binding of
this peptide. Homonuclear 2D 'H NMR was used to calculate a
solution structure, and molecular dynamics (MD) simulations were
used to reveal further detail of the behaviour of the peptide in
solution. Both NMR and MD indicated an interaction with lipid
membranes.

2. Materials and methods
2.1. Chemical synthesis

Contryphan-Vc2 was identified in the venom gland tran-
scriptome of C. victoriae as reported previously (Robinson et al.,

2014). Contryphan-Vc2 peptides containing p-Trp, .-Trp or 1-Ala in
position 3 were prepared by conventional N-(9-fluorenyl)methyl-
oxycarbonyl (Fmoc) chemistry on Rink amide resin at 0.1 mmol
scale. Briefly, deprotection was performed in 20% piperidine (in
DMF), followed by activation and elongation with 70 mL/L DIPEA
(in DMF) and 3 equivalents of HCTU with Fmoc-protected amino
acid for 50 min. Cleavage from the resin was performed over 2 h
with a mixture of trifluoroacetic acid, triisopropylsilane, 1,3-
dimethoxybenzene and 3,6-dioxa-1,8-octanedithiol  (TFA:-
TIPS:DMB:DODT, 92.5:2.5:2.5:2.5 by volume). The cleavage mixture
was evaporated and precipitated with ice-cold diethyl ether. The
crude product was lyophilised and stored at —20 °C until further
purification.

Disulfide formation was achieved by stirring ~0.5 mg/mL crude
peptide in 0.1 M ammonium bicarbonate (pH 8.0) for 17 h at room
temperature. The cyclised peptides were purified on a Vydac 10 pm
C18 (250 x 10 mm) column using a gradient of 40—70% buffer B
over 30 min (buffer A: 0.1% TFA in MilliQ water; buffer B: 0.1% TFA in
80% acetonitrile). Sample purity was assessed by LC-MS to be
greater than 95%. Further samples of synthetic [p-Trp3]- and [i-
Trp3]-contryphan-Vc2 were purchased from Purar Chemicals
(Victoria, Australia) and used for the proteolysis and DPC assays.

2.2. Proteolysis assays

Peptide resistance to proteolysis by trypsin, a-chymotrypsin and
pepsin was measured by incubating a 250:1 peptide:enzyme
mixture at 37 °C for 4 h. BSA was used as a positive control of
protease activity. Stock solutions of trypsin and a-chymotrypsin
were prepared in 1 mM HCl/2 mM CaCl, and reactions were run in
50 mM Tris, 100 mM NaCl (pH 7.4). Pepsin was prepared in 10 mM
HCI and reactions run in 10 mM acetic acid/10 mM HCI (pH 2.0).
Trypsin and o-chymotrypsin reactions were halted using 2.5%
volume of acetic acid solution (25% v/v), and pepsin reactions were
halted using 2.5% volume of 200 mM glycine-NaOH buffer (pH
11.4). The extent of digestion was analysed by LC-MS using a Jupiter
5 um C4 300 A column (50 x 2.0 mm) (buffer A: 0.1% formic acid in
MilliQ water; buffer B: 0.1% formic acid in acetonitrile). Samples
were eluted with a gradient of 0—60% B over 10 min.

2.3. Behavioural assay

Swiss Webster mice (15—21 days old; 6.6—10.1 g) were injected
intracranially with different doses of synthetic peptides dissolved
in 10 pL 0.9% NacCl, as described previously (McIntosh et al., 1994).
Control mice were injected with 10 pL 0.9% NacCl solution. Following
intracranial injection, mouse behaviour was observed for 2 h to
determine differences between treated and control animals. All
experiments involving the use of animals were approved by the
Institutional Animal Care and Use Committee of the University of
Utah.

2.4. Nuclear magnetic resonance spectroscopy

NMR spectra were acquired using a Bruker Avance Il 600 MHz
instrument. Lyophilised [p-Trp3]-contryphan-Vc2 was dissolved in
93% H,0/7% 2H,0 at pH 4.0 to a concentration of 2 mM and 300 pL
samples were placed in Shigemi tubes. TOCSY and ROESY experi-
ments were recorded at 5 °C using mixing times of 80 and 350 ms,
respectively. An additional ROESY experiment was recorded with a
mixing time of 50 ms to assist in y; angle determination. 1D 'H
experiments were recorded at temperatures ranging from 10 to
30 °C in 5 °C steps to calculate amide proton temperature co-
efficients, and at 37 °C to test stability under physiological condi-
tions. Hydrogen-deuterium exchange rates were measured by
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dissolving lyophilised [p-Trp3]-contryphan-Vc2 in 100% 2H,0 and
recording 1D 'H spectra at 5 min intervals at 10 °C. Spectra were
referenced using dioxane at 3.75 ppm. 'H-13C HSQC and 'H-"°N
HMQC spectra were collected at natural abundance for assignment
of heavy atom chemical shifts, and were referenced indirectly using
resonance frequency ratios (Wishart et al, 1995). [L-Trp3]-
Contryphan-Vc2 was dissolved in 93% H,0/7% ?H,0 at pH 4.1 to a
concentration of 3 mM, and TOCSY and ROESY spectra were
collected on a 550 pL sample in a standard 5 mm NMR tube at 5 °C.
Titration with DPC micelles was carried out by dissolving lyophi-
lised [p-Trp3]- and [L-Trp3]-contryphan-Vc2 separately in 100 mM
deuterated acetate buffer, pH 4.4 to a concentration of 0.5 mM. 1D
TH NMR spectra were acquired at 5 °C both before and after addi-
tion of deuterated dodecylphosphocholine (DPC, Sigma-Aldrich), in
concentrations of 1, 5, 10, 20 and 40 mM. Peaks were monitored for
shifting and broadening. TopSpin (v3.2, Bruker, USA) was used for
spectral processing and analysis.

2.5. Structure calculation

Distance constraints for structure determination were derived
from intensities of NOE cross-peaks in the ROESY spectrum of [p-
Trp3]-contryphan-Vc2 recorded at 5 °C and pH 4.0. Dihedral
angle restraints were obtained by measuring the >Jynya scalar
coupling constants at 5 °C, noting the magnitude of the splitting
between doublets in amide resonances. Values below 6.0 Hz were
taken to indicate a-helical conformation (—90° < ¢ < —40°), while
values above 8.0 Hz indicated f-strand conformation
(—160° < ¢ < —80°). Amide proton temperature coefficients were
calculated by recording 1D 'H spectra over the range 10—30 °C, and
plotting the chemical shift values for each residue. Residues with
coefficients more positive than —4.5 ppb/K were flagged as po-
tential hydrogen bond donors (Baxter and Williamson, 1997). ¥4
angles were investigated by matching 3jaf coupling constants and
NOE intensities from a short mixing time (50 ms) NOESY spectrum
to the patterns identified by Wagner et al. (1987), but no restraints
were generated. The possibility of chemical shift-based restraints
was investigated by submitting data to the TALOS-N web server
(available at http://spin.niddk.nih.gov/bax/nmrserver/talosn/), but
no useful constraints were returned. NMR solution structures were
calculated using Cyana v3.0 and refined with XPLOR-NIH v2.40
based on distance restraints (from NOE intensities) and ¢ angle
restraints (from 3Jnpa coupling constants).

2.6. Molecular dynamics (MD) simulations

Molecular dynamics simulations were carried out using GRO-
MACS version 5.0.4 with the GROMOS 54a7 united-atom forcefield
(modified to allow inclusion of p-Trp). Simulations used a 2 fs time
step. Temperature coupling made use of the velocity rescale algo-
rithm with a reference temperature of 298 K. Pressure coupling
used the Berendsen or Parinello-Rahman algorithms, with refer-
ence pressure of 1 bar and compressibility of 4.5 x 107> bar~,

Starting models of [p-Trp3]-, [L.-Trp3]- and [W3A]-contryphan-
Vc2 were built from the NMR-derived solution structure of [p-
Trp3]-contryphan-Vc2 with the proline in the trans conformation.
For membrane simulations, the model system was constructed by
placing an appropriate number of lipid molecules in the simulation
box and solvating with SPC water. A steepest-descent minimisation
of 2000 steps was used to remove bad van der Waals contacts
between atoms, followed by a temperature equilibration (without
pressure coupling) for 10,000 steps. Semiisotropic pressure
coupling was applied using the Berendsen barostat for 500,000
steps. The simulation was then run for 200 ns using the Parinello-
Rahman barostat to allow the lipid molecules to relax. Following

this equilibration procedure, the peptide was introduced to the
system either in the aqueous phase or buried in the bilayer, with
the disulfide bond in the +z direction. The minimisation and
equilibration steps were then repeated, with the peptide co-
ordinates restrained. The simulation production runs for [p-Trp3]-,
[L-Trp3]- and [W3A]-contryphan-Vc2 were executed for 2 ps. [p-
Trp3]-Contryphan-Vc2 simulations were extended for an addi-
tional 1 ps (total 3 ps). A simulation of [p-Trp3]-contryphan-Vc2 in
water used isotropic Parrinello-Rahman pressure coupling, and
peptide coordinates were not restrained during equilibration;
otherwise the same equilibration procedure was used and the
production run was executed for 100 ns. Simulation trajectories
were visualised with VMD (v1.9.2) and analysed using VMD and
GROMACS built-in tools.

3. Results
3.1. Synthesis and purification of contryphan-Vc2

Solid-phase peptide synthesis using Rink amide resin was used
to prepare samples of contryphan-Vc2 containing either p-Trp, L-
Trp or t-Ala at position 3. Analysis of each of the linear peptides by
LC-MS confirmed that the synthetic Trp-containing peptides had
masses of 863.6 Da, closely matching the expected molecular mass
for reduced peptide (MH™ m/z = 863.0 Da). Oxidation in ammo-
nium bicarbonate buffer produced a mass loss of 2 Da to 861.6 Da,
consistent with formation of the single disulfide bond (theoretical
MH" m/z = 861.0 Da). The oxidised Ala-containing peptide con-
tained ions of 746.7 Da, matching the expected LC-MS profile
(theoretical MH' m/z = 746.9 Da). Purification of peptides by RP-
HPLC resulted in samples of >96% purity (Fig. S1, Supporting
Information).

3.2. p-isomerism changes peptide elution times

Samples of [p-Trp3]- and [L-Trp3]-contryphan-Vc2 (both singly
and as a mixture) were injected on a LC-MS system fitted with a
Luna 3u C8(2) 100 A column and eluted with a gradient of 0—60%
acetonitrile over 90 min. [p-Trp3]-Contryphan-Vc2 eluted at
37.0 min, one minute before [L-Trp3]-contryphan-Vc2, which eluted
at 38.1 min. The sample containing a mixture of both peptides
showed two distinct peaks, with elution times consistent with the
single injections. (Fig. S2, Supporting Information). This shows that
changing the chirality at Trp3 alters the properties of the peptide
sufficiently to affect the chromatographic behaviour.

3.3. Trp3 is important for bioactivity, regardless of chirality

Bioactivity of other contryphans has been demonstrated by
intracranial injection in mice (Jacobsen et al., 1999; Jimenez et al.,
1997, 1996, 2001). In this study, we employed the same assay to
screen for broad biological activity of contryphan-Vc2 and its an-
alogues. Control mice injected with 10 pL normal saline solution
showed active exploratory behaviour over the 2 h period of
observation, with short periods of rest and grooming. In contrast,
[p-Trp3]-contryphan-Vc2 administered by intracranial injection in
mice at a dose of 10 nmol produced a strong and reproducible
phenotype characterised by limited movement, splaying of hind
limbs, dragging of hind limbs and flattening of the lower body
when moving (Table 2). At the lowest dose tested (1 nmol) the same
behaviour was observed but with reduced severity and duration. At
the highest dose tested (20 nmol), the same behaviour was again
observed and was increased in both severity and duration. [L-Trp3]-
contryphan-Vc2 also produced a strong phenotype which, within
the resolution of the assay, was indistinguishable from that elicited
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Table 2

Summary of results from intracranial mouse injections. Mice were between 15 and 21 days old and weighed between 6.6 and 10.1 g.

Dose (nmol) Observed Behaviour (time = approximate post injection)
[p-Trp3]-contryphan-Vc2

20(n=1) 0 min — 1 h: Both hind and front legs splayed and body flat. 1 h—2 h: Limited movement. Hind legs splayed,
dragging hind legs and lower body flat when moving. Mouse had not recovered by the end of observation at 2 h.

10 (n=5) From 0 min: Limited movement. Hind legs splayed when still, hind legs dragging and lower body flat when moving,
intermittent episodes of body tremor. Recovery was observed at 15 min and 45 min for three of the mice, while the
remaining two mice had not recovered by the end of observation at 2 h.

1(n=2) 5-20 min: Moving around cage, but hind legs dragging when moving. 20 min—2 h: no difference from control.
[L-Trp3]-contryphan-Vc2

20(n=1) 0-10 min: Limited movement. Both hind and front legs splayed and body flat. 10—20 min: Limited movement.
Recovered by 20 min.

10(n=3) 0-15 min: Limited movement. Hind legs splayed and body flat. 15 min—1 h: Increased movement with intermittent
episodes of body tremor. The peptide produced a stronger response in one mouse with hind legs splayed, dragging
hind legs and lower body flat when moving for the entire observation period of 2 h (similar to what was observed
for the 20 nmol dose of [p-Trp3]-contryphan-Vc2).
[W3A]-contryphan-Vc2

10(n=3) Active exploratory behaviour with short periods of rest and grooming.
Control

(n=5) Active exploratory behaviour with short periods of rest and grooming.

by [p-Trp3]-contryphan-Vc2 (Table 2). However, the behaviour of
mice injected with [W3A]-contryphan-Vc2 at a dose of 10 nmol
could not be distinguished from that of control mice injected with
normal saline solution. Together, these data demonstrate that
contryphan-Vc2 is bioactive, and that the Trp sidechain in position
3 is critical for this bioactivity. Somewhat surprisingly, however, the
chirality of Trp3 has no differential effect.

3.4. NMR spectroscopy

NMR spectra of [p-Trp3]-contryphan-Vc2 showed two sets of
resonances, a major and minor species. The resonances of the major
species showed good chemical shift dispersion, implying that the
peptide adopts a well-defined conformation in solution (Fig. 1A).

Chemical shift assignments were made for 'H and heavy atoms
in the major conformer and 'H in the minor conformer (Tables S1,
S2 and S3, respectively, of the Supporting Information). Chemical
shift data for the major conformer have been deposited in the
BMRB (Ulrich et al., 2008), ID: 30152. The conformers differed in the
geometry of the Thr4-Pro5 peptide bond, which was in the trans
orientation in the major form, as shown by the strong NOE cross-
peak between the Thr4 Ho and Pro5 HJd resonances (Fig. S3,
Supporting Information). Further corroborating this finding, the
13C chemical shift difference between the Cp and Cy resonances of
Pro5, 4.61 ppm, conformed to the published value typical for the
trans conformation (4.51 ppm) (Schubert et al., 2002). In the minor
conformer, the Thr4-Pro5 bond was in the cis orientation, as shown
by the NOE cross-peak between the Ha resonances of Thr4 and Pro5
(Fig. S3, Supporting Information). The signals in the *C spectrum
were too weak to determine the APy value, which for cis bonds is
typically 9.64 ppm (Schubert et al., 2002). The cis:trans ratio was
determined to be 1:5.

3.5. Structure determination

An ensemble of 20 structures was calculated for the major
conformer of [p-Trp3]-contryphan-Vc2. The experimental con-
straints used for structure calculation and the structural statistics
for the ensemble generated are summarised in Table 3.

Dihedral angle constraints were obtained for Arg2 and Val6,
both of which possess 3Jynna above the 8.0 Hz threshold for p-

A

TTT [T T T T[T T T T[T T T T[T T T T[T T T T[T TTT]

10 9 8 7
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B [ ] o
CterNH, [ ..o
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i — 115
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= 1H
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c7 — 120
R2 . -
. .
| ] -
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Fig. 1. 600 MHz NMR spectra of [p-Trp3]-contryphan-Vc2. (A) 1D 'H spectrum,
collected at 5 °C on a 2 mM sample at pH 4.0. Peaks are labelled from the major (blue)
and minor (red) conformers. (B) 2D heteronuclear "H-">N-HMQC spectrum, collected
at 10 °C on a 500 pM sample at pH 4.1. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Table 3 strand conformations (-160° < ¢ < —80°). Analysis of amide
Structural statistics for 20 lowest-energy structures of contryphan-Vc2. temperature coefficients (Fig. S4, Supporting Information) sug-

Distance restraints

gested that the amide proton of Thr4 may be the donor of a

Intra-residue (|i—j| = 0) 30 hydrogen bond (A3/AT = -2.0 ppb/K, above the threshold
Sequential (ji—j| =1) 33 of —4.5 ppb/K) (Baxter and Williamson, 1997), although this value
Medium-range (2 <|i—j| < 4) 10 . . .
Long-range (/i—j| > 4) 0 could also be due to ring current effects from the adjacent aromatic
Total 73 p-Trp3 (Cierpicki and Otlewski, 2001). This amide (like all other
amides) exchanged rapidly with deuterium when the peptide was
Dihedral restraints dissolved in 2H,0, making a hydrogen bond unlikely. The calculated
Bf‘debt:”}e (@ 3“31‘13) 2 structures showed no consistent acceptor for this hypothetical
SR']\AES% ain (1 angle) . 0 bond and so it was not used as a constraint. Fig. 2A presents a stereo
over 20 structures (all residues) .
view of an overlay of the ensemble of final structures calculated for
Backbone (A) (N, Ca, C, 0) 0.54 + 0.29 the major conformer of [p-Trp3]-contryphan-Vc2, while Fig. 2B
All heavy atoms (A) 0.80 + 0.29 shows the closest-to-average structure. The structural ensemble
has been deposited with the PDB (Berman et al., 2003), ID: 5L34.
RMSD over 20 structures (residues 2—6) The NMR-derived structure of [p-Trp3]-contryphan-Vc2 in wa-
Backbone (A) (N, Ca, C, O) 0.11 + 0.06 .
Allh ter reveals that the peptide adopts a well-defined structure con-
eavy atoms (A) 0.39 + 0.20 o X . R
sisting of two turn-like regions (formed by residues 1—4 and
Ramachandran analysis residues 4—7). The Ca. atoms of Cys1 and Thr4 are separated by less
Residues in most favoured regions (%) 13.8 than 7 A, as are the Co atoms of Thr4 and Cys7. However, the
Residues in additionally allowed regions (%) 70.0 dihedral angles of the internal residues do not match the defini-
Residues in generously allowed regions (%) 16.2 tions of the formal types of B-turn (Richardson, 1981; Wilmot and
Residues in disallowed regions (%) 0.0 N
Thornton, 1988). Both turns share Thr4 as a common residue, and
Energies (XPLOR energy units) are joined by a disulfide bond at the termini. The disulfide bond is
EnoE 28 +0.1 the least constrained region of the structure, and makes hydro-
Ebond + Eangle + Eimproper 102+ 0.1 phobic contact with Thr4. The RMSD values calculated across the

RMSDs from idealised geometry

structure ensemble show that all structures are similar, especially
when the terminal residues are excluded. Ramachandran values are

Bonds (A 0.0026 + 0.0004 . . L o
Angles((°; 0.515 ;0.006 favourable, with most residues falling in the additionally allowed
Impropers (°) 0.25 + 0.01 regions of the Ramachandran plot and none present in the dis-

allowed regions (Table 3). This structure is maintained at

Fig. 2. Stereo images of the calculated solution structure of the major [p-Trp3]-contryphan-Vc2 conformer. (A) Ensemble of 20 structures of [p-Trp3]-contryphan-Vc2 calculated
from distance and dihedral angle restraints. Structures have been superimposed over the backbone atoms of residues 2—6. Backbone is coloured black, residue side chains are grey.
(B) Closest-to-average structure from the ensemble. The disulfide bond is yellow, nitrogen atoms are blue, oxygen atoms are red. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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physiological temperature (Fig. S5, Supporting Information).

In order to probe the dynamics of [p-Trp3]-contryphan-Vc2 in
solution, MD simulations were undertaken. These simulations
revealed dynamic behaviour in the conformation associated with
rotation of Trp3 around the 7; bond (Fig. 3; see also Fig. S6,
Supporting Information). Fig. 3A plots the orientation of the Trp3
sidechain throughout the length of the simulation trajectory,
revealing the adoption of two primary positions. Fig. 3B illustrates
the major conformer (Trp3 1 = +60°), in which the Trp3 and Arg2
sidechains are in close proximity to each other, projecting from a
turn-like structure. In the minor conformer (Trp3 %; = -60°,
Fig. 3C), the sidechains of Trp3 and Pro5 are in close proximity.
Neither of these conformers matches the sidechain positions of the
calculated NMR structure, although both maintain the Thr4-Pro5
bond in the trans conformation and are similar in terms of the
backbone conformation, with the turns intact and the disulfide
bond still making hydrophobic contact with Thr4.

A 240 T T T T
180

120

T3 60
Xa )

-120 ' ' ' -
0O 20 40 60 80 100

Time (ns)

Fig. 3. Conformational data arising from MD simulations of [p-Trp3]-contryphan-Vc2
in water. (A) Plot of Trp3 y; angle vs time, showing presence of two distinct states.
(B) Representative structure of high occupancy state (Trp3 1 = +60°), in which Arg2
and Trp3 sidechains are in close proximity. (C) Representative structure of low occu-
pancy state (Trp3 y; = —60°), in which Trp3 and Pro5 sidechains are in close proximity.

3.6. Chemical shift comparison between [p-Trp3]- and [L-Trp3]-
containing peptides suggests structural similarity

The spectra of [L-Trp3]-contryphan-Vc2 were well-dispersed,
and chemical shift assignments were made for all 'H resonances
of the major species (Table S4 of the Supporting Information).
Comparison of the 'H resonance chemical shifts of [p-Trp3]-
contryphan-Vc2 and [i-Trp3]-contryphan-Vc2 revealed minor dif-
ferences. The amide proton of Trp3 is shifted upfield by over 1 ppm
in [L-Trp3]-contryphan-Vc2, with a smaller downfield shift for the
amide proton of Thr4 of around 0.5 ppm. There is a comparable
0.5 ppm downfield shift for the Ha resonance of Pro5, and minor
shifts in both directions for other resonances, both Ha and HN
(Fig. S7, Supporting Information). These results suggest that the
structure of [L-Trp3]-contryphan-Vc2, while slightly different, is
largely intact and similar to that of [p-Trp3]-contryphan-Vc2.

3.7. p-isomerism protects against proteolytic degradation

One possible reason for the presence of p-amino acids in pep-
tides is that the atypical chirality protects the molecule from pro-
teolytic degradation. To test this notion in the context of
contryphan-Vc2, the digestive enzymes trypsin, a-chymotrypsin
and pepsin were used in proteolytic assays. Trypsin degraded [i-
Trp3]-contryphan-Vc2 within 4 h, while having no effect on [p-
Trp3]-contryphan-Vc2. Neither [p-Trp3]- nor [L-Trp3]-contryphan-
Vc2 was susceptible to cleavage by pepsin or a-chymotrypsin
over the 4 h duration of the assay. LC-MS traces are presented in
Fig. S8 of the Supporting Information. These results suggest that the
p-chirality of Trp3 is protective against proteolytic degradation.

3.8. Contryphan-Vc2 interacts with a model lipid system

The insensitivity of the bioactivity assay to the chirality of Trp3
suggested that the peptide may not interact with a protein receptor
in a traditional manner. Titration of [p-Trp3]-contryphan-Vc2 with
DPC micelles showed clear signs of an interaction between peptide
and lipid, with amide peaks broadening and shifting as the con-
centration of lipid was increased. A similar effect was observed for
titration of [L-Trp3]-contryphan-Vc2 into DPC micelles. Plots
showing changes in chemical shift with DPC concentration are
presented in Fig. 4 (Panels A—C), and spectra of [p-Trp3]- and [i-
Trp3]-contryphan-Vc2 at 0 and 40 mM DPC are shown in Fig. S9
of the Supporting Information. These results demonstrate that
both [p-Trp3]-contryphan-Vc2 and [i-Trp3]-contryphan-Vc2
interact with this model lipid system. When tested at a peptide
concentration of 0.5 mM these effects stabilised upon addition of
20—40 mM DPC and no further alterations to the spectra were
apparent in samples on addition of 100 mM DPC (data not shown).
Hence saturation was reached around a ratio of 80:1 lipid:peptide.
MD simulations were run to gain insight into specific molecular
interactions between peptide and lipid bilayers, as described in the
Supporting Information, and a representative structure of [p-Trp3]-
contryphan-Vc2 in a lipid bilayer is shown in Fig. 4D.

4. Discussion

Contryphan-Vc2 differs from the consensus contryphan
sequence (Sonti et al., 2013) at positions 2 and 6 (replacing Pro/
Hyp2 with Arg and Trp6 with Val). The behaviour in RP-HPLC is also
different from that typically seen for contryphans in containing a
single sharp peak and lacking the later-eluting peak observed in
elution profiles of other contryphans (Jacobsen et al., 1999). The
sequence changes in contryphan-Vc2 are evidently sufficient to
abolish the appearance of a second species on the chromatographic
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timescale. However, the NMR spectra of [p-Trp3]-contryphan-Vc2
clearly show two sets of peaks, indicating that this peptide does
exist in two distinct conformations in solution, as has been
observed previously for other members of the contryphan family
(Eliseo et al., 2004; Pallaghy et al., 1999, 2000). The difference be-
tween the two conformations of contryphan-Vc2 was found to be
cis/trans isomerism about the Thr4-Pro5 bond, with a cis:trans ratio
of 1:5. All but one of the contryphans characterised to date display
cis/trans isomerism (the exception being glacontryphan-M) (Grant
et al., 2004). Of the two Pro residues in the consensus sequence,
isomerism is usually observed in the conformation of the Cys-Pro
bond at the start of the intercystine loop (where Pro can also be
modified to Hyp), but in contryphan-Vc2, Pro2 is replaced by Arg
and cis/trans isomerism occurs at the second Pro residue. This is
unusual, as in all but one of the previously published solution
structures of contryphans this second Xaa-Pro bond has been
exclusively in the trans conformation (Eliseo et al., 2004; Grant
et al,, 2004; Pallaghy et al.,, 1999, 2000). The sole exception is
contryphan-In (In936), which a recent study identified as also
possessing isomerism at the second Xaa-Pro bond and which, like
contryphan-Vc2, lacks the first Pro residue (containing Val instead)
(Sonti et al., 2013) (Table 1). The cis bond in contryphan-In may be
promoted by the Tyr residue preceding the second Pro, as it has
been noted that preceding aromatic residues promote the forma-
tion of cis peptide bonds to Pro through an interaction between the
partially positive Pro ring face and the negatively charged aromatic
m-face (Zondlo, 2012). The residue preceding Pro5 in contryphan-
Vc2 is Thr4, so this type of interaction is not present in this peptide.

Unlike the structures of contryphans solved previously, there is
no i/i+4 electrostatic interaction between the N-terminal ammo-
nium group and an acidic sidechain, an interaction that has been
hypothesised to stabilise cis Xaa-Pro bonds in contryphans
(Pallaghy et al., 2000). Despite these differences, the orientation of
the backbone in contryphan-Vc2 is broadly similar to other mem-
bers of the contryphan family, as can be seen in an overlay of
selected structures with the calculated NMR structure of [p-Trp3]-
contryphan-Vc2 (Fig. 5).

Based on the NMR data, a model of the solution structure for [p-
Trp3]-contryphan-Vc2 was calculated that satisfied the observed
NOE and dihedral angle restraints. However, MD simulations of the
peptide in aqueous solvent cast doubt on the adequacy of this
single NMR model as a representation of the solution conformation
of [p-Trp3]-contryphan-Vc2. The NMR-derived structure positions
the sidechains of Arg2, Trp3 and Pro5 in close proximity to each
other, satisfying the restraints generated by the observed NOE
cross-peaks between Trp3 and the other two residues. However,
the MD data suggest that the peptide actually adopts two distinct
conformations, distinguished by rotation about the Trp3 1 bond. In
one of these, the sidechain of Trp3 is in close proximity to that of
Arg2, while in the other it is proximal to Pro5 (as illustrated in
Fig. 3). If the peptide does adopt these two distinct conformations
in solution, then the assumption made in calculating the solution
structure, that a single conformation was present, is compromised.
The atomic positions implied by NOE results are assumed to be at
full occupancy, with weaker cross-peaks interpreted as arising from
an interaction between more distant atoms, rather than being a
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Fig. 4. Interactions of contryphan-Vc2 with lipid. (A) Chemical shift of Arg2 HN resonance in presence of increasing concentrations of DPC. (B) DPC-induced chemical shift changes
for Trp3 Hel resonance. (C) DPC-induced chemical shift changes for Thr4 HN resonance. (D) Representative frame of [p-Trp3]-contryphan-Vc2 from MD simulation (see also
Supporting Information, Figs. S10 and S11), showing position and orientation of the peptide in the polar head group region of the lipid bilayer.
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consequence of the peptide sampling multiple conformations. In
the latter case, the calculated NMR structure would be the result of
averaging the interactions observed in all sampled conformations,
and would not necessarily correspond to a pose that the peptide
ever actually adopts. Such appears to be the case for contryphan-
Vc2, as the MD simulations never show the sidechains of Arg2
and Pro5 in close proximity as in the structures calculated from the
NMR data. This is an intriguing finding, as the NMR spectra of this
peptide in aqueous solution are sharp and well-dispersed, prop-
erties that would typically be interpreted as indicating a single
major conformation, or ensemble of very similar conformations.
Spectra at substantially lower temperatures or in the solid state
could potentially resolve the resonances from these two major
conformations detected by the MD simulations.

An effective method for initially assessing the bioactivity of
peptide toxins has been administration by intracranial injection in
mice. Members of the contryphan family that have been assayed in
this way have been reported to induce a ‘stiff-tail’ syndrome at low
doses, while higher doses led to hyperactive behaviours (such as
circular motion and barrel rolling), and eventually seizures and
death (Jacobsen et al., 1998, 1999; Jimenez et al., 1997, 1996, 2001).
By contrast, contryphan-Vc2 appears to induce a depressed
phenotype with minimal movement; the mice adopt a splayed
posture and drag their hind limbs when moving. This may indicate
that the sequence differences in contryphan-Vc2 are sufficient to
direct it to a different biological target, as has been demonstrated
for several other toxin folds (Froy et al., 1999; Norton and Pallaghy,
1998).

It is intriguing that both [p-Trp3]-contryphan-Vc2 and [L-Trp3]-
contryphan-Vc2 elicit indistinguishable biological effects. The lack

of activity observed with [W3A]-contryphan-Vc2 suggests that the
side chain of Trp3 is directly involved in bioactivity, and presum-
ably receptor binding. However, it would be expected that a change
in chirality of this crucial sidechain would disrupt the interaction
between peptide and receptor, leading to a loss of or reduction in
activity (Dawson et al., 1999; Kreil et al., 1989).

While the similar activities of both p- and L-isomers may point to
a mechanism of action mediated by a receptor other than a protein,
there are examples of protein receptors that possess a more
permissive binding site, for example CXCR4, a chemokine receptor,
that was found to interact with all-L, all-D and mixed L/D analogues
of a peptide derived from the N-terminal region of viral macro-
phage inflammatory protein II (vMIP-II) (Zhou et al., 2002).

An alternative to direct receptor binding could be that
contryphan-Vc2 interacts with membranes, and then influences a
biological target in a membrane-mediated manner. This phenom-
enon has been reported before; for example, in the interaction
between the spider toxin GsMTx4 and gramicidin A channels
(Suchyna et al., 2004). The gramicidin A channel is formed when
two monomers in opposing leaflets of a lipid bilayer associate
together, an event dependent on thinning of the bilayer in a
localised area. GsMTx4 alters the lipid packing adjacent to the
channel and induces this thinning, and has been observed to
enhance the appearance of dimeric channels by a factor of 10—25-
fold and extend the lifetime of an open channel by a factor of two.
An all-D analogue of GsMTx4 was tested in the same study and
exhibited identical activity to the native toxin, mirroring the situ-
ation with contryphan-Vc2. It is therefore conceivable that the ef-
fects of contryphan-Vc2 are due to a channel which is similarly
sensitive to the state of the bilayer.

Fig. 5. Superimposed structures of [p-Trp3]-contryphan-Vc2 (cyan) with other contryphan family members. (A) Contryphan-R, PDB 1QFB (Pallaghy et al., 1999). (B) Contryphan-Vn,
PDB 1NXN (Eliseo et al., 2004). (C) Contryphan-Sm, PDB 1DFY (Pallaghy et al., 2000). (D) Contryphan-In, PDB 2M6D (Sonti et al., 2013). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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Titration of [p-Trp3]- or [L-Trp3]-contryphan-Vc2 with DPC mi-
celles led to peak shifting and broadening in NMR spectra, so to
gain insight into possible interactions with lipid bilayers, a series of
MD simulations was performed with [p-Trp3]-, [L-Trp3]- and
[W3A]-contryphan-Vc2 in the presence of mixed POPC/POPG bi-
layers. Two simulations were run for each peptide, one with the
peptide starting in the aqueous phase and the other with the
peptide already embedded in the membrane. In all simulations, the
peptide migrated from its starting point to the headgroup region of
the bilayer (Fig. S10, Supporting Information), although the final
equilibrium position of each peptide was influenced by the starting
point and did not converge for any pair of simulations. This suggests
that there is a significant barrier to transfer of these peptides from
aqueous solution to complete burial within the lipid phases. There
were no apparent differences between the simulations of [p-Trp3]-
and [1-Trp3]-contryphan-Vc2; both migrate to a region near the
head group of the lipid and remain in that position for the duration
of the simulation.

5. Conclusions

Contryphan-Vc2 is distinct from the rest of the contryphan
peptide family in having a novel bioactivity in mice. The chirality of
Trp3 did not affect the activity of the peptide in mice, with both p-
and i-isoforms eliciting the atypical depressive phenotype,
although p-Trp did confer protection against proteolytic degrada-
tion. The solution structure determined on the basis of NMR data
was well defined, but MD simulations cast doubt on whether the
calculated structure is an adequate representation of the ensemble
of conformations accessible to this peptide in aqueous solution.
Although the backbone is well defined, MD suggested much greater
flexibility around the Trp3 Ca-Cp bond.

NMR studies show that contryphan-Vc2 interacts with the
membrane, a finding supported by MD simulations. Whether
membrane interactions are crucial to the bioactivity or if the pre-
sumed receptor has a permissive binding site capable of accepting
either p- or L-Trp3 remains an open question. A role for lipid in
contryphan action may also account for the difficulty to date in
identifying a molecular target for this class of peptides. If the mo-
lecular entities responsible for the activity of contryphan-Vc2 could
be identified, it would be interesting to determine the precise
structure-activity relationship of the interaction, especially with
respect to the isomerism of Trp3 and the apparent inability of other
contryphans to elicit a similar effect in mice.
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Table S1. *H resonance assignments for [D-Trp3]-contryphan-Vc2 major conformer (trans
Thr4-Pro5 peptide bond).

Proton chemical shift (ppm)

Residue HN He H (other)

Cysl - 433 HPI13.22; HP2 3.27

Arg2 8.88 452 HP1 1.34; HB2 1.42; Hyl 0.99; Hol 2.79; Ho2 2.88; He 6.90
HPB1 3.21; HB2 3.41; H31 7.33; Hel 10.21; He3 7.61; HL2 7.47,

Trp3 8.61 4.82
H(3 7.14; Hn2 7.23

Thr4 722 4.67 HP4.40; Hy2* 1.13

Pro5 4.23 HP1 1.98; HP2 2.38; Hyl 2.06; Hol 3.72; Ho2 3.85

Val6 745 418 HP2.07; Hyl* 0.88; Hy2* 0.89

Cys7 8.27 457 HP12.96; HB23.16

Nh2 7.41,7.53

Table S2. 3C/*N resonance assignments for [D-Trp3]-contryphan-Vc2 major conformer
(trans Thr4-Pro5 peptide bond).

Heavy atom chemical shift (ppm)

Residue
NH N (other) C¢ C (other)
Cysl - 54.8 Cp40.9
Arg2  122.4 55.5 CP31.5; Cy26.0; C543.3
Cp 29.2; Co1 127.4; Ce3 120.9; CL2 114.5; CL3 121.9;
Trp3 1237 Ne1294 57.1
Cn2 124.7
Thr4  113.6 58.7 CB69.5;Cy221.3
Pro5 64.7 CP32.0; Cy27.4;C351.1
Val6 114.6 61.8 Cp32.7; Cyl 20.2; Cy2 21.3
Cys7 1215 55.6 Cp40.0
Nh2 108.1
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Table S3. H resonance assignments for [D-Trp3]-contryphan-Vc2 minor conformer (cis
Thr4-Pro5 peptide bond).

Proton chemical shift (ppm)
Residue HN He H (other)

Cysl - 4.30 HBI 3.37
Arg?2 8.81  4.27 HPBI 1.44; Hyl 0.73; Hy2 1.00; H51 2.80; H52 2.85; He 6.82

HP1 3.18; HP2 3.40; H51 7.28; Hel 10.25; He3 7.73; HC2
Trp3 8.78 4.90

7.47, H(3 7.16
Thr4 7.88 435 HP 3.91; Hy2* 1.07
Pro5 491 HP12.25;HP2 2.32; Hyl 1.82; Hy2 1.99; H81 3.56; H62 3.66

Valé 824 413 HB2.19; Hyl* 1.00
Cys7 8.39 457 HBI3.09; HP2 3.22
Nh2  7.38,7.68

Table S4. H resonance assignments for [L-Trp3]-contryphan-Vc2.

Proton chemical shift (ppm)
Residue HN He H (other)

Cysl - - -
Arg2 8.84 4.15 HpB1 1.31; Hyl 0.96; H51 2.79; He 6.85
HB1 3.30; HP2 3.43; H51 7.28; Hel 10.27; He3 7.68; H2
Trp3 7.28 4.78
7.47; HE3 7.17; Hn2 7.22
Thr4 7.75 4.42 Hp4.43; Hy2* 1.21
Pro5 - 4.87 HpB12.30; Hyl 1.82; Hy2 2.07; H51 3.60; H32 3.69
Val6 1.57 430 Hp2.12; Hyl* 0.94
Cys7 8.37 4.73 HpB1 2.96; HP2 3.29

Nh2 -
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Figure S1. Purification of [L-Trp3]-contryphan-Vc2. (A) Oxidative folding mixture, run on
LC-MS system with 3 um C8(2) 100 A column, flowrate 0.2 mg/mL, gradient 0-100% B
over 15 min; Buffer A: 0.05% TFA in H20, Buffer B: 0.05% TFA in acetonitrile. (B) Final
purification, run on LC-MS system with 3 um C8(2) 100 A column, gradient 0-60% B over
10 min; Buffer A: 0.05% TFA in H20, Buffer B: 0.05% TFA in acetonitrile. (C) lons present
in MS of pure peak.
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Figure S2. Co-elution of [D-Trp3]-contryphan-Vc2 and [L-Trp3]-contryphan-Vc2, run on
LC-MS with a 3 um C8(2) 100A column. Gradient 0-60% B over 90 min; Buffer A: 0.05%
TFA in H20, Buffer B: 0.05% TFA in acetonitrile. (A) 50:50 mixture of [D-Trp3]-
contryphan-Vc2 and [L-Trp3]-contryphan-Vc2. (B) [D-Trp3]-contryphan-Vc2. (C) [L-Trp3]-

contryphan-Vc2.
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Figure S3. Section of 2D homonuclear *H ROESY spectrum, showing diagnostic NOE cross
peaks indicating cis/trans isomerism of Thr4-Pro5 peptide bond. The strong Thr4Ha-Pro5Ho
cross peak indicates this bond is trans in the major form. The weaker Thr4Ha-Pro5SHa cross
peak confirms a cis bond is present in the minor conformer.
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Contryphan-Vcz2 is stable at physiological temperatures

Spectra recorded on [D-Trp3]-contryphan-Vc2 at 37 °C (Figure S5) showed amide chemical
shifts consistent with those expected from the linear temperature coefficients previously
determined over the range 10-30 °C (Figure S4). A disruption in structure would disrupt the
linearity of these relationships. Additionally, the aliphatic peaks of the spectra exhibited only
minor shifts when compared at 10 °C and 37 °C (Figure S5), as would be expected for a
stable structure. These results confirm that [D-Trp3]-contryphan-Vc2 maintains it structure at
physiological temperatures.
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Figure S5. Comparison of NMR spectra of [D-Trp3]-contryphan-Vc2 recorded at 10 °C and
37 °C. (A) Full spectra, showing similarity in aliphatic region. The region of the spectrum in
the vicinity of the water resonance has been truncated. (B) Amide region, showing shifts in
amide peaks that are consistent with the linear temperature coefficient values measured over
the range 10 to 30 °C (see main text and Figure S4), indicating that there is no
conformational change over this temperature range.
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Figure S6. Aligned frames of MD simulation of [D-Trp3]-contryphan-Vc2 in water. Frames
taken along length of trajectory at 5 ns intervals. Backbone is largely static, with some
deviation at the disulfide bond and notable flexibility in sidechains of Arg2 and Trp3.
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contryphan-Vc2. Positive values indicate downfield shifts. (A) Amide proton resonances. (B)

Ha proton resonances.

169



800

Oh

Intensity (mAU)

%

04

8004

4h

Intensity (mAU)

%

200

04

8004

Oh

Intensity (mAU)

%

04

8004

4h

Intensity (mAU)

04

6004

4004

2004

6004

4004

6004

4004

2004

6004

4004

2004

Trypsin

5 6 7 8 9 101112 13 14 15
Time (min)

56 7 8 9 101112 13 14 15
Time (min)

Trypsin

56 7 8 9 101112 13 14 15
Time (min)

|

5 6 7 8 9 101112131415
Time (min)

[D-Trp3]-contryphan-Vc2
a-chymotrypsin

800
600

400

Intensity (mAU)

Intensity (mAU)

200

o

56 7 8 9 10 11 12 13 14 15
Time (min)

800

600

400

Intensity (mAU)

Intensity (mAU)

200

04

56 7 & 9 101112131415
Time {min)

[L-Trp3]-contryphan-Vc2

a-chymotrypsin

200

800
= 600 5
=y =L
E E
Z 400 2z
7] w
[ &
2 s
= 200 =
o
56 7 8 9 10 11 12 13 14 15
Time (min)
800
5 600 5
=4 =
E E
2 400 2
(] 0
(-] s
8 &
£ E

04

56 7 8 9101112131415
Time {min)

800

600

400

200

0

800

600

400

200

0

800

600

400

200

04

800

600

400

200

04

Pepsin

%

56 7 8 9 1011 12 13 14 15
Time (min)

56 7 8 9 101112 13 14 15
Time {min)

Pepsin

%

56 7 8 9 1011 12 13 14 15
Time (min)

%

56 7 8 9101112131415
Time {min)

Figure S8. LC-MS traces of contryphan-Vc2 samples showing level of susceptibility to
digestive enzymes after 4 h incubation at 37 °C.
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Figure S9. 'H NMR spectra of [D-Trp3]- and [L-Trp3]-contryphan-Vc2 in absence (blue) and
presence (red) of 40 mM DPC. (A) [D-Trp3]-contryphan-Vc2 amide region (B) [D-Trp3]-
contryphan-Vc2 aliphatic region (C) [L-Trp3]-contryphan-VVc2 amide region (D) [L-Trp3]-
contryphan-Vc2 aliphatic region.
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Molecular dynamics simulations

MD simulations were run to gain insight into specific molecular interactions between
peptides and lipid bilayers. Simulations of [L-Trp3]- and [W3A]-contryphan-Vc2 in the
presence of mixed POPC/POPG bilayers were run for 2 ps, while simulations of [D-Trp3]-
contryphan-Vc2 were run for 3 ps. Pairs of simulations were set up, varying in the initial
position of the peptide. ‘Aqueous’ simulations started with the peptide in the water phase,
while “buried’ simulations began with the peptide within the bilayer. Figure S10 plots the
depth of insertion of the peptide into the bilayer, comparing this value between the pairs of
simulations. None of the pairs of simulations had converged after 2 us, and [D-Trp3]-
contryphan-Vc2 had not converged within the extended 3 us timeframe either. The first 1 us
of each MD trajectory was designated as equilibration time and discounted from further
analysis; comparisons and inferences were drawn from the remaining portion of the
trajectory.
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Figure S10. Insertion depth of contryphan-VVc2 centre of mass in lipid bilayer, calculated
from trajectories for aqueous (blue) and buried (red) molecular dynamics simulations. Grey
line indicates position of head group phosphate. (A) [D-Trp3]-contryphan-Vc2. (B) [L-Trp3]-
contryphan-Vc2. (C) [W3A]-contryphan-Vc2.

The solvent-accessible surface area of each residue was calculated as a measure of the extent

of interaction with the lipid. Plots for [D-Trp3]-contryphan-Vc2 are presented in Figure S11,
while average values for all simulations are shown in Table S5.
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Figure S11. Solvent-accessible surface area of [D-Trp3]-contryphan-Vc2, by residue,
calculated from molecular dynamics simulation trajectories. (A) Data from simulation with
peptide starting position in aqueous phase. (B) Data from simulation with peptide starting
position buried in bilayer.
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Table S5. Average values of solvent-accessible surface area
(percentage of total area) for each residue, calculated across length
of MD simulation.

Simulation
[D-Trp3] [L-Trp3] [W3A]
Residue | aqueous buried | aqueous buried | aqueous buried

Cysl 31 33 14 18 19 21
Arg2 55 22 24 30 13 38
Xaa3 35 20 28 18 8 15
Thr4 22 10 8 13 6 8

Pro5 14 17 42 25 36 17
Val6 19 20 38 22 36 15
Cys7 25 34 19 18 37 22

Thr4 is the most buried residue in all but one simulation (that being ‘aqueous’ [D-Trp3]-
contryphan-Vc2). There is also no clear distinction between the relative solvent exposure of
[D-Trp3]-, [L-Trp3]- and [W3A]-contryphan-Vc2, although Ala3 in [W3A]-contryphan-Vc2
is less accessible than D/L-Trp3 in the other peptides.
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