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ABSTRACT: Numerous spider venom-derived gating modifier toxins exhibit
conformational heterogeneity during purification by reversed-phase high-perform-
ance liquid chromatography (RP-HPLC). This conformational exchange is
especially peculiar for peptides containing an inhibitor cystine knot motif, which
confers excellent structural stability under conditions that are not conducive to
disulfide shuffling. This phenomenon is often attributed to proline cis/trans
isomerization but has also been observed in peptides that do not contain a proline
residue. Pn3a is one such peptide forming two chromatographically distinguishable
peaks that readily interconvert following the purification of either conformer. The
nature of this exchange was previously uncharacterized due to the fast rate of
conversion in solution, making isolation of the conformers impossible. In the present study, an N-terminal modification of Pn3a
enabled the isolation of the individual conformers, allowing activity assays to be conducted on the individual conformers using
electrophysiology. The conformers were analyzed separately by nuclear magnetic resonance spectroscopy (NMR) to study their
structural differences. RP-HPLC and NMR were used to study the mechanism of exchange. The later-eluting conformer was the
active conformer with a rigid structure that corresponds to the published structure of Pn3a, while NMR analysis revealed the earlier-
eluting conformer to be inactive and disordered. The exchange was found to be pH-dependent, arising in acidic solutions, possibly
due to reversible disruption and formation of intramolecular salt bridges. This study reveals the nature of non-proline conformational
exchange observed in Pn3a and possibly other disulfide-rich peptides, highlighting that the structure and activity of some disulfide-
stabilized peptides can be dramatically susceptible to disruption.

■ INTRODUCTION
Animal venoms are a rich source of potential therapeutic
peptides with high selectivity, potency, and stability.1−3

Neuronal ion channels are a common target for venom
peptides, including voltage-gated sodium channels (NaVs)
involved in pain signal transduction.1−4 The NaV subtype 1.7
(NaV1.7) is believed to be an attractive target for the treatment
of pain because this subtype is expressed preferentially in
peripheral sensory neurons,4,5 and its crucial role in pain
sensation has been genetically validated.6−8 Selectivity for
NaV1.7 remains a challenge due to the high sequence similarity
across all NaV subtypes, but it is vital for reducing unwanted
and dangerous side effects.4

Pn3a is a potent NaV1.7-inhibiting peptide derived from the
venom of the tarantula Pamphobeteus nigricolor.9 It is highly
selective for NaV1.7 over all other NaV subtypes,9 and Pn3a
variants with improved potency and selectivity have been
designed, including [D8N]Pn3a,10 which was used in this
study. Pn3a binds to the voltage sensor domains II and IV
(VSDII, VSDIV) of NaV1.7, affecting the voltage dependence
of activation and fast inactivation of the channel.9 Like many
other venom-derived peptides, the structure of Pn3a is
stabilized by three disulfide bonds arranged in an inhibitor

cystine knot (ICK) which confers excellent stability under a
wide range of conditions (Figure 1A).9,11,12

Interestingly, Pn3a is known to form two peaks of roughly
equal proportion by reversed-phase high-performance liquid
chromatography (RP-HPLC) during purification, despite its
disulfide connectivity remaining intact.10,13 Separation of the
two peaks by RP-HPLC fails to isolate a single conformer
because the peptide exchanges quickly in solution, regenerating
the two conformers in roughly equal proportions.13 This
phenomenon has been observed in other spider venom-derived
peptides with similar sequences, although RP-HPLC traces
typically show a major and minor species rather than two
equally populated peaks.14−16 However, these conformers have
yet to be isolated or characterized successfully due to their
rapid return to equilibrium in HPLC solvents. Nuclear
magnetic resonance spectroscopy (NMR) experiments have
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been used to elucidate the three-dimensional structure of Pn3a
in water at pH 4,9 but these spectra show only one set of peaks,
indicative of a single folded state.9,13

Proline cis/trans isomerization has been shown to be
responsible for structural heterogeneity in other venom
peptides,17−19 and can act as a ″switch″ causing conforma-
tional changes in proteins, which are crucial for function.20−24

μ-Aga-I and μ-Aga-IV are spider venom-derived peptides that
each form two proline cis/trans conformers.17 The cis isomer
dominates in μ-Aga-I, while both the cis and trans isomers are
found in equal proportions in μ-Aga-IV.17 Despite having high
sequence similarity, these two peptides differ in the site of
proline isomerization.17 ACTX-Hi:OB4219 is another spider
venom-derived peptide that also exists in two equally
proportioned proline cis/trans isomers, which can be
distinguished by NMR but not by RP-HPLC.18 Several other
spider venom peptides that are conformationally heteroge-
neous by RP-HPLC are assumed to undergo cis/trans proline
isomerization if they contain at least one proline residue.15,25,26

Pn3a and some other exchanging peptides with similar
sequences do not contain a proline residue (Figure
1B),9,14,27−30 so their conformational heterogeneity must be
due to some other type of conformational exchange. HaTx1,
HaTx2, Hm1a, Hm1b, Eo1a, and Df1a are additional examples
of peptides behaving in a similar manner.14,28−30 Because these
peptides, and others that share similar sequences to Pn3a, are
ion channel modulators, they can be used to study and

characterize ion channels in vitro, and some may have the
potential for development as therapeutics. Therefore, it is
important to identify any differences in the structure and
activity between the conformers and to understand the
conditions that give rise to this exchange. The heterogeneity
of HaTx1 and HaTx2 was hypothesized to be due to disulfide
bond rotational isomerization,31 which has also been described
in the polypeptide BPTI.32 Rotational isomerization of
aromatic side chains about their Cβ−Cγ bonds has also been
described in BPTI.33 The spider venom peptide PcaTX-1
forms two peaks by RP-HPLC due to aspartate to isoaspartate
conversion facilitated by the presence of a subsequent glycine
residue.27 The spider venom peptide Pre1a also elutes in
multiple peaks by RP-HPLC.34 Although it contains two
proline residues, its conformational flexibility was shown by
NMR to originate from the movement of a single flexible loop,
possibly due to the overcrowding of bulky aromatic side
chains, which does not seem to involve proline isomerization.34

In this study, [D8N]Pn3a, which exhibits the same
conformational heterogeneity as the native Pn3a, was N- or
C-terminally ligated to an inactive analogue of KIIIA (a NaV-
inhibiting cone snail venom peptide)35 via copper-mediated
azide-alkyne cycloaddition (CuAAC) or sortase A-mediated
enzymatic ligation, respectively. N-terminal ligation resulted in
a decreased rate of conformational exchange in a solution that
enabled the isolation of each conformer. The activity and
structure of these peptides were studied using patch-clamp

Figure 1. Solution NMR structure of Pn3a and sequences of similar spider venom-derived peptides. (A) Ribbon and surface structures of Pn3a
(PDB 5T4R) showing acidic (pink), basic (blue), and aromatic/hydrophobic (green) residues. Disulfide bonds are shown in yellow. (B) Sequence
of [D8N]Pn3a with disulfide connectivity shown above, aligned with sequences of similar spider venom-derived peptides that exhibit
conformational exchange by RP-HPLC. The sequences of SGTx1 and ProTx-II, which do not exhibit conformational heterogeneity, are also shown.
Percent similarity to [D8N]Pn3a is shown. *Indicates amide C-terminus.
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electrophysiology and NMR spectroscopy, highlighting how
easily the structure and activity of some ICK-stabilized
peptides can be disrupted and restored.

■ RESULTS
N-Terminal Modification of Pn3a Slows Conforma-

tional Exchange. As previously reported,10,13 the RP-HPLC
trace of correctly folded Pn3a contains two peaks that are
regenerated when a single peak is collected and reinjected
(Figures 2A and S1A). A similar result was obtained for all
Pn3a analogues comprising native disulfide connectivity of
Pn3a.10 Bivalent analogues of [D8N]Pn3a containing μ-
conotoxin KIIIA attached at either the C- or N-terminus
were synthesized for a previous study to create NaV1.7
inhibitors with dual modes of action (Table S1). Surprisingly,
while the C-terminally modified bivalent peptide regenerated
its two peaks (Figure 2B), the N-terminally modified peptide
did not exhibit the same peak regeneration under the same
conditions (Figures 2C and S1B), suggesting slower exchange
between the two conformers. This allowed for each conformer
of N−N-ligated [D8N]Pn3a-KIIIA to be isolated with >95%
purity by HPLC.

Stability of [D8N]Pn3a-KIIIA Conformers. The stability
of each N−N-ligated [D8N]Pn3a-KIIIA conformer in various
solvents was determined by HPLC. Each of the conformers
was maintained over at least 96 h in unbuffered milliQ water as

well as extracellular solution (ECS) buffer for electro-
physiology experiments (70 mM NaCl, 70 mM choline
chloride, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM
HEPES, and 10 mM glucose, adjusted to pH 7.4 and 305
mOsm), suggesting that these conditions would be suitable for
NMR experiments and activity assays, respectively (Figure
2D). The stability of the conformers was also evaluated over 96
hours in HPLC solvents (Figure 2D). Both conformers
exchanged in 30% HPLC solvent B (0.05% TFA/30% ACN/
H2O), the acetonitrile concentration at which the peptide
elutes, approaching an equilibrium favouring the earlier-eluting
conformer (conformer 1). In HPLC solvent A (0.05% TFA/
H2O), the conformers approached an equilibrium favouring
the later-eluting conformer (conformer 2). The same time-
course experiment was performed in 30% ACN/H2O, which
did not cause conformational exchange after 96 h, suggesting
that acidification by TFA caused the exchange to occur.

Activity of Individual Conformers of Pn3a. In light of
the excellent stability of either conformer in an aqueous
solution, we next assessed the activity of each conformer at
hNaV1.7 to determine whether they differed in potency (Figure
2E). We used [D8N]Pn3a ligated to a KIIIA analogue
inactivated by the sortase A ligation motif LPATGG in the
C-terminus (KIIIA[Srt])35 to assess only activity arising from
[D8N]Pn3a (Table S1). The ligated peptide, [D8N]Pn3a-
KIIIA[Srt], exhibited a similar slow rate of exchange to the

Figure 2. Ligated [D8N]Pn3a-KIIIA exhibits slower exchange than the monovalent peptide, enabling the isolation of each conformer. The early-
eluting conformer 1 of Pn3a is less potent than the later-eluting conformer 2. RP-HPLC elution profiles within 6 h of collection of each peak of (A)
[D8N]Pn3a, (B) C−N-ligated [D8N]Pn3a-KIIIA, and (C) N−N-ligated [D8N]Pn3a-KIIIA. Pn3a is shown in teal (PDB 5T4R) with N- and C-
termini indicated, and KIIIA is shown in gray (PDB 2LXG). Linkers are shown in red. (D) Stability time course over 96 h of [D8N]Pn3a-KIIIA in
varying solvent conditions starting with >95% conformer 1 (left) or conformer 2 (right). (E) pIC50 (−log IC50) values of [D8N]Pn3a, [D8N]Pn3a-
KIIIA[Srt] conformer 1 and conformer 2, and KIIIA[Srt] at hNaV1.7. *p < 0.05 by one-way ANOVA with Dunnett’s multiple comparisons test
compared to [D8N]Pn3a. Data are presented as the mean ± SEM (n = 4−6 cells).
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peptide containing wildtype KIIIA (Figure S2). The individual
[D8N]Pn3a and KIIIA[Srt] peptides displayed the expected

potencies at hNaV1.7 (pIC50 8.23 ± 0.12 and inactive up to 10
μM, respectively) (Figure 2E).10,35 The [D8N]Pn3a-KIIIA-

Figure 3. Conformational exchange of Pn3a is pH-dependent, favouring the more active conformer 2 at higher pH values. Percentages are
calculated from the area under the curve of RP-HPLC traces. (A) Exchange time course of [D8N]Pn3a-KIIIA at varying pH by RP-HPLC starting
with >95% conformer 1 (left) or conformer 2 (right). (B) Exchange time course of [D8N]Pn3a at varying pH by RP-HPLC. (C) Later-eluting
conformer percentages of [D8N]Pn3a, Eo1a, and Hm1a at equilibrium after >1 h incubation at varying pH by RP-HPLC. (D) Stacked 1D 1H
NMR amide region and far upfield aliphatic region of 13C/15N-[S0,D8N]Pn3a as pH was increased from 1.28 to 3.45. (E) Overlaid 2D 1H−15N
HSQC assignments of 13C/15N-[S0,D8N]Pn3a at pH 1.28 and 3.45. The inset square denotes the expanded and separated areas of spectra shown
for clarity (right).
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[Srt] conformer 1 was 32-fold less potent than conformer 2
(pIC50 6.98 ± 0.07 and 8.49 ± 0.06, respectively, p < 0.05)
(Figure 2E).

pH-Dependence of Exchange by RP-HPLC. To confirm
a possible contribution of pH to the conformational exchange,
an HPLC time course was performed using [D8N]Pn3a-KIIIA
in solutions at pH 1 (100 mM HCl), pH 3 (20 mM potassium
phosphate), pH 5 (20 mM sodium citrate), and pH 7 (20 mM
potassium phosphate) (Figure 3A). The conformers reached
equilibrium within 24 h at pH 1, favouring conformer 1. At pH
3, the conformers did not reach equilibrium after 96 h but
favored conformer 2. At pH 5, conformer 1 began to exchange
but did not reach equilibrium after 96 h, while conformer 2 did
not appear to exchange. Both conformers were stable at pH 7
over at least 96 h. These results suggest that both the rate of
exchange and the proportion of each conformer at equilibrium
are pH-dependent.

The same experiment was then performed using monovalent
[D8N]Pn3a (Figures 3B and S3A). In all pH-adjusted
solutions, the peptide exchanged between conformers quickly,
reaching equilibrium within 1 h. A similar pattern of pH-
dependence was observed compared to the ligated peptide,
with conformer 1 arising at pH < 5 and the proportion of
conformer 1 increasing as pH decreased. Although a higher ion
concentration was required to attain pH 1, the exchange was
not dependent on ion concentration as no exchange was

observed in a buffer at pH 7 containing 100 mM NaCl (Figure
S3A). The pH-dependence of exchange was also evaluated for
Eo1a and Hm1a, which are proline-free peptides showing
conformational heterogeneity by RP-HPLC.29,30 Lower pH
gave rise to an earlier-eluting peak in the elution profiles of
these peptides, although the relative proportion of this
conformer never exceeded that of the later-eluting conformer
at the lowest tested pH (Figures 3C and S3B,C). To assess
whether a similar pH-dependent exchange can also occur for
other proline-free NaV1.7 inhibitors, ProTx-II and SGTx1,
which each elute in a single peak, were similarly evaluated.36,37

Both of these peptides showed no exchange at low pH or high
ion concentration (Figure S3D,E), suggesting that exchange
for Pn3a and related peptides is likely sequence-specific rather
than a general feature of disulfide-rich ICK peptides.11,12

pH-Dependence of Exchange by NMR. The 13C/15N-
labeled analogue [S0,D8N]Pn3a was produced by the
recombinant expression for use in NMR experiments, with
an N-terminal serine scar remaining after TEV cleavage from
SUMO.13 1D 1H− and 2D 1H−15N HSQC were acquired as
pH was increased incrementally from pH 1.28−3.45. The
amide regions of the 1D spectra revealed less dispersed (<9
ppm) and broader peaks at low pH, suggesting the peptide was
disordered (Figure 3D). As pH increased, the amide region
became populated with sharper peaks which also appeared
downfield of 9 ppm, consistent with previously published 1D

Figure 4. Conformer 2 corresponds to the published Pn3a structure. Conformer 1 differs drastically from conformer 2. (A) Difference in Pn3a Hα
shifts of earlier- and later-eluting [D8N]Pn3a-KIIIA conformers from 2D 1H−1H TOCSY and NOESY experiments, and pH 1.28 and 3.45
13C/15N-[S0,D8N]Pn3a conformers from 3D 1H−15N−13C CBCA(CO)NH and HNCACB experiments, compared to published shifts for Pn3a
(PDB 5T4R). (B) Difference in Cα shifts of 13C/15N-[S0,D8N]Pn3a conformer 1 compared to conformer 2. (C) Surface structure heat map of
Pn3a (conformer 2), indicating the magnitudes of Cα shift differences. Residues with Δδ > 2 are labeled. (D) Cartoon structure of Pn3a (PDB
5T4R) with putative side-chain salt bridges between residues with Δδ > 2 shown by dashed lines.
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spectra for Pn3a.9,10,13 Similarly, 1H−15N HSQC data showed
resonances corresponding to the published Pn3a shifts
appearing as the sample pH increased, indicating a transition
from conformer 1 to conformer 2 (Figure 3E).

Structural Comparison of Conformers. 2D 1H−1H
TOCSY and NOESY NMR experiments were used to
characterize the structures of conformers 1 and 2 of
[D8N]Pn3a-KIIIA. All KIIIA backbone chemical shifts were
consistent between both conformers, whereas [D8N]Pn3a
spectra differed considerably (Figure S4). All [D8N]Pn3a
backbone protons were successfully assigned for conformer 2,
which produced high-quality spectra (Figure S4B). Only a
partial backbone assignment was completed for conformer 1
using these spectra, which produced fewer peaks than
expected, and many peaks of low intensity (Figure S4A).
Due to the reduced dispersion of the amide protons, the
spectra also contained regions of significant overlap, which
further hindered the backbone assignment, resulting in the
assignment of only 16 of 35 residues. 1D 1H spectra of
13C/15N-[S0,D8N]Pn3a at low pH revealed a fingerprint
region that resembled a misfolded or disordered peptide
(Figure 3D). 2D 1H−15N HSQC and 3D 1H−15N−13C
CBCA(CO)NH, HNCACB, and HBHA(CO)NH spectra of
13C/15N-[S0,D8N]Pn3a acquired at pH 1.28 enabled the
assignment of 31 out of 35 residues of conformer 1, while the
spectra acquired at pH 3.45 enabled the assignment of the
entirety of the backbone of conformer 2 (Figure 4A).

The comparison of the backbone chemical shifts of the
earlier- and later-eluting peaks of the ligated peptide [D8N]-
Pn3a-KIIIA corresponded well with the chemical shifts of
unligated [D8N]Pn3a at pH 1.28 and 3.45, suggesting that the
two conformations of the ligated peptide correspond to the
same two conformations that arise from the modulation of pH
(Figure 4A). Chemical shifts of conformer 2 were in close
agreement with published Pn3a shifts, corresponding to a well-
structured, typical ICK (Figures 4A and S5).9 In contrast,
many of the chemical shifts of conformer 1 were in poor
agreement with the published Pn3a shifts and showed less
deviation than conformer 2 from expected random coil
chemical shift values reported in the Biological Magnetic
Resonance Bank (Figures 4A and S5). This and the broad, less
dispersed peaks observed in all NMR spectra suggest that
conformer 1 adopts a secondary structure that more closely
resembles a random coil than a rigidly structured ICK peptide,
although the extent of the disorder is limited by the disulfide
bonds maintained in the ICK scaffold.

Striking differences are easily observed between conformers
1 and 2 across all NMR spectra. 1D 1H spectra of conformer 1
lacked several peaks, which gradually appeared as the peptide
transitioned toward conformer 2 (Figure 3D), with amide
proton peak dispersion ranging from 7.6−8.8 ppm for
conformer 1 and 6.6−9.5 ppm for conformer 2. More than
half of the Cα chemical shifts of conformer 1 differed by more
than 1 ppm from conformer 2 (Figure 4B,C).9 The magnitudes
of the Cα chemical shift differences between conformers 1 and
2 were heat mapped on the structure of Pn3a (PDB 5T4R)
(Figure 4C). N- and C-terminal residues generally had smaller
(Δδ < 1 ppm) differences since they are outside of the ICK
scaffold, particularly the C-terminal tail, which was flexible in
solution in both conformations (Figure 4A,B).

Met5 and Phe6, which interact on the hydrophobic patch of
conformer 2, showed Cα shift differences greater than 2 ppm.
Considerable chemical shift changes were also observed at

Tyr27, which contributes to the hydrophobic patch and
interacts with Met5 and Phe6. In conformer 2 spectra, the
Tyr27 Hα peak was found far downfield at 5.6 ppm, while the
same peak was found in the average range, 1 ppm upfield, for
conformer 1. Similarly, the Tyr27 Cα peak had a chemical shift
difference of nearly 2 ppm between the two conformers
(Figure 4B,C). The Leu19 side-chain Hδ shifts of conformer 2
were further upfield than average, appearing at 0.5 and 0.1 ppm
due to interactions with other residues on the hydrophobic
patch. For conformer 1, these shifts appeared at δ > 0.6 ppm
(Figure 3D).

On the charged patch of the peptide, residues Lys11, Glu13,
and Asp14 had 2−3 ppm Cα shift differences between
conformers (Figure 4B,C). These residues form salt bridges
with one another, based on the published structure of Pn3a
(PDB 5T4R) (Figure 4D).9 Residues 15−19 produced peaks
of very poor intensity that made unambiguous assignment
impossible for conformer 1 and were flanked by residues that
showed Δδ > 2. This suggests that loop 3 and the two cysteine
residues preceding it are highly dynamic in the inactive
conformer. Residues Asp12 and Arg23 showed the largest Cα
shift differences of 5.9 and 3.3 ppm, respectively (Figure
4B,C). These residues form a salt-bridge connecting loops 2
and 4 in conformer 2 (Figure 4D).9

■ DISCUSSION AND CONCLUSIONS
The present study suggests that the conformational exchange
that has long been observed chromatographically in some
spider venom-derived peptides may be due to the acidic pH of
HPLC solvents (∼6.5 mM TFA, pH ∼ 2.5). For Pn3a, the
conformer (conformer 2) that dominates at higher pH is the
conformer present in NMR and activity experiments, which are
typically performed at pH ∼ 4 and pH 7.4, respectively. A
higher proportion of conformer 1 is present after incubation in
30% HPLC solvent B compared to HPLC solvent A. This may
be due to differences in pH between the two solvents, or the
formation of the inactive conformer may be assisted by the
presence of an organic solvent. However, the organic solvent is
not sufficient to cause conformational exchange without acidic
pH. The data suggest that the published solution NMR
structure for Pn3a corresponds to the later-eluting active
conformation,9 conformer 2, and the NMR structures that
have been published for other peptides examined in this study,
which were acquired at pH ∼ 4, are likely capturing the active
conformation.31,38 This also suggests that only the active
conformer 2 is present under normal physiological conditions.
pH-dependent exchange may also have additional implications
for these peptides in some potential applications, for example,
formulation or dosage forms designed for oral administration.
The drastic differences in the chemical shift between
conformers 1 and 2 suggest that conformer 1 is largely
unfolded, lacking many of the structural features found in the
active conformer, and may be completely inactive. The
apparent activity of conformer 1 of Pn3a-KIIIA[Srt] may be
due to low-level contamination with conformer 2, which is
inevitable due to the acidic RP-HPLC conditions used for
purification.

Residues that form salt bridges tended to have larger
chemical shift differences between the active and inactive
conformers of Pn3a. Because conformer 1 dominates at low
pH, this suggests that protonation of acidic residues may
disrupt salt bridges, triggering a global change in the secondary
structure. In the active conformer 2 structure of Pn3a, Asp12
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and Arg23 form a salt bridge between loops 2 and 4. Glu13
and Asp14 form salt bridges with Lys11 within loop 2, which,
along with backbone hydrogen bonding, stabilize an α-helix
directing Asp12 toward Arg23. The structural importance of
Asp12, Asp14, and Tyr27 is further supported by a previous
study in which the authors were unable to produce D12T,
D14K, and Y27A mutants of Pn3a displaying native Pn3a
disulfide connectivity and where the analogues were
subsequently inactive.10 On the other hand, E13K and E13A
mutants in the same study were active and folded correctly,
suggesting that salt bridges involving the side chain of this
residue are not crucial for the structure of Pn3a. The loss of
stabilizing salt bridges may cause loops 2 and 4 to become
more disordered, resulting in broadened or missing NMR
resonances for nearby residues. Disulfide bond rotational
isomerization is also possible at Cys9, which has a 7.2 ppm Cβ
chemical shift difference between the two conformers,
compared to 0.1−1.2 ppm differences at the other three
assigned cysteine residues (Figure S5B). Cβ resonances were
not visible for Cys15 and Cys16. Tyr27 is involved in a π−π
interaction with Phe6, which connects loops 1 and 4 in the
active conformer. This interaction may be lost in the inactive
conformer, as evidenced by the lack of the deshielded Tyr27
Hα proton at low pH (Figure 3D). Similarly, there is a CH/π
interaction between Leu19 and Trp30 in the active
conformation, evidenced by the shielded Leu19 Hδ protons.
The loss of the shielding effect on the Leu19 side-chain
protons in conformer 1 suggests that its position relative to
Trp30 changes compared to conformer 2 (Figure 3D). The
presence of the organic solvent may assist in disrupting
hydrophobic interactions, favouring the inactive conformer.

Although the HPLC elution profile of Pn3a can strongly
favor either conformer depending on the pH of the solvent
used for peptide dissolution, many other spider venom
peptides that exhibit conformational heterogeneity have a
clear major and minor peak, even at pH 1. It is not clear why
Pn3a is more sensitive to changes in pH than other peptides.
Pn3a contains many acidic residues, particularly in loop 2
(Figure 1B), which may form salt bridges at neutral pH.9

However, many of the acidic residues of Pn3a are not crucial
for activity and correct folding, including Glu10 and Glu13 in
loop 2.10 The solution NMR structures of Pn3a, Hm1a,
HaTx1, and SGTx1 show that all three peptides are stabilized
in loop 2 by hydrogen bonding involving backbone amide
protons, with Pn3a also forming salt bridges within loop
2.9,31,38,39 In place of the salt-bridge forming Asp12 of Pn3a,
Hm1a and HaTx1 contain a threonine residue that is involved
in hydrogen bonding with the backbone of loop 4. This
interaction would not be susceptible to protonation, making
the active conformers of Hm1a and HaTx1 more stable at low
pH. Similarly, SGTx1 contains a threonine at position 12,
although this residue has not been shown to participate in
hydrogen bonding with loop 4.

It is unclear why the exchange between conformer 1 and
conformer 2 occurs more slowly when Pn3a is KIIIA-ligated to
the N-terminus versus free or C-terminally ligated Pn3a. The
key salt bridges are found nearer to the N-terminus of the
peptide, which may explain why the extension of the C-
terminus does not drastically affect the rate of exchange. An N-
terminally biotinylated analogue of Pn3a, which removes the
positive N-terminal charge, undergoes rapid exchange similarly
to analogues with a charged N-terminus (Figure S6). The
slowed rate of exchange is also unlikely to be due to specific

interactions between Pn3a and KIIIA, as the same observation
has been made for Pn3a containing other N-terminal
extensions (Figure S7). Additionally, the 2D NMR spectra of
both conformers of Pn3a-KIIIA produce nearly identical KIIIA
peaks, suggesting a lack of stable interactions between the two
segments (Figure S4). There may be interactions between the
electrostatic face of Pn3a and the flexible polyglycine spacer
between the two toxins, which influence the solvent exposure
of the key aspartate residues and their rate of proton exchange,
but this should give rise to chemical shift changes observable
by NMR.

The rapid restoration of the structure as the monovalent
peptide is moved from acidic to more neutral pH may be due
to the ICK maintaining the residues in favorable positions to
reform the correct salt bridges and other interactions. This
suggests that this pH-dependence could potentially be
exploited in the design of peptides as a “molecular switch”
for use in the gastrointestinal tract,40,41 lysosomes,42 secretory
granules,43 and pH-altering states such as cancer,44−47

inflammation,48,49 ischemia,50 and others.51 Peptides contain-
ing acidic residues that are protonated in acidic environments
to promote membrane insertion have been studied for cancer
and inflammation,45−47,49 and other pH-sensitive peptides have
been studied for various applications.52−61

The present study characterizes the pH-dependent con-
formational exchange of Pn3a, suggesting that the protonation
of acidic residues at low pH and the resulting charge
neutralization disrupts crucial salt bridges. This causes a loss
in overall structural integrity and activity in a peptide that
contains an ICK, which is generally known to be stable at low
pH. The peptide’s intricate structure is easily restored by an
increase in pH since the intact disulfide bonds keep the
residues poised to reform their interactions. A similar
phenomenon is observed for other spider venom-derived
peptides with high sequence similarity to Pn3a. This is a novel
explanation for the conformational heterogeneity of an ICK
peptide where proline cis/trans isomerization and isoaspartate
formation are not possible.

■ EXPERIMENTAL SECTION
Linear Peptide Assembly and Cleavage. Pn3a and

KIIIA analogues were assembled via Fmoc solid phase peptide
synthesis on an automated microwave Liberty Prime
synthesizer (CEM). Preloaded Wang polystyrene (LL) resins
(CEM) were used at a 0.1 mmol scale for all Pn3a analogues
and inactive N-terminal ligation KIIIA analogues, and Rink
Amide resin (RAPP Polymere, Germany) was used for active
C-terminal ligation KIIIA analogues. Coupling was performed
with 0.5 M N-terminal Fmoc-protected and side-chain-
protected amino acid/0.25 M Oxyma Pure/2 M N,N′-
diisopropylcarbodiimide in N,N-dimethylformamide (DMF)
(1 min at 105 °C). Fmoc deprotection was performed with
25% pyrrolidine/DMF (40 s at 100 °C).

Peptides were functionalized for N- to N-terminal copper-
mediated azide-alkyne cycloaddition (CuAAC) ligation by
manual coupling of Fmoc-L-propargylglycine to KIIIA
analogues containing a polyglycine spacer, and Fmoc-Nε-
azide-L-lysine to Pn3a analogues. Manual coupling was
performed using 4 eq amino acid/4 eq O-(1H-6-chlorobenzo-
triazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HCTU)/6 eq N,N-diisopropylethylamine in DMF (5 min at
room temperature). Fmoc deprotection was performed using
30% piperidine/DMF (10 min at room temperature).
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Peptides were functionalized for C- to N-terminal enzymatic
sortase A ligation by the inclusion of a polyglycine spacer at the
N-terminus of KIIIA and the Staphylococcus aureus sortase A
recognition motif LPATGG at the C-terminus of Pn3a.

Cleavage from resin and side-chain deprotection was
performed simultaneously in 92.5% trifluoroacetic acid
(TFA)/2.5% triisopropylsilane/2.5% 2,2-(ethylenedioxy)-
diethanethiol/2.5% H2O (2 h at room temperature). Cleavage
solutions were filtered to remove resin, and TFA was
evaporated under N2 flow. Peptides were precipitated, washed
with cold diethyl ether, and centrifuged (3 × 5 min at 5000g).
The final pellet was dissolved in 0.05% TFA/45% acetonitrile
(ACN)/H2O and lyophilized. All peptides were confirmed to
be >95% pure by HPLC analysis.

Peptide Oxidation and Ligation. KIIIA analogues were
oxidized at 0.1 mg/mL in 0.1 M NH4HCO3 at pH 8 (24 h at
room temperature). Pn3a analogues were oxidized at 0.1 mg/
mL in 4.5 M NH4OAc at pH 8 with 2 M urea and 1:10
oxidized to reduced glutathione (48 h at 4 °C). Oxidation
solutions were acidified to pH < 4 with TFA, filtered, and
purified by RP-HPLC. Correct peptide folding was confirmed
by ESI-MS and 1D and 2D 1H NMR.

N- to N-terminal CuAAC ligation was performed with 1:2
azide- and alkyne-containing peptides in 50 mM potassium
phosphate buffer at pH 7 treated with premixed copper(II)
sulfate and tris-hydroxypropyltriazolylmethylamine (for final
concentrations of 0.1 and 0.5 mM, respectively), 5 mM
aminoguanidine, and 5 mM sodium ascorbate under a N2
atmosphere (2 h at 37 °C). Reactions were quenched by
cooling and acidification with 1% TFA/H2O to pH < 4, then
filtered and purified by RP-HPLC. Successful ligation was
confirmed by ESI-MS and 1D and 2D NMR.

C- to N-terminal sortase A ligation was performed by
dissolving sortase-functionalized peptides in 50 mM Tris buffer
at pH 8 containing 150 mM NaCl and 10 mM CaCl2, followed
by treatment with the S. aureus sortase A pentamutant SrtA5 at
a ratio of 1:3:6 SrtA5:Pn3a:KIIIA (15 min at 37 °C). Reactions
were quenched by cooling and acidification with 1% TFA/H2O
to pH < 4 and then filtered and purified by RP-HPLC. The
successful ligation product was confirmed by ESI-MS.

RP-HPLC and Mass Spectrometry. A Shimadzu LC-
20AP (Shimadzu, Japan) solvent delivery module equipped
with an SPD-20A (Shimadzu) UV/vis detector was used for
preparative HPLC. Preparative HPLC was performed using a
Luna C8 column (Phenomenex; 15 μm, 250 mm × 50 mm,
100 Å, 50 mL/min) or a Zorbax 300SB C18 column (Agilent;
5 μm, 21.2 mm × 150 mm, 300 Å, 20 mL/min). Semi-
preparative HPLC was performed using a Zorbax 300SB C8
column (Agilent; 5 μm, 9.4 mm × 150 mm, 300 Å, 3 mL/
min). A Shimadzu LC-40D XR (Shimadzu) solvent delivery
module equipped with an SPD-40V (Shimadzu) UV/vis
detector and SIL-40 XR (Shimadzu) autosampler was used
for analytical HPLC. Analytical HPLC was performed using a
Zorbax 300SB C18 column (Agilent; 5 μm, 4.6 mm × 250
mm, 300 Å, 1 mL/min) or a Hypersil GOLD C18 column
(Thermo Fisher Scientific; 3 μm, 2.1 mm × 100 mm, 175 Å,
0.6 mL/min). Gradients were run from solvent A (0.05%
TFA/H2O) to solvent B (0.05% TFA/90% ACN/H2O), and
absorbance was monitored at 214 and 280 nm. Peptide masses
were confirmed by electrospray ionization mass spectrometry
(ESI-MS) on an API 2000 LC/MS/MS system (AB SCIEX)
or time-of-flight (TOF) LC/MS on a TripleTOF 5600 system
(AB SCIEX) equipped with an LC-30AD (Shimadzu) solvent

delivery module, a SIL-30AC (Shimadzu) autosampler, and a
CTO-20A (Shimadzu) column oven.

Automated Whole-Cell Patch-Clamp Electrophysiol-
ogy. HEK 293 cells stably expressing human NaV1.7 and β1
subunits (SB Drug Discovery, U.K.) were cultured in
minimum essential medium (MEM) supplemented with 10%
(v/v) heat-inactivated fetal bovine serum, 1% (v/v) Gluta-
MAX, 4 μg/mL blasticidin, and 0.6 mg/mL geneticin. Cells
were passaged at 70−80% confluence using TrypLE Express
for dissociation.

Automated whole-cell patch-clamp electrophysiology assays
were performed on a QPatch II platform (Sophion Bioscience,
Denmark) as previously described (PMID: 33023152). Cells
were dissociated and gently stirred in serum-free MEM
containing 25 mM HEPES, 100 U/mL penicillin-streptomycin,
and 0.04 mg/mL soybean trypsin inhibitor for 30−60 min
before use. The extracellular solution (ECS) comprised 70 mM
NaCl, 70 mM choline chloride, 4 mM KCl, 2 mM CaCl2, 1
mM MgCl2, 10 mM HEPES, and 10 mM glucose, adjusted to
pH 7.4 and 305 mOsm. The intracellular solution comprised
140 mM CsF, 1 mM EGTA, 5 mM CsOH, 10 mM HEPES,
and 10 mM NaCl, adjusted to pH 7.3 (using CsOH) and 320
mOsm. Peptides were diluted in ECS containing 0.1% bovine
serum albumin.

Concentration−response curves were acquired at a holding
potential of −90 mV with a 50 ms pulse to −20 mV every 20 s.
Peptide concentrations were incubated for 5 min each, and
peak currents were normalized to buffer controls. GraphPad
Prism 9.3.1 was used to fit a four-parameter Hill equation with
a variable Hill coefficient.

DNA Mutagenesis and Bacterial Expression. 13C/15N-
labeled [S0,D8N]Pn3a was produced by recombinant
expression in Escherichia coli. The WT Pn3a/pLIC vector
with SUMO-tag cDNA was subjected to in vitro site-directed
mutagenesis using the QuikChange Lightning mutagenesis kit
(Agilent Technologies) following the manufacturer’s instruc-
tions. The following point mutations were created in the WT
Pn3a/pLIC vector with SUMO-tag cDNA: G0S and D8N,
using the following two oligonucleotides: 5′- CAGAGT-
GATTGCCGTTATATGTTTGGCAATTGTG-3′ and 5′-CA-
CAATTGCCAAACATATAACGGCAATCACTCTG-3′. Mu-
tations were verified by sequencing by the Australian Genome
Research Facility.

The vector was transformed into competent SHuffle cells
(New England Biolabs) by heat shock, plated on ampicillin
selection plates, and incubated at 30 °C overnight. A 10 mL
Luria−Bertani (LB) media primary culture with ampicillin
selection was inoculated with one colony and shaken at 30 °C
overnight. Four 1 L LB media cultures with ampicillin selection
were inoculated with the primary culture and shaken at 30 °C
until the optical density at 600 nm (OD600) reached ∼0.8.
Cells were pelleted at 5000g and resuspended in M9 media
containing 0.1% w/v 15NH4Cl and 0.4% w/v 13C6-D-glucose
and then incubated at 30 °C for 30 min. Cells were induced
with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG)
and shaken at 30 °C for 5 h. Cells were pelleted at 5000g and
resuspended in RS-1 lysis buffer (20 mM Tris at pH 7.8 with
500 mM NaCl) with 1 mg lysozyme and sonicated at 4 °C.
Cell debris was pelleted at 40 000g, and the soluble protein
extract was loaded onto a 5 mL HisTrap FF column (Cytiva)
pre-equilibrated with lysis buffer. The column was washed with
lysis buffer containing 25 mM imidazole, and SUMO-Pn3a was
eluted from the column with lysis buffer containing 250 mM
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imidazole. The eluted protein was buffer exchanged to 20 mM
Tris pH 7.8 using an Amicon 10 kDa cutoff centrifugal
concentrator (Merck). Pn3a was cleaved from SUMO with 1
mg His6-tagged TEV protease in 20 mM Tris buffer at pH 7.8
containing 5 mM DTT at room temperature overnight. The
cleaved protein solution was acidified with 0.5% TFA, filtered
to remove precipitation, and purified using RP-HPLC on a
Vydac C18 column (GRACE; 10 μm, 10 mm × 250 mm, 300
Å). Fractions containing linear Pn3a, determined using matrix-
assisted laser desorption/ionization time-of-flight mass spec-
trometry, were pooled and lyophilized.

NMR Spectroscopy. Unlabeled peptides were dissolved at
∼500 μM in 500 μL of 10% D2O/H2O and pH was measured
to confirm pH ∼ 4. 13C/15N-labeled Pn3a was dissolved at
∼350 μM in 300 μL of 10% D2O/H2O in a Shigemi tube.
Spectra were acquired at 298 K on a Bruker Avance 900 MHz
spectrometer (Bruker) equipped with a triple-resonance TCI
cryoprobe (Bruker) and processed using TopSpin 4.1.3
(Bruker). NMR resonances of different conformers were
assigned at pH 1.28 and 3.45, respectively, using a combination
of 2D and 3D experiments: 1H−1H TOCSY (80 ms mixing
time), 1H−1H NOESY (200 ms mixing time), 1H−15N HSQC,
1H−13C−15N CBCACONH, and HNCACB NMR experi-
ments. NMR data analysis and resonance assignments were
carried out using CCPNMR Analysis (CCPN, U.K.). Addi-
tional 1D 1H spectra and 2D 1H−15N HSQC were recorded as
a function of pH to track conformational exchange. pH was
adjusted incrementally with HCl or NaOH and measured by a
pH meter after each pH change, and water referencing was
adjusted after each pH change.

RP-HPLC Conformational Exchange Assays. For RP-
HPLC exchange assays, peptides were dissolved in varying
solvents at 5−10 μM and injected via an autosampler at
specified time points. pH 1 was achieved at 100 mM HCl, pH
3 and 7 buffers were 20 mM potassium phosphate, and pH 5
buffer was 20 mM sodium citrate. All peptides were run on a
0−50% solvent B gradient over 12.5 min on an analytical
HPLC column. The area under the curve (AUC) from the 214
nm trace was measured using manual integration in
LabSolutions 5.97 (Shimadzu). Individual peaks were
normalized to the total peptide AUC of each trace. Time
constants (τ) were calculated by fitting curves to a one-phase
decay.
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