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Conopeptides are neurotoxic peptides in the venom of marine
cone snails and have broad therapeutic potential for managing
pain and other conditions. Here, we identified the single-disul-
fide peptides Czon1107 and Ccal669 from the venoms of Conus
zonatus and Conus caracteristicus, respectively. We observed
that Czon1107 strongly inhibits the human a334 (IC;5, 15.7 *
3.0 um) and a7 (IC;, 77.1 = 0.05 uM) nicotinic acetylcholine
receptor (nAChR) subtypes, but the activity of Ccal669 remains
to be identified. Czon1107 acted at a site distinct from the
orthosteric receptor site. Solution NMR experiments revealed
that Czon1107 exists in equilibrium between conformational
states that are the result of a key Ser*~Pro® cis-trans isomeriza-
tion. Moreover, we found that the X-Pro amide bonds in the
inter-cysteine loop are rigidly constrained to cis conformations.
Structure-activity experiments of Czon1107 and its variants at
positions P5 and P7 revealed that the conformation around the
X-Pro bonds (cis-trans) plays an important role in receptor sub-
type selectivity. The cis conformation at the Cys®~Pro” peptide
bond was essential for a3 34 nAChR subtype allosteric selectiv-
ity. In summary, we have identified a unique single-disulfide
conopeptide with a noncompetitive, potentially allosteric inhib-
itory mechanism at the nAChRs. The small size and rigidity of
the Czon1107 peptide could provide a scaffold for rational drug
design strategies for allosteric nAChR modulation. This new
paradigm in the “conotoxinomic” structure-function space pro-
vides an impetus to screen venom from other Conus species for
similar, short bioactive peptides that allosterically modulate
ligand-gated receptor function.

Conotoxins and conopeptides are neurotoxic peptides found
in the venom of predatory marine cone snails. The peptide
components in the venom are broadly classified as disulfide-
rich or disulfide-poor, wherein the former are referred to as
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conotoxins (=2 S-S) and the latter as conopeptides (=1 S-S).
The current system of classification has placed the conotoxins
in 29 gene superfamilies that are representative of 30 cysteine
frameworks (1). In contrast, the conopeptides are classified into
12 families (2), four of which contain a single-disulfide bond
and the other eight are disulfide free. The most extensively
studied neurotoxic peptides in the cone snail venom are the
two-disulfide a-conotoxins and the three-disulfide -, 8-, k-,
and w-conotoxins (3, 4). Interest in conotoxins arises from their
broad therapeutic potential (e.g. w-MVIIA, that is used clini-
cally in the treatment of pain) (5-7), resulting from their ability
to modulate membrane proteins, such as voltage- and ligand-
gated ion channels with exquisite target selectivity. In contrast
there have been very few studies on the structure and function
of disulfide-poor peptides. Although, the conotoxins and cono-
peptides are co-deployed in the venom, the cellular targets of
only a few of these disulfide-poor peptides have been charac-
terized, such as the high voltage-gated Ca®>* channels by
contryphans (8, 9), noninactivating voltage-dependent K™
channels by k-conotoxins (10, 11), vasopressin receptors by
conopressins (12), neurotensin receptors by contulakins (13),
and NMDA? receptors by conantokins (14). Single-disulfide
peptides that target the Na™ and K™ ion channels and other
ligand-activated receptors, such as neuronal nicotinic acetyl-
choline receptors (nAChRs) have not been reported (2). Toxins
that target nAChRs are of interest because they serve as thera-
peutic leads for the treatment of Alzheimer’s disease, Parkin-
son’s disease, drug addiction, and lung and breast cancer
(15-19). Indeed, the conotoxins a-RgIA and a-Vc1.1 have pro-
ceeded to pre-clinical and clinical trials for the treatment of
neuropathic pain (20). In addition to a-conotoxins, the cone
snail venom has proven to be a source of disulfide-rich nAChR

3 The abbreviations used are: NMDA, N-methyl-p-aspartate; nAChR, nicotinic
acetylcholine receptor; ESI-MS, electron spray ionization-mass spectrome-
try; MALDI-TOF, matrix-assisted laser desorption ionization-time of flight;
hOTR, human oxytocin receptor; hV1aR, human vasopressin receptor V1a;
HSQC, heteronuclear single quantum coherence; TOCSY, total correlation
spectroscopy; CF, cysteine framework; DQF, double quantrum filtered;
ROESY, rotating frame overhauser and exchange spectroscopy; ROE, rotat-
ing frame overhauser effect; NOESY, nuclear overhauser and exchange
spectroscopy; NOE, nuclear overhauser effect; HSQC, heteronuclear single
quantum correlation; TOF, time-of-flight; RP, reverse phase.
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modulators from 9 superfamilies (A, B3, D, ], L, M, O1, S, and T)
that vary significantly in their primary sequence, structure, and
potentially mode of action, thereby demonstrating that cone
snail venom can provide structurally and functionally distinct
classes of peptide nAChR modulators. We have recently initi-
ated a program to characterize single-disulfide peptides of
novel sequence, structure, and function in the venom of cone
snails found in the Indian coastal waters (21).

Consistent with this, we present the discovery of the first
single-disulfide bond peptide modulator of the nAChRs. This
novel conopeptide was identified in the venom of Conus zona-
tus. Unlike the standard two-disulfide bonded a-conotoxins,
this novel single-disulfide peptide from C. zonatus modulate
the nAChRs via a noncompetitive mechanism (different than
the endogenous ligands). Data from our structural and func-
tional studies demonstrate that a key proline cis-trans isomer-
ization plays a major role in the mechanism of action and
nAChR subtype selectivity of this peptide. Together, this study
describes for the first time, a unique single-disulfide conopep-
tide with a noncompetitive, potentially allosteric inhibitory
mechanism at the nAChRs, thereby providing novel tools and
rational drug design strategy in allosteric nAChR modulation.
In addition, we have also discovered a peptide of novel sequence
in the venom of the cone snail Conus caracteristicus. A BLAST
search has revealed no homology, for these two peptides, to
known polypeptide sequences in databases. However, the iden-
tity of the cellular target for the peptide from C. caracteristicus
remains unknown. The results of these studies are described
below.

Results

Mass spectrometry based identification of single-disulfide
peptides

The presence of contryphans in the venom of cone snails
from India have been reported earlier (9, 21-23). In this study,
a focused search for other classes of single-disulfide peptides of
novel sequences in the venoms of cone snails found in the
Indian coastal waters was carried out by mass spectrometric
analysis of the crude venom components. The occurrence of
such peptides were identified from observation of mass shifts in
the electrospray ionization-mass spectrometry (ESI-MS) or
MALDI-TOF spectra upon reduction and alkylation of pep-
tides in the crude venom. Addition of a nominal mass of 250 Da
upon alkylation with N-ethylmaleimide, for each disulfide bond
reduced, enabled facile identification of single-disulfide pep-
tides in the crude venom.

De novo sequencing by (MS),, MS

Sequence characterization of these peptides was carried out
by MS/MS analysis of product-ion spectra in LC-ESI-MS
(24). The above protocol yielded two conopeptides of novel
sequences, viz. Czon1107 from C. zonatus and Ccal669 from
C. caracteristicus. The product-ion mass spectra of Czon1107
and Ccal669 are shown in Fig. 1. Characteristic “6” and “y” ions
are observed in the spectra of both peptides. The chemical
modification reactions, i.e. acetylation and esterification reac-
tions, indicated that Czon1107 did not contain Asp, Glu, or Lys
in the sequence. In contrast, Ccal669 did contain at least 3
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acidic amino acids (Asp or Glu) and two lysines in the sequence.
Detailed analysis of the b and y ions in the fragmentary spec-
trum of each peptide led to decryption of the sequence of
Czonl1107 and Ccal669. The sequencing data also indicated
that Czon1107 and Ccal669 were post-translationally modified
at the C terminus to carboxyamides. The sequences of these
two peptides and two variants of Czon1107 are listed in Table 1.
The peptide Ccal669 has an interesting feature of three
sequential glutamate residues, a motif that may be responsible
for Ca>" ion binding (25). The peptide Czon1107 has three
proline residues, two of which are located in the cysteine-loop,
potentially conferring rigidity to the structure. The sequences
of Czon1107 and Ccal669 bear very little resemblance to other
known single-disulfide toxins.

Biological assays

Identification of the pharmacological target for Czon1107 and
Ccal669—The biological activity of Czon1107 and Ccal669
were tested for their ability to modulate the major conotoxin
targets including the oxytocin (hOTR), vasopressin (hV1aR and
hV1bR), NMDA (NR1-1a/2A), muscarinic (M1 and M3), nico-
tinic acetylcholine receptors (a7, a384 nAChR), and voltage-
gated calcium (Ca,) and sodium channels (Na,). Neither pep-
tide was found to modulate these targets except for the
inhibition of the nAChR by Czon1107 (Fig. 2, (i) and (ii)). Inter-
estingly, although Czon1107 and Ccal669 possibly resemble
conopeptides that modulate the oxytocin and vasopressin
receptors (see “Discussion”), no activity was seen at these
receptors. To expand the search, C-terminal amidated and
nonamidated Ccal669 were tested for the ability to modulate
target receptors. Both forms of the peptide were synthesized as
it has been established that the chemistry at the C terminus can
significantly influence the global conformation and activity of
such molecules (26, 27). However, both forms of Ccal669 were
inactive and thus the pharmacological target for Ccal669 is yet
to be identified.

Pharmacological characterization of Czonl107 on neuronal
nAChRs—Based on the initial target profiling, the pharmacol-
ogy of Czon1107-NH, was further characterized on the neuro-
nal «7 and a3B4 nAChRs. Czon1107 inhibited both human
nAChR subtypes with a 5-fold higher selectivity at the a334
(IC5, = 15.7 = 3.0 um) than the a7 (IC,, = 77.2 = 0.05 um)
subtype (Fig. 2(iii) and Table 2). Incomplete inhibition of
responses was observed for both subtypes, indicating a poten-
tial noncompetitive mode of action. The effect of Czon1107 on
the concentration-activation curve of nicotine at a334 was
investigated. At fixed concentrations of nicotine (~4 um),
Czonl107 was co-applied at increasing concentrations. A
decrease of the maximal response of the agonist (Fig. 2(iv) and
Table 3) without a significant change in the agonist EC,,, was
observed. These results suggest that Czon1107 is potentially
inhibiting the receptor via an allosteric binding site.

Solution structural studies

All structural studies were carried out on WT Czon1107-
NH,, henceforth referred to as Czon1107 or Czonl1107-X,
where X stands for sequence variants.

J. Biol. Chem. (2020) 295(20) 70967112 7097
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Table 1

Sequence data for the peptides (Cca1669 and Czon1107)
S.No Name Sequence
1 Ccal669 RDCGKMCEEETWKG
2 Ccal669-NH, RDCGKMCEEETWKG*
3 Czon1107 GFRSPCPPFC”
4 Czon1107-P5A GFRSACPPFC*
5 Czonl1107-P7A GFRSPCAPEC”

“ Indicates C-terminal amidation

One-dimensional spectroscopy-Proton 1D NMR spectrum—
The one-dimensional NMR spectrum of Czon1107 (Fig. S1)
shows well-resolved, sharp resonance lines in the amide region.
Several lines in the 1-0 ppm region of the spectrum are also
observed. This is interesting, given the absence of polar and
nonpolar methyl containing amino acids (Ala, Ile, Leu, Met,
Thr, and Val) in the peptide sequence, indicating that other
aliphatic protons are involved in strong interactions with aro-
matic rings.

Sequence-specific assignments of Czonll07—Sequence-spe-
cific assignments for WT and the analogues, P5A and P7A were
obtained from homonuclear 2D *H,'H-DQF-COSY, TOCSY,
NOESY, and ROESY spectra using protocols described by Wiit-
hrich (28). In addition natural abundance '*H,**C-HSQC and
'H,"*C-HSQC-TOCSY spectra proved extremely useful and
crucial in resolving resonance assignments in cases of chemical
shift degeneracy in the homonuclear spectra. A detailed
description of the NMR analysis of the WT peptide follows. The
WT peptide consists of 10 residues. In the DQF-COSY spec-
trum, 6 HN-H® cross-peaks were expected in the fingerprint
region (Fig. 3(i)). However, several additional correlations (19
in number) were observed. This clearly indicated that the pep-
tide existed as a mixture of conformational states that are in
slow exchange on the NMR time scale. During the assignment
process it was clear that two conformers, present in a ratio of
~65:30, were significantly populated and could be unambigu-
ously resolved. The major conformer is referred to as con-
former A (numbered 1-10) and the minor conformer as
conformer B (numbered 11-20). The sequence-specific assign-
ments for both conformers in the fingerprint region of the
DQEF-COSY spectrum are shown in Fig. 3(i). The assignments
for 'H atoms in the side chains for both conformers are shown
in Fig. S2. The sequential connectivity that establishes the con-
former-specific assignments is shown in Fig. 3, (ii) and (iii). Cys®
and Cys'? are present in the oxidized form as inferred from the
13CP chemical shifts (29). Near complete 'H, '*C, and °N
sequence-specific assignments for conformers A and B are
listed in Table S1, A and B. Other conformers of much lower
population (<5%) were also observed but could not be
sequence specifically assigned.

Origin of conformational equilibria—The conformational
equilibria exhibited by WT Czon1107 could be traced to the
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cis-trans isomerization of the Ser*~Pro® peptide bond. "H-"3C
correlations in *C-edited HSQC and HSQC-TOCSY spectra
(Fig. 4) show that the Ser*—Pro® peptide bond is traus in con-
former A (Fig. 4(i)) and cis in conformer B (Fig. 4(iv)). The
observed A§*CP” (ppm) values (defined as §'*<P-§'3<7) for
Pro® in conformers A and B are 4.70 and 10.1 ppm, respectively
(30, 31). In contrast the Cys®~Pro” (Fig. 4, (ii) and (v)) and the
Pro’—Pro® (Fig. 4, (iii) and (vi)) peptide bonds are in the cis
conformation for both conformers A and B. Of the eight possi-
ble X-Pro cis-trans conformers (2”; n = 3) in Czon1107, the two
major conformers are unequivocally assigned. Thus, in con-
former A, the three X-Pro peptide bonds are in the trans-cis-cis
conformation, respectively. However, in conformer B, all
three X-Pro peptide bonds are in the cis conformation. The
chemical shifts for Pro” could be resolved for both conformers.
However, the resonance frequencies of NMR active nuclei of
Pro® are degenerate in the two conformers. The structural fea-
tures that dictate this manifestation are discussed below. Based
on the spectral evidence, two variants of WT, viz. P5A and P7A,
were designed to explore the effect of proline cis-trans isomer-
ization on the conformer equilibrium and activity of Czon1107.
Analysis of NMR spectra of P5A (Fig. S3) and P7A (Fig. S4)
provided conclusive support for the conformer assignments of
WT. P5A exists as a single conformer in solution (Fig. 5, (i) and
(ii)) in which the Cys®~Pro” and Pro’—Pro® peptide bonds exist
in the cis conformation. In contrast, P7A exhibited conforma-
tion equilibrium as a result of cis-trans isomerization about the
Ser*~Pro® bond (Fig. 5, (iii), (iv), and (v)). The two conformers
exist in the trans-cis and cis-cis conformations. Like in the case
of WT, the resonance frequencies of NMR active nuclei of Pro®
are degenerate in the two conformers. Sequence-specific
assignments for P5A and the two conformers of P7A were
obtained using the protocols described for WT. The complete
sequence-specific assignments for P5A and conformers A and
B of P7A are listed in Table S1, C-E, respectively.

Secondary structure

The secondary structures of various conformers of WT, P5A,
and P7A are difficult to define based on either *H or *3C chem-
ical shifts. Chemical shifts (Table S1, A-E), secondary chemical
shifts, and CSI across conformers show similar patterns despite
differences in conformation about X-Pro peptide bonds (Fig.
S5). Three bond /N, H* coupling constants are also similar
(>9 Hz) indicating that the molecules adopt “extended-like”
conformations. Corroborative evidence for the X-Pro confor-
mation from ROE (NOE) data has been difficult to assign due to
the overlap of H* protons of Pro” and Pro® with the water res-
onance. However, these protons were easily identified in the
'H,">C-HSQC spectra.

Figure 1. (i) LC-ESI-MS/MS spectrum of the doubly charged (m/z 860.2), reduced and alkylated Cca1669. Analysis of b (labeled in orange) and y (labeled in cyan)
daughterions enabled de novo assignment of the spectrum. Inset, the isotope clusters for the y2 and y3 ions. The m/zions corresponding to the b and yions are
indicated on the deduced sequence. (ii), a, LC-ESI-MS spectrum of the reduced and alkylated Czon1107 from crude venom. Both singly (m/z = 1359.7) and
doubly (m/z = 680.3) charged species of the modified peptide can be observed. The peak at m/z = 999.4 and its doubly charged species at m/z = 500.1,
correspond to a different peptide. (ii), b, LC-ESI-MS/MS spectrum of the doubly charged (m/z 680.3), reduced and alkylated Czon1107. Analysis of b (labeled in
orange) and y (labeled in cyan) daughter ions enabled de novo assignment of the spectrum. The m/zions corresponding to the b and y ions are indicated on the
deduced sequence (shown in panel a). De novo sequencing revealed that both peptides are amidated at the C terminus. The peak at m/z = 657.8 is tentatively

assigned to the doubly charged a10 ion.
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Table 2
IC;, for Czon1107 and variants at a7 and a3 84

Peptide a7 1C,, um = S.E. a3pB41C,, um = S.E.
Czon1107 77.2 = 0.05 15.7 £ 3.0
Czonl1107-P5A 227 £3.40 28.8 = 6.0
Czon1107-P7A 26.2 = 6.00 >100

Table 3
Effect of Czon1107 on nicotine: concentration-activation curve
Nicotine IC,, (wm = S.E.) at 384

Czon1107 concentration

M
No peptide 3.6 +0.3
3 41*03
10 3.6 +0.2
30 37 +03
100 44*08
300 4.0 0.2

Tertiary structure

The tertiary structures of the major and minor conformers of
WT and P7A and the structure of P5A were calculated using
NMR-derived distance and dihedral angle restraints. Table 4
lists the number of each type of restraint used in the structure
calculations. The quality of the structures have been verified by
subjecting each ensemble of structures to a PSVS analysis (32—
34) (Fig. S6). The statistics that mark the quality of the struc-
tures are listed in Table 4. Fig. 6, (i) and (iv), shows the overlay of
the ensemble of the 27 best structures for the major conformer
and 23 best structures for the minor conformers of this mole-
cule. Representative structures of the two conformers are
shown in Fig. 6 ((ii) and (v)). The backbone structure of
the Czon1107 major conformer (¢rans-cis-cis conformation)
resembles a “key chain” that has an extended N terminus (Fig.
6(iii)). In the minor conformer, the CH-r interaction between
Pro” and Phe” causes the N terminus to loop back, giving the
backbone a “figure eight”-like structure. The distinguishing fea-
ture of the tertiary structures of the two molecules is the CHr
interaction between Pro” and Phe? in the minor conformer. In
contrast the other “signature interaction,” the CH-+7r interac-
tion between Pro® and Phe?, is conserved in the two structures.
The influence of the aromatic ring-current shifts on the chem-
ical shifts of the '"H¥"" is manifest in the NMR spectrum of the
molecule (Fig. 6(vi), blue). The calculated shifts based on the
structures determined here agree well with the observed shifts
(Table S2). The inter-cysteine loop is made up of a 17-atom
macrocycle (Fig. 6(vi)). The P7A variant exhibits solution prop-
erties that echo those of the W' molecule. Cis-trans isomeriza-
tion about the Ser*—Pro” peptide bond is active. Furthermore,
replacement of Pro’ with alanine restricts the conformation
about the Cys®~Ala” peptide bond to the trans conformation.
Thus, the major (Fig. 7, (i) and (ii)) and minor conformers of
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P7A (Fig. 7, (iii) and (iv)) are similar in structure to those of the
WT. The tertiary structure of the P5A variant closely resembles
the structure of conformer A of the WT. Introduction of an
alanine at position 5 restricts the conformation about the Ser*—
Ala® peptide bond to the trans conformation (w = 180°). Thus,
only the H*"’ of Pro®, are upfield shifted in the NMR spectrum
(Fig. 7, (vi) and (vii)). In summary, the three-dimensional struc-
tures of WT, P7A, and P5A are characterized by strong CH-m
interactions between proline and phenylalanine residues (Figs.
6(v) and 7, (v) and (viii)).

Pharmacological profiles of Czon1107-P5A and
Czon1107-P7A

Given the interesting structural role of the proline residues,
the pharmacological profiles of Czon1107-P5A and Czon1107-
P7A were examined. Czon1107-P5A was almost equipotent
at both the a3B4 and a7 (~1.5-fold a7 > «3B4), whereas
Czon1107-P7A was inactive at the 384 up to 100 um but had
an improved potency at the a7 almost 3-fold compared with the
native Czon1107. Therefore, the proline residues were found to
have a significant effect on peptide selectivity profile for the
nAChR subtypes with Czon1107-P7A having the most pro-
nounced switch in selectivity (Fig. 2, (v) and (vi)). It can be seen
that for a34 subtype selectivity, the Cys°~Pro” peptide bond is
required to be in the cis conformation. The increased activity of
the P5A variant at @7 nAChRs compared with the native pep-
tide, is a consequence of the population weighted effect of the
near 100% trans conformation about the Ser*-Pro® peptide
bond. Analogously, the improved selectivity of the P7A ana-
logue is a result of the cumulative effects of the trans conforma-
tions about the Ser*~Pro® and Cys®~Pro” peptide bonds. It has
been shown in the case of Iml, that residues Asp®~Pro®—Arg’
along with Trp'° are important for activity (35). Furthermore, it
has been argued that these residues in inter-cysteine loop 2
may be responsible for receptor subtype selectivity. In the
Czon peptides, the residues in the inter-cysteine loop bear
no sequence or structural resemblance to the pharmacoph-
ore in a-conotoxins.

Discussion

Conotoxins are a structurally and functionally diverse group
of peptides whose cellular targets include voltage- and ligand-
gated ion channels such as the nAChR, Na,, Ca,, serotonin,
NMDA, and glutamate to name a few (16). The neuropharma-
cological interest in conotoxins and peptide-based animal tox-
ins lies in their potency and receptor subtype selectivity. A vast
body of data are available, through transcriptome and pro-
teome analysis of cone snail venom, on the sequence and func-

Figure 2. Screening for Cca16694#, Cca1669, and Czon1107# pharmacological target. Cca1669, Cca16694#, and Czon1107# were tested for agonist (i) and
antagonist (i) activity at a concentration of 100 um at the major conotoxin/conopeptide targets. Czon1107# inhibited the a7 and 334 nAChRs, whereas no
activity was observed for Cca1669, Cca16694 at the targets screened. Data represents mean = S.E. of one separate experiment performed in triplicate.
Functional characterization of Czon1107# at a7 and a3 34. (iii) Concentration-response curves for Czon1107# at the human a7 and o384 nAChRs expressed in
the SH-SY5Y cells. Czon1107# inhibits the 384 (15.3 um) subtype with 5-fold increased selectivity over the a7 (77.2 um) subtype. (iv) Concentration-response
curves for nicotine in the presence of an increasing concentration of Czon1107# shows an unsurmountable response, indicating a noncompetitive mode of
action. Data represents the mean = S.E. of n = 9 from three independent experiments for (iii) and n = 6 from two independent experiments for (iv).
Pharmacological profile of Czon1107# variants at a7 and a334. Concentration-response curves for Czon1107#-P5A (v) and Czon1107#-P7A (vi) at the human
o7 and a3B4 nAChRs expressed in the SH-SY5Y cells. Compared with the native Czon1107#, Czon1107#-P5A equipotently inhibits both subtypes, whereas
Czon1107#-P7A switches selectivity for the a7 subtype. Data represent the mean * S.E. of n = 9 from three independent experiments. # indicates a C-terminal—

amidated peptide and is a nomenclature used only in this figure.
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Single-disulfide conopeptides

1GFRSPOCPPFC-NH)
HGrrsplOCPPFC-NH)

Proton Chemical Shift (ppm)

ii)

Proton Chemical Shift (ppm)

i)

8.58.3 12F
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Proton Chemical Shift (ppm)
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Figure 3. (i) HN-H* fingerprint region of assigned 2D "H,"H-DQF-COSY spectrum of Czon1107. The sequence-specific assignments for conformer A (major) are
labeled black and those of conformer B (minor) are labeled green. (ii) and (iii), overlays of the HN-H* regions of the 'H,"H-TOCSY (maroon) and ROESY (navy blue)
spectra. Sequential connectivity walks are traced for the conformers A and B in (i) and (iii), respectively. Residues in conformer A are numbered 1-10, whereas
those of conformer B are labeled 11-20. Insets show NOE correlations that corroborate the sequence specific assignments for conformer B.
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Figure 4. Cis-trans isomerism. Sections of the 'H,"*C-HSQC spectrum showing chemical shifts assignments for "H##'/'3C# and "H¥>'/'*C” atoms of the
proline ringsin Czon1107. (i-iii) Assignments for the atoms named above for Pro®, Pro”, and Pro® of conformer A. (iv-vi) Assignments for the same atoms named
above forPro'®, Pro'”,and Pro'® of conformer B. The A8">CA” (ppm) for each proline residue isindicated in the figure. A A8">CP value <7 ppm indicates a trans

conformation about the X-Pro peptide bond (w = 180°). Conversely a A§'3CP” value >8 ppm indicates a cis X-Pro peptide bond (w =

tion of disulfide-rich peptides (1, 36, 37). Among the single-
disulfide peptides, only those belonging to the conopressins,
contryphans, conomarfans, conorfamides, contulakins, and
some conantokins have been identified. We have recently initi-
ated a program to identify novel single-disulfide peptides in the
venom of Indian ocean cone snails (38, 39). The sequences of
several novel peptides have been reported earlier by us (21) and
they have very little sequence similarity to other known single-
disulfide conopeptide classes. To date, conotoxins that target
the nAChR are diverse in sequence and structure, possessing
2-5 disulfide bonds and have representatives from nine super-
families (19) including conotoxins from superfamily A (283
peptides, representing cysteine frameworks (CF)-L, -1L, -1V, -VI/
VII, -XIV, and -XXII), B3 (1 peptide, CE-XXIV), D (114 pep-
tides, CF-1V, -XIV, -XV, -XX, and -XXIV), J (CE-XIV), L (15
peptides, CE-XIV and -XXIV), M (CE-III), O1 (CE-XIV), S (CE-
VIII), and T (CF-V) (1, 36). Among these, the two disulfide-
bonded a-conotoxins from the A-superfamily are the largest
group of natural product peptide inhibitors of the nAChRs, and
have been invaluable tools to determine the orthosteric ligand
recognition properties of receptor subtypes. The A-superfamily
conotoxins of CF-I (CC-C-C) have been well-characterized and
are further categorized into «a-3/5, 4/3, 4/4, 4/6, 4/7, and 5/5,
where x/y indicates the number of residues in the cysteine

SASBMB

0’). See text for details.

loops. The prototypical a-4/3 conotoxins (ImI and ImlII from
Conus imperialis) (15), and the a-3/5 conotoxins (GI, GIA, and
GII from Conus geographus) (40) (Fig. 8) are known inhibitors
of a7 and a3B4 nACh receptors. This study describes for the
first time the discovery and characterization of Czon1107, a
unique single-disulfide containing, noncompetitive nAChR
inhibitor, representing a novel class of nAChR antagonists. The
single-disulfide conopeptides are as yet an unclassified group of
peptides that occur in the venom of cone snails. For the purpose
of the following discussion, Czon1107 should be considered as
an «-0/3 peptide (when compared with the CF-I a-4/3 and a3/5
conotoxins). BLAST searches reveal no sequence match to
other known proteins, indicating that Czon1107 is a peptide
of novel sequence and structure. Structural comparisons of
Czon1107 with either the a-4/3 or a-3/5 conotoxins are not
meaningful given the differences in sequence, structure, and
site of activity. The superfamily classification of these peptides
can only be attempted after analysis of gene sequences from
transcriptomic data. Although the a-conotoxins inhibit the
activation of nAChRs via the endogenous ligand-binding
pocket (orthosteric ligand-binding site) (19), our data demon-
strates that the Czon1107-WT and analogues are noncompet-
itive nAChR antagonists (cf. Fig. 2(iv)). The importance and the
relative ease of synthesis of the a-conotoxins has facilitated
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Figure 5. Cis-trans isomerism. Sections of the "H,"*C-HSQC spectrum showing chemical shifts assignments for "H##'/'3C# and "H¥”'/'*C” atoms of the
proline rings in P5A and P7A. (i-ii) Assignments for the atoms named above for Pro” and Pro® of P5A. (iii, iv) Assignments for the same atoms named above for
Pro® and Pro® in conformer A of P7A. (v) Assignments for the same atoms named above for Pro'® in conformer B of P7A. Note, the chemical shift values and
hence the A§'*CP”values for Pro® and Pro'®in conformers A and B of P7A are degenerate. The A§'*C* (ppm) for each proline residue is indicated in the figure.
A A8"3CP value <6 ppm indicates a trans conformation about the X-Pro peptide bond (w = 180°). Conversely a A8'*C?” value >8 ppm indicates a cis X-Pro

peptide bond (w = 0°). See text for details.

extensive structure-activity studies, which have provided some
crucial insights into the orthosteric ligand recognition proper-
ties of the nAChRs. Chemical modifications to the natural scaf-
fold such as amino acid substitutions, C-terminal deamidation,
backbone cyclization, replacement of disulfide bridges with
dicarba linkers, and lipophilic analogues have further improved
the native pharmacological properties, proteolytic resistance,
synthetic yields, and bioavailability (35, 41, 42), making a-cono-
toxins amenable to therapeutic applications. The role of disul-
fide bonds in the case of a-conotoxins Iml and GI (archetypal
a-conotoxins of the CF-I) have been studied in detail (35).
Replacement of disulfide bonds in multidisulfide contoxins
results in lowered stability. Indeed, attempts have been made to
modify ImI to include dicarba bridges in place of Cys®>~Cys®
(42). Although this increased the stability of the molecule, it
reduced the potency by a factor of 10-20. From the point of
view of disulfide conformational isomerism, native Czon1107
and analogues provide a distinct advantage, given the singular-
ity in disulfide connectivity (43). Inspection of the structures
determined here shows that this 17-membered ring formed by
the Cys®~Cys'? disulfide bond is rigid, mainly due to the pres-
ence of two proline residues that are locked in a cis conforma-
tion. Indeed, the effects of cis-trans isomerism, which emanate

7104 J Biol. Chem. (2020) 295(20) 70967112

from outside this ring system, have very little bearing on the
structure of this inter-cysteine loop. Importantly, this 17-atom
ring provides a scaffold for the development of small molecule
analogues that are nAChR antagonists, with potentially greater
selectivity and improved bio-availability. Among the conopep-
tides, Czon1107 does show some sequence similarity to cono-
pressins (Fig. 8), which are known modulators of the oxytocin
and vasopressin receptors. However, our target screening dem-
onstrated no bioactivity at these receptors. Instead, despite no
sequence or structural similarities to conotoxin modulators of
the nAChRs, Czon1107 noncompetitively inhibits the human
a7 and a3B4 nAChRs with micromolar potency. Furthermore,
we demonstrate the ability to modulate nAChR subtype selec-
tivity using the Czon1107-P5A and Czon1107-P7A analogues
(¢f Fig. 2, (v) and (vi)). Three-dimensional structures of the
Czon1107 and analogues suggest that this subtype selectivity is
a result of altering the steric properties of amino acid side
chains (read replacing Pro with Ala). Interestingly, the Ccal669
peptide has no effect in modulating Ca®* activity, despite
sequence features that resemble Ca®>*-binding peptides (25).
Future structure-activity relationship experiments, which ex-
plores chemical space by incorporation of unnatural and/or
modified amino acids will provide a better understanding of the

SASBMB



Single-disulfide conopeptides

Table 4
NMR restraints and structural refinement statistics
Restraints and statistics WT P5A P7A
Conformer A Conformer B Conformer A Conformer B
NOE - based restraints
Intra-residue (|i — j| = 0) 51 36 58 46 22
Sequential (i-j = 3) 47 10 39 29 6
Long-range (i-j = 4) 7 5 0 1 1
Total 109 51 97 76 29
Hydrogen bond restraints 0 0 0 0 0
Dihedral angle restraints (¢, ¥) 6,10 6,10 7,10 7,10 7,10
Dihedral angle restraints (x1, x2) 0,0 4,2 4,3 53 2,0
Restraints violations
Backbone dihedral angles >5° 0 0 0 0 0
Distance violations > 0.1 A 0 0 0 0 0
van der Waals violations 0 0 0 0 0
Ramachandran map statistics
PROCHECK
Most favored regions (%) 69 96 74 62 89
Additionally allowed regions (%) 31 4 26 38 11
Generously allowed regions (%) 0 0 0 0 0
Total allowed regions 100 100 100 100 100
Disallowed regions 0 0 0 0 0
RMSD from mean structure coordinate (A)*
Backbone 0.66 * 0.24 0.49 + 0.14 0.97 £ 0.41 0.83 = 0.31 0.52 +0.19
Heavy atom 1.00 = 0.31 0.93 + 0.34 1.51 = 0.62 1.58 * 0.65 1.38 = 0.42

“ Structures are superposed on N, C, O, and S heavy atoms of residues 6 —10 (numbering according to WT sequence).

Czon1107 pharmacophore and the structural requirements for
nAChR subtype selectivity. Although our data demonstrates
that Czon1107 is a noncompetitive nAChR antagonist, super-
family classification of this peptide can only be attempted after
analysis of gene sequences from transcriptomic data. Although
the affinities of the Czon1107 peptides are modest (in the
micromolar range), our data demonstrates that the single dis-
ulfide-bonded Czon1107 is a structurally novel class of peptides
modulating the nAChR. Furthermore, we show that Czon1107
modulates the receptor via noncompetitive mechanisms.
Therefore, given the novel structural as well as functional fea-
tures, Czon1107 potentially defines a novel class of nAChR
modulating peptides that provides an opportunity to determine
novel ligand recognition mechanisms at this receptor. Indeed,
the results presented here provide an impetus to screen venom
from other Conus species for similar, short bioactive peptides,
which in principle act synergistically, as allosteric modulators at
target receptors. Indeed, N-terminal deletion versions of native
Czon1107 peptides have also been identified (21). Furthermore,
these ultra-short peptides also carry important posttransla-
tional modifications such as proline hydroxylation and C-ter-
minal amidation. The activity of these ultra-short single-disul-
fide peptides and their role in predation and/or defense (44) will
be investigated in the near future. Thus, in conclusion, these
C. zonatus peptides provide a new paradigm in the “conotoxi-
nomic” structure-function space.

Experimental procedures
Sample collection

Specimens of C. caracteristicus and C. zonatus were col-
lected from the coastal waters off the southeastern coast of
India and from the coastal waters off the Andaman and Nicobar
Islands, India, respectively. The species were identified by one
of the co-authors (B. F.J.).

SASBMB

Extraction of natural peptides

The venom glands were dissected immediately and stored in
a 50:50 mixture of acetonitrile and water for further analysis.
The venom duct was ground in a mortar and pestle and the
lysates were collected and centrifuged to separate the venom
components from cell debris. The centrifugate was filtered
through 0.2 wm pore size filter, lyophilized, and stored at
—20 °C until further use.

HPLC

The lyophilized crude venom was redissolved in methanol
and the peptide components were chromatographed on a
reverse phase-high performance liquid chromatography (RP-
HPLC) column (either Varian Pursuit XRs 5 C18 columns
(bead size 5 wm and pore size 100 A) or Agilent ZORBAX C18
semipreparative column (9.4 mm X 250 mm, 90 A pore size)
connected to a Shimadzu LC-20 AD Prominence LC system
equipped with SPD-20A UV-visible dual wavelength detector,
using a linear methanol:water binary gradient (0 —100%) mobile
phase with the flow rate of 1 ml/min. Peak fractions were
detected at 226 and 280 nm. Aqueous and nonaqueous mobile
phase components contained 0.1% trifluoroacetic acid (TFA) as
co-solvent. Large-scale purification of synthetic peptides was
carried out on semipreparative or analytical reverse phase-
HPLC columns (Varian Pursuit XRs 5 C18, 5 wm particle size
and 100 A pore size). The solvent from eluates were rotary
evaporated to remove methanol, lyophilized, and stored for fur-
ther experiments.

Mass spectrometry

Masses of HPLC (off line) purified peptides were measured
by ESI-MS on a Bruker Daltonics Esquire 3000 Plus Ion-trap
Mass Spectrometer. Masses of peptides in crude venom were
measured by LC-ESI-MS on a Bruker Daltonics Esquire 3000
Plus Ion-trap Mass Spectrometer attached to an in-line Agilent
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1100 series HPLC system or by MALDI-TOF on a Bruker Ultra-
flex TOF/TOF instruments (Bruker Daltonics, Germany). For
ESI-MS data acquisition, samples were infused into the mass
spectrometer by direct injection at an infusion rate of 0.2
ml/min. For LC-ESI-MS data samples were infused into the
mass spectrometer through an HPLC column (Agilent Zorbax
analytical C18 column, 150 X 4.6 mm, 5 um, 90 A pore size) and
eluted using a binary gradient of water (0.1% TFA):acetonitrile
(0.1% TFA) at a flow rate of 0.2 ml/min. Data were acquired
over a m/z range of 100-2000 in positive ion mode. In the case
of MALDI-TOF data acquisition, solid solutions of analytes
were prepared by mixing with either sinapinic acid or a-cyano-
4-hydroxycinnnamic acid prior to spotting on the MALDI
plate. The data were processed and analyzed by Flex Analysis
software.

De novo peptide sequencing

Reduction and alkylation of natural venom and analysis by
LC-ESI-MS—To the small amount of aliquoted stock solution
of the venom, the reducing reagent tris(2-carboxyethyl)phos-
phine (final concentration of 20 mm) was added and incubated
at 37 °C for 90 min. N-Ethylmaleimide was added to the mix-
ture to a final concentration of 40 mm and incubated for 45 min
at room temperature. The mixture was analyzed by LC-ESI-MS
to identify conopeptides containing single disulfides (45, 46).

Acetylation and esterification of reduced and alkylated
peptides—Acetylation reactions were carried out by addition of
2 wl of acetic anhydride to 4 ul of the reduced and alkylated
venom components (described above). The sample was diluted
to 20 ul with distilled water and incubated for 60 min at 25 °C
(46). Esterification reactions were carried by addition of meth-
anolic-HCI to 4 ul of reduced and alkylated peptide and the
samples were incubated for 30 min at 25 °C (46). The products
of the acetylation and esterification reactions were monitored
by MALDI-TOF-MS.

Sequence determination—Reduced and alkylated single-di-
sulfide peptides were mass selected and fragmented by colli-
sion-induced dissociation to generate daughter ion spectra for
each individual peptide. The daughter ion spectra were manu-
ally analyzed to determine the amino acid sequences of the
respective peptides (24). From the sequencing data one peptide
from C. caracteristicus and one from C.zonatus named as
Ccal669 and Czon1107, respectively, had novel primary struc-
tures and were selected for further studies.

Peptide synthesis

Ccal669 and Czonl107 peptides were custom synthesized
by either GenScript Corp. or China Peptides (using solid-phase

Single-disulfide conopeptides

peptide synthesis) and was obtained in either the reduced (70%
pure) or fully oxidized (>98% pure) form. The Ccal669 peptide
was synthesized in both the C-terminal amidated and nonami-
dated form, whereas Czon1107 was synthesized in the C-termi-
nal amidated form. The reduced peptides were oxidized in-
house and purified by RP-HPLC for bioactivity and structural
studies. Purification by RP-HPLC was repeated twice prior to
use for activity and NMR structural studies. The purified pep-
tides were dissolved in Milli-Q water and lyophilized and
stored. Two variants of Czon1107, viz. Czon1107-P5A and
Czon1107-P7A, were custom synthesized by the same vendors
and procured in the fully oxidized form (>98% pure). Purifica-
tion by RP-HPLC was repeated twice prior to use for activity
and NMR structural studies. The purified peptides were dis-
solved in Milli-Q water and lyophilized and stored.

NMR spectroscopy

Sample preparation—Samples of Czon1107 for NMR spec-
troscopy were prepared by dissolution of lyophilized samples in
sterile Milli-Q water with 10% D,O or in 100% D,O. NMR data
for Czon1107 (WT and variants) was acquired on samples that
were ~2.5 mM in concentration.

Data acquisition—All NMR spectra were acquired on Agi-
lent 600 MHz NMR spectrometer equipped with a 5-mm triple
resonance cold probe fitted with a single (Z-axis) pulsed field
gradient accessory, or Bruker Avance 700 MHz spectrometer
also equipped with a cryoprobe fitted with a Z-axis only pulsed
field gradient accessory. All NMR data were acquired at 25 °C,
unless specified. The transmitter of proton was set at 4.63 ppm.
Solvent suppression in one-dimensional and two-dimensional
homonuclear NMR experiments was achieved using the exci-
tation sculpting read element (47). Solvent suppression in het-
eronuclear NMR experiments was achieved by either the
WATERGATE pulse scheme as the read element or by pulsed
field gradient-enhanced coherence selection (48). All spectra
were referenced to an external 2,2-dimethyl-2-silapentanesul-
fonic acid standard and recorded in phase-sensitive mode.
Homonuclear spectra were acquired with 4096 (£, max) data
points in F2 dimension and 256 (f, max) increments in F1
dimension with spectral widths of 8012.8 Hz in the directly and
indirectly detected dimensions. For each sample DQF-COSY
(49), TOCSY (7, = 60 ms) (50), and ROESY (r,, = 200 ms, 300
ms) (51) were used. 'H,"*C-HSQC (52, 48), *H,**C-HSQC-
TOCSY, and "H,"*N-HSQC spectra were acquired at natural
abundance. The 'H,"*C-correlated spectra were acquired with
2048 and 128 data points in the directly and indirectly detected
dimensions. Proton and carbon spectral widths of 8012.8 and
9000 Hz were sampled. 'H,"”N-HSQC (52, 48) spectra were

Figure 6. Solution NMR structure of Czon1107. Centroids of aromatic rings in the tertiary structures are shown as black spheres. For structure ensembles,
backbone atoms for residues 1-10 and side chain atoms for residues 6-10 are shown. (i) Ensemble of 27 lowest energy structures of conformer A, superposed
on N, C% and C atoms of residues 6-10. (i) Lowest energy structure in which residues Cys®, Pro®, Phe®, and Cys'® are shown in stick representation. Distances
of Pro® H' to the ring centroid of Phe® are shown in broken lines (magenta). (iii) Lowest energy structure shown in cartoon representation. Backbone atoms
of cysteine residues and the disulfide bond are shown in red. (iv) Ensemble of 23 lowest energy structures of conformer B, superposed on N, C% and C
atoms of residues 16-20. (v) Lowest energy structure in which residues Phe'? and Cys'®~Cys?° are shown in stick representation. Distances of Pro'” H*”" and
Pro'® H* to the ring centroid of Phe'? and Phe'?, respectively, are shown in broken lines (cyan). The disulfide bonds in the ensemble structures are shown in
red, whereas in the representative structures they are shown in ochre. (vi) Aromatic ring-current effect as a consequence of CH-+interactions on the observed
chemical shifts of H*#*" and H*"’ protons of Pro® (broken lines in magenta) in conformer A and Pro'” (broken lines in gray) in conformer B. The calculated shifts
based on the structures determined here agree well with the observed shifts (see text for details). The chemical shifts of protons in Pro® and Pro'® are
overlapped in the two conformers. Atoms of the 17-membered ring formed by the Cys®-Cys'® disulfide bond are numbered in cyan.
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Single-disulfide conopeptides

Conus species Peptide Sequence
C. zonatus (W) Czonll07 - GF- - - -RSPCPPFC-NH;
Conopressins
C. tulipa (P) Conopressin-T CYIQNCLRV-NH?
€. consors (P) Conopressin-C CYIRDCPE-NHp
C. imperialis (W) Conopressin-G CFIRNCPKG-NHY
C. striatus (P) Conopressin-S CIIRNCPRG-NH)
a-4/3 (2 S-8)
C. imperialis (W) o-ImI - GCCSDPR- -CAWRC-NHj5
= o-ImIT - ACCSD-RR-CRWRC-NHj
a-3/5 (2 s8-8)
C. geographus (P) ° o-GI - ECCNPACGRHYSC-NH;
" o-GIA - ECCNPACGRHYSCGK-NH>
" oa-GII - ECCHPACGKHFSC-NH,
C. magus (P) o-MI - GRCCHPACGKNFDC - NHj
C. striatus (P) =8 = ICCNPACGPKYSC-NHjy
" oaSIA - YCCHPACGKNFDC-NHj

Figure 8. Sequence comparison of WT-Czon1107 with conopressins from Conus tulipa (65), Conus consors (66), C. imperialis (67), and Conus striatus
(12) and prototype a-4/3 and a-3/5 conotoxins from C. imperialis (15), C. geographus (40), C. magus (69), and C. striatus (68, 70). W and P in parentheses
refer to worm-eating and fish-eating clades among the Conus species. Sequences have been aligned manually to the conserved cysteine residues. For
comparison with a-conotoxins, the sequences have been aligned to the conserved cysteines residues in loop 2 for a-4/3 and loop 1 for a-3/5 conotoxins.

acquired with 1024 and 128 data points in the directly and indi-
rectly detected dimensions.

NMR data processing and analysis—All NMR data were pro-
cessed using NMRPipe/NMRDraw software (53) on an Intel i3
desktop computer running on openSUSE 42.3 Linux operating
system software. Spectra were processed by applying a squared
sine-bell weighting function that was phase shifted by 90°. Data
sets were zero-filled once prior to Fourier transform and base-
line correction. Spectra were analyzed using the program
CcpNmr Analysis versions 2.4 (54, 55).

Structure calculations

Torsion angles and stereospecific assignments—Three bond
31N, H* coupling constants were determined from either one-
dimensional proton spectrum or from two-dimensional DQF-
COSY spectrum. Stereospecific assignments were made using

side chain conformations about the C*~CP bonds, the x1 tor-
sion angles were constrained to —60 = 40, 60 * 40, and 180 =
40°, respectively. Backbone dihedral angle constraints were
derived from the size of the coupling constant, from the pattern
of the observed NOEs between backbone atoms, and from
backbone "H* and **C* chemical shifts.

Distance restraints and structure calculations—Distance
restraints for structure calculations were obtained from inten-
sities of cross-peaks assigned in the ROESY spectra (7,, = 100 —
350 ms). The distance restraints were classified as strong,
medium, and weak based on the intensities. The upper inter-
proton distance bound corresponding to each distance cate-
gory was set to 2.6, 3.6, and 5.5 A. Lower bounds were set to 1.8
A for all the categories. The ¢ dihedral angles were incorpo-
rated in the initial rounds of structure calculation. iy and x1
dihedral angles were incorporated in the later stages of struc-

the method described by Wagner (56). For t>g®, g’g>, and gt> ture calculations. The X-Pro amide bonds were constrained to

Figure 7. Solution NMR structure of Czon1107 variants P7A and P5A. Centroids of aromatic rings in the tertiary structures are shown as black spheres. For
structure ensembles, backbone atoms for residues 1-10 and side chain atoms for residues 6-10 are shown. (i) Ensemble of 22 lowest energy structures of
conformer A for P7A, superposed on N, C% and C atoms of residues 6-10. (ii) Lowest energy structure in which residues Cys®, Pro®, Phe®, and Cys'® are shown
in stick representation. Distances of Pro® H*' to the ring centroid of Phe® are shown in broken lines (olive color). (iii) Ensemble of 27 lowest energy structures
of conformer B of P7A, superposed on N, C% and C atoms of residues 16-20. (iv) Lowest energy structure in which residues Cys'®, Pro'8 Phe'?, and Cys*® are
shown in stick representation. Distances of Pro® H*" and Pro'® H*?" to the ring centroids of Phe® and Phe'® are shown in broken lines (magenta). (v) Aromatic
ring-current effect as a consequence of CH-rinteractions on the observed chemical shifts of H##” and H*' protons of Pro® (broken lines in olive) in conformer
A and Pro' (broken lines in magenta) in conformer B. The chemical shifts of protons in Pro® and Pro'® are overlapped in the two conformers. (vi) Ensemble of
28 lowest energy structures of P5A, superposed on N, C% and C atoms of residues 6-10. (vii) Lowest energy structure in which residues Cys®, Pro®, Phe®, and
Cys'® are shown in stick representation. The disulfide bonds in the ensemble structures are shown in red, whereas in the representative structures they are
shown in ochre. (vii) Aromatic ring-current effect as a consequence of CH-+ interactions on the observed chemical shifts of H*# and H*"" protons of Pro®
(broken lines in pink) in P5A. The calculated shifts based on the structures determined here for conformers of P7A and P5A agree well with the observed shifts
(see text for details).
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trans or cis conformation where appropriate. Disulfide bonds
were introduced between Cys® and Cys'® during the structure
calculations. Distance restraints for disulfide bonds were cre-
ated using the DisulfideRestraints.cya routine of Cyana-
3.0. Tertiary structures for major and minor conformers of
Czonl107, P7A, and P5A were calculated with the program
CYANA 3.97 (57) on the basis of experimentally observed ROEs
and dihedral angle restraints using the torsion angle dynamics
protocol. In the process of structure determination, 200 ran-
dom conformers were subjected to 20,000 steps of annealing to
obtain an ensemble of 50 structures of acceptable stereochem-
ical quality. These 50 low energy structures with no distance
violations >0.2 A and no dihedral angle violations >5 A were
subjected to a final step of restrained molecular dynamics
with inclusion of explicit solvent water was used to improve
further the quality of the final conformers. Structure refine-
ment in explicit water was carried out using the XPLOR-NIH
molecular structure determination program (58, 59). The
stereochemical quality of individual structures was assessed
using CYANA-3.0, MOLMOL (60), PROCHECK-NMR (61),
and PSVS (34).

Structure analysis—Three-dimensional structures of the
molecules were analyzed using MOLMOL, PyMOL (62), and
Chimera (63). Ring current shifts were calculated using the
CalcShift routine in MOLMOL based on the method developed
by Johnson and Bovey (64).

Activity studies

Receptor bioassays were performed using the Fluorescence
Imaging Plate Reader (FLIPR™). The human oxytocin recep-
tor (hOTR), the human vasopressin receptor V1a (hV1aR), and
the human vasopressin receptor V1b (hV1bR) cDNAs were
obtained from OriGene Technologies, and the rat NMDA sub-
units NR1-1a (number 17928) and NR2A (number 17924) were
obtained from Addgene. COS-1 cells (American Type Culture
Collection (ATCC)) grown in Dulbecco’s modified Eagle’s
medium and 5% fetal bovine serum were transiently transfected
with plasmid DNA encoding the hOTR, hV1aR, or hV1bR
using FUGENE HD in a 1:3 ratio of DNA and FuGENE, follow-
ing the manufacturer’s protocol. HEK293T cells (ATCC) cul-
tured in Dulbecco’s modified Eagle’s medium containing L-glu-
tamine and 10% fetal bovine serum were transiently transfected
with plasmid DNA encoding the rNR1-1a and rNR2A subunits
in a 1:3 ratio of the NR1-1a and NR2A subunit, using FuGENE
HD in a 1:3 ratio of DNA and FuGENE, following the manufa-
cturer’s protocol. 24 h post-transfection, COS-1 cells were
seeded at a density of 15,000 cells/well and the HEK293T cells
were seeded at a density of 30,000 cells/well, respectively, in
black-walled 384-well imaging plates (Corning, Sigma-Aldrich)
and maintained for another 24 h at 37 °C in a 5% humidified
CO, incubator. Assay measuring ligand-induced Ca*"
responses was performed 48 h post-transfection. Voltage-gated
sodium (Na,), calcium (Ca,) channel, and nAChR assays were
performed using the human neuroblastoma cell line SH-SY5Y,
endogenously expressing these receptors. The SH-SY5Y cells
were grown in RPMI medium supplemented with 10% fetal
bovine serum and L-glutamine. The SH-SY5Y cells were seeded
at 100,000 cells/well in black-walled 384-well imaging plates
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(Corning, Sigma-Aldrich) and maintained for another 24—-48 h
at 37 °C in a 5% humidified CO, incubator to allow the forma-
tion of a confluent monolayer. On the day of the assay, the
media was removed from the cells and cells were loaded with 20
wl of the calcium 4 No-wash dye (Molecular Devices) by dilut-
ing the lyophilized dye in physiological salt solution (PSS: 140
mM NaCl, 11.5 mm glucose, 5.9 mm KCl, 1.4 mm MgCl,, 1.2 mm
NaH,PO,, 5 mm NaHCO;, 1.8 mm CaCl,, 10 mm HEPES, pH
7.4), and incubated for 30 min at 37 °C in a 5% humidified CO,
incubator. Intracellular Ca®>* responses were measured in
response to ligands in a FLIPR™ (Molecular Devices) using a
cooled CCD camera with excitation at 470 —495 nm and emis-
sion at 515-575 nm. Camera gain and intensity were adjusted
for each plate to yield a minimum of 1000 arbitrary fluores-
cence units baseline fluorescence. Prior to the first addition, 10
baseline fluorescence readings were taken, followed by addition
of 10 ul of buffer, agonist or antagonist, respectively, prepared
as a 3X concentrated stock solution in PSS to give the final
concentrations provided for each ligand. Fluorescent readings
were taken every second for 600 s following the first addition,
followed by the second addition of 10 ul of agonist, prepared as
a 4X concentrated stock solution in PSS to give the final con-
centrations provided for each ligand, when testing for antago-
nist activity. Fluorescence measurements were recorded every
second for a further 300 s after the second addition. Czon1107
and Ccal669 were tested for agonist and antagonist activity
(100 uMm) at the hOTR, hV1aR, hV1bR, and the NMDA receptor
NR1-1a/2A in transiently transfected COS-1 and HEK293T
cells, respectively. A final concentration of 100 um Czon1107
and Ccal669 were added to SH-SY5Y cells to investigate any
agonist effect at endogenously expressed receptors and antag-
onist activity at Ca,, Na,, mnAChR, and nAChRs (a7 and a3[34).
Oxytocin (10 uMm) was used as positive control for the hOTR,
vasopressin (1 uMm) for the hV1laR and hV1bR, co-addition of
glutamate (20 um) and glycine (10 um) for the NMDA receptor
NR1-1a/2A, KCI (90 mm) for Ca,, 50 um veratridine for Na,,
acetylcholine (10 uMm) for mAChRs, and choline for a7 or nico-
tine for a3B4 (30 wm). Additionally, N-(5-chloro-2,4-dime-
thoxyphenyl)-N-(5-methyl-3-isoxazolyl)-urea (PNU-120596)
is also used (10 M) to measure activity at the 7 subtype on the
FLIPR platform. The channel kinetics are too fast to measure
otherwise. All concentrations given are the final concentrations
tested at the cellular level. The error bars indicate the mean *+
S.E. for sample replicates as indicated in the figure legends.

Data availability

Chemical shift data for major and minor conformers of
Czonl1107 WT, P5A, and major and minor conformer of P7A
peptides have been deposited in the BMRB database under
accession numbers 36275, 36276, 36274, 36280, and 36279,
respectively. Structural data for major and minor conformers of
Czon1107 WT, P5A, and major and minor conformer of P7A
peptides have been deposited in the PDB with codes 6KN2,
6KN3, 6KMY, 6KNP, and 6KNO, respectively. The raw and
processed Mass Spectral data have been deposited in the PRo-
teomics IDEntifications (PRIDE) Database under accession
number PXD017882. Raw NMR data will be shared on request.
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