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ABSTRACT: Theo-conotoxins Ml and Gl display stronger affinities for thg agonist site on th&orpedo
californica electrocyte nicotinic acetylcholine receptor (ACHR) than for th& agonist site, while
o-conotoxin S| binds with the same affinity to both sites. Prior studies reported that the arginine at position
9 on Gl and the tyrosine at position 111 on the receptsubunit were responsible for the stronger
affinities of Gl and MI, respectively. This study was undertaken to determine dtb@notoxin midchain
cationic residues interact withorpedoyY111. The findings show that lysine 10 on Ml is responsible for
the ay selectivity of Ml and confirm the previously reported importance of R9 on GI and on the SI
analogue, SIP9R. The results also show théll1l contributes substantially to the selectivg high
affinity of all three peptides. Double-mutant cycle analyses reveal that, imttgite, K10 on Ml and R9

on SIPI9R interact with the aromatic ringp¥111 to stabilize the high-affinity complex, while in contrast,

R9 on GI does not. The substitution of Y for R at position 113 ondtseibunit converts thed site into

a high-affinity site for MI, GI, and SIP9R through the interactingddf113 with K10 on MI and with R9

on both Gl and SIP9R. The overall data show that the residues in the two sites with which Ml interacts,
other than ay111/6113, are either the same or similar enough to exert equivalent effects on Ml, indicating
that MI binds in the same orientation at thg andad sites. Similar findings show that SIP9R probably
also binds in the same orientation at the wild-typeandad sites. The finding that R9 on Gl interacts
closely withdR113Y but not withyY111 means that Gl binds in different orientations atéheandad

sites. This report also discusses the molecular basis of the difference in the MI high-affinity sites on
Torpedoand embryonic mouse muscle ACHRs.

The nicotinic acetylcholine receptor (ACHRyom Tor- of the three muscle-type ACHR-specificconotoxins used
pedo californicaelectric organ is a pentameric transmem- in this study are shown below
brane protein, which has a subunit stoichiometryogfyo
and forms an agonist-gated cation channel through the Ml G—R—C-C—-H—-P-A—-C-G—K—-N-Y—-5-C
membraneX). Like all muscle-type ACHRSs, eachorpedo
receptor molecule has two nonidentical agonist-binding sites, Gl E-C-C-N-P-A-C-G-R-H-Y-5-C
which are located in the extracellular domain at theand
ao subunit interfacesl( 2). Thea subunits contribute three SI 1=C=C-N-P-A-C-G-P-K-Y-5-C
segments or “loops”, which are centered neai93 (loop
A), acW149 (loop B), andxY190—-Y198 (loop C), while the
y and 0 subunits contribute four segments, which are
centered neayK34/0S36 (loop D),yW55/6W57 (loop E),
yY111/6R113 (loop F), andyD1746D180 (loop G) B).
Differences in the homologous nersubunit loops give the

These a-conotoxins all have two disulfide cross links,
between the first and third cysteines and between the second
and fourth cysteines, and amidated C terminals. Their
published three-dimensional structures reveal that all three
peptides have very similar backbone structures, despite the
) i e . : presence of proline at position 9 in SI, and fold into concave
oy andao sites different affinities for various agonists and triangles or tripods with the three vertexes formed by the

co_rlphpetmve a?ta_gomsts. hort tides found i i N-terminal/C-terminal junction, the proline at position 6 or
e a-conotoxins are short peptides found in cone snail 5,4 the K10, R9, or P9 residug 7).

venoms, which act as competitive antagonists of either

muscle- or neuronal-type ACHR&)( The primary structures o-Conotoxins MI and Gl display higher affinity for the

oy site on detergent-solubilizébrpedoACHR than for the

o site, whilea-conotoxin Sl is nonselective toward the two
T This work was supported by Grants NIH-MBRS-S0O6-GM50695 Lo .

and NIH-NCRR/SNRP-U54-NS39408. Torpedc_)sn_es 8 9). The molecular.ba&s_ for thmqrpedp
* To whom correspondence should be addressed: Department ofSelectivity is still uncertain. The midchain cationic residue

Biochemistry, Universidad Central del Caribe, Box 60-327, Bayamo  on GI, R at position 9, was largely responsible for the
PR 00960. Fax 787-786-6285. E-mail: hannbio@coqui.net. selectivity seen with GIX0, 11). It was suggested but never
Abbreviations: ACHR, nicotinic acetylcholine receptor; Bgt, . . . . .
a-bungarotoxin; +Bgt, 24(Tyr 54)—o-bungarotoxin; TC, tubocurarine- ~ confirmed that the homologous midchain cationic residue
d. on Ml, K at position 10, might also be the main determinant
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of theay selectivity of MI toward theTorpedoACHR (11).
On the receptor side, the Y at position 111 on loop F of the
Torpedoy subunit, as opposed to an R at the homologous
position 113 on the) subunit, was shown to be the main
receptor determinant of the selective affinity of MI toward
the iy site onXenopusoocyte-expressedorpedoACHR
(12). It was hypothesized that the midchain cationic residues
on Gl and Ml interact at close range wilforpedoyY111
to produce the high-affinityyy binding (11, 12). The main
purpose of this study was to address that hypothesis.

In this study, apparent affinity constants {€) of MI,
Gl, and Sl and of their analogues, MIK10A, GIR9A, SIP9A,
and SIP9R, for the two agonist sites on cell-expressed wild-
type andyY111R,yY111A, andoR113Y mutantTorpedo
ACHRs were determined. Thermodynamic double-mutant-
cycle analysis was employed to see if pairs of the major
selectivity-determinant residues interact. This is the first
report to characterize-conotoxin binding to wild-type and
mutant Torpedo californicaelectrocyte ACHR transiently
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a previously published procedurEs. Cells were maintained

in Dulbecco’s modified Eagle medium containing 10% calf
serum, 200 units/mL penicillin, and 20@/mL streptomycin.
Within 20—24 h after a 1:5 trypsin split, cells were
transfected withTorpedoACHR subunit cDNAs in a ratio

of 2:1:2.5:7.5 {Uply/9), using calcium phosphate precipita-
tion. This same ratio was used for both wild-type and mutant
subunits. Transfected cells were maintaineddftr at 37°C

and 5% CQ and then washed twice with sterile 10 mM
sodium phosphate buffer containing 137 mM NaCl and 3
mM KCI (CPBS) at pH 7.4 before adding fresh medium.
Cells were incubated overnight at 3 and 5% CQ
followed by incubation at 20C and 5% CQfor 4—6 days.
Cells were returned to 37C and 5% CQ for 3 h
immediately before harvesting. The transient expression of
Torpedo ACHR on tsA201 cells was low-temperature-
dependent as previously described with these c&Bsdnd
with TorpedoACHR stably expressed in mouse fibroblasts
(14). Maximum expression was seen following @ days at

expressed on the cell surface of a human cell line. Such20 °C, while no detectable expression was seen on cells

studies will help to clarify the molecular structure of the
Torpedo ACHR, which has historically been a valuable
model for understanding all other ligand-gated ion channels.

EXPERIMENTAL PROCEDURES

Materials. Plasmids containing individual wild-typeor-
pedo californicaACHR subunit cDNAs and an ampicillin-

maintained at 37C. Returning cells to 37C/5% CQ for 3

h prior to harvest increased expression by about 30%.
Cell-Surface-Binding Experiment&n | —Bgt equilibrium

binding assay was used to determine maximum cell-surface

expression of ACHR and to measure ACHR saturation.

Briefly, cells were aspirated from plates following addition

of CPBS containing 0.5 mM EDTA at pH 7.4 (CPBS-

resistance gene in the pRBG4 expression vector were kindlyEDTA), and a cell suspension was prepared by pelleting and

provided by Dr. William Green, University of Chicago.
Bacterial and cell culture media materials, antibiotics,
tubocurarined (TC), and unlabeleax-bungarotoxin (Bgt)
were from Sigma (St. Louis, MO). Other reagents were from
Fisher (Cayey, PR). Syntheticconotoxins MI, Gl, and Sl
were purchased from either Sigma or Bachem (King of
Prussia, PA).a-Conotoxin analogues were synthesized at
the Tufts University Core Facility (Boston, MA) using

resuspending cells 3 times in the same buffer. After prein-
cubation for 1 h, cells in CPBS-EDTA were incubated for
120 min in the presence of 5 nM-Bgt. Kinetics studies
(not shown) estimated that, in the absence of inhibitors, the
time to 97% equilibrium in this system was approximately
90 min, so that the system is at equilibrium following this
time period of incubation. Cells were then pelleted by
centrifugation and washed twice with CPBS-EDTA. Specific

standard peptide synthesis methods. Peptides were allowed—Bgt binding was calculated by subtracting, from total

to air oxidize by stirring in phosphate-buffered saline
containing 0.5 mM ethylenediaminetetraacetic acid (PBS-
EDTA) buffer at pH 8.5 for 8 h, and then the buffer pH was
readjusted to 7.5. All peptides were purifiedt85% purity

on HPLC. 9(Tyr 54)-o-bungarotoxin (+Bgt) was pur-
chased from PerkinElmer/New England Nuclear (Boston,
MA).

Torpedo ACHR Subunit cDNA Plasmid Preparation.
Plasmids were purified from transformed bacteria using a
column method from QIAGEN (Valencia, CA), and the
purity was confirmed by agarose gel electrophoresis. @H5
E. coli (Invitrogen, Carlsbad, CA) were transformed with
individual wild-typeTorpedoACHR subunit plasmids. XL-1
Blue E. coli (Stratagene, La Jolla, CA) were transformed
with individual mutantTorpedoACHR subunit plasmids.
Site-directed mutagenesis of wild-typBorpedo subunit
cDNA was carried out using the appropriate mutagenic
oligonucleotide primers and the Quik-Change Kit from
Stratagene, and individual colonies selected for ampicillin
resistance were grown up. Purified wild-type and mutant
plasmids were sequenced at the Tufts University Core
Facility to confirm each mutation.

Cell Transfection and Expressioftansfection of tsA201
cells (a human cell line kindly provided by Dr. William
Green, University of Chicago) was carried out by modifying

binding, the nonspecific binding measured under the same
conditions but in the presence of 500 nM unlabeled Bgt. In
saturation-curve experiments, the totaBgt concentration
was varied and unbound-Bgt concentration was measured
directly in the supernatant from the first centrifugation. Total
protein in the cell suspensions was determined using the
Bradford method 15), with bovine serum albumin as the
standard, and ranged from 4 to 10 mg/mL. Competitive
inhibitor concentration curves were constructed by measuring
specific binding of +Bgt with this same assay under near
equilibrium conditions in the absence or presence of varying
concentrations of inhibitor. It was estimated that, in the
presence of inhibitors, the half-time to equilibrium in this
system was 58 min, so that following 120 min of incubation
the system is at about 76% of equilibrium.

Data Analysis|—Bgt saturation binding data were fit to
the following equation for binding of a radioligand to two
equimolar, independent sites with apparent dissociation
constants oK, andKy'":

B/B, = 1/(1+ [(K,/L)/(1 + K,'IK,)+ LIK,))]) (1)
whereB is the concentration of specifically boundBgt at
unbound +Bgt concentratio. andB; is the total concentra-
tion of available sites. Competition binding data with a single
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inhibitor were fit to the following equation for mutually
exclusive displacement from two independent sites:
y=[F/Q+UK)]+[1Q-F/A+IK)] (2A)
wherey is specifically bound+Bgt at inhibitor concentration
I normalized to the control (no inhibitor or very low
inhibitor), F and 1— F are the fractional amounts of each
site present, anl; andK; are the apparent affinity constants
(ICses) for the inhibitor at each site under the given
experimental conditions.

Competition binding data with TC in the presence of a
second inhibitor were fit to the following equation for
mutually exclusive displacement from two equimolar inde-
pendent sites by two competitive inhibitors | andlI)(

y = [0.5/(1+ /Ky, + IK)] + [0.5/(1+ /Ky + IK,)]
(2B)

This equation was used to identify peptide site selectivity
when observed. Inhibition of specifie-Bgt binding by TC
in the absence or presence of peptide at itg ¢Gncentration

Vélez-Carrasco et al.

difference in free energy of binding for the two single
mutants and the double mutant as

AAGyy = AGyw — AGyw:
AAG = AGyy — AGy,, and
AAGyy = AGyy — AGyw
and the interaction or “coupling” free energyAGnt (16)
as

®)

If the given pair of residues does not interasAGyt = 0;

the individual mutant effects on the free energy of binding
display additivity because their sum is equal to the effect of
the double mUtantﬁ(AGMM = AAGuyw + AAewm) If the

pair of residues interact, the sum of the individual mutant
effects on the free energy of binding exceeds the effect of
the double mutant andAAGr deviates from 0. The
interaction may be either direct, through close contact, or
indirect, through a structural perturbation or bridging through
an intervening residud 6, 17). In a protein-protein binding

AAGy; = AAGyy, — (AAGyy, + AAGy,,)

was normalized to the blndlng in the absence of TC or other system, which does not include a functional measurement,

inhibitors. Control data were fit to eq 2A, and the parameters,

such as that studied here, larger coupling energies (i.e.,

along with peptide parameters determined in separate experi—1 0-1.5 kcal/mol) are generally due to direct contaid, (
ments, were used to fit the binding data in the presence of 18). For this study, a\AGyr deviation from O to at least

peptide to eq 2B. The TC high-affinityf) site was made
to coincide either with the peptide high-affinity site or with
the peptide low-affinity site, and the best fit was identified.

The free energy change of binding®) was calculated
from the apparent affinity constanK)

AG = +1.36 logK 3)

All curve fitting was performed using PSPlot version
6.51 software (Poly Software Int., Pearl River, NY) employ-
ing the MarquardtLevenburg method. Each inhibitor curve
involving a receptor mutation gave two affinity constants:

1.36 kcal/mol was established as evidence of interaction
based on error analysis of the determination of this parameter
as well as on the experience of othet8)( This criterion
was verified by calculating the average\Gyr correspond-

ing to the unmutated site for all 18 mutant cycles in this
study, which should theoretically equal 0. This gave a value
of —0.22+ 0.45 kcal/mol (meant SD), which represents

a 95% confidence limit of approximately 1.1 kcal/mol.
Therefore, a minimal|AAGnt| of 1.36 kcal/mol is a
reasonably conservative criterion for close interaction.
Atomic distances in the snail acetylcholine-binding protein

one for the mutated site and one for the unmutated site. From(19) and in a-conotoxin Ml () were determined from

the experimentally determinetiG, the averagAG at the
unmutated sites was calculated to $6.11 + 0.36 kcal/
mol [mean+ standard deviation (SD)]. This corresponds to
a maximum 95% confidence limit of about 0.83 kcal/mol or
an affinity constant ratio of approximately 4. Therefore, only

original structures deposited in the Protein Data Bank using
the BioMedCache 6.0 program (Fujitsu, Beaverton, OR).

RESULTS
Characterization of tsA201 Cell-Expressed Wild-Type and

affinity constant changes larger than 4-fold were regarded Mutant Torpedo ACHRS.he radioligand, +Bgt, binds with

as significant. This criterion was confirmed by statistical
analysis of log-transformed data using a regular ANOVA

equal affinities at the two agonist sites located at ¢he
and a0 subunit interfaces on nativ&orpedo californica

method. Groups were compared using the nonparametricACHR (1, 3). Because this is the first report of site-specific

ANOVA Kruskal—Wallis test statistic. If significant differ-
ences | < 0.05) were found, the Dunn’s post-test was used
to identify individual group differences. Statistical analyses

inhibitor studies on tsA201 cell-surface-expres3edpedo
ACHR using competition with+Bgt, it was necessary to
confirm that the stoichiometry and the site nonselectivity of

were performed with GraphPad Prism version 3.0 (GraphPadl—Bgt binding to cell-expressed wild-type and mutant ACHR

Software Inc., San Diego, CA).

are the same as with the native receptor. Specific binding of

Thermodynamic double-mutant-cycle analysis was used |—Bgt to wild-type ACHR was saturable above 10 nM (data

to identify pairwise interactions between conotoxin peptide

not shown). Fitting the saturation data to eq 1 gave a single

residues and ACHR subunit residues. To generate a doubleapparent dissociation constant of #20.1 nM (mean+
mutant cycle for each pair of residues, the affinity constants SD, n = 3), which is consistent with either a single binding

and AG values for the four possible combinations of wild-
type (W) and mutant (M) receptor and peptid®@Gyw,
AGuw, AGwwm, andAGwuwm), where the first subscript letter

site or two or more sites having similar affinities. In contrast
to Bgt, TC binds with stronger affinity to th€orpedoay
site than to thexwo site ). Here, TC completely displaced

indicates the receptor and the second subscript letter indicate$—Bgt from cell-expressed wild-type ACHR (see Figures 1C
the peptide, were determined under the same experimentabind 2C(i), control curve data). Fitting the TC data to eq 2A
conditions. These parameters were used to calculate thegave two distinct affinity constants, which were present in
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Ficure 1: Inhibition of I-Bgt binding to tsA201 cell-expressed
wild-type and mutanforpedo californiceACHR by a-conotoxin

MI (A) and its analogue, MIK10A (B). Cell suspensions were
preincubated fol h in theabsence or presence of peptide, then
incubated fo 2 h in thepresence of 5 nM+Bgt, and finally washed
three times by centrifugation. Specific binding was calculated by
subtracting the nonspecific binding, measured in the presence of
500 nM unlabeled Bgt and no other inhibitors, from the total binding
and then normalized to specific binding measured in the absence
of inhibitors (“fraction bound”). Each point represents the mean
from 3 to 6 determinations. The legend in A identifies which

receptor was expressed and is the same for B. Data were fit to eq

2A to generate the parameters in Table 1, which were used to
produce the curves shown. Where site selectivity was observed
the upper (high-affinity) and lower (low-affinity) regions of the
curve are labeled with the site that is the major determinant of the
affinity. (C) Confirmation ofa-conotoxin MI site selectivity on
wild-type ACHR. Inhibition of specific +Bgt binding, determined

as described above, by TC at the indicated concentrations in the
absence @) or presence®@) of Ml at 2 uM concentration was
normalized to specific binding in the absence of TC or other
inhibitors. Each point represents the megaistandard error of the
mean from 2 or 3 determinations. Control data were fit to eq 2A,
and the parameters were used to generate the control ctive (
Data in the presence of peptide were fit to eq 2B using TC
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FIGURE 2: Inhibition of I—Bgt binding to tsA201 cell-expressed
wild-type and mutanforpedo californiceACHR by a-conotoxin

Gl (A) and its analogue, GIR9A (B). Specific binding of Bgt to
cell-surface-expressed ACHR was measured as described in Figure
1 at the indicated peptide concentrations and normalized to binding
measured in the absence of inhibitors. Each point represents the
mean from 2 to 6 determinations. The legend in A identifies which
receptor was expressed and is the same for B. Binding data were
fit to eq 2A to generate the parameters in Table 1, which were
used to produce the curves shown. Where site selectivity was
observed, the upper (high-affinity) and lower (low-affinity) regions
of the curve are labeled with the site that is the major determinant
of the affinity. (C) Confirmation of Gl site selectivity. Inhibition

of specific Bgt binding by TC at the indicated concentrations
was determined as described in the caption of Figure 1, except that
I—Bgt binding to the (i) wild-type, (ii)yY111A mutant, (iii)
yY111R mutant, or (iv)YR113Y mutant ACHR was measured in
either the absenc@®] or presence®) of Gl at (i) 300 nM, (ii) 3

uM, (i) 12 uM, or (iv) 40 nM. Data in the presence of peptide
were fit to eq 2B using TC parameters from the control curves and
peptide parameters determined in separate experiments (Table 1)
with the TC high-affinity uy) site made to coincide either with
the peptide high-affinity site-{-) or with the peptide low-affinity

site (- - -).

parameters from the control curve and peptide parameters deter- . )
mined in separate experiments (Table 1) with the TC high-affinity With wild-type ACHR were fit to eq 2A and also gave a
(ay) site made to coincide either with the peptide high-affinity site  single apparent affinity constant (244519.7 nM,n = 3).

(++) or with the peptide low-affinity site (- - -). Together these results show thaBgt has the same affinity
equimolar amountsH = 0.50 £ 0.01; five experiments).  for the two sites on the cell-expressed wild-typerpedo
This is consistent with two+Bgt-binding sites presentina ACHR, at least within the sensitivity of this assay. Homolo-
1:1 ratio. Two equimolar sites were also observed with TC gous displacement curves with mutant ACHRs did not differ
competition curves on all three mutant ACHRs studied (parts from those with wild-type ACHR, giving single affinity
ii, iii, and iv of Figure 2C). Therefore, the wild-type and constants in all three casesy(111A = 31.9+ 3.1 nM, WT
mutantTorpedoACHR molecules expressed on tsA201 cells = 32.9+ 3.6 nM,n=2; yY111R=2.24+ 0.2 nM, WT =
retain the +Bgt binding stoichiometry of two high-affinity 1.9+ 0.1 nM,n = 2; andoR113Y = 39.7+ 1.7 nM, WT
sites per receptor molecule observed with the native receptor= 38.6 + 3.9 nM, n = 2). Therefore, these mutations do

As mentioned above, the-Bgt saturation studies indicated
that the binding sites on wild-type ACHR have similar
affinities. Data from homologous displacement experiments

not measurably affectdBgt affinity for either theay or
the o site. This is the expected result, because thBdt
binding domains are located principally on thesubunits
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Table 1: Binding Parameters afConotoxins and Conotoxin Analogues for tsA201 Cell-Expressagedo californicawild-Type (WT) and
Mutant ACHR Containing One Subunit with the Indicated Amino Acid Substit@tion

oy site oo site
toxin ACHR K (nM) K/Ko —AG (kcal/mol) K (nM) K/Ko —AG (kcal/mol)  Kgs/Kay
Ml WT 147 £ 25 1 9.29 7956t 1389 1 6.94 54
yY111A 4217+ 268 29 7.31 421% 268 0.53 7.31 1
yY111R 10443+ 790 71 6.77 10443 790 13 6.77 1
O0R113Y 178+ 31 12 9.18 178 31 0.022 9.18 1
MIK10A  WT 15356+ 1780 104 6.55 15354 1780 1.9 6.55 1
yY111A 32542+ 2160 221 6.10 32542 2160 4.1 6.10 1
yY111R 28975+ 5107 197 6.17 2897% 5107 3.6 6.77 1
O0R113Y 4698+ 300 32 7.25 469& 300 0.59 7.25 1
Gl WT 156+ 27 1 9.26 1064+ 182 1 8.12 7
yY111A 153614 5310 98 6.55 3253 987 3.1 7.46 1/5
yY111R 433732+ 188678 2780 4.57 1076 321 1.0 8.12 1/402
O0R113Y 345+ 52 2.2 8.79 2#05 0.0025 11.65 1/128
GIR9A WT 17781+ 934 114 6.46 1778% 934 17 6.46 1
yY111A 619286+ 153464 3970 4.36 11142238 11 6.73 1/55
yY111R  >850 000 >5449 <4.2 9449+ 1749 8.9 6.83 <1/90
O0R113Y 52814+ 9871 338 5.82 948 203 0.89 8.19 1/56
Sl WT 3282+ 351 1 7.46 3282 351 1 7.46 1
yY111A 6103+ 509 1.8 7.09 6103 509 1.8 7.09 1
yY111R 1131 752 3.4 6.73 113192 752 3.4 6.73 1
O0R113Y 3453+ 1991 11 7.43 10748 6646 3.3 6.76 3
SIP9A WT 9906+ 490 3.0 6.80 9906&: 490 3.0 6.80 1
yY111A 7411+ 397 2.2 6.98 741% 397 2.2 6.98 1
yY111R 158354+ 22303 48 5.17 681% 901 21 7.03 1/23
O0R113Y 19406+ 7813 5.9 6.41 272% 1089 0.83 7.57 1/7
SIP9R WT 448t 130 0.14 8.63 545% 1542 1.7 7.16 12
yY111A 10676+ 596 3.2 6.76 10676 596 3.2 6.76 1
yY111R 20710+ 1761 6.3 6.36 20718 1761 6.3 6.36 1
O0R113Y 995+ 227 0.30 8.16 41.610.7 0.013 10.04 1/24

a Apparent dissociation constant valué§ @re |Gy values obtained by fitting experimental data to eq 2A. Shown are the g€ from 3
to 9 measurements. When site selectivity was observed (un&qualues), the identity of the sites was determined with TC inhibition curves as
described in the Experimental Procedut€i is the ratio of the indicateH{ to that of the corresponding wild-type pair at the same $itg. Free
energy of binding AG) was calculated from eq 3. Only affinity constant changes larger than 44a\@(> 0.83) are regarded as significant.

(2). This allows the use oftBgt to measure the affinity of
other competitive inhibitors.

Also, the TC affinity constants for the mutategt or o.d
sites did not differ significantly from those for the corre-
sponding unmutated sitesx: WT = 169 + 85 nM,
yY111A = 277 £ 173 nM, yY111R = 594 + 375 nM,
O0R113Y= 204+ 29 nM,p > 0.1.00: WT =20.6+12.4
uM, yY111A = 20.7 + 7.7 uM, yY111R = 12.7+ 4.4
uM, 6R113Y = 30.1+ 2.4 uM, p > 0.3). This allows the
use of TC to determine the site selectivity of other competi-
tive inhibitors on the mutant receptors.

Cell-surface expression of wild-typBorpedoACHR by
tsA201 cells averaged 416 21.5 fmol of receptor/mg of
protein (meant SD of 21 transfections). This represents
approximately 18 000 receptor molecules per cell. This
expression level is similar to that previously reported for
TorpedoACHR transiently expressed in this same cell line
(13). Average cell-surface expression of t¢111R mutant
ACHR (27.8+ 16.2 fmol of receptor/mg of proteim =
16) was not significantly different from that of the wild type
(p > 0.05). Expression of Y111A mutant ACHR (13.3t
2.4 fmol of receptor/mg of proteim = 6) and ofoR113Y
mutant ACHR (11.4+ 5.8 fmol of receptor/mg of protein;

n = 14) were both significantly lower than that of wild-type
ACHR (p < 0.01 andp < 0.001, respectively). Transfection
with only a, 8, andy wild-type subunit cDNAs (2:1:5) or
with only a, 8, andd wild-type subunit cDNAs (2:1:15) gave
barely detectable surface expression2ifmol of receptor/
mg of protein). Mock transfection (no subunit cDNAs

present) or transfection with only the subunit cDNA
produced no detectable specifieBgt binding.

o-Conotoxin Binding to Cell-Expressed Torpedo ACHR.
a-Conotoxin Ml completely displacedBgt from both sites
on the wild-type ACHR and showed over 50-fold stronger
affinity for the oy site than for thend site (Figure 1A and
Table 1). Thisay site selectivity was confirmed with TC
inhibition curves (Figure 1C). It should be noted that all of
the apparent affinity constant& (values), which are listed
in Table 1, are underestimates of the true affinity constants.
This is because prolonged incubation was used in the peptide
competition experiments rather than initiatBgt binding
rate measurements. MI displayed weaker affinity for the
mutantoryY111A andoy Y111R sites than for the wild-type
oy site and stronger affinity for the mutaodR113Y site
than for the wild-typead site (Figure 1A). TheyY111A,
yY111R, andoR113Y substitutions eliminated they site
selectivity of MI, which was seen with the wild-type receptor.
The analogue MIK10A also completely blocked-Bgt
binding to the wild-type receptor but showed the same,
relatively weak, affinity for thexy andod sites, which was
similar to that of MI for the wild-typead site (Figure 1B
and Table 1). ThenyY111A, ayY111R, andadR113Y
substitutions had no significant effect on the affinity of
MIK10A.

a-Conotoxin Gl completely displaced-Bgt from wild-
type ACHR but showed only a 7-fold stronger affinity for
the oy site than for theno site (Figure 2A and Table 1).
The affinities of Gl and MI for the wild-typexy site were
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Ficure 3: Inhibition of I-Bgt binding to tsA201 cell-expressed
wild-type and mutanforpedo californiceACHR by a-conotoxin
S| (A) and its analogues, SIP9A (B) and SIP9R (C). Specific
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Ficure 4: Confirmation of SIP9R site selectivity. Inhibition of
specific =Bgt binding by TC at the indicated concentrations was
determined as described in the caption of Figure 1, except that
specific —Bgt binding to the (A) wild-type or (BYR113Y mutant
ACHR was measured in either the abser@gdr presence®) of
SIP9R at (A) 2uM or (B) 322 nM concentration. Data in the
presence of peptide were fit to eq 2B using TC parameters from
the control curves and peptide parameters determined in separate
experiments (Table 1) with the TC high-affinitgy) site made to
coincide either with the peptide high-affinity site-} or with the
peptide low-affinity site (- - -).

b|nd|ng of |_Bgt to Cell-Surface-eXpressed ACHR at the indicated S|te was not affected apprec|ab|y by any Of the three

peptide concentrations was measured and normalized as describe

in Figure 1. Each point represents the mean from 2 or 3
determinations. The legend in A identifies which receptor was

fhutations studied. Analogue SIP9A resembled Sl in being
nonselective toward the wild-typey andad sites, with an

expressed and is the same for B and C. Data were fit to eq 2A to affinity similar to that of SI (Figure 3B and Table 1). Also,
generate the parameters in Table 1, which were used to produceSIP9A was unaffected by ther111A anddR113Y substitu-

the curves shown. The curves corresponding t@fR&13Y mutant
in A and B are shown as dotted lines. Where site selectivity was
observed, the upper (high-affinity) and lower (low-affinity) regions

tions. SIP9A displayed weaker affinity for the mutant
oy Y111R site than for the wild-typery site. In contrast to

of the curve are labeled with the site that is the major determinant S| and SIP9A, the analogue SIP9R more closely resembled

of the affinity.

similar, but Gl displayed relatively stronger affinity than Ml
for theao site. Gl showed weaker affinity for theyY111A
site than for the wild-typery site but displayed much weaker
affinity for the oy Y111R site than for the wild-typey site.
The affinities of Gl for both of these mutant sites were
weaker than its affinity for the unmutated site, resulting
in Gl having ad site selectivity on these two mutant
receptors. Gl displayed much stronger affinity for the
a0R113Y site than for the wild-typeld site. The affinity
of Gl for the adR113Y site was even stronger than that for
the unmutatedory site, giving Gl a 100-foldad site
selectivity with this amino acid substitution present. The site
selectivities of Gl were all confirmed with TC inhibition
curves (Figure 2C). The GI analogue, GIR9A, also com-
pletely blocked +Bgt binding to wild-type ACHR but
showed the same affinities toward titg andao sites, which
were weaker than the affinity of Gl for the wild-typed
site (Figure 2B and Table 1). GIR9A also showed weaker
affinity for the oyY111A than for the wild-typeay site,
much weaker affinity for thetyY111R site than for the wild-
typeay site, and stronger affinity for thedR113Y site than
for the wild-typeao site.

o-Conotoxin Sl was nonselective toward the wild-type
andoo sites, showing the same relatively weak affinity for
both (Figure 3A and Table 1). The affinity of Sl for each

MI or Gl in displaying stronger affinity for the wild-type
oy site than for the wild-typed site (Figure 3C and Table
1). SIP9R also showed weaker affinity for the mutant
oyY111A andayY111R sites than for the wild-typey site
and stronger affinity for the mutantoR113Y site than for
the wild-typead site. Like Ml but unlike GI, SIP9R showed
the same affinity for thexyY111A, oy Y111R, and unmu-
tated 00 sites. Like Gl but unlike MI, SIP9R displayed
selectively stronger affinity for the mutaotdR113Y site
than for the unmutatedy site. The site selectivities of SIPOR
were confirmed with TC inhibition curves (Figure 4).
Table 2 summarizes the coupling energies determined for
18 double-mutant cycles. A strong pairwise interaction is
seen betweepY111 and K10 on MI (cycles 1 and 2), while
the coupling energy for cycle 3 did not differ from the
unmutatedod site. This shows that K10 on MI interacts,
probably at close range, with the aromatic ring/dfL11 in
the Torpedoay site to stabilize the high-affinity complex.
Pairwise interaction between the mut&f113Y and K10
on Ml is also seen (cycle 4), indicating that K10 interacts
with Y at position 113 on the) subunit in the mutant
TorpedoadR113Y site to stabilize the high-affinity M
O0R113Y complex. In contrast, mutant-cycle analysis with
Gl and GIR9A using the’Y111A mutant gave a coupling
energy, which was similar to that for the unmutatetisite
(cycle 5), indicating that R9 on Gl andr111 do not interact
to stabilize the Gtoy complex. A possible interaction
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Table 2: Coupling Free Energies from Double-Mutant-Cycle affinity of Ml for the ayy site onTorpedoACHR (11). The
Analysis ofa-Conotoxin Binding Data Presented in Tabfe 1 findings with Ml also support the conclusion made in the

only other report describing Ml inhibition ofHBgt binding

oy site oo site g
G G to cell-expressed wild-type and mutdrdgrpedoACHRSs that
INT INT H H oy
double-mutant cycle (kcallmole)  (kcalimole) the res!due dlffe_rence at homologpus positigiydl 11 gnd .
T WY LLLAMIMIKLOA L ige 082 0R113 is the main receptor determinant of the selective high
> WT/;Y111R/M|/M|K10A ey 1021 affinity of M| toward theTorpedoay site (L2). The present
3. yY111A/Y111R/MI/MIK10A —0.61%* —0.61 study further shows that this residue difference is also a major
4. WT/OR113Y/MI/MIK10A -0.81 +1.54** determinant of the selectivey high affinity of both Gl and
6. WT/OR113Y/GI/GIR9A +0.17 +1.80%* " . ) o _
7. WT/HY111A/SI/SIPOR +1.50%* +0.03 It was hypothesized that the midchain cationic residues
8. WT/le/llR/SI/S/IP?R +1.54%* +0.07 on Ml and Gl interact directly withTorpedoyY111 to
9. yY111A/yY111R/SI/SIP9R +0.04** +0.04 ili igh-affini ;
10.  WTHKR113Y/SI/SIPOR +0.44 —3.58** s';zatgll|zgléhte high af?nltlylci)zm p_ll_ehxes Otf thtese ItWO pelpt|des
11.  WTAY111A/SIPIR/SIPIA —2.05%  —0.58 at the wild-typeay site (L1, 12). The mutant-cycle analyses
12.  WTAY111R/SIPIR/SIP9A —0.64** —1.03 in this study support this hypothesis only in the case of MI.
13.  yY111A/pY111R/SIPOR/SIPOA  +1.41** —-0.45 The interaction between the aromatic ringy0f111 and
14.  WTKR113Y/SIPIR/SIPOA —-0.08 +2.11% i i i i i
15 WTAVILIA/SISIPOA _0.55% 055 I\/llt:hlo is g?tlrel):j resp:).r:)&l;le for the .h|grt|e|r a;ﬂEltyI/of I\I/IIt
16. WTAY111R/SI/SIP9A +0.90*  —0.96 at theay site and contributes approximately - kcal/mol 1o
17.  yY111A/pY111R/SI/SIP9A +1.45% -0.41 the AG of binding. This suggests thaty111 and MIK10
18.  WTKR113Y/SI/SIP9A +0.36 —1.47%* are less tha 7 A from each other1@). In the Lymnea

a Coupling free energyXAGinr) was calculated from eq 5 as defined ~ Stagnalisacetylcholine-binding protein subunit the Gf the
in the Experimental Procedures using the parameters presented in Tableesidue corresponding fborpedoyY111 (V106) is within
1. In each cycle, the mutated site is indicated by **. For this study, a 20 A of the G, of residue W53, which is homologous to
AAGr deviation from 0O to at least-1.36 kcal/mol was established TorpedoyWs55 and forms one wall of the agonist-binding
as evidence of interaction based on error analysis of the determination . .
of this parameter as well as on the experiences of otté)s ( cage (9). M, which measures over 22 A from theamino

nitrogen on K10 to the outer guanidinium nitrogens on R2

between GIR9 angY111 could not be analyzed with the _(5)’ pro_bably binds _in thauy interface with residue Kl(.)
yY111R/GIR9A mutant cycle because the affinity constant interacting directly withyY111 to block access of the agonist
of GIR9A for theayY111R site exceeded the solubility limit to its binding cage. Like MI, the Sl analogue, SIP9R, also
of the peptide. However, the large affinity constantsuggestsforms_a h|gh-_aff|n|ty comp_lex W'.th .the”./ sne_throu_gh a
that the binding energy differences in this cycle are also close interaction between its cationic midchain residue and

additive and, therefore, tha¥111 and GIR9 do not interact. (1€ aromatic ring ofY111. This bond contributes about 1.8
In contrast to theay site, pairwise interaction between Kcal/mol toward stabilizing thely —SIPOR complex. There-
OR113Y and R9 on Gl is observed (cycle 6). This indicates f0ré; MI and SIP9R utilize a common anchor point in the
that RO on Gl interacts at close range with Y substituted at &V Site-
0113 to account for the increased affinity of Gl at the mutated ~ Because/Y111 interacts at close range with K10 on Ml
a0R113Y site, resembling MI in this respect. Pairwise and with R9 on SIPIR, it is unexpected that it does not also
interaction between R9 on SIP9R ay¥111 is seen in three  interact with R9 on GlI, in view of the similar three-
of four cycles (cycles 7, 8, and 11). This together with the dimensional structures of these three pepti8es’§. Because
small coupling energy using SIP9R and S| with betill yY111 and R9 are both major determinants of ¢hehigh
mutants (cycle 9) indicates that the aromatic ring/wfl11 affinity of Gl, it is likely that both residues are involved in
interacts at close range with R9 on SIP9R to stabilize the stabilizing the Gt-ay high-affinity complex through separate
oy—SIP9R complex. A pairwise interaction is also seen interactions. This means that Gl must bind in a different
between Y substituted at113 and R9 on SIP9R (cycles 10 orientation than either Ml or SIP9R in th@rpedoay site.
and 14). Therefore, R9 on SIP9R, like R9 on Gl and K10 The fact that equivalent parts of two very similar peptides
on Ml, interacts, probably at close range, witR113Y to (Gl and SIP9R) contribute differently to binding at the same
stabilize the complex in thedR113Y site. A total of 6 of receptor site is not surprising because Gl and S| (and
the 18 double-mutant pairs shown in Table 2 display coupling probably also SIP9R) have “markedly different” surface
energies well below the threshold £f1.36 kcal/mol, which charge distributions7). It was recently reported that TC and
supports the conclusion that the identified pairwise interac- metocurine, competitive antagonists with very similar struc-
tions are through direct contact and are not indirect interac- tures, bind in different orientations at the acetylcholine-
tions via a structural perturbation or an intervening residue. binding site of the human ACHR2(Q) and of the snalil
acetylcholine-binding protein2(). The present study con-
DISCUSSION firms the observation in those papers that, although the
o-Conotoxin-Binding Sites on the Cell-Expressed Torpedo Structures of two ligands may appear very similar, it cannot
ACHR. The substitution of A for K at position 10 of M| b€ assumed that their interactions and orientations in a given
converted this peptide into a nonselective ligand with an Pinding domain will be the same.
affinity similar to the affinity of Ml for thead site. This The substitution of Y for R at position 113 on tfierpedo
confirms an earlier prediction, which was based on studies ¢ subunit converted thed site into a high-affinity site for
with Gl and Sl position 9 analogues, that the homologous MI, Gl, and SIP9R. Mutant-cycle analyses showed that this
K10 would be a major determinant of the selective high involved pairwise interactions between the introduced Y
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residue and K10 on Ml and R9 on both Gl and SIP9R. MI, GI, and even Sl display selectively higher affinity for
Therefore, all three peptides bind in the mutedR113Y the ad site on the mouse muscle ACHR)( Hydrophobic
site with their midchain cationic residues close&$113 interactions involving several residues, includingl13, the
and probably block agonist access to its binding site in the homologue ofTorpedoyY111, stabilize the high-affinity
a0 interface in a manner analogous to Ml and SIP9R at the Ml —ad complex @2). However, mous&Y113 does not
oy site. In the case of MI, the putative K+@Y113 interact with K10 on M. In contrast, the present study shows
interaction contributes approximately 2 kcal/mol, which is that the cationic residue K10 binds directly with the aromatic
similar to the contribution of the KY interaction at thexy ring of yY111 to produce thexry high affinity of Ml on
site. It was previously suggested that repulsive forces betweenTorpedoACHR. While hydrophobic forces may be involved
the positive charges on K10 of Ml and @fR113 might be in stabilizing theTorpedoay—MI complex, they do not
responsible for the much weaker binding of MI in the produce the selective high affinity observed. Therefore, not
Torpedoad site (12). The finding in this study that Ml and  only are different subunit interfaces involved, but also the
MIK10A have similar affinities for thend site shows that ~ molecular interactions that occur within the interfaces are
the weaker affinity of Ml in thead site is not due to  different. It is intriguing that the same property, high-affinity
electrostatic repulsion but instead is simply due to the competitive antagonist inhibition at one of two available
absence of the KY bond, which exists only in they site. agonist sites on homologous proteins, is produced by two
The overall findings that the affinities of MI for the mutated distinct molecular mechanisms. From a biological viewpoint,
sites equaled its affinities for the unmutated sites and thatthis may reflect separate evolutionary pressures on the cone
the affinities of MIK10A for the two sites were equal snail: toward predation in the case of the muscle-derived
regardless of whether one of the sites was mutated demon-electric organ receptor, which comes from a marine fish
strate that the residues in tler and ad sites with which species more closely related to the natural prey of these fish-
MI interacts, other than gt1116113, are either the same hunting molluscs, and as defense against predation in the
or similar enough to exert equivalent effects on Ml in the case of the muscle receptor from a mammal, which is not
two sites. This is only possible if Ml binds to theorpedo related to a natural prey of the cone snails but is more closely
ACHR with the same orientation in the two sites. related to predatory mollusc-hunting marine mammals.
SIP9R probably also binds with the same orientation in
the ay and od sites, because SIP9R anchors to the ACKNOWLEDGMENT
homologoug/1116113 residue in both they andaoR113Y The authors thank Dr. William Green, University of

sites, its .affiniti_e§ for theowyY111A and ayY1liR sites Chicago, for providing tsA201 cells ariforpedoACHR
equaled its affinity for the unmutatedo site, and the g pynjit cDNAs and consulting on this project and Dr.
affinities of Sl for theay andao sites were equal, regardless  catharine Reinitz, University of Wisconsin, whose efforts

of whether one of the sites was mutated. However, unlike pe|ned establish the transfection methodologies in this lab.
MI, the affinity of SIPOR for theaoR113Y site exceeded  The authors also thank Migdalia Bonilla and Aimee Berolo
its affinity for the unmutatedy site by nearly 2 kcal/mol. ¢4 their excellent technical assistance.

This suggests that substitution of Y for R at positidihil3
allows at least one additional residue, present only oo
interact with SIP9R to increase its affinity. This putative _ _ o )
additional interaction probably involves R9, because this * }r(eaggg'tcﬁ's(ﬁg?%gm3er%‘29_51t{lft”re of the nicotinic acetylcholine
same effect is not seen at tadR113Y site with either SI 2. Pedersen, S. E., and Cohen, J. B. (1990) d-Tubocurarine binding
or SIP9A. sites are located at-y and a-o interfaces of the nicotinic
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