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Abstract

Disulfide-rich peptides isolated from cone snails are of great interest as drug leads due to their
high specificity and potency toward therapeutically relevant ion channels and receptors. They
commonly contain the inhibitor cystine knot (ICK) motif comprising three disulfide bonds
forming a knotted core. Here we report the successful enzymatic backbone cyclization of an ICK-
containing peptide x-PVIIA, a 27-amino acid conopeptide from Conus purpurascens, using a
mutated version of the bacterial transpeptidase, sortase A. Although a slight loss of activity was
observed compared to native x-PVIIA, cyclic x-PVIIA is a functional peptide that inhibits the
Shaker voltage-gated potassium (Kv) channel. Molecular modeling suggests that the decrease in
potency may be related to the loss of crucial, but previously unidentified electrostatic interactions
between the N-terminus of the peptide and the Shaker channel. This hypothesis was confirmed by
testing an N-terminally acetylated x-PVIIA, which shows a similar decrease in activity. We also
investigated the conformational dynamics and hydrogen bond network of cyc-PVIIA, both of
which are important factors to be considered for successful cyclization of peptides. We found that
cyc-PVIIA has the same conformational dynamics, but different hydrogen bond network compared
to those of x-PVIIA. The ability to efficiently cyclize ICK peptides using sortase A will enable
future protein engineering for this class of peptides and may help in the development of novel
therapeutic molecules.
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Introduction

Peptides are undergoing an exciting revival of interest due to recent technological advances
in protein and peptide engineering (Fosgerau and Hoffmann, 2015). These advances have led
to an increase in interest from the pharmaceutical industry in using peptides in a number of
therapeutic applications because unlike small molecules, peptides tend to be highly selective
and typically very potent for a specific target. However, a drawback often associated with
peptides is a short half-life due to a lack of proteolytic stability. One way to improve the
stability of a peptide is through backbone or side chain cyclization, as this reduces
susceptibility to proteases and, in some cases, improves activity (Clark et al., 2010) and
potentiates orally delivered activity (Clark et al., 2010; Nielsen et al., 2015; Wang et al.,
2014). One class of peptides that has gained particular interest is venom-derived disulfide-
rich peptides due to their inherent stability (brought about by the high number of cysteine
residues) and ability to selectively and potently inhibit voltage-gated potassium (Ky),
calcium (Cay), and sodium (Nay) channels. This inhibitory activity is particularly relevant
given the involvement of these channels in numerous pathologies, including pain, stroke,
epilepsy, and multiple sclerosis (Barton et al., 2004; Cushman and Ondetti, 1999; Koo et al.,
1997; Miljanich, 2004).

x-PVIIA is a 27-amino acid peptide isolated from the venom of the purple cone snail, Conus
purpurascens (Terlau et al., 1996). It has been reported to block the conductance of the
Shaker Kv channel of Drosophila melanogaster with an 1Csq of 60 £ 3 nM (Jacobsen et al.,
2000; Terlau et al., 1996). Three-dimensional structural analysis and a complete alanine scan
suggested that the peptide inhibits the channel by physically occluding the pore (Jacobsen et
al., 2000; Savarin et al., 1998; Scanlon et al., 1997). NMR structural analyses showed that «-
PVIIA has an inhibitor cystine knot (ICK) (Savarin et al., 1998; Scanlon et al., 1997)—a
structural motif characterized by a triple-stranded anti-parallel p-sheet connected by three
disulfide bonds, forming a knotted core. The ICK significantly contributes to the stability of
peptides (Craik et al., 2001; Pallaghy et al., 1994). The disulfide connectivity of the ICK
motif is Cj-Cyy, Cj-Cy, and Cyj-Cyj, and a common sequence pattern is:
CX3_7CX3_6CXp_5CX1_4CX4_13C, (X being any amino acid) (Norton and Pallaghy, 1998).

The ICK motif is found in a broad spectrum of phyla, including animals, plants, and fungi,
with a particularly large prevalence in the venoms of cone snails, spiders, and scorpions
(Zhu et al., 2003). Interestingly, the ICK is widespread in venoms regardless of the
pharmacological target, mechanism of action, or the species from which the peptides are
extracted. x-PVIIA is a member of the O1 conotoxin gene superfamily (Kaas et al., 2010,
2012; Terlau et al., 1996), and contains an ICK motif with a CXg-CXg-CCX3-CX5-C
cysteine spacing. In addition to x-PVIIA, this family comprises a diverse series of
conotoxins with an ICK motif including, w-conotoxin MVIIA (Nielsen et al., 1996), -
conotoxin GS (Hill et al., 1997), 6-conotoxin PVIA (Shon et al., 1995), and pO-conotoxin
MrVIB (Fainzilber et al., 1995), which influence Cay, and Nay, channels (Fig. 1a)
(Heinemann and Leipold, 2007; Kalia et al., 2015).

One class of peptides that is structurally related to the O1 conotoxin superfamily is the
cyclotides (Daly and Craik, 2011). This family of plant-derived peptides comprises a cystine
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knot that is embedded within a cyclic backbone, a motif referred to as a cyclic cystine knot
(CCK) (Craik et al., 2001). Six loops protrude from the core and are thought to direct the
activity of cyclotides, which have been referred to as a natural combinatorial template (Craik
and Conibear, 2011; Ireland et al., 2006). The combination of the cystine knot coupled with
the cyclized backbone makes this family of peptides ultrastable and able to withstand harsh
chemical, enzymatic or thermal conditions (Colgrave and Craik, 2004). In addition, their use
in African folk medicinal teas suggests that they have a degree of oral bioavailability (Gran,
1970).

Cyclization using chemical methods has been used in a few cases to improve the
pharmaceutical properties of ICK peptides by making them more cyclotide-like (Akcan et
al., 2015; Hemu et al., 2013). Cyclotides are typically sequentially assembled using standard
Boc solid-phase peptide synthesis and cyclized using native chemical ligation (Blanco-
Canosa et al., 2015; Daly et al., 1999; Dawson et al., 1994; Tam et al., 1999). Recent reports
also describe the production of cyclotides using Fmoc compatible methods (Blanco-Canosa
et al., 2015; Cheneval et al., 2014). Furthermore, we recently showed that cyclization of
disulfide-rich peptides, including cyclotide kalata B1, sunflower trypsin inhibitor-1 (SFTI-1),
and cyclic VVcl.1, could be achieved using the bacterial transpeptidase, sortase A (SrtA), as
an alternative to chemical ligation methods (Jia et al., 2014). Another recent study also
demonstrated successful backbone cyclization of a recombinant precursor of the cyclotide
MCoTI-I1 using a mutant SrtA (P94S/D160N/D165A/K196T) (Stanger et al., 2014).

SrtA, originally isolated from Staphylococcus aureus, recognizes the penta-amino acid
LPXTG motif (X = any amino acid) and cleaves the peptide bond between Thr and Gly,
forming a thioacyl enzyme intermediate. The intermediate then undergoes nucleophilic
attack by Gly,, which results in the formation of a new peptide bond between Thr and Gly,
(Ton-That et al., 1999). SrtA has been widely used in protein engineering (Popp and Ploegh,
2011; Witte et al., 2012), and efforts to improve its catalytic activity were recently
successful; specifically, through the use of a directed evolution strategy leading to the
modified SrtA (P94R/D160N/D165A/K190E/K196T), here after referred to as SrtA5°, with
significantly enhanced ligation activity (Chen et al., 2011).

Little is known about the subtype selectivity of x-PVIIA across Ky, channels and with
increasing interest in the potential treatment of multiple sclerosis by Ky/1.3 channel
inhibition (Rangaraju et al., 2009), we chose x-PVIIA as a model system not only to
enzymatically cyclize an ICK peptide, but also to search for potential targets in addition to
Shaker. Following the successful cyclization of kalata B1, SFTI-1 and cyclic Vc1.1 using
SrtA, we investigated whether cyclization of x-PVIIA could be achieved by a semi-
enzymatic approach using SrtA5° and determined how it would affect the activity and the
stability of the peptide. This study describes the synthesis, oxidation and cyclization using
SrtA5° of linear x-PVIIA (Fig. 1b) and reports its serum stability. Structural analysis using
nuclear magnetic resonance (NMR) allowed us to compare the structures of cyclic x-PVIIA
(cyc-PVIIA) with x-PVIIA; electrophysiological studies and molecular dynamics
simulations provided insights into differences in interactions between cyc-PVIIA, x-PVIIA
and Shaker, and allowed us to define the x-PVIIA Ky, channel selectivity profile.
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Materials and Methods

Peptide Synthesis

Linear peptides were synthesized by solid-phase peptide synthesis using an automatic
peptide synthesizer (Symphony®, Protein Technologies, Inc., Tucson, AZ) following
standard Fmoc chemistry protocols. 2-Chlorotrityl chloride resin was used for [GGG]
PVIIA[LPETGG], whereas rink amide resin was used for linear x-PVIIA to achieve C-
terminal amidation. x-PVIIA with N-terminal acetylation was produced by treating the resin
with 6% acetic acid/0.2 M DIPEA in DMF following completion of elongation of the
peptide. Peptides were released from the resins using trifluoroacetic acid (TFA)/
triisopropylsilane/water (95:2.5:2.5) at room temperature for 2 h. TFA was removed using a
rotary evaporator, and peptides were precipitated with ice-cold diethyl ether, dissolved in
50% v/v acetonitrile (ACN) containing 0.05% v/v TFA and lyophilized. Peptides were
purified using reversed-phase high performance liquid chromatography (RP-HPLC) and the
mass was confirmed using mass spectrometry.

Oxidative Folding of Peptides

x-PVIIA and GGG-PVIIA-LPETGG were oxidized in 50 mM Tris pH 7.5, 1 mM GSH, 0.5
mM GSSG at 4 °C for 4-5 days. The progress of oxidation was monitored by analytical RP-
HPLC with a gradient from 0-50% v/v ACN (0.05% v/v TFA) over 50 min with a flow rate
of 0.3 mL/min using an analytical C18 column (Agilent ZORBAX 300SB-C18, 5 um,
2.1x150 mm). The oxidation yield was calculated based on HPLC profile. The mixture was
purified by RP-HPLC using a 0.5%/min gradient, and the molecular weight was confirmed
using mass spectrometry.

SrtA5° Expression

SrtA5° (Chen et al., 2011) was expressed as previously described (Popp et al., 2009).
Briefly, an overnight culture of £.co/iBL21 (DE3) transformed with SrtA5° plasmid was
cultured in the presence of 50 ug/mL kanamycin until ODggg = 0.7. Protein expression was
induced by addition of isopropyl-p-D-1-thiogalactopyranoside (IPTG) to a concentration of
1 mM for 3 h at 37 °C. Cells were harvested by centrifugation and resuspended in lysis
buffer (50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 10 mM imidazole, 10% v/v glycerol, 20
ug/mL DNase 1). Cells were sonicated, the supernatant was collected and the protein was
purified using Ni-Sepharose (HisTrap FF, GE Healthcare). Fractions containing SrtA5° were
combined and the buffer was exchanged using a PD-10 desalting column (GE Healthcare).

Cyclization of Peptides Using SrtA5°

For cyclization, 50 uM of the peptide was incubated with 50 uM of SrtA5° in reaction buffer
(50 mM Tris, pH 7.5, 150 mM NacCl, 10 mM CacCly) at 37 °C. Cyclization progress was
monitored using RP-HPLC with a gradient of 0-50% v/v ACN (0.05% v/v TFA) over 50
min with a flow rate of 1 mL/min using an analytical C18 column (GraceSmart™ RP18, 5
pum, 4.6 x 150 mm). When the majority of linear peptide was deemed to be cyclic, the
peptide was separated from SrtA5° using a centrifugal concentrator (10 kDa), the solution
containing the cyclic peptide was loaded onto a semipreparative C18 column (Phenomenex,
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Jupiter 5UC18, 300 A, 250 x 10.0 nm, 5 um) and eluted with a gradient of 36-45% ACN
(0.05% TFA) over 30 min with a flow rate of 3 mL/min. The molecular mass of purified
cyclic-[GGG]PVIIA[LPET] was confirmed by matrix-assisted laser desorption/ionization
time of flight (MALDI-TOF) mass spectrometry. Fractions showing the correct mass were
lyophilized for further assays.

NMR Spectroscopy and Structure Calculations

Cyc-PVIIA was dissolved in 90% H,0, 10% D,0 (v/v), or 99.96% D-,O at a concentration
of 1 mM and ~pH 3.5. Two-dimensional NMR spectra were acquired at 298 K on a Bruker
Avance 600 MHz NMR spectrometer equipped with a cryogenically cooled probe (Bruker,
Karlsruhe, Germany). Spectra were recorded with 4096 data points in the F2 and 512
increments in the F1 dimension for TOCSY, NOESY, E.COSY, and DQF-COSY; 2,048 data
points and 256 increments for 1H-13C HSQC: and 2,048 data points and 128 increments
for 1H-15N HSQC. Sequential assignment and structure calculations were performed as
previously described (Conibear et al., 2012). Briefly, peaks in the NOESY spectrum with
100 ms mixing time were picked manually, intraresidual and sequential NOEs were
assigned, and a list of interproton distances was generated using the AUTO and CALC
function in CYANA (Guntert, 2004). Following structural refinement within CNS (Brunger
et al., 1998), a set of 20 structures with the lowest energies, no NOE violations greater than
0.2 A and no dihedral violations greater than 2.0°, was chosen for MolProbity analysis
(Chen et al., 2010). PyMOL and MOLMOL (Koradi et al., 1996) were used for generating
figures and final superimposition.

Two-Electrode Voltage-Clamp Recording From Xenopus oocytes

Shaker-IR (IR for inactivation removed) (Hoshi et al., 1990; Tempel et al., 1987), rKy/2.1A7
(Frech et al., 1989; Li-Smerin and Swartz, 1998), hKy,/1.3 (Stuhmer et al., 1989), rKy/1.6
(Grupe et al., 1990; Swanson et al., 1990), rNay/1.4 (Trimmer et al., 1989), and hNay,1.6
(Burgess et al., 1995; Schaller et al., 1995) were used in this study. The rKy,2.1A7 construct
contains seven point mutations in the outer vestibule, rendering the channel sensitive to
agitoxin-2 (Garcia et al., 1994). cRNA of all constructs and mutants was synthesized using
T7/SP6 polymerase (Message Machine kit, Life Technologies, Carlsbad, CA) after
linearizing the sequenced DNA with appropriate restriction enzymes. Channel constructs
were expressed in Xenopus laevis oocytes and studied following 1-2 days incubation after
manual cRNA injection as described before (Gilchrist et al., 2013). Leak and background
conductances, identified by blocking the channel with agitoxin-2, were subtracted for all Ky
channel currents shown. Voltage-activation relationships were obtained by measuring tail
currents for Ky channels and a single Boltzmann function was fitted to the data. Voltage-
activation relationships were recorded in the absence and presence of different toxin
concentrations. The ratio of currents (I/1p) recorded in the presence (1) and absence (lg) of
toxin was calculated for various strength depolarizations. The value of 1/l; measured in the
linear phase at 0 mV was taken as Fraction unblocked. The I1Csg of the toxin for Ky
channels was calculated using the Hill equation. Off-line data analysis was performed using
Clampfit 10 (Molecular Devices, Sunnyvale, CA) and Origin 7.5 (Originlab, Northampton,
MA).
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Molecular Modeling

The molecular model used for the studies of interaction between the Shaker K* channel and
linear x-PVIIA was kindly provided by Mhadavi and Kuyucak (Mahdavi and Kuyucak,
2013). A model of the interaction between cyc-PVIIA and the Shaker K* channel was built
by homology with Modeller 9v13 (Sali and Blundell, 1993) using the model of Mhadavi and
Kuyucak and the solution structure of cyc-PVIIA as templates. The homology model was
then embedded in a pre-equilibrated 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) bilayer; the Shakerchannel was placed in the bilayer and POPC residues that
overlap with the channel were removed. SPC water molecules were added to the system and
sodium and chloride ions were added to simulate a physiological concentration of 150 mM
sodium chloride. The simulated system contained 100 POPC molecules, ~9,000 water
molecules, 23 sodium ions and 26 chloride ions. After 10,000 steps of steepest descent
minimization, the system was equilibrated for 10 ns while progressively releasing position
restraints on the channel and toxin. The system was then equilibrated for 200 ns without
restraint. All simulations used the Gromos 54a7 force field (Schmid et al., 2011), the v-
rescale thermostat (Bussi et al., 2007), the Parrinello-Rahman barostat (Parrinello and
Rahman, 1981), and the reaction field method (Heinz et al., 2001) to simulate the effect of
long range dipole-dipole interactions. The electrostatic potential generated by the Shaker K*
channel was computed using APBS software (Baker et al., 2001). Molecular dynamics
simulations of cyc-PVIIA and x-PVIIA individually in solution were carried out using the
Amber 99SB-ILDN force field (Lindorff-Larsen et al., 2010). Each peptide was embedded
in a water box of ~2,600 SPC water molecules, containing sodium and chloride ions at 150
mM concentrations. All molecular dynamics simulations were carried out using the
Gromacs 5.1 molecular dynamics engine (Pronk et al., 2013).

Serum Stability Assay

The stability of native and cyc-PVIIA in human serum was tested at a peptide concentration
of 20 uM using a method previously described (Chan et al., 2011).

Results and Discussion

x-PVIIA Precursor Synthesis, Oxidation, and Cyclization

x-PVIIA and the linear precursor [GGG]PVIA[LPETGG] were synthesized by Fmoc
chemistry. Oxidative folding was monitored by analytical HPLC over time, and both
peptides showed a similar profile, with one prominent peak after 4 days (Fig. 2a). For
cyclization, we used a mutated S. aureus SrtA which has improved catalytic activity
compared to wild-type SrtA (Chen et al., 2011). Among the mutant SrtAs described by Chen
et al. we tested the two most active: (i) P94S/D160N/D165A/K196T and (ii) P94R/D160N/
D165A/K190E/K196T (SrtA5°) using GFP-LPETGG as the substrate. In our hands, SrtA5°
showed slightly better catalytic activity compared to the tetramutant, and consequently was
used in subsequent experiments. The linear oxidized [GGG]PVIIA-[LPETGG] was
incubated with SrtA5° for cyclization, and progress was monitored by RP-HPLC. Based on
calculations of peak area derived from HPLC, 46% and 57% of conversion from linear
[GGG] PVHA[LPETGG] to cyclic-[GGG]PVIIA[LPET] was observed after 3.5 h and 8 h,
respectively, (Fig. 2b, ¢). The peak eluting before cyc-PVIIA contained a peptide with the
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same mass of cyclic peptide and was assumed to be an isomer, but did not yield sufficient
material for further analysis. An attempt to synthesize x-PVIIA by Boc-chemistry using an
automatic synthesizer was unsuccessful; therefore, cyclization by native chemical ligation
was not achieved.

NMR Solution Structure of Cyc-PVIIA

Linear oxidized [GGG]PVIIA[LPETGG] and cyc-PVIIA were analyzed by two-
dimensional 'H NMR. For both peptides the peaks in the amide proton region of the NMR
spectra were well dispersed and all protons were assigned by the sequential assignment
procedure using TOCSYand NOESY spectra (Wiithrich, 1986). Secondary Ha chemical shift
comparison confirmed them to be similar to native x-PVIIA (PDB identifier 1AV3) (Scanlon
et al., 1997) and the positive secondary shifts for residues Q6-C8, K19-C20 and K25-V27
indicated the presence of the characteristic B-sheet secondary structure (Fig. 3a). Backbone
cyclization was confirmed by the presence of a aH;-NH;j+1 NOE between Thr31 and Gly32,
indicating peptide bond formation linking the C-terminal LPETand N-terminal GGG motif
of cyc-PVIIA.

The three-dimensional structure of cyc-PVIIA was calculated using 384 distance restraints,
together with 17 ¢, 17 , four x 1 dihedral angle restraints and four hydrogen bonds derived
from a D,O exchange experiment. The structure of cyc-PVIIA calculated using CYANA
(Guntert, 2004) was refined further in a water shell using CNS (Brunger et al., 1998). The 20
conformers with the lowest energy were chosen for structural statistical analysis and showed
a root mean square deviation of 0.91+0.25 A across the backbone, excluding the flexible
loop 2 (residues F9-D14) and the disordered linker (residues L28-G34) (Table I). Cyc-
PVIIA showed high similarity to x-PVIIA (PDB identifier LAV3) (Scanlon et al., 1997)
across the overall structure, except in the linker region (Fig. 3b). As seen in other members
of the O1 conotoxin superfamily, including MVIIA (Nielsen et al., 1996) and MrVIB (Daly
et al., 2004), loop 2 of PVIIA is the most flexible region (not including the linker) based on
RMSD comparison of each loop of NMR structures. To determine if cyclization introduced
any changes in backbone flexibility of the structure, the Ca root-mean-square fluctuation
(RMSF) of x-PVI1IA and cyc-PVIIA were measured from molecular dynamics simulations.
Overall, both peptides showed similar RMSF profiles (Fig. 3c). Loop 2 of cyc-PVIIA had
slightly less flexibility than that of native PVIIA, which is consistent with cyclization being
generally thought to introduce structural rigidity and prevent disulfide bond shuffling (Clark
etal., 2010).

Native and Cyclic x-PVIIA Inhibit Shaker

To evaluate the effect of cyclization on toxin activity, x-PVIIA and cyc-PVIIA were tested
on the Shaker Ky, channel expressed in Xenopus oocytes. x-PVIIA completely blocked
Shaker currents at 1 uM over a wide range of voltages, whereas the same concentration of
the cyclic peptide only partially blocked the channel (Fig. 4a). Fitting the concentration-
dependence of Shakerblock with the Hill equation revealed an 1Csq value for native «-
PVIIA of 805 nM, which is comparable to that previously published, 60+3 nM (Jacobsen
et al., 2000; Terlau et al., 1996). In contrast, an ICsg value 10-fold higher was observed for
cyc-PVIIA (824160 nM). Both x-PVIIA and cyc-PVIIA displayed a slope of 1.1+0.1,
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suggesting a toxin:channel ratio of 1:1, which is commonly observed for pore-blocking
toxins (Fig. 4b). As the ion-conducting pore of Ky, channels is known to be conserved (Lu et
al., 2001), both native and cyc-PVIIA were tested on other Ky, channels, including
rky2.1A7, hKy1.3, rKy/1.6. Of the tested channels, 1 uM x-PVIIA only slightly blocked
rKy1.6, whereas cyc-PVIIA had no effect (Fig. 4c). Although Shakerhas been used as a
model for studying other Ky, channels due to the high degree of homology, our results
suggest that a ligand of Shaker does not necessarily bind to other Ky, channels. Similar
experimental or modeling results were also obtained previously using Ky/1.1 and Ky/1.2,
(Boccaccio et al., 2004; Mahdavi and Kuyucak, 2013; Shon et al., 1998). Finally, neither
peptide is active on rNay1.4 or hNay1.6.

The N-terminus of x-PVIIA is Required for Electrostatic Interaction With Shaker

Previous molecular modeling studies predicted how x-PVIIA binds to Shakerbased on
structural analyses and mutagenesis studies (Huang et al., 2005; Jacobsen et al., 2000;
Mahdavi and Kuyucak, 2013; Savarin et al., 1998). Initially, recognition of x-PVIIA by
Shakertakes place via electrostatic interactions between positively charged residues on the
surface of the peptide and negatively charged residues on the extracellular side of the
channel (Huang et al., 2005). The charged residues play an important role in adjusting the
conformation of the peptide in the binding process until Lys7 of x-PVIIA inserts into the
pore of the channel and blocks the flow of potassium ions. In addition to Lys7, several
residues were found to have a critical role in binding; for example, Arg2 of x-PVIIA
interacts strongly with Asp447 of the channel and Phe9 of x-PVIIA and Phe425 make
hydrophobic interactions (Huang et al., 2005; Mahdavi and Kuyucak, 2013).

We developed a model of cyc-PVIIA bound to Shaker using a recent model of the channel
(Mahdavi and Kuyucak, 2013). In our model, the binding mode of cyc-PVIIA is predicted to
be generally unchanged compared with that of x-PVIIA (Fig. 5a—c). The stability of the cyc-
PVIIA/Shaker complex was examined in a 100 ns molecular dynamics simulation, analyzed
using the backbone RMSD of Shaker, cyc-PVIIA, and the position of cyc-PVIIA on Shaker
(Fig. 5d—g). The transmembrane helices of Shakerwere rigid and did not deviate
significantly from the starting conformation, with a backbone RMSD of ~1 A during the
simulation. The backbone RMSD of the entire channel, including transmembrane helices
and loops, was on average 2.2 A, indicating the loops are more flexible than the helices. The
conformation of cyc-PVIIA was also very stable as its backbone RMSD was ~1 A,
(excluding the cyclization linker) (Fig. 5g). The change in position of cyc-PVIIA on Shaker
was evaluated by computing the backbone RMSD of the peptide (excluding the linker) after
fitting on to Shakertransmembrane helices. The average RMSD of the cyc-PVIIA position
(~2.5 A) is comparable to the backbone RMSD of Shaker, which is mostly accounted for by
the flexibility of the loops, thus suggesting that the binding mode of cyc-PVIIA to the
channel is preserved. This is further supported by an overlay of the starting and final binding
modes of the simulation (Fig. 5d—f), which shows excellent conservation of the relative
position of Lys7 and of the interface.

Despite the unchanged binding mode after cyclization, cyc-PVIIA showed decreased activity
(Fig. 4a), and this was hypothesized to be due to loss of electrostatic interaction between the
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electronegative potential generated by Glu418 and Glu422 on the turret of Shakerand the
positively charged N-terminus of x-PVIIA (Fig. 5a—c). To test this hypothesis, N-terminally
acetylated PVIIA was synthesized and indeed found to have ~20-fold lower activity (1Csg,
1616 = 98 nM) than x-PVIIA on Shaker (Fig. 4a and b) confirming that the N-terminus of -
PVIIA is required for full inhibition of channel conductivity. We expect that the loss of
electrostatic interaction could possibly be compensated by incorporation of a positively
charged residue in the linker in future studies.

The Conformations of x-PVIIA and cyc-PVIIA Are Similar Upon Binding to Shaker, But the
Hydrogen Bond Networks Differ

Although the overall backbone conformations of cyc-PVIIA and native x-PVIIA in the
NMR solution structures are very similar, Cysl and Arg2, which are adjacent to the
cyclization linker, are in different spatial locations in the cyclized and native peptides (Fig.
6b and c). By contrast, molecular models suggest that these two residues have similar
conformations and interactions at the interface with Shaker. We thus investigated if the
difference in affinity between the cyclized and linear form could be explained by differences
in the unbound state. An overlay of the unbound and bound peptide conformations suggests
that Cys1 is displaced by 3.0 A for x-PVIIA and 2.5 A for cyc-PVIIA. In contrast, the
hydrogen bond networks of Arg2 for the native and cyclic peptides are quite different when
they are bound and unbound to Shaker (Fig. 6). The changes in the hydrogen bond networks
were studied using 100 ns molecular dynamics simulations. Arg2 of x-PVIIA forms stable
hydrogen bonds with Lys7 and Cys16 and transient hydrogen bonds with Asp14. On the
other hand, Arg2 of cyc-PVIIA lacks hydrogen bonds with Lys7 or Cys16 but does form a
transient hydrogen bond with Asp14. The models suggest that the hydrogen bond network of
unbound x-PVIIA is more similar to the bound state than that of cyc-PVIIA. Although it is
not certain whether this difference contributes to the decreased activity of cyc-PVIIA, it
appears likely that the two hydrogen bonds between Arg2 and Lys7, and Arg2 and Cys16
stabilize the conformation of x-PVIIA upon binding to Shaker.

x-PVIIA and cyc-PVIIA Serum Stability

To determine the effect of cyclization on stability, native and cyc-PVIIA were incubated in
human serum. The majority of native x-PVIIA was still detectable after 12 h; this was
expected given that the ICK motif is known to contribute to peptide stability. Indeed, a high
percentage of acyclic kalata B1, which is topologically similar to x-PVIIA because of its
knotted conformation, remains in serum even after 24 h (Jia et al., 2014). Surprisingly, only
~50% of cyc-PVIIA was detectable in serum after 12 h (Fig. 7). One interpretation of this
finding is that the additional constraint introduced by cyclization has made it more
susceptible to proteolysis, thus highlighting the importance of optimizing the length and
sequence of a linker in cyclization studies.

Conclusion

The ICK motif is found in many venom peptides that have therapeutic potential, but
chemical and protein engineering is typically required to achieve suitable pharmaceutical
properties for this motif. This study demonstrates that cyclization of an ICK motif-
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containing conotoxin is achievable via transpeptidation using SrtA. The linear oxidized
peptide precursor of x-PVIIA was efficiently cyclized, producing cyc-PVIIA with a head-to-
tail cyclic backbone. The overall backbone structure and conformational dynamics of cyc-
PVIIA is similar to native x-PVIIA; however, following cyclization the peptide has partially
reduced activity on the Shaker Ky, channel. The decrease in activity appears to be due to the
removal of previously unrecognized electrostatic interactions between the N-terminus of the
peptide and negatively charged residues within the channel. Overall, the results of this study
suggests that criteria which need to be considered in the head-to-tail backbone cyclization of
ICK peptides include the effect of terminal mutations on activity, as well as the
intramolecular hydrogen bond network and the conformational dynamics of the peptides.
The study reveals that SrtA is an efficient tool for cyclizing disulfide-rich peptides that are
inaccessible to cyclization using traditional synthetic methods.
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(a) Sequence alignment of 01 gene superfamily conotoxins displaying an ICK motif. (b)
Schematic representation of the experimental procedures used to cyclize x-PVIIA.
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Oxidation and cyclization of [GGG]PVIIA[LPETGG]. (a) RP-HPLC profile of
[GGG]PVIIA[LPETGG] oxidation. The asterisk represents the major peak of linear oxidized
product. (b) Cyclization progress of [GGG]PVIIA[LPETGG] over time using SrtA5° and (c)
MALDI-TOF analysis of linear oxidized (calculated monoisotopic mass: 3992.7 Da) and
cyclic oxidized PVIIA (calculated monoisotopic mass: 3860.6 Da).
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(a) Secondary Ha chemical shift comparison of x-PVIIA and cyc-PVIIA. Residues forming

[B-sheets are indicated with arrows. (b) The 20 lowest-energy structres of xk-PVIIA (PDB
identifier LAV3, /ef)) (Scanlon et al., 1997) and cyc-PVIIA (PDB identifier 2N8E, righi)
superimposed over the backbone residues 2—-7 and 15-26. Disulfide bonds are shown in gray
with Roman numerals. (c) Root-mean-square fluctuation (RMSF) highlighting the flexibility
of each loop of native and cyc-PVIIA.
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Figure 4.
Inhibitory toxin activity on Drosophila Shaker and rKy,1.6 (@) 1 uM of x-PVIIA completely

blocks Shaker-IR (inactivation removed) currents over a wide voltage range whereas the
same concentration of the cyc-PVIIA and N-terminally acetylated x-PVIIA only partially
block the channel. Representative example traces shown (left) were selected from n=5
recordings under each condition at a voltage of 20 mV (100 ms) followed by a voltage-step
to —=70 mV (100 ms) to evoke tail currents (holding potential was —90 mV). Voltage-
activation relationships (right) were obtained by plotting tail currents versus applied voltage
step. Black lines and markers represent control currents and gray lines and markers show the
response on currents following application of toxin. (b) Fitting the concentration-
dependence for toxin, block of Shaker-IR with the Hill equation reveals an ICsq value for the
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x-PVIIA of 80 £ 5 nM (black squares), cyc-PVIIA is 824+60 nM (gray filled circles) and
that of N-terminally acetylated x-PVIIA is 161698 nM (gray empty circles). x-PVIIA, cyc-
PVIIA, and acetylated x-PVIIA fits display a slope of ~1.1+0.1, suggesting a toxin:channel
ratio of 1:1. The data is presented as mean +s.e.m. (c) 1 pM x-PVIIA weakly blocks rKy/1.6
whereas cyc-PVIIA has no effect (7= 5). Example traces shown on the left were evoked by
depolarizing the channel to 0 mV followed by =50 mV (tail) from a holding potential of —90
mV. Black lines and markers represent control currents and gray lines and markers show the
response on currents following application of toxin.
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Figureb.
Model of interactions of x-PVIIA and cyc-PVIIA with Shaker, (a) View of the extracellular

entrance of the channel in the molecular model of x-PVIIA in complex with Shaker
(Mahdavi and Kuyucak, 2013). The solvent-accessible surface of the channel is colored
according to the Poisson-Boltzmann electrostatic potential it generates, as computed by the
APBS software (Baker et al., 2001), with a scale ranging from -4 kT/e (red) to +4 kT/e
(blue). The extracellular loop of each of the four subunits of the channel creates an
electronegative potential with which the positively charged residues R22 and K25 and N-
terminus of x-PVIIA interact on three different sides of the peptide. (b) Side view of the x-
PVIIA/Shaker complex highlighting two glutamines located on the Shakerturret, E418 and
E422 that contribute to generate the electronegative potential surrounding the N-terminus of
x-PVIIA. The side chain of K7 of x-PVIIA is also shown deeply buried in the ion channel
selectivity filter. (¢) Molecular model of the complex between cyc-PVIIA and Shaker, which
suggests that the binding mode is globally similar to that of the linear peptide apart from the
absence of electrostatic interactions between the N-terminus and Shaker. (d) Complex
between cyc-PVIIA and Shakerat the start of the molecular dynamics simulation carried out
in a POPC lipid membrane environment and explicit solvent. Cyc-PVIIA is in orange and
Shakeris in purple; K7 is shown using stick representation. (€) Complex between cyc-
PVIIA and Shaker at the end of the molecular dynamics simulation. Cyc-PVIIA is in dark
green and Shakeris in light green; K7 is shown using stick representation; POPC lipids are
shown as gray balls. (f) Superimposition of first and final frame of the simulation as
represented in (d) and (€). (g) Evolution of backbone RMSD from the initial conformation
during the 100 ns molecular dynamics simulation of cyc-PVIIA/Shakerembedded in a
POPC lipid membrane. The backbone RMSD values were computed using the
transmembrane helices of Shakeronly (red), all Shaker channel residues (green), cyc-PVIIA
residues (light blue) and the position of cyc-PVIIA (blue), which is the backbone RMSD of
cyc-PVIIA computed after fitting on the structure of the transmembrane helices.
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Figure®6.
Hydrogen bond network established by Arg2 of x-PVIIA and cyc-PVIIA. Hydrogen bond

network of (a) Arg2 of x-PVIIA when bound to Shakerin the model (Mahdavi and
Kuyucak, 2013), (b) Arg2 of x-PVIIA Arg2 in the NMR solution structure (PDB identifier
1AV3) (Scanlon et al., 1997), and (c) Arg2 in the molecular model of unbound cyc-PVIIA.
The evolution of the Arg2 hydrogen bond network of x-PVIIA (d) and cyc-PVIIA (e) was
studied using 100 ns molecular dynamics simulations. In these simulations, Arg2 of «-
PVIIA formed stable hydrogen bonds with Lys7 and Cys16 and transiently established a
hydrogen bond with Asp14. In contrast to the linear peptide, Arg2 of cyc-PVIIA did not
form hydrogen bonds with Lys7 and Cys16 but it established a hydrogen bond more
frequently with Asp14 than Arg2 of the linear peptide.
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Serum stability assay on native and cyc-PVIIA. Percentage of remaining peptide following
0, 3,6, 9, and 12 h incubation in human serum is presented as mean + s.e.m of triplicates.
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Table |

Energies and structural statistics for the family of 20 lowest energy cyc-PVIIA structures.

Energies (kcal/mol)

Overall -1119.8 +73.9
Bonds 141£15
Angles 445+5.2
Improper 18.3+49
Dihedral 1585+3.3
Van der Waals -125.0+3.3
Electrostatic -1230.3+77.7
NOE 0.1+0.0
cDih 0.1+0.1

MolProbity statistics

Clashes (>0.4A/1,000 atoms) 75+25
Poor rotamers 1.0+£1.0
Ramachandran outliers (%) 0.0+0.0
Ramachandran favored (%)¢ 933x4.1

RMSD? from mean structure A)

Mean global backbone (residues 3-8, 15-27) 0.91+0.25
Mean global heavy (residues 3-8, 15-27) 1.78+0.26
Mean global backbone (residues 1-34) 1.65+0.31
Mean global heavy (residues 1-34) 2.42+£0.30
Number of distance restraints

Intraresidue (i—j = 0) 139
Sequential (|i-j| =1) 149
Medium range (Ji-j| < 5) 46

Long range (Ji-j| =5) 43
Hydrogen bonds 4
Disulfide bonds 3

Total 384

Number of dihedral angle restraints

[} 17

v 17

X1 4

Total 38
Violations from experimental restraints

Total NOE violations exceeding 0.2 A 0

Total dihedral violations exceeding 2.0° 0

Data are presented as mean +S.D.
aThe remaining (6.7%) were found in the allowed regions of the Ramachandran plot.

bMean RMSD was calculated using MOLMOL (Koradi et al., 1996).
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