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ABSTRACT. Neuronal nicotinic acetylcholine receptors (NAChRs) are pentamers composearad 3
subunits. Different molecular compositions of these subunits constitute various receptor subtypes that are
implicated in the pathophysiology and/or treatment of several disease states but are difficult to distinguish
pharmacologicallya-Conotoxins are a group of small, structurally defined peptides that may be used to
molecularly dissect the nAChR-binding site. Heteromeric NnAChRs generally contain eifizoiej4

subunit in addition to arm. subunit at the ligand-binding interfacer-Conotoxin BulA kinetically
distinguishes betwegs2- andfs4-containing nNAChRs, with long off times for the latter. Mutational studies
were used to assess the influence of residues that line the putative acetylcholine-binding pocket but differ
between32 andf4 subunits. Residues Thr/Lys59, Val/lle11l, and Phe/GIn119 of the respgetiard

B4 subunits are critical to off-rate differences. Among these residues, Thr59 of nAZhfay interfere

with effective access to the binding site, whereas Lys59 may facilitate this binding.

Nicotinic acetylcholine receptors (nAChRsgye involved both theoe andf subunit that together form a ligand-binding
in numerous physiological central nervous system (CNS) interface. There is considerable conservation of residues that
functions including learning and memory, reward, analgesia, form the ligand-binding sites of NnAChR subtypes, contribut-
and motor control. These nAChRs are present not only ing to the challenge of designing selective drugjs Further,
postsynaptically but also on presynaptic and preterminal sites,complicating matters is the fact that the nAChR fluctuates
where stimulation activates the synaptic release of neu-among different states, including (at least) resting, active,
rotransmitters including dopamine, norepinephrine, serotonin,and desensitized). A practical consequence of this is that
glutamate, andy-aminobutyric acid 1). The ability to binding selectivity may not translate into functional selectiv-
modulate the release of these key neurotransmitters has ledty. For instance, the antagonist A-186253 has 200 000-fold
to proposals that nicotinic drugs are potential novel thera- binding selectivity fora452 versuso7 nAChRs yet shows
peutics for the treatment of a broad array of maladies only 20-fold selectivity with respect to the functional block
including cognitive dysfunction, addiction, pain, and Par- of these receptor subtype$)( The rational design of
kinson’'s disease, as well as psychotic, mood, and anxietyfunctionally selective ligands must, therefore, take into
disorders (for a review, see rgj. account the allosteric nature of the nAChR function.

“NAChRs are pentamers made up wfand f subunits; Conotoxins are a large family of peptide ligands from
different combinations of these subunits constitute SUpreSCarnivorous mollusks of the genmnus Cocktails of these
of receptors that have discrete anatomical distributions. To peptides are used to envenomate fish and other prey.
date, all neuronal nAChRs that contain @B, a3, a4, or |dentified macromolecular targets include a broad array of
a6 subunit also contain and requirgsd or 4 subunit o |igand- and voltage-gated ion channels and G-protein-coupled
function. The presence of either §# and/or4 subunit  receptors?, 8). Because of their pharmacological specificity,
influences pharmacological properties of the NnAChR, such some of these peptides are being developed as medications
as agonist efficacy, desensitization kinetics, and?@arme- (9, 10). w-Conotoxin MVIIA (ziconotide) is a potent
ability (3). Competitive nicotinic ligands generally bind to  analgesic that blocks N-type calcium channels and is in
current clinical use {1). Contulakin-G (CGX-1160) is a
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(16). The crystal structure of tHeymnaeacetylcholine (ACh) A a3p2

binding protein bound to-conotoxin PnlA (A10L D14K), C . — Washout —

a blocker ofa.7 nNAChRs, was solved and indicates that this 1~ Py
( 1000M BulA [ ]( (

o-conotoxin binds with high affinity to a structure homolo-
gous to the resting state of the nAChR), Recently, a novel
peptide with unique selectivity features was identified from
Conus bullatus(18). In this paper, we have investigated
nNAChR 3 subunit residues present at the ligand-binding
interface that profoundly affect the kinetics of the block by
this ligand known asi-conotoxin BulA. Among these, Lys59 g |_
may allow for more effective access to the high-affinity 8
binding site.

Application

1 min

0 2 4
MATERIALS AND METHODS Time (min)

Chemical Synthesigi-Conotoxin BulA was synthesized B
on a Fmoc amide resin using Fmoc chemistry and standard . N Washout
side protection, except on cysteine residues. Cys residues : Y T
were protected in pairs witB-trityl on Cys1 and Cys3 (the ‘,2,‘}:}}23;‘3;‘ L Hmﬂmﬂﬂﬂ
first and third cysteine residues) aBéicetamidomethyl on
Cys2 and Cys4. The peptide was removed from the resin
and precipitated. A two-step oxidation protocol was used to
selectively fold the peptides as described previough).(

Mutagenesis of Receptorshe notation used for point
mutants is to list the naturally occurring residue, followed I_
by its position, followed by the change made. For example, smn g 10 20 30
B2T59G is apf2 subunit with the 59 position threonine Time (min)
replaced by a glycine. Point mutants were constructed using
the QuikChange site-directed mutagenesis kit (Stratagene).
The mutant receptors were in either the pPGEMHE vector FIGURE 1. a-Conotoxin BulA has slow washout kinetics fa834
(Liman, E. R., Tytgat, J., Hess, P. (199Rpuron 861 versusa3p2 nAChRs. Toxin (100 nM) was applied to oocytes

. expressingx352 nAChRs (A) anda384 nAChRs (B). After a 5
871.) or the pSP65 vector (Promega). All (PCR) mutations min incubation, toxin was washed out and responses spulse

were confirmgd by sequencing. o of ACh were measured every 1 min. C, control response to ACh
Electrophysiology Oocytes were harvested and injected prior to the addition of the toxin.

with cRNA encoding nAChR subunits as described previ- o _

ously (19). All clones were from rat. For off-rate kinetics, a For determination of the toxin on-rate and when longer
30uL cylindrical oocyte recording chamber fabricated from than 5 min of toxin application was needed to reach the
Sylgard was gravity-perfused with ND96A (96.0 mM NaCl, maximum block, toxin was applied t_)y continuous perfusion
2.0 MM KCl, 1.8 mM CaG}, 1.0 mM MgCb, 1 M atropine, to the oocytes as previously Qescrlbai)( When the on-

and 5 mM HEPES at pH 7-17.5) at a rate of-2 mL/min. rate was rapid, ACh was applied every 1 min, but 15 stime
All toxin solutions also contained 0.1 mg/mL bovine serum intervals were determined by staggering the start time of
albumin to reduce nonspecific adsorption of the peptide. these 1 min intervalsin 15 s increments and then combining
ACh-gated currents were obtained with a two-electrode the data. The average peak amplitude of three control
voltage-clamp amplifier (model OC-725B, Warner Instru- "€SPONSes just prepedmg exposure to toxin was useq to
ment, Hamden, CT), and data were captured as pre\,ious|ynormal|ze the amplitude of each test response to (_)btaln a
described 20). The membrane potential of the oocytes was  Percent response” or “percent block”. Each data point of a
clamped at-70 mV. To apply a pulse of ACh to the oocyte, dose-response curve represents the average valsiandard

the perfusion fluid was switched to one containing ACh for €ITor (SE) of measurements from at least three oocytes.

1 s. This was automatically done at intervals of 1 min. The regyLTS

ACh was diluted in ND96A. For control responses, the ACh

pulse was preceded by perfusion with ND96A. The concen-  a-Conotoxin BulA blocks both32*? and 4* nAChRs.
tration of ACh was 10QM. Toxin was bath-applied for 5 However, the off-rate fronuxs4* nAChRs is much slower
min, followed by a pulse of ACh. The volume of entering than that of ax$2 nAChRs (8). An example of this
ACh is such that the toxin concentration remains at a level difference for rata352 versusa3s4 nAChRs is shown in
>50% of that originally in the bath until the ACh response Figure 1.

has peaked<2 s). Thereafter, toxin was washed away, and  Data from X-ray crystallography, receptor labeling, mu-
subsequent ACh pulses were given every 1 min, unlesstagenesis, and receptor modeling based on the molluscan
otherwise indicated. All ACh pulses contain no toxin, ACh-binding protein indicate that the ACh-binding pocket
because it was assumed that little if any bound toxin washedis constituted by a hydrophobic cage of conserved aromatic
away in the brief time (in less tha2 s that it takes for the ~ residues from both the andf subunits in proximity to the
responses to peak). In our recording chamber, the bolus oftwo disulfide-linked vicinal cysteines in loop C of the

ACh does not project directly at the oocyte but rather enters
tangentially, swirls, and mixes with the bath solution. 2 The asterisk indicates the presence of additional subunits.

a3p4

;[_O

100 nA




11202 Biochemistry, Vol. 45, No. 37, 2006

Shiembob et al.

A 1007 B 1004 o o
o a3p2
© 75 o 75 ©
7] [}
< f=
8 8 o a3p2
g 50- @ 50
X ° R
25+ 25+
0 T T T T T 1 O T T T T T ]
0 1 2 3 4 5 8 0 1 2 3 4 5 6
Time (min) Time (min)
C 100- D 100-
s 4 % 2
A o3p2, V1114
© 75+ © 75
7] 0
= <
S 4 | o a3p2, F119Q
®?  50- 50
o o a a3p2, VI11i
ES R
25+ 25|
O T T T T 1 O T T T
0 1 2 3 4 5 0 5 10 15
Time (min) Time (min)
E 100+
=)
©  75-
[72]
=
o
@
8 50-
2 o a3p2, F119Q
25
0 T T T
0 5 10 15
Time (min)

Ficure 2: Kinetics of the block ofx-conotoxin BulA ona332 anda3 with point mutations if2. Note thaf32 Valllllle speeds recovery,
whereas Phe119GIn slows recovery from the bloclabgonotoxin BulA. (A) a-Conotoxin BulA (5 nM) applied tax352. (B) Washout
of a-conotoxin BulA froma352. (C) a-Conotoxin BulA (6 nM) applied tax352Valllllle. (D) Washout ofx-conotoxin BulA from
a362Valllllle anda352Phel19GIn. (Ep-Conotoxin BulA (500 pM) applied t@352Phel119GIn. Toxin was applied by perfusion to
oocytes expressing the indicated nAChRs as described in the Materials and Methods. Respotisepulse of ACh was measured.

Results are summarized in Table 1.

Table 1: a-Conotoxin BulA Kinetic Constants for the Block of3562 nAChR$

Kon (M~ M) Kott (Min~1) ki (M) ICs0 (M)

03B2 1.12 (0.19-2.05) x 108 0.656 (0.483-0.829) 5.85x 1079 5.72x 10°%

3B 4.68 (3.06-6.30) x 10P 0.0111 2.38< 108 2.77x 108

o3p2,V111l 5.21 (6-18.2) x 107 2.614 (1.58-3.64) 4.91x 10°8 8.98 (7.6-10.6)x 107
0362,F119Q 1.05 (0.8641.24) x 108 0.0936 (0.08130.106) 8.91x 10710 7.35(5.92-9.13) x 10710
0352,T59D 6.72 (2.1911.3)x 10 0.0448 (0.02740.0622) 6.65¢ 10710 5.66 (5.00-6.40) x 10-10
0362,T59G 1.17 (0.262.08) x 108 0.0581 (0.0489-0.0660) 5.01x 10710 3.62 (2.15-6.08) x 1010
03B2,T59K 6.03 (5.346.72) x 107 0.0178 (0.01640.0192) 2.95¢ 10710 2.43 (1.86-3.19) x 10710
0362,T59S 2.83 (1.743.94) x 10/ 0.0878 (0.06360.112) 3.11x 10710 4.93 (4.36-5.68) x 10710
0362, T59V 1.61 (1.082.14)x 10 0.301 (0.259-0.343) 1.87x 1079 1.08 (0.993-1.18) x 10°°

a2 Numbers in parentheses are 95% confidence intervals (C¥glues are from refl8.

subunit @, 5). The conservation of these residues among appear to line the binding pocket and could allow for ligand
NAChR subtypes restricts the ability of ligands to discrimi- subtype specificity 17, 22). Three residues i§2, Vallll,
nate among these subtypes. However, nonconserved residueBhel19, and Leul21, form a hydrophobic partial rim around
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the binding pocket. Vallll is replace by lle @4, and
Phell9 is replaced by GIn ii4. We therefore tested

these residues to assess their role in the kinetics of the block

by a-conotoxin BulA. Substitution of Val with lle 42
Valllllle) led to an increase iy (Figure 2 and Table 1).
Because of the fast kinetics, measurikgs and ko was

difficult. To ensure that we had obtained reliable measure-
ments, we used a second method to determine kinetic

constantskq,s Was plotted versus the toxin concentration
according to the equatioky,s = kon(F) + koit, WhereF is
the free toxin concentration, the slope ks, and they
intercept iske. Using this method, we found,, to be
5.995x 10" min~t M1 andk to be 2.446 min! (data not
shown), giving ak; of 4.08 x 108 M in good agreement

with values determined by the methods shown in Figure 2

and detailed in Table 1. Thig value is 4.5-fold higher than
the 1Gyo, which may represent the error associated with
calculatingko, when ko, is approximately equal t@qy. In
contrast to the results with Valllllle, substitution of the
hydrophilic GIn for Phe 2 Phel19GIn) led to a 7-fold
decrease irko, partially explaining the longer off time of
o-conotoxin BulA fora352 versusa334 nAChRs. Thekg,
for 52 Phel119GIn was not significantly different than wild-
type 2. Results for both mutations are shown in Table 1
and Figure 2.

B2 Thr59 is located at the opposite edge of the binding

pocket rim. This residue is replaced by a positively charged

Lys in B4. Kinetics of the unblock for this mutation were
difficult to quantitate because of the very long on and off
times (Figure 3) combined with limitations of oocyte

recording duration and a tendency for the ACh response to
drift over time. Kinetics were therefore also assessed by

determining thekqps at four different toxin concentrations

(Figure 3C). In this instance, accuracy is hindered by the

uncertainty of they intercept where the error includes the
ordinate. Despite these technical limitations, ealues

calculated by the two methods are in reasonable agreement,

2.95 x 10%0 versus 3.81x 1071° M, respectively. The
mutation32 Thr59Lys had a large effect upon decreasing
the kor Of ai-conotoxin BulA (36.9-fold) compared to a less
than 2-fold decrease ikyn.

o-Conotoxin MIl is a peptide with am 4/7 structure
whose nAChR selectivity profile is functionally distinct from
that of a-conotoxin BulA @3). It was previously reported
that the mutationf2Thr59Lys decreased the affinity of
a-conotoxin MIl. We therefore examined what effects the
Thr59Lys mutation had on the kinetics of bindingcono-
toxin MII. In contrast toa-conotoxin BulA, the Thr59Lys
affectedk,, but had no effect ol (Figure 4 and Table 2).

Because the mutatigf2 Thr59Lys had the most profound
effect ona-conotoxin BulA off-rates, we further investigated
the role of position 59 in leading to the substantial difference
in kot for a-conotoxin BulA, by creating additional position
59 point mutations in thgg2 subunit. The concentration
response analysis of-conotoxin BulA on the various point
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Ficure 3: Kinetics of the block ofca-conotoxin BulA on
a362Thr59Lys. (A)a-Conotoxin BulA (2 nM) perfusion applied

to a362Thr59Lys. The response to ACh was measured every 1
min. (B) Washout ofx-conotoxin BulA. (C) Plot of the observed
on-rate versus the toxin concentration. Toxin (500 pM, 1 nM, 2
nM, and 5 nM) was applied by perfusion to oocytes expressing
a382Thr59Lys as described in the Materials and Methods. Re-
sponsed a 1 spulse of ACh was measured. Kinetics constants
were calculated according to the equatigR = kon(F) + Kotr, Where

F is the free toxin concentration and tiientercept= ko Using

this equationk,, = 5.364 0.67 x 107 min~! M~ andk. = 0.0204

+ 0.018 mir?.

Asp, also led to a large decrease (14.6-foldyxioonotoxin
BulA ko as well as an 11.4-fold decrease kn Thus,
nonconservative substitution of Thr by Lys, Gly, or Asp leads
to an increase in affinity in each instance. These results

mutants in shown in Figure 5 and Table 3, and data on toxin suggest that the primary effect of Thr59 in {2 subunit is
kinetics are shown in Figure 6 and Table 3. Thr has an to interfere witho-conotoxin BulA binding. Such a result

aliphatic hydroxyl side chain. Nonconservative substitution
of Thr59 by Gly, which has only a hydrogen atom side chain,
surprisingly also led to a large decrease in ¢hieonotoxin
BUlA ky (11.3-fold) and a 15.1-fold decreasekinSimilarly,
substitution ofs2 Thr59 with a negatively charged residue,

might be explained by steric hindrance by Thr but not Lys,
Gly, or Asp. Thr is the only residue in this set that has a
side chain that is branched at tfiecarbon. We reasoned
that this branching could be a source of steric hindrance to
toxin binding and, if so, that replacement of Thr with Val
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Ficure 4: Kinetics of the block ofa-conotoxin MIl on a362Thr59Lys. Note that the Thr59Lys mutation affedts but not k.

(A) a-Conotoxin MII (10 nM) applied ton332. (B) Washout ofa-conotoxin MIl from o332 nAChRs. (C)a-Conotoxin MIl (10 nM)
applied toa332Thr59Lys. (D) Washout ofx-conotoxin MIl from a332Thr59Lys. Toxin was applied by perfusion to oocytes ex-
pressingn332Thr59Lys as described in the Materials and Meth&dssponsea a 1 spulse of ACh was measured. Results are summarized

in Table 2.

Table 2: a-Conotoxin MII Kinetic Constants for the Block @f352
NAChR$

Kon (MiN~1M~1) Kotr (Min~—1) ki (M)
4.61 (3.778—5.42) 0.106 (0.0565-0.156) 2.32x 10°°
x 10

o3p2

a3p62,T59K  1.80 (1.7362.32) 0.102 (0.08470.119) 5.65x 10°°
x 10

@ Numbers in parentheses are Cls.

(an aliphatic hydrophobic residue, branched atilvarbon)

Two hydrophobic residues that line ti2-subunit-binding
cleft were initially examined. Phel19 if2 is GIn in 34,
and Vallll in52 is lle in34. The effects of these two residue
changes are opposite. When Phell®»fis replaced by
GIn, there is a decrease irconotoxin BulAkyg, leading to
a 6.6-fold increase in toxin affinity. Whep2 V111 is
replaced by lle, there is both an increaséjpnas well as a
decrease irky, leading to an 8.3-fold decrease in toxin
affinity. The largest change occurs whei2 Thr59 is
substituted with Lys that is in the homologous position of

would, like Thr, also hinder binding. Indeed, this is the case; #4. There is a 37-fold decrease kg partially offset by a

substitution of2 Thr59 by Val caused only a relatively
modest change (2.18-fold decreaselgncompared to Thr.

1.9-fold decrease ik,n, producing a 19.8-fold increase in
affinity.

In contrast, Ser normally acts as a conservative substitution Thr59 has been documented as a positive determinant of

for Thr. Both Ser and Thr have polarOH groups in their

high-affinity binding for certain competitive antagonists of

side chain and differ by only a single methyl group. However, nAChRs. Changing2Thr59 to Lys as it occurs if4 caused

unlike Thr, Ser is not branched at tfiecarbon. The results

a 9-fold decreasein sensitivity to dihydros-erythroidine

indicate that the replacement of Thr with Ser leads to a larger and a 71-folddecreaseén sensitivity tox-bungarotoxin 24)

change (7.46-fold decrease)k. It will be of future interest

(see Table 3). This change in the nAChR also led to a

to compare receptor position 59 Leu versus lle to further small (2-4-fold) decreasein sensitivity of the block by

examine the effects of branching at thecarbon.

DISCUSSION

the 4/7 a-conotoxin MII (ref 25 and this paper). In the
present work, we show that this decrease deconotoxin
MIl is due to a decrease in the bindiran-rate of MIl.

In this study, we have investigated the kinetics of the Significantly, the situation for BulA is opposite. That is, a

functional block of NnAChRs byx-conotoxin BulA. These
kinetics are dependent upon tienAChR subunit; theg4

change from Thr59 to Lys59 leads to a 20-faldreasein
sensitivity to the toxin block, because of a substantial

subunit but not the32 subunit is associated with a slow decreasan Ko.

recovery from the toxin block. Residues 59 and 119 of the

Thus, the decrease kg of o-conotoxin BulA fora354

rat3 subunit are shown to be key determinants of this aspectcompared tax332 nAChRs can be largely explained by the

of toxin action.

decrease irk, seen in thes2 Thr59Lys and Phell19Gin
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FiGurRe 6: Recovery from the block by-conotoxin BulA ofa352
nAChRs with point mutations in position 59 . Response to a

was applied by perfusion to oocytes expressing nAChRs as 1 s pulse of ACh was measured every 1 min after toxin washout.

described in the Materials and MethodResults are summarized
in Table 1. The dashed line shows the wild-typ®32 data from
ref 18.

Table 3: Effect ofp2 Thr59Lys$
o352 a3p2 T59K

a362 o342 T59K

ICso ICso ff Koff
toxin (nM) (nM) ratic® (min~}) (min™Y) ratic®
DHBE 410 3800 9.27
k-BTx 1. 12¢¢ 70.6
a-CTx Ml 3.5¢ 148 4.00 0.106 0.102 1.039
o-CTxBUulA  5.72 0.243 0.0425 0.656 0.0178 .0271

aDHpE, dihydrog-erythroidine; «-BTX, k-bungarotoxin;a-CTx,
a-conotoxin.? (a382 T59K 1Cso)/(0382 1Cs0). € (382 T59K Koft)/
(0382 T59K kor). 4 Data are from reB2. ¢ Data are from ref5.

mutations, partially offset by the increasekijz observed in
the Valllllle mutation. However, given that residue differ-
ences can cause either increases or decreasesdndbieo-
toxin ko, the present data do not exclude the contribution
of other subunit residues to the longconotoxin off times
observed fop4-containing nAChRs. The slow recovery from
the a-conotoxin BulA block has been demonstratedd8f4
versusn342 nAChR subtypes in different species, including
rat, mouse, and humag). Position 59 and 111 differences
betweens2 andp4 subunits are conserved among rat, mouse,
and human. In position 119, tH#2 residues are conserved,
whereas$4 is Gin in rat and mouse but is Leu in human
(Figure 7).

Cryoelectron microscopy images of tlierpedonAChR
have led to near atomic-scale resolution of this muscle
NAChR @6, 27), and the molluscan ACh-binding pro-
tein has provided a valuable crystal structure for homol-
ogy modeling of neuronal NAChR£&). Modeling of the

Results are summarized in Table 1.

o382 nAChR based on this structure9) shows 2
Thr59 at the edge of a cleft believed to be the ACh-binding
pocket (Figure 8). The present results are consistent with
o-conotoxin BulA acting as an antagonist by preventing
the access of ACh to this binding pocket. The results fur-
ther suggest that Lys59 (present in the homologous posi-
tion of the 84 subunit) may allow for better access of the
toxin to the binding cavity. Such increased access may lead
to a more favorable interaction with receptor residues.
Although a more favorable interaction could come by either
increasedk,, and/or decreasekls, in the case oftx-cono-
toxin BulA binding, the improvement comes almost en-
tirely from the latter. Thus, residue 59 appears to be situated
at a critical location on th¢g portion of theo/f NAChR
subunit interface. Previously studied toxins, including alka-
loids (dihydrog-erythroidine from the seeds of the trees
and shrubs of the genugrythrina), proteins g-bungaro-
toxin from the Tawainese banded kral8ungarus multi-
cinctug and peptideso-conotoxin MIl from the marine
snail Conug, may bind to52 Thr59, and the replacement
of Thr59 with Lys decreases the affinity for these ligands.
In contrast, the replacement of Thr59 with residues with
widely varying physicochemical properties in each in-
stance leads to an increase in the affinity feconotoxin
BulA.

Theo-conotoxins are two disulfide loop peptides that may
be structurally grouped according to loop si26)( Docking
simulations of the 4/7 family ofi-conotoxins (4 residues in
loop 1 and 7 residues in loop 2) suggest that these toxins
bind at a cleft located at one entrance to the ACh-binding
site and above th&9/510 hairpin @2, 31). The recent crystal
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Ficure 7: Alignment of the N-terminal extracellular domains (preceding transmembrang® afdf4 nAChR subunits. Residue positions
(59, 111, and 119) tested in this study are indicated with dots. Bars indicate the agonist-binding domain loops D, E, and F. The locations

of the loops are taken from ré&

-
.

Ficure 8: a3$2 nAChR-binding site. The ACh-binding site at aB8/32 interface is shown within a model of thg3extracellular domain.
Proposed3 subunit agonist-binding residue33} are shown in white space filling. Residues affectirgonotoxin BulA binding kinetic

differences betweefi2 andp4 subunits are shown in color space filling.

homologous position i@, v, ande subunits as well as the

structure of a 4/&i-conotoxin analogue bound to thgmnae

ACh-binding protein is consistent with this binding mode (—) face of theo.7 subunit. Thus, Thr59, Vallll, and Phel19

(17). Residues Thr59, Vallll, Phell9, and Leul21 line this but not Leul2l represent potential residues that may be

cleft (Figure 8). Only residue, Leul21, is conserved between exploited to achieve discrimination betweg- and 34-

the 52 andf4 nAChR subunits; Leul21 is also found in a containing nAChRs.
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