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Different nicotinic acetylcholine receptor (nAChR) subtypes are
implicated in learning, pain sensation, and disease states, including
Parkinson disease and nicotine addiction. a-Conotoxins are among
the most selective nAChR ligands. Mechanistic insights into the struc-
ture, function, and receptor interaction of a-conotoxins may serve as a
platform for development of new therapies. Previously characterized
a-conotoxins have a highly conserved Ser-Xaa-Pro motif that is cru-
cial for potent nAChR interaction. This study characterized the novel
a-conotoxin LtIA, which lacks this highly conserved motif but
potently blocked a332 nAChRs with a 9.8 nm IC;, value. The off-rate
of LtIA was rapid relative to Ser-Xaa-Pro-containing a-conotoxin
MIL Nevertheless, pre-block of @332 nAChRs with LtIA prevented
the slowly reversible block associated with MII, suggesting overlap
in their binding sites. nAChR f3 subunit ligand-binding interface
mutations were used to examine the >1000-fold selectivity differ-
ence of LtIA for a3 32 versus a3 34 nAChRs. Unlike MII, LtIA had
a >900-fold increased IC, value on a332(F119Q) versus wild type
nAChRs, whereas T59K and V1111 32 mutants had little effect.
Molecular docking simulations suggested that LtIA had a surpris-
ingly shallow binding site on the a332 nAChR that includes 32
Lys-79. The K79A mutant disrupted LtIA binding but was without
effect on an LtIA analog where the Ser-Xaa-Pro motif is present,
consistent with distinct binding modes.

Neuronal nAChRs* are found throughout the central and
peripheral nervous system. These nAChRs, located both pre-
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and post-synaptically, modulate the release of neurotransmit-
ters and/or mediate fast synaptic transmission (1, 2). In addi-
tion, nAChRs are present in a variety of non-neuronal tissue,
including epithelium and immune cells. In mammals, there are
nine « and four B nAChR subunits that can combine to form
multiple subtypes of hetero-pentamers (3). The array of physi-
ological functions mediated by nAChRs is correspondingly
broad. Compounds acting on nicotinic receptors are currently
utilized as medications for treating nicotine addiction and are
being explored as therapeutic options for a variety of condi-
tions, including cognitive disorders and pain (4). Understand-
ing the factors contributing to ligand-nAChR subtype specific-
ity will play a crucial role in developing compounds that have
the desired therapeutic effects but that lack side effects (5).

Many phyla utilize acetylcholine for neurotransmission.
Predatory organisms have exploited this by developing toxins
that act at nAChRs to disrupt the flight and fight of their prey
(6). Predatory marine snails of the genus Conus synthesize com-
plex venoms that contain an arsenal of peptides. Over the past
several years, these “conotoxins” have been shown to have a
remarkable diversity of pharmacological function and utility (7,
8). Based on molecular structure, the conotoxins have been
grouped into A, O, M, P, R, S, and T superfamilies (9, 10). A
subgroup of compounds found within the A superfamily is the
a-conotoxins. These are small, 13-21-residue, cysteine-rich
peptides that functionally block nAChRs (11, 12). Structural
studies utilizing NMR spectroscopy and x-ray crystallography
have provided insight into the role and spatial location of resi-
dues important for function (13).

Previously characterized a-conotoxins have a highly con-
served Ser-Xaa-Pro motif in the first intercysteine loop. The
Pro residue is essential for high affinity binding to nAChRs (14).
This study characterizes the novel a4/7 conotoxin LtIA, which
lacks the highly conserved Ser-Xaa-Pro sequence but maintains
high potency. (The 4/7 terminology refers to the number of
non-Cys residues in the first and second intercysteine loops
present in all a-conotoxins.) Structural and functional studies
provide insight into the mechanism of action and the nature of
the nAChR-binding site of LtIA. nAChRs are pentamers made

chromatography; ACh, acetylcholine; PDB, Protein Data Bank; Fmoc, N-(9-
fluorenyl)methoxycarbonyl; ESI-MS, electrospray ionization-mass spec-
trometry; NOESY, nuclear Overhauser effect spectroscopy.
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up of a and B subunits. Previous reports indicated that the
ACh-binding site is composed of a hydrophobic group of con-
served aromatic residues from both the a and B subunits in
proximity to the two disulfide-linked vicinal cysteines of the
subunit C loop. High conservation of residues that form the
ligand-binding interface among subtypes of nAChRs hinders
the ability of ligands to discriminate among these subtypes.
However, nonconserved residues appear to line a binding cleft,
and functional understanding of these residues could be uti-
lized to develop subtype-specific ligands (15, 16). Mutation of
one of these residues, nAChR 32 subunit Phe-119, substantially
reduces the block by LtIA. This decrease in activity is the largest
effect described thus far for a B subunit mutant affecting
a-conotoxin block and was supported by molecular docking
simulations. a-Conotoxin LtIA, the first a-conotoxin to be
identified from Conus litteratus of the South China Sea, pro-
vides a novel probe of nAChR structure and function. This
study suggests there is a novel, shallow microsite for a-cono-
toxins lacking the conserved Ser-Xaa-Pro motif.

EXPERIMENTAL PROCEDURES

Materials—Acetylcholine chloride, atropine, and bovine
serum albumin were obtained from Sigma. Reversed-phase
HPLC analytical Vydac C18 column (5 wm, 4.6 X 250 mm) and
preparative C18 Vydac column (10 wm, 22 X 250 mm) were
obtained from Shenyue (Shanghai City, China). Reagents for
peptide synthesis were from Applied Biosystems (Guangzhou
City, China). Acetonitrile was purchased from Fisher. Trifluo-
roacetic acid was from Tedia Co. (Fairfield, OH). All other
chemicals used were of analytical grade. The sequence of
a-conotoxin LtIA (GCCARAACAGIHQELC) was based on a
cDNA clone (LeD2P) from C. litteratus from Hainan, China
(Table 1) (17). A highly similar cDNA sequence was also
reported from Conus leopardus (18). Clones of rat a2—a7 and
B2—34 as well as mouse muscle a1B16e cDNAs were kindly
provided by S. Heinemann (Salk Institute, San Diego). Clones of
B2 and B3 subunits in the high expressing pPGEMHE vector
were kindly provided by C. W. Luetje, University of Miami,
Miami, FL).

Peptide Synthesis by One-step Oxidation—a-Conotoxin LtIA
was assembled by solid-phase methodology on an ABI 433A
peptide synthesizer using FastMoc chemistry and standard side
chain protection. All cysteines were protected with S-trityl
groups. The peptides were removed from a solid support by
treatment with reagent K (trifluoroacetic acid/water/ethanedi-
thiol/phenol/thioanisole, 82.5:5:2.5:5:5, v/v). The released peptide
was precipitated and washed several times with cold ether.
The reduced peptides were purified by reverse-phase HPLC
using a preparative C18 Vydac column with a linear gradient of
acetonitrile in 0.1% (v/v) trifluoroacetic acid. The flow rate was
10 ml/min, and elution was monitored by UV detection at 215
nm. Identity of each peptide was confirmed by ESI-MS analysis.
After purification, the linear peptide was lyophilized. Folding
was carried out in a buffered solution of 0.1 » NH,HCO,, pH
7.5, containing 1 mm EDTA. The final peptide concentration
was 20 uM. The reaction was allowed to proceed at room tem-
perature (25°C) for 72 h. The reaction mixture was then
quenched by acidification with formic acid (8% final concentra-
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tion), and the samples were separated by analytical reverse-
phase C18 HPLC, using the following gradient of acetonitrile at
a flow rate of 1 ml/min: 0 —50 min 0 -50% solvent B, 50 —55 min
50-100% solvent B. Solvent B is 0.05% trifluoroacetic acid in
90% acetonitrile.

The analogs LtIA(A4S/A6P) and LtIA(A4S) were manually
synthesized by £-butoxycarbonyl chemistry coupled with in situ
neutralization protocol on 4-methylbenzhydrylamine amide
resin (Peptide Institute). 0.5 M 2-(1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate in N,N-dim-
ethylformamide was the activation agent; diisopropylethyl-
amine was the neutralization agent, and the terminal amide
protection groups were removed using trifluoroacetic acid. The
peptides were cleaved off the resin using HF with p-cresol and
p-thiocresol as scavengers (HF/p-cresol/p-thiocresol, 10:1:1,
v/v) at 0 °C for 1 h. The peptides were then precipitated with
cold diethyl ether, dissolved in 50% acetonitrile containing
0.05% trifluoroacetic acid, and lyophilized. The mass of the
crude peptides was verified by ESI-MS on Applied Biosystems
API 2000 liquid chromatography/mass spectrometry. The
crude peptides were purified by preparative reverse-phase
HPLC using a Vydac C18 column (22 X 250 mm, 10 um) on a
Waters 600E solvent delivery system using a linear gradient of
1% buffer B per min at a flow rate of 10 ml/min (buffer A, H,O,
0.05% trifluoroacetic acid; buffer B, 90% acetonitrile, 10% H,O,
0.043% trifluoroacetic acid), and the eluant was monitored at
230 nm.

Disulfide bonds were formed by air oxidation of free thiol
groups on cysteine residues in 0.1 » NH,HCO, buffer with 30%
isopropyl alcohol. The reaction was carried out overnight at
room temperature, and the peptide concentration was 0.1
mg/ml. The molecular weight of the folded peptide was verified
by ESI-MS, which was then purified and lyophilized. The purity
of the product obtained after each purification step was deter-
mined by analytical reverse-phase HPLC using Shimadzu
LC-2010 system using a Vydac C18 column (4.6 X 250 mm, 5
um) at the flow rate of 1 ml/min.

Peptide Synthesis by Two-step Oxidation—a-Conotoxin LtIA
was synthesized on an amide resin using Fmoc chemistry and
standard side protection, except for cysteine residues. Cys res-
idues were protected in pairs with either S-trityl on Cys-2 and
Cys-8 or S-acetamidomethyl on Cys-3 and Cys-16. The crude
peptide was cleaved from the resin and precipitated. A two-step
oxidation protocol was used to fold the peptides selectively as
described previously (19). Briefly, the disulfide bridge between
Cys-2 and Cys-8 was closed by dripping the peptide into an
equal volume of 20 mm potassium ferricyanide, 0.1 m Tris, pH
7.5. The solution was allowed to react for 30 min, and the
monocyclic peptide was purified by reverse-phase HPLC.
Simultaneous removal of the S-acetamidomethyl groups and
closure of the disulfide bridge between Cys-3 and Cys-16 were
carried out by iodine oxidation as follow; the monocyclic pep-
tide in HPLC eluent was dripped into an equal volume of iodine
(10 mm) in H,O/trifluoroacetic acid/acetonitrile (78:2:20 by
volume) and allowed to react for 10 min. The reaction was ter-
minated by the addition of ascorbic acid and diluted 20-fold
with 0.1% trifluoroacetic acid, and the bicyclic peptide was
purified by HPLC on a reverse-phase C18 Vydac column using
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a linear gradient of 0.1% and 0.092% trifluoroacetic acid, 60%
acetonitrile, and the remainder H,O. Matrix-assisted laser
desorption ionization time-of-flight mass spectrometry was
utilized to confirm the identity of the products.

cRNA Preparation and Injection—Capped cRNA for the var-
ious subunits were made using the mMessage mMachine in
vitro transcription kit (Ambion, Austin, TX) following linear-
ization of the plasmid. The cRNA was purified using the Qiagen
RNeasy kit (Qiagen, Valencia, CA). The concentration of cRNA
was determined by absorbance at 260 nm. cRNA of chimera
a6/a3 was combined with cRNA of high expressing 32 and 83
subunits or 34 (in the pGEMHE vector) to give 167-500 ng/ul
of each subunit cRNA. Fifty nl of this mixture was injected
into each Xenopus oocyte with a Drummond microdispenser
(Drummond Scientific, Broomall, PA), as described previously,
and incubated at 17 °C. Oocytes were injected within 1 day of
harvesting, and recordings were made 2—4 days post-injection.

Voltage Clamp Recording—Qocytes were voltage-clamped
and exposed to ACh and peptide as described previously (20).
Briefly, the oocyte chamber consisting of a cylindrical well (~30
wl in volume) was gravity-perfused at a rate of ~2 ml/min with
ND-96 buffer (96.0 mm NaCl, 2.0 mm KCl, 1.8 mm CaCl,, 1.0
mm MgCl,, 5 mm HEPES, pH 7.1-7.5) containing 1 um atropine
and 0.1 mg/ml bovine serum albumin. In the case of the a9a10
and mouse muscle al318€e subtypes, the ND-96 contained no
atropine when recording. The oocyte was subjected once a
minute to a 1-s pulse of 100 um ACh. In the case of the 910
and mouse muscle a1B18e€ subtypes, there is a 1-s pulse of 10
M ACh. 200 um ACh pulse is for the a7 subtype. For screening
of receptor subtypes, for toxin concentrations of 10 um and
lower, once a stable base line was achieved, either ND-96 alone
or ND-96 containing varying concentrations of the a-conotox-
ins was manually pre-applied for 5 min prior to the addition of
the agonist. All recordings were done at room temperature
(~22°C).

Data Analysis—The average of five control responses just
preceding a test response was used to normalize the test
response to obtain “% response.” Each data point of a dose-
response curve represents the average = S.E. of at least four
oocytes. The dose-response data were fit to the equation, %
response = 100/(1 + ([toxin]/ICy)Any,), where ny, is the Hill
coefficient, by nonlinear regression analysis using GraphPad
Prism (GraphPad Software, San Diego).

Circular Dichroism Analysis—CD spectra were acquired on a
Jasco J-810 spectropolarimeter, which was routinely calibrated
using 0.6% (w/v) ammonium-d-camphor-10-sulfonate. All
experiments were conducted at room temperature under a
nitrogen atmosphere (15 ml/min). The scanning speed was set
to 50 nm/min with response time of 1 s, sensitivity range of 100
millidegrees, and a step resolution of 1 nm. Absorbance was
measured in the far-UV region (190 —260 nm) using a cell with
a 1-mm path length, and each recording was an accumulation
of four scans. CD spectra were obtained for peptides dissolved
in 20 mM ammonium bicarbonate buffer at pH 7. Spectra were
also obtained after addition of 10 and 30% (v/v) trifluoroethanol
in phosphate buffer. CD spectra of the pure solvents were sub-
tracted from those of the peptide samples to eliminate interfer-
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ence due to solvent, cell, or spectropolarimeter optics. The
molar ellipticity [0] was calculated using Equation 1,

[0] =0/(10 X CX Np X I) (Eq. 1)
where 0 1is ellipticity in millidegrees; Cis molar concentration of
the peptide; Np is number of peptide units (Np = 15 for LtIA),
and / is the path length of the cell.

NMR Spectroscopy—"H NMR measurements were recorded
on a 1 mM solution of the globular isomer of LtIA in 10% D,O,
90% H,O at ~pH 3. Spectra were obtained on a Bruker Avance
600-MHz spectrometer at 280, 290, 300, and 310 K. The spectra
for LtIA(A4S) and LtIA(A4S/A6P) were recorded at 308 and
290 K, respectively. The two-dimensional NMR experiments
consisted of total correlation spectroscopy using an MLEV17
spin lock sequence with an isotropic mixing time of 80 ms and
nuclear Overhauser effect spectroscopy (NOESY) experiments
with mixing times of 200, 300, and 350 ms. Spectra were
recorded in a phase-sensitive mode using time proportional
phase incriminations. A modified WATERGATE sequence was
used for suppression of the water signal. All spectra obtained
were processed using Topspin (Bruker). Resonance assignment
was carried out using the program SPARKY.

Molecular Modeling and Docking—Molecular models of rat
a3 and 32 subunits were built individually using «;-nicotinic
acetylcholine receptor (a;-nAChR; PDB code 2QC1) (21) as the
template, and the interface was created using Lymnaea stagna-
lis acetylcholine-binding protein (Ls-AChBP; PDB code 11BG)
(22) as the template, with the program Modeler 9, version 2
(23). These templates were chosen as they share a high degree of
conservation in protein sequence identities with rat @3 and 32
subunits as determined by BLAST (24).

The native LtIA and its analogs LtIA(A4S) and LtIA(A4S/
A6P) vary in their a-helical tendencies in solution as suggested
by both NMR and CD analyses. Although the bound state of the
peptide is unknown, as an initial approach, we built the LtIA,
LtIA(A4S) and LtIA(A4S/A6P) models using the TxIA (A10L)
template extracted from the Aplysia californica AChBP-
TxIA(A10L) co-crystal structure (PDB code 2UZ6) (25) All
sequence alignments were generated using ClustalW (26) and
were further corrected by hand based on the secondary struc-
ture alignment to maximize the accuracy of sequence align-
ment and protein sequence identity. The structural models
were validated using the on-line server Verify3D (27) and Ram-
achandran plot available from ProFunc (28) data base. LtIA,
LtIA(A4S), and LtIA(A4S/A6P) and MII (PDB code 1MII) (29,
30) were docked to the a382 nAChR homology model and Ls-
AChBP crystal structure using the program HEX 5.0 (31), and
the solutions that disagreed with the known interactions were
excluded. The optimal hydrogen bonds between ligands and
a332 nAChR that are likely to contribute to the complex sta-
bility were predicted using the on-line server WHAT IF (32).

RESULTS

Chemical Synthesis and Oxidative Folding—a-CTX LtIA is a
16-amino acid C-terminally amidated peptide with four Cys
residues (Table 1) (17). Fmoc chemistry was used to synthesize
the reduced peptide. In the initial synthesis, Cys side chains
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%%\Iggtje;i neuronally active a-4/7 conotoxin sequences showing a highly conserved serine and proline residue in the first intercysteine loop
Name Source Sequence (a) Target” Ref.
LtIA C. litteratus GCCARAACAGIHQELC* | a3/B2 >a6/03p2P3 ‘12;]5(
GIC C. geographus GCCSHPACAGNNQHIC* a3p2 ~a6/a3B2P3>04p2 ~a3p4 49
GID C. geographus IRDYCCSNPACRVNNOHVCA a3p2~a7>a4p2 7
MII C. magus GCCSNPVCHLEHSNLC* a6/P2>u3f2 42
Vel.l C, victoride GCCSDORCNYDHPyIC* o0 >a6/a3p2P3on6/a3pd> 20:

a3p4 ~a3p2 52,
OmIA C. omaria GCCSHPACNVNNPHICG* a3f2>a7 >a6/a3p2p3 53
PnlA C. pennaceus GCCSLPPCAANNPDYC* a3f2 >a7 ”
PnIB C. pennaceus GCCSLPPCALSNPDyC* a7 >a3p2
[ATOL]-PnlA | C. pennaceus GCCSLPPCALNNPDyC* a7>03[32 55,56
PelA C. pergrandis GCCSHPACSVNHPELC* 9010 >a3p2>a3f24>a7 57
PIA C. purpurascens | RDPCCSNPVCTVHNPQIC* a6/03p2B3 >a3p2 >a3p4 58
AnlB C. anemone GGCCSHPACAANNQDYC* a3fp2>a7 59
Epl C. episopatus GCCSDPRCNMNNPDyC* a3p2a3p4 60
AulA C. Aulicus GCCSYPPCFATNSDYC* a3p4 61
SrlA C. spurius RTCCSROTCRMgYPyLCG* a4P2, al 1oy &
SriB C. spurius RTCCSROTCRMEYPyLCG* a4p2, al Ploy

(@) O = 4-trans-hydroxyproline; y = vy-carboxyglutamate; *~ = C-terminal carboxylate; iy = sulfated tyrosine; * = C-terminal carboxamide. The highly conserved Ser and Pro in
loop 1 are highlighted in boldface and underlined. The conserved Cys residues are shaded. #, note that all nAChR subtypes were not tested in each instance. Refer to cited

literature for full details.

were protected with the acid-labile S-trityl group. Cleavage of
the peptide from the resin simultaneously removed the S-trityl
groups. Subsequently, Cys residues were air-oxidized in 1 M
NH,HCO;, pH 7.5 buffer, containing 1 mm EDTA and purified
by HPLC (Fig. 14).

With four Cys residues, there are three possible disulfide
bond connectivities. Previously characterized a-conotoxins
purified from venom typically have a disulfide bond connectiv-
ity linking the 1st Cys to the 3rd Cys and the 2nd Cys to the 4th
Cys, which is referred to as the “globular” form to distinguish it
from the alternative “ribbon” and “beads” connectivities (33).
We therefore also synthesized a-CTX LtIA using a directed
two-step folding. Cys pairs as found in native purified peptides
were orthogonally protected using acid-labile S-trityl and acid-
stable S-acetamidomethyl groups. Cleavage from the resin
selectively removed the S-trityl groups, and the deprotected
Cys residues were oxidized with potassium ferricyanide. After
HPLC purification of the monocyclic peptide, acetamido-
methyl groups were removed from the second Cys pair by treat-
ment with iodine that also oxidized the peptide to form the
second disulfide bond. The identity of the bicyclic peptide was
confirmed by mass spectrometry, average calculated as follows:
1600.66 Da; observed 1600.4 Da. A co-elution experiment was
performed with an ~1:1 ratio of the major product of the one-
step air oxidation and the major product of the two-step
directed oxidation. As shown in Fig. 1B, the two products have
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identical elution profiles. Thus, the major product of the equi-
librium air oxidation folding of the peptide has the disulfide
bond configuration of native a-conotoxins. Synthetic peptide
with this disulfide bond arrangement was used for all further
analysis.

LtIA lacks the conserved Ser-4 and Pro-6 of other a-cono-
toxins (see Table 1). Accordingly, as part of our study of native
LtIA, we also synthesized and characterized one analog in
which LtIA Ala-4 was replaced by Ser and another analog in
which Ala-4 and Ala-6 of LtIA were replaced by Ser and Pro,
respectively. &-Butoxycarbonyl chemistry/in situ neutralization
protocol (34) was used to synthesize the LtIA analogs. Synthe-
ses were carried out on a 0.5 mmol scale with an overall cou-
pling efficiency of >99.7%, as determined by quantitative nin-
hydrin tests. During assembly, the Cys side chains were
protected with HF-labile methylbenzyl groups, which were
removed upon cleavage. The reduced peptides were folded in
0.1 M NH,HCO, buffer with 30% isopropyl alcohol, overnight
at room temperature. For each analog, ESI-MS analysis showed
a decrease in molecular mass by 4 Da, confirming the formation
of two disulfide bonds.

Effect of a-CTX LtIA on ACh-evoked Currents through
nAChRs—a-Conotoxins have been widely used as pharmaco-
logical tools to characterize nAChRs. The effects of a-CTX
LtIA on different nAChRs heterologously expressed in Xenopus
oocytes were analyzed. Fig. 2 shows representative responses to
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FIGURE 1. HPLC analysis of the oxidative folding of a-CTX LtIA and com-
parison of the one-step and two-step oxidation methods. A, linear pep-
tide was air-oxidized in one step and purified by analytical HPLC. The asterisk
denotes the major product that was subjected to co-elution with the two-
step oxidation product. B, 1, HPLCs of 1 nmol of material from A; 2, ~1 nmol of
peptide obtained from the two-step directed folding of the peptide; and 3,
co-elution of 0.5 nmol each of 1 and 2. Peptides in B were analyzed on a
reverse-phase analytical Vydac C18 HPLC using a linear gradient of 90%
buffer A to 50% buffer B over 40 min, where A = 0.1% trifluoroacetic acid and
B = 0.92%, 60% acetonitrile, remainder water. Absorbance was monitored at
220 nm. AU, absorbance units.

ACh of @382, @42, and a3B4 nAChRs in the presence and
absence of a-CTX LtIA. Complete block of ACh-evoked cur-
rents was obtained with 1 um a-CTX LtIA on a382 nAChRs
(Fig. 2A) compared with little or no block of 432 (Fig. 2B) and
a3p4 (Fig. 2C) nAChRs by 10 um LtIA. The block of a3832
nAChRs by LtIA is rapidly reversible (Fig. 24). Concentration-
response curves for a-CTX LtIA are shown in Fig. 3. a332
nAChRs were most potently blocked by a-CTX LtIA with an
IC;, of 9.8 nm (Table 2). When a 34 rather than 82 nAChR
subunit was co-expressed with the «3 subunit, the IC,, for
a-CTX LtIA was >1000-fold higher, thus indicating that amino
acid residue differences between the homologous 3 subunits
significantly influence toxin potency. Likewise, LtIA was sub-
stantially less potent on a6/a3B4 versus a6/a3283 nAChRs.
In contrast, there was little or no block by LtIA at 10 um LtIA on
other nAChR subtypes, including a1B18¢, o232, o234, o432,
a4B4, o7, and a9al0, (Table 2).

Block of a332 nAChRs by a-CTX MII Is Prevented by a-CTX
LtIA—Where tested, the binding of previously isolated «4/7
conotoxins competitively prevents the binding of other nAChR
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FIGURE 2. a-CTX LtIA differentially blocks «382 (A), ®42 (B), and a334
(€) nAChRs. Oocytes expressing @332 nAChRs (A), «4B2 nAChRs (B), and
a3B4 nAChRs (C) were voltage-clamped at —70 mV and subjected to a 1-s
pulse of 100 um ACh every minute as described under “Experimental Proce-
dures.” In each panel, the C response is control, following which the oocyte
was exposed to the peptide for 5 min as indicated under “Experimental Pro-
cedures.” The 1st trace by the ACh pulse is the peptide response on corre-
sponding nAChRs subtype. A, arrow denotes the current response trace of 1
M LtIA on a3B2 nAChRs. B and C, Tst trace after the control is the current
response of 10 um LtIA on 482 and a34 nAChRs, respectively. The ND-96
perfusion and ACh pulses were then resumed to monitor the recovery from
block during washout of peptide. The peptide was potent in blocking a332
nAChR and no block on «432 and a34 nAChRs. Likewise, the block of a332
nAChRs was quickly reversible.

agonists and antagonists. In contrast, the a4/3 conotoxin ImlII
is a noncompetitive antagonist. Blocking @382 nAChRs by
a-LtIA is rapidly reversible, in contrast to the relatively slow
reversibility of a-CTX MII (Fig. 4, A and B) (35). We utilized
this difference in k¢ values to assess whether LtIA could pre-
vent the binding of the competitive antagonist a-CTX MII. Pre-
application of 10 um LtIA for 1 min prior to application of MII
led to a block of @382 nAChRs that was rapidly reversed upon
toxin washout, comparable with the reversible block by LtIA
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FIGURE 3. a-CTX LtIA concentration-response on native nAChR subtypes.
Values are means =+ S.E.from 5 to 7 separate oocytes. Oocytes expressing 1 of
11 different nAChRs were voltage-clamped and subjected to ACh pulses as
described in Fig. 2 and under “Experimental Procedures.”

TABLE 2

1C;, and Hill slope values for block of various rat nAChR subtypes by
a-CTX LtIA

Subtypes ) (o Ratio?  Hillslope®  Subtypes ICs,°
nm nm
a332 9.79 (7.3-13.2) 1 0.63(0.52-0.73)  a4B4  >10,000
ab/a3B2B3 84.4 (58-123) 8.6 076 (0.57-0.96) «a3p4  >10,000
ab/a3B4 5990 (3400-10,500) 612  0.95(0.43-148) o282  >10,000
a9al0 >10,000 o234 >10,000
o482 >10,000 alBlée >10,000

a7 >10,000

“ Numbers in parentheses are 95% confidence intervals.
® nAChR subtype IC5y/a32 ICs, is shown.
¢ No block at 10™° M was seen.

alone. Thus, LtIA is able to prevent the slowly reversible block
by MII indicating that LtIA and MII may have overlapping
binding sites.

Mutations in the Ligand-binding Site of the 3 Subunit Affect
Blocking by LtIA—LtIA is 3 orders of magnitude more potent
on a332 versus a3 4 nAChRs. Mutations within the nAChR (32
subunit ligand-binding interface were used to determine toxin
potency differences for a3B2 versus a3f4 nAChRs. Point
mutants were constructed in which B4 nAChR residues were
substituted for B2 subunit residues that toxin-receptor docking
studies have suggested are positioned to interact with a-cono-
toxins. nAChR B2 mutants T59K, V1111, and F119Q were used
to examine the concentration response of a-CTX LtIA (Fig. 5
and Table 3). The toxin had little activity when tested on a332
F119Q. In contrast, LtIA potently blocked ACh-evoked cur-
rents of a332 T59K and V1111 nAChRs. The ratios of mutant
IC,,/a3B2 IC,, were 0.7, 2.9, and 938 for a382 T59K, V111],
and F119Q, respectively. Thus, activity was modestly changed
by Ile for Val substitution at 82 nAChR subunit position 111
and changed by >900-fold by Gln substitution for Phe at 52
nAChR subunit position 119.

Circular Dichroism Analysis—Globular LtIA was analyzed by
circular dichroism spectroscopy to obtain information on any
secondary structural elements present. The peptide was dis-
solved in 20 mm sodium phosphate buffer, pH 7, and CD spec-
tra were obtained at two different peptide concentrations.
Spectra obtained at 52 and 30 uM LtIA overlaid well suggesting
that there was no concentration-dependent aggregation. The
spectra of all three LtIA peptides, as well as a-conotoxins MII
and Vcl.1, are shown in Fig. 6. All peptides show local minima
at ~205 nm and a positive band at ~187 nm, which are char-
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FIGURE 4. Pre-block of 332 nAChRs with a-CTX LtlA prevented the
slowly reversible block associated with a-CTX Mil. In each instance, toxin
or control solution of ND-96 was applied to a382 nAChRs for 1 min followed
by a 4-min exposure to toxin or ND-96. A, 10 um a-CTX LtIA was followed by
ND-96. B, ND-96 was followed by 50 nm a-CTX MIl. C, 10 um a-CTX LtIA was
followed by 50 nm a-CTX MII.
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FIGURE 5. a-CTX LtlA concentration-response on wild type a332 nAChRs
and their mutant receptors. All three mutant receptors exhibited similar
sensitivity to acetylcholine relative to their wild type a332 counterpart. Val-
ues are means = S.E. from 5 to 7 separate oocytes.

acteristic of a-helical structure. Furthermore, minima at 220
nm are more pronounced for LtIA(A4S/A6P), MIL, and Vcl.1
consistent with more regular helical structures in these Ser-
Xaa-Pro-containing a-conotoxins.

NMR Studies—NMR spectroscopy was employed to further
analyze the structure of LtIA. A series of NH-NH, _ |,

VOLUME 285+NUMBER 16+APRIL 16, 2010



IOro0

F7

balt3/zbc-bc/zbc-bc/zbc01610/zbc1223-10z  ZSUBMIT 33 xppws S=1 23/3/10 7:03 | 4/Color Figure(s) F6-8,10

| ARTNO: M109.079012

TABLE 3

IC;, and Hill slope values for block of rat @332 nAChRs mutants by
a-CTX LtIA

Subtypes IC,,” Ratio” Hill slope
nm
a3B2 9.79 (7.3-13.2) 1 0.63 (0.52-0.73)
«3B2(T59K) 7.2 (4.8-10.7) 0.7 0.61 (0.47-0.75)
a3B2(V111I) 28.2 (19-42) 2.9 0.76 (0.55-0.96)
a3B2(F119Q) 9190 (5500-15,500) 939 0.67 (0.41-0.92)

“ Numbers in parentheses are 95% confidence intervals.
? Ratio of nAChR subtype IC,,/a382 ICs,.

15000 1

5000 1

-5000 1

-15000 1

[8] (deg.cm Z.dmal ')

-25000 1

-35000 1

-45000 1

Wavelength (nm)

-55000 4

FIGURE 6. CD spectra of LtIA globular isomer (green), (A4S/A6P) (cyan),
LtIA(A4S) (blue), Mil (red), and Vc1. 1 (black). Spectra were recorded with
concentrations of 30-50 um.

Ha-NH, , ;, and HB-NH, , ; connectivities obtained from the
NOESY spectrum was used in conjunction with cross-peaks
in the total correlation spectroscopy spectrum to obtain
sequence-specific assignments. Differences between the ob-
served Ha chemical shifts and random coil shifts, referred to as
secondary shifts, which are generally characteristic of second-
ary structure elements (36), were calculated and are shown in
Fig. 7. A series of small negative secondary shifts for residues
6—9 suggest that LtIA has a propensity for helical structure but
is not as well structured as Vcl.1 or MII (29, 37), consistent with
the findings from the CD spectral data. NMR spectra for LtIA at
280 K were consistent with those observed at higher tempera-
tures. The double mutant of LtIA containing the Ser-Xaa-Pro
motif has secondary shifts for residues 6 -9 that are more neg-
ative than the wild type LtIA, indicating that the helical struc-
ture is stabilized in the central portion of this mutant (Fig. 7).
Interestingly, LtIA(A4S) appears to have a lower helical pro-
pensity than the wild type peptide, indicating that the proline is
important for stabilization of the helix.

The apparently less well defined structure of LtIA relative to
most a-conotoxins may explain the relative lack of nuclear
Overhauser effects in the NOESY spectrum. Given this lack of
nuclear Overhauser effects, no attempt was made to formally
calculate a three-dimensional structure using restrained
molecular dynamics as has been done for other conotoxins.
Thus, the functional and structural studies show that LtIA
binds to the a332 nAChR subtype despite possessing a less
defined two-turn helical motif. This is an interesting observa-
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FIGURE 7. Secondary Ha NMR chemical shifts for LtIA (green bars),
LtIA(A4S) (blue), LtIA(A4S/A6P) (cyan bars), Vc1.1 (black bars), and Ml
(red bars). Secondary shifts were calculated by subtracting the random coil
chemical shifts (3) from the measured Ha chemical shifts. The disulfide con-
nectivity is shown on the top of the diagram. Data for Vc1.1 and Ml are from
Refs. 29 and 37.
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tion as the helical region has been implicated as important for
the activity of other a-conotoxins such as MII, GIC, PIA, and
BulA, which also bind to this receptor subtype (38).

Molecular Modeling of 332 nAChR and Docking Simulation
of a-CTX LtIA and MII—Homology modeling was used to
study structure-function relationships of LtIA in the absence
of experimental three-dimensional structures. We generated
structural models for the extracellular domain of the a3[32
nAChR using the co-crystal structures of ol nAChR-a-bunga-
rotoxin (21) and of a-CTX LtIA and analogs using AChBP-
TxIA(A10L) (25) as templates. The docking simulation of
a-CTX LtIA with the @332 nAChR model predicted a novel
binding mode (Fig. 8), with only the N terminus of LtIA found
to overlap with the C terminus of a-CTX TxIA(A10L) (25), Iml
(39), or PnIA(A10L/D14K) (38) in AChBP crystal structures.
With respect to the TxIA(A10L) complex, a-CTX LtIA adopts
an orientation that is rotated 180° around N and C termini
along the y axis, with its a-helical backbone facing out the bind-
ing pocket of the @382 nAChR. The interface of a-CTX LtIA
and the B2 subunit is characterized by two hydrogen bonds
between (32-Gln-34 and LtIA-His-12, 82-Lys-79, LtIA-Glu-14,
Leu-15, and/or Cys-16, and a strong hydrophobic interaction
between LtIA-Leu-15 and 2-Phe-119 (Fig. 8B and Table 4).
This hydrophobic interaction induced a significant re-orienta-
tion of the LtIA-Leu-15 side chain upon energy minimization of
the docked structure, highlighting the importance of 82-Phe-
119 in coordinating LtIA and further implicating its role in
stabilizing the conformation of a3B2-LtIA complex. The
unique orientation of a-CTX LtIA is further sustained by
Arg-5, which is likely to form hydrogen bonds with Ser-38, Ser-
168, and Asp-171 from the 32 F-loop (Fig. 8C and Table 4), an
interaction that is not seen in any of the previously described
a-CTX complexes. This unusual anchor interaction of LtIA-
Arg-5 with the 32 F-loop appears to prevent LtIA from binding
deeper into the binding pocket. This shallow binding mode of
LtIA supports its fast kg value.
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FIGURE 8. Homology modeling and docking simulations for a3 32 (green/
cyan), LtIA (magenta), and MIl (blue). The interacting residues are pre-
sented as sticks, and the potential hydrogen bonds are indicated by blue
dashed lines. C-loop and F-loop are located between the two green and two
cyan spheres, respectively. The superposition of LtIA and MIl (A) reveals a
novel binding mode for LtIA that partially overlaps with that of MIl. A note-
worthy finding (B) in the LtIA binding is that LtIA-Leu-15 side chain swings to
form an energetically favorable hydrophobic interaction with 2-Phe-119
after energy minimization. C, most prominent interaction of LtIA binding is
formed between LtlA-Arg-5 and the 32 F-loop, which acts as an anchor, pre-
venting it from binding deeper into the active site as seen in other a-CTX
complexes.

Mutation of the B2 Subunit and LtIA—The LtIA/receptor
modeling analysis (assuming a helical structure for bound
toxin) predicted that LtIA interacts with nAChR subunit
B2-GIn-34 and Lys-79. To experimentally examine these pre-
dictions, the 2 subunit was mutated to express «3[32,Q34A
and @3B2,K79A in oocytes for assessment of the functional
block by LtIA. The 2 subunit Gln to Ala mutation reduced
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TABLE 4

Potential hydrogen bonds and hydrophobic interactions between
LtlIA and a332

a3B2 nAChR LtIA Distance
A
Potential hydrogen bonds
B2_K79_NZ Glu-14 O 2.8
B2_K79_NZ Leu-15_0O 2.5¢
B2_K79_NZ Cys-16_OXT 1.6
B2_D171_OD2 Arg-5 NE 2.8
B2_S168_0OG Arg-5_NH1 1.8
B2_S38_0G Arg-5_NH2 1.9
B2_Q34_OE1 His-12_NE2 2.0
a3_C192_N Cys-3_0O 1.9
«3_N191_ND2 Ala-4_ 0O 18
«3_N191_OD1 Ala-6_N 2.7
Hydrophobic interactions
82_V111 Leu-15 ~45
B2_F119 Leu-15 ~3

“ The possible H bonds (the closer interaction most likely dominates) are shown.

TABLE5
IC5, values of native and mutant LtIA on native and mutant nAChRs

Numbers are IC,, values in nanomolar. Numbers in parentheses indicate 95% con-
fidence intervals.

Peptide a3f32 a3f32, Q34A a3p2, K79A
LtIA 9.79 (7.3-13.2) 35.7 (19.7-64.4) 195 (121-315)
LtIA(A4S) 29.1 (20.7-40.8)  87.3 (48.1-158)  73.4(26.7-202)
LtIA(A4S/A6P)  23.1(17.3-30.9) 142 (57.0-352)  25.4(11.8-54.8)

LtIA potency by ~3.5-fold, whereas the Lys to Ala mutation
reduced potency by 20-fold, supporting the predictions of the
model (see Fig. 8 and Table 5). We next created toxin mutations
to examine the effect the Ala-Arg-Ala sequence of LtIA that
replaces the highly conserved Ser-Xaa-Pro motif of other
a-conotoxins LtIA, A4S, and LtIA(A4S/A6P). The mutant pep-
tides were then tested on wild type and a332, Q34A, and a332,
K79A mutant receptors Results are shown in Fig. 9, B and C,
and Table 5. In contrast to the native LtIA, the double mutant
LtIA, which contains the highly conserved Ser-Xaa-Pro of other
conotoxins, does not appear to interact with 82-Lys-79.
Interestingly, the conserved Ser-Xaa-Pro motif is replaced
with Ala-Arg-Ala in LtIA, where both Ala main chains form
hydrogen bonds with Asn-191 from the a3 C-loop (Fig. 8C).
The Ala substitutions seem to be essential for binding in the
traditional orientation as Ser and Pro at positions 4 and 6,
respectively, may contribute to a loss of hydrogen bonding and
a resulting steric clash with @3-Asn-191. To confirm this
hypothesis, we created homology models for LtIA(A4S) and
LtIA(A4S/A6P) using TxIA(A10L) as the template and per-
formed docking simulations to the 382 model (Fig 10). In
contrast to the native LtIA, both analogs exhibited different
binding orientations and lost the intermolecular interactions
via Arg-5 and from (2-Lys-79, and yet they retained interac-
tions with 32-Gln-34. This explains why the 32-K79A does not
have significant impact to both analogs compared with that
with B2-Q34A (Table 5). Furthermore, an additional main
chain-main chain interaction between two highly conserved
residues, LtIA-Cys-3 and a3-Cys-192, was also identified. A
docking model of a-conotoxin MII bound to the @332 nAChR
was also constructed. Comparison of MII and LtIA binding
revealed that the C terminus of MII overlapped the N terminus
of LtIA, suggesting LtIA would be a competitive inhibitor of
MII binding consistent with our experimental findings (Fig. 4).
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FIGURE 9. Concentration response of LtIA and LtlA analogs. Each a-cono-
toxin was tested on nAChRs expressed in Xenopus oocytes including o332
(see Fig. 5 for LtIA), a382 with B2 GIn-34 mutated to Ala, and a332 with 32
Lys-79 mutated to Ala. A, LtIA; B, LtIA with Ala-4 mutated to Ser; G, LtIA with
Ala-4 mutated to Ser and Ala-6 mutated to Pro. Results are summarized in
Table 5. Values are mean = S.E. from 3 to 4 separate oocytes.

DISCUSSION

This study describes the synthesis, pharmacological charac-
terization, structure determination, and receptor interactions
of the first a-conotoxin from C. litteratus. The peptide, a-CTX
LtIA, is highly unusual in that it lacks the conserved Ser-Xaa-
Pro motif found in the first Cys loop of all previously reported
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a4/7 conotoxins that target neuronal nAChRs (see Table 1). In
LtIA, Ala residues replace these conserved Ser and Pro residues
found in other conotoxins. Interestingly, substitution of Ala for
Ser-4 in synthetic analogs of another potent a4/7 conotoxin,
a-CTX MII (see Table 1), shifts selectivity to favor binding to
a6/a3B2B3 versus @332 nAChRs (39, 40). In contrast, LtIA is
more potent on @332 than a6/a3B2B3 nAChRs (Table 2). In
addition, whereas substitution of Ala for Pro in MII dramati-
cally reduces activity at 382 nAChRs by 2000-fold (40),
a-CTX LtIA has high affinity for 382 nAChRs (450-fold
higher than the MII (P6A) analog). Thus, the structural and
functional studies on LtIA reported here provide a foundation
for important mechanistic insights into the interactions of the
a-conotoxin class of toxins with nAChRs.

Given the divergent results between a-CTX LtIA and a-CTX
MII, we examined whether the two peptides might overlap in
their respective binding sites. Both a-CTX LtIA and «a-CTX
MII potently block a382 nAChRs (Figs. 2 and 3); however,
a-CTX LtIA differs from a-CTX MII in that the former has a
relatively fast off-rate. We utilized this finding to perform a
competition experiment to assess whether pre-block of the
a3B2 nAChR with a high concentration of a-CTX LtIA could
prevent block by subsequent addition of a-CTX MII. The out-
come was assessed by measurement of the kinetics of recovery
from toxin block. Pre-application of a-CTX LtIA followed by
application of a-CTX MII resulted in block of the nAChR with
rapid recovery upon toxin washout. This profile is similar to
that seen with a block by a-CTX LtIA alone, although not to
block by a-CTX MII alone, thus supporting the notion that the
two peptides have overlapping binding sites (Fig. 4).

To more rigorously examine the nAChR-binding site, we
exploited the different binding selectivity of a-CTX LtIA for
a3B2 versus a334 nAChRs. a-CTX LtIA blocks @334 nAChRs
with an IC,, value that is >1000 higher than that of a332
nAChRs. Although there is no NMR or crystal structure of the
a3B2 nAChR, the structure of the molluscan AChBP serves as a
surrogate (22). The AChBP is a homolog of the extracellular
ligand-binding domain of the nAChR, and the AChBP crystal
structure sheds significant light on the three-dimensional
structure of the ACh-binding site. Furthermore, a-conotoxins
have been co-crystallized with the AChBP (41, 42), providing
insight into their binding modes. The highly conserved first Cys
loop of the a-conotoxins contains a small a-helix important for
AChBP and nAChR binding. Thus, the unusual first Cys loop of
a-CTX LtIA is of significant interest. Molecular surface analy-
sis and modeling of the «332 nAChR and docking of previously
characterized a-conotoxins provide evidence of a small cleft
above the nAChR B2 subunit 89810 hairpin as a site for
a-conotoxin binding (15). Residues that rim this cleft include
Thr-59, Val-111, and Phe-119 (16). Mutation of the nAChR 32
subunit Thr-59 to Lys has a 4-fold effect on a-CTX-MII block
(43) and substantially affects the kinetics of block by a-CTX
BulA (44). However, Ala substitution of Val-111 and Ala
replacement of Phe-119 have little or no effect on the IC,, value
of a-CTX MII (16). In contrast, although nAChR 2 subunit
mutations T59K and V1111 had no effect or a small effect (2.9-
fold for V111I) on a-CTX LtIA binding, the F119Q mutation
reduced LtIA block by over 900-fold (Fig. 4 and Table 3). Thus,
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A,

FIGURE 10. Homology models (right panel) and docking simulations (left panel) for LtIA (magenta) and its
analogs LtIA(A4S) (marine blue) and LtIA(A4S/A6P) (yellow) to a3 2. The homology models are shown in
the identical orientation with the N and C termini labeled in italic. The docking complexes on the left panel are
also presented in the same orientation with key interacting residues shown as sticks and the potential hydro-
gen bonds indicated as black dashed lines with distances (A) labeled. The docking complexes of both LtIA
analogs (B and G, left panel) showed loss of interactions via LtIA-Arg-5 and 82-Lys-79 and rearrangements of
hydrogen bonds with 82-GIn-34 compared with that with LtIA (A, left panel). The superposition of all three
peptides showed no significant alteration in the backbone (root mean square of <0.5 A), and thus the differ-
ences in binding orientation might be due to the steric clash with a3-Asn-191 observed in modeling when A6
was mutated to Pro and a slight shift of a-helix (B; right panel) from the N to C termini when A4 was mutated to

Ser alone.

although the mutation of the nAChR 2 subunit Phe-119 did
not affect the IC,, value of block by MII, suggesting that MII
does not have close interactions with Phe-119, changing Phe-
119 to the Gln present in the homologous position of the
nAChR 4 subunit dramatically affected block by a-CTX LtIA.
These results are consistent with the 3 orders of magnitude
higher IC, value of a-CTX LtIA for a3 34 versus a332 nAChRs
(Fig. 3 and Table 2).

Analysis of LtIA by CD and NMR spectroscopy suggested
that it has a helical propensity characteristic of most other
a-conotoxins, albeit less prominently than Ser-Xaa-Pro con-
taining a-conotoxins. It seems likely that LtIA is relatively flex-
ible in solution, a suggestion supported by the lack of classic
helical nuclear Overhauser effects in the NOESY spectrum.
Such flexibility is consistent with the absence of the conserved
Ser and Pro residues that likely have a structure-defining role in
other a-conotoxins. This suggestion is supported by the stabi-
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lization of the helical structure in
the central portion of the peptide
when the Ser and Pro residues are
introduced (LtIA(A4S/A6P)). The
helical propensity of LtIA suggests
that it might be able to adopt a
well defined helical conformation
on receptor binding. Modeling
assumed a helical conformation for
the peptides and predicted interac-
tion with nAChR B2 subunit resi-
dues GIn-34 and Lys-79. Mutation
of these receptor residues decreased
potency of LtIA consistent with the
model. Peptide analogs of LtIA were
also synthesized to introduce the
Pro and/or Ser residues found in
other a-conotoxins (Table 1). Inter-
estingly, the doubly substituted
LtIA(A4S/A6P) no longer showed a
drop in potency at the a332-Lys-79
mutant (Table 5). Thus, although
these findings do not prove LtIA
adopts a helical conformation when
bound, they are consistent with the
atypical a-conotoxin LtIA having a
distinct binding interaction at «332
nAChRs. Although conotoxins are
generally regarded as rather rigid
peptides, precedent exists for multi-
ple conformations for the globular
isomer of other conotoxins, as
exemplified for the 4/4 a-conotoxin
BulA (45). Without the conserved
Ser-Xaa-Pro motif, it appears that
the 4/7 conotoxin framework be-
comes more flexible, thus providing
new opportunities for tuning a-
conotoxin selectivity.

Molecular modeling of the a3[32
nAChR and docking simulation also
suggested that the binding site of LtIA partially overlaps with
that of other 4/7 a-CTXs (Fig. 84) consistent with experimen-
tal findings (Fig. 4). This novel binding mode may be driven by
several unique interactions that appear to explain LtIA-B2
specificity. The most prominent is the anchor interaction
between LtIA-Arg-5 and the 82 F-loop, which is believed to be
the key determinant for this shallow binding mode (Fig. 8C).
Sequence analysis shows no conservation in the F-loop, indicat-
ing that this interaction is exclusive to the 32 subunit. Another
obvious feature is an energetically favorable hydrophobic inter-
action between LtIA-Leu-15 and P2-Phe-119, which is
achieved by re-orientation of LtIA-Leu-15 side chain after
energy minimization. This finding is in agreement with our
site-directed mutagenesis data that show a 900-fold increase in
the IC,, value of LtIA when the hydrophobic interaction is dis-
rupted by B2-F119Q (Fig. 5). In contrast, Val-111 and Thr-59
are >4 and >5 A distant from LtIA, respectively, suggesting a
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weak or no interaction with LtIA, again consistent with our
mutagenesis data. In the case of MII, although it is located in a
close proximity to Phe-119, Val-111, and Thr-59, only Van der
Waals interactions are observed. Furthermore, Ala residues in
LtIA that replace the conserved Ser-Xaa-Pro motif allow the
accommodation of the a3-Asn-191 side chain and potentially
allow the formation of two new hydrogen bonds (Fig. 8C). The
distinctive binding modes of LtIA(A4S) and LtIA(A4S/A6P) to
«3B2 (Fig 10) and the functional studies (Fig. 9 and Table 5)
highlight the role of the Ser-Xaa-Pro motif in establishing the
binding mode of previously studied a-conotoxins. Intermolec-
ular complementarity between ligand and receptor are essential
for ligand binding. As hydrophobic interactions in the active
site of nAChR have been postulated as the dominant contribu-
tors to a-CTX binding (40, 46), we anticipate that the decrease
in hydrophobicity of LtIA due to Ala substitutions may be
another key factor for this novel binding mode. Other interac-
tions identified in our docking simulations, especially the inter-
actions distributed from the a3 C-loop, are believed to be
involved only in orienting LtIA to the correct position for bind-
ing. As most of the ligand-receptor interactions to LtIA appear
to arise from the B2 subunit, it is suggested that the ligand
selectivity of LtIA for the @332 nAChR is determined by the 52
subunit.

In summary, a-CTX LtIA is a novel a-conotoxin that
potently blocks a3B32 nAChRs. Structural analysis indicates
that the lack of Ser and Pro in the first loop results in a flexible
structure that still retains elements of helicity in the solution.
Although the bound LtIA structure remains undefined, the
profound effect on the block by Gln-34, Lys-79, and Phe-119
mutations in 32 reveals that LtIA binds in a mode that is dis-
tinctly different from previously characterized a-conotoxins.
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