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ABSTRACT. Waglerin-1 (Wtx-1) is a 22-amino acid peptide that competitively antagonizes muscle nicotinic
acetylcholine receptors (NAChRs). Previous work demonstrated that Witx-1 binds to mouse nAChRs with
higher affinity than receptors from rats or humans, and distinguished residwearid ¢ subunits that
govern the species selectivity. These studies also showed that Wtx-1 binds selectively-te thieding

site with significantly higher affinity than to the—¢ binding site. Here we identify residues at equivalent
positions in thes, v, andd subunits that govern Wtx-1 selectivity for one of the two binding sites on the
nNAChR pentamer. Using a series of chimeric and point mutant subunits, we show that residues Gly-57,
Asp-59, Tyr-111, Tyr-115, and Asp-173 of thesubunit account predominantly for the 3700-fold higher
affinity of the a.—e site relative to that of the.—y site. Similarly, we find that residues Lys-34, Gly-57,
Asp-59, and Asp-173 account predominantly for the high affinity ofdhe: site relative to that of the

o—9 site. Analysis of combinations of point mutations reveals that Asp-173 i tubunit is required
together with the remaining determinants in theubunit to achieve Wix-1 selectivity. In particular,
Lys-34 interacts with Asp-173 to confer high affinity, resulting iMAGnt of —2.3 kcal/mol in thee
subunit and aAAGnt of —1.3 kcal/mol in thed subunit. Asp-173 is part of a nonhomologous insertion

not found in the acetylcholine binding protein structure. The key role of this insertion in Wtx-1 selectivity
indicates that it is proximal to the ligand binding site. We use the binding and interaction energies for
Wix-1 to generate structural models of thee¢, a—y, ando—4 binding sites containing the nonhomologous

insertion.

The nicotinic receptor contains five separate polypeptide BgTx), are formed ato—0 and a—e (or a—y) subunit
subunits arranged with radial symmetry around a central interfaces of the muscle receptor. Mutagenesis and site-

channel 1, 2). The five subunits in the muscle receptor, two
copies ofo. and one each ¢f, 6, andy (embryonic subtype)
or € (adult subtype)J), assemble in the following counter-
clockwise order:a—yle—a—0—p. The crystal structure of
the acetylcholine binding protein (AChBHjom the fresh-
water shailLymnaea stagnalig4, 5) firmly establishes

directed labeling studies established that seven segments, far
apart in the linear sequence, contribute to the ACh binding
site: segments AC in the o subunit and segments-85

in 9, €, ory subunits ¢, 2). The AChBP structure confirmed
that residues in each of these segments are present at the
ACh binding site, establishing it as a template for the tertiary

binding site location and subunit handedness in the NAChR structure of the major extracellular domain.
by demonstrating that binding site residues contributed by  £5.h of the five subunits of the muscle NAChR contains

the a. subunit contribution are found on the “clockwise” face
of the AChBP subunit, and the nan-subunit residues
contributing to the binding site are found on the “counter-
clockwise” face of the AChBP subuni6);

The two binding sites for agonists, reversible competitive
antagonists and the pseudo-irreversiitbungarotoxin ¢-
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between 445 and 497 amino acids. Each subunit has one to
three N-linked glycosylation sites and four transmembrane
spans, giving the pentamer a molecular mass of nearly 300
kDa. Its large size and amphipathic character make the
nNAChR refractory to crystallization and NMR spectroscopy
aimed at determining its atomic structure.

Isolated from the venom of Wagler’s pit vipérropidola-
emus wagleri(7), the waglerin peptides are remarkably
selective peptide antagonists. Site-selective antagonists are
significant because although binding of two agonist mol-
ecules is required to activate the receptor, binding of a single
agonist molecule blocks activation. The four closely related
waglerins are the only characterized toxins from the Vi-
peridae family of snakes that target nicotinic receptors;
waglerin-1 (Wtx-1) has the sequence NEGKPDLRPCH-
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tation served as primers in a PCR amplification reaction that

bond forms between the two Cys residues, as determinedincluded the wild-type plasmid anBfu polymerase. Fol-

by NMR spectroscopyg; 9). Wtx-1 binds to the adult mouse
AChR with 2100-fold higher affinity for thex—e over the
o—0 binding site (0). In this regard, Wix-1 joinsp-
tubocurarine 11), a-conotoxin Ml (@2, 13), and Naja
mossambica mossambicaneurotoxin (4) as highly site-

lowing 16—-18 amplification cycles to make the entire
plasmid, the reaction mixture was treated witpnl restric-
tion endonuclease to digest only the methylated, wild-type
plasmid DNA, leaving behind the newly synthesized DNA.
Mutations were subcloned into vectors not subjected to

selective prototype competitive antagonists against mam-mutagenesis and verified initially by restriction digests and
malian muscle receptors. Studies using these ligands demthen by DNA sequencing. Large-scale plasmid preparations
onstrated that the ligand binding sites are formed at interfacesused DEAE columns (Gibco or Qiagen) or cesium chloride

betweena and nonet subunits {1, 13—16). By quantifica-
tion of contributions of individual residues to site selectivity
for these ligands, residues on both thand none. subunits

ultracentrifugation for purification.
Transfections.The individual subunit cDNAs for the
NAChR are contained on unique plasmids using the CMV

have been shown not only to be proximal to the bound ligand promoter-based pRBG4 vectoR3d). HEK293 cells were
but also to govern the shape of the binding site and transfected by the calcium phosphate method; the medium

orientation of bound ligand.

was changed 1216 h later, and binding assays were

Here we use chimeric and point mutant subunits to identify Performed +2 days after the medium change. Expression

residues in mouse, y, ando subunits that confer binding
site selectivity for Wix-1. Analysis of combinations of point

levels that allowed an estimation of WtxKb values ranged
from 60 to 950 fmol per 10 cm plate of cells.

mutations demonstrates that several of these determinants Estimation of Waglerin-1 KValues by Competition with

of ligand selectivity are energetically coupled, revealing
cooperative participation in ligand recognition. Energetic

the Initial Rate of [?]-a-Bungarotoxin ({?4]- a-BgTx)
Binding. Transfected cells were removed from the culture

coupling suggests the proximity of these residues to eachPlates by gentle agitation with 5 mL of phosphate-buffered
other and to the ligand binding site, which enabled modeling saline (pH 7.4) containing 5 mM EDTA. After incubation

of the binding sites using the crystal structure of AChBP (
5) as a template.

EXPERIMENTAL PROCEDURES

Synthesis and Purification of Waglerin-TThe crude

of the dissociated cells with waglerin-1 for 45 minto 1 h, 5
nM [*?9]-a-BgTx (New England Nuclear) was added and
allowed to incubate for 30 min such that-380% of the
available binding sites become occupie2¥)( Waglerin
dissociation constants were determined from the fractional
reduction of the initial rate of'f3]-a-BgTx binding. The

peptides, synthesized by American Peptide Co. (San Josetotal number of sites was determined by incubating with 20

CA) or Synpep (Dublin, CA), were dissolved to a concentra-
tion of 0.8 mg/mL in 30 mM Tris-HCI (pH 8.28.5), sterile
filtered, and left overnight at room temperature for formation
of the single intramolecular disulfide bond in the Wix-1
structure. After disulfide bond cyclization, 0.1% trifluoro-
acetic acid was added to minimize the formation of inter-
molecular disulfide bonds. Peptide solutions (2 mL) were
loaded ond a 5 MLHPLC sample loop leading to a 10 mm

nM [*29]-a-BgTx for 1 h. The level of nonspecific binding
was determined by incubating the cells with 10 mM
carbachol before reacting with?fl]-a-BgTx. Transformed
data were fit to either the one-site or two-site Hill equation
using Prism 2.0 (Graphpad).

Receptor Model Constructioithe receptor was modeled
structurally against the crystallographic coordinates of the
acetylcholine binding protein (PDB entry 1i9b) using the

x 250 mm semipreparative reverse-phase C18 columnprogram Homology and Insight Il (Accelrys, 2000). The

(Vydac), with 0.1% trifluoroacetic acid as solvent A and

receptor structure was then energy minimized for 10 000

0.085% trifluoroacetic acid and 70% acetonitrile as solvent jterations of conjugated gradients using a distance-dependent
B. Elution was achieved by increasing the level of solvent dielectric constant with the program Discover (Accelrys,

B from 20 to 25% over the course of 15 min. The cyclized
peptide elutes +2 min earlier than uncyclized peptides or

dimerized peptides formed by intermolecular disulfide bond
formation (L7). Fractions containing the purified peptide were

2000).

RESULTS
Throughout this investigation, our working hypothesis is

pooled and lyophilized. Representative samples from dif- the protein scaffolds of the, y, and subunits are, to a
ferent lots were checked for purity and correct mass by first approximation, superimposable; residues at homologous

MALDI or ion-spray mass spectrometry.

Mutagenesis of nAChR Subunit€loned cDNAs for
mousea (18), 5 (19), v (20), 6 (22), ande subunits 22)

positions in the primary sequences occupy equivalent loca-
tions in three-dimensional coordinate space. Because each
of these noree subunits partners with am subunit to form

were ligated into the mammalian expression vector pPRBG4 a hinding site, they are the predominant sources of binding

atEcaRl sites for transient expression in HEK293 cellg)(
Site-specific mutants of the wild-type mouse o, or ¢

site selectivity for Wtx-1. Therefore, to identify determinants
of Witx-1 selectivity, our experiments seek to reconstitute

subunit were made by one of two methods. Complementary binding affinity conferred by one noa-subunit by residue
synthetic oligonucleotides (Sigma/Genosys, The Woodlands, substitution into the template of another. In particular, we

TX) containing the desired mutation were ligated into the
cDNA at unique restriction sites flanking the mutated region.

convert selectivity of the subunit intoy- ando-like subunit,
and convert ther and 6 subunit selectivity into ar-like

When convenient restriction sites were not available, the subunit.
Stratagene double primer method was used. In this procedure, y—e Subunit Determinants for Waglerin. Because the

complementary oligonucleotides containing the desired mu-

ande subunits show the highest level of identity among the
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Ficure 1: Multiple alignment of the acetylcholine binding protein (AChBP) with tiaee, d, andy subunits of the muscle nicotinic
acetylcholine receptor. Highlighting in dark blue indicates identity and light blue similarity in at least three of the five sequences. Gold-
lettered residues are conserved in all five sequences. Numbers above the sequences arsidbuttie with the green numbers indicating

the selectivity-determining residues. The regions of AChBP secondary strugjare (ndicated above the numbers, witland 3, (labeled

) helices in red an@ sheets in turquoise. Th#8 sheet found in the AChBP, indicated with a hatched arrow, is not present in the model
of the € subunit shown in Figure 6. A neighborirghelix (yellow) is modeled in the insertion region between residues 158 and 167 that
is not represented in the AChBR)(

non-o. subunits, are located between the twsubunits in A o o

the respective fetal or adult receptor, and confer very different | -
affinities for Wtx-1, we initially studied a series of chimeras 109 T NN
composed of portions of ande subunits from the mouse

NAChR. Each chimera was cotransfected with wild-tgpe i N

B, and 6 subunits, and Wix-1 affinity was assessed by £ ——— ¢ wild-type o

competition against the initial rate offl]- a-BgTx binding :g 05l 2 Ve b

(Figure 2 and Table 1). Throughout the text, chimeras are ‘ v Y103

named starting with the subunit source of the N-terminal o yll7e

sequence, followed by the position of the chimeric junction, ¢ Y7l

and ending with the subunit source of the C-terminal o y177e

sequence. For example, th&4e chimera contains residues ool rywikdtpe g
1-74 of they subunit spliced to residues #3873 of thee 10 9 -8 -7 -6 -5 -4
subunit. They74e chimera reduced affinity 82-fold compared log[Wte-1]

to that of the wild-type< subunit, indicating one or more g re 2 Waglerin-1 competition with the initial rate of2i]-

determinants of selectivity are located within the first 74 oBgTx association for a series pf-¢ subunit chimeras. Chimeric
residues. The/103 chimera yielded essentially the same subunits were constructed with the N-terminal portion of the
reduction in affinity asy74e, suggesting no additional subunit and the C-terminal portion from thesubunit joined at the

: P given junction point (see Experimental Procedures for a description
determinants between positions 74 and 103. a7 of the chimeras). Each chimera was cotransfected with wild-type

chimera replicated the low affi_n.ity conferred by theubunit, a, B, and o subunits.kyps is the observed first-order association
giving a monophasic competition curve and@of 28 uM. rate constant for p4]-o-BgTx in the presence of the given

These results suggest that residues conferring the affinity concentration of waglerin-1, anghais the association rate constant
difference betweerny ande subunits are located within the  in the absence of waglerin-1.
first 117 residues of the subunit.

However, they165 andy171e chimeras further altered  typee, indicating that this intervening sequence does not
Wix-1 affinity; y165 increased affinity 3-fold compared to ~ contribute to Wtx-1 selectivity. The collective results indicate
that of y117, whereasy177 decreased affinity to mimic  that determinants for the—e affinity difference localize to
the low-affinity characteristic of the wild-typesubunit. The  three regions of the subunit: residues6b, 103-117, and
€65y76¢ chimera gave an affinity identical to that of wild- 171-177.
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Table 1: Dissociation Constants for Wtx-1 Binding to Receptors
with Chimericy—e Subunit§
tested Kp1 Kp2 AKDl AKDl
subunit (nM) (uM)  Kpo/Kpz Ny (ewt) (ywt) n » N
e 98 204 2100 — - 3700 26 <& fEGTTE
y 36000 — - 12 3700 - 7 Bl L COTEDIQ e
yT4e 810 22.7 34 - 82 44 3 < 0 o eYLHIS+YIISC
€65y76¢ 14.8 12.7 860 -— 1.5 2400 1 ¢ eDI73F
7103 825 31.7 38 - 84 44 2 v eG57E+D59Q
y117e 28200 - - 1.2 2900 1.3 2 +YITIS+Y115C ‘
€110y114¢ 134  26.8 200 — 14 13 2 *DI73F
7165 11400 - - 1.1 1200 32 1 ool v ~
y171e 9300 - - 1.0 950 39 3 0 9 8 Z 5 5 4
y177e 37000 - - 1.7 3800 1.0 2
e 6.0 109 1820 - - - 4
€56y61e° 218 11.9 55 — 36 11 3
€57y61e" 4.1 6.0 1460 — 0.7 06 1 10 e
€58y61eP 136 5.9 430 - 2.3 05 2 e NG
a All experiments were performed on cells transfected with mouse N,
wild-type o, 3, andd subunits and the givep or € subunit construct. . ESTG
Kp1 is the high-affinity site dissociation constak, the lower-affinity é ¥ N
site dissociation constant (when the two sites have the same affinity, < ¢ YES7G+Q59D \\
they are reported a$p1), ny the Hill slope for constructs in which the § 0.51 o y8I111Y+CLlI5Y T~

nonlinear regression curve fit best to a one-site analydig, (e wt)

the fold difference in affinity between thi€p, for the tested subunit ¢ W7D

and theKp; value for thee wild-type subunit, AKp; (y wt) the fold v YE57G+Q59D

difference in affinity between thip; with the tested subunit and the igi;g*“ 15y

Kp1 value with the wild-typey subunit, andn the number of | ¥

experiments? Indicates experiments performed with Wtx-1 peptide 0.0 : . . . : .
amidated at C-terminus. Wtx-1-amide hag-fold higher affinity at -0 -9 -8 7 8 5 -4
both sites than wild-type Wix-1. log[Witx-1]

) ) N ) o _ Ficure 3: Waglerin competition with the initial rate offi]-o-
Previous work identified two regions containing determi- bungarotoxin binding for a series of residues determirimgdy

nants of ligand selectivity N-terminal to position 65. One subunit selectivity. All experiments were performed on HEK cells
region contains K34 in the subunit and the equivalent S36 cotransfected with wild-type., 3, ando subunits and the indicated

. . . . s . - mutatede or v subunit. Sequence analysis is depicted in detail in
in the 6 subunit, which contribute to binding site selectivity Figure 1. Arrows indicate the direction of shift in the binding curve

for carbamylcholine Z5) and a-conotoxin Ml for fetal resulting from the given mutation. Waglerky values for each
nAChR (13). However, because Lys is present at position receptor are given in Table 2. (&)to y subunit point mutations.
34 in bothy ande subunits, it cannot contribute to Witx-1 Residues in the subunit template were mutated at the selectivity-

selectivity for these subunits. We therefore examined the d€términing residues to the corresponding amino acids found in
the y subunit. (B)y to € subunit point mutations. Residues in the

second N-terminal regioriLf), between residues 55 and 60, gpunit template were mutated at the selectivity-determining
of the e subunit, using the56y61e, €57y61e, ande58y61e residues to the corresponding amino acids found incteebunit.
chimeras and the H61C point mutant. T¢&6y61e chimera

reduces affinity 40-fold compared to that of the wild-type  This difference betweenandy subunits following mutation
subunit, implicating residues 5861 in thee subunit and suggests the presence of additional selectivity determinants
corresponding residues in thresubunit as sources of Wix-1  in the N-terminus of the subunit that either interact with

selectivity (Table 1). residues at positions 57 and 59 or position Wix-1 to interact
To pinpoint selectivity determinants in the region of with these determinants.
residues 5661, we examined point mutations. Th&57E To localize selectivity determinants within the second

point mutation reduced affinity 13-fold, ar59Q reduced N-terminal region, residues 186317, threee—y—¢ chimeras
affinity 5-fold compared to that of the wild-type subunit were made:e110y117, €110y114¢, andell4y117. Fol-
(Figure 3 and Table 2). Placing the two mutations in the lowing cotransfection with complementary wild-type sub-
same constructe(G57E/D59Q) reduced affinity 76-fold,  units, only thee110y114 chimera was expressed well, and
which is essentially the same as the 80-fold reduction found it reduced affinity 23-fold relative to that of the wild-type
for the y74¢ and y103 chimeras, but greater than the 40- subunit (Table 1), indicating key determinants between
fold reduction observed for the56y6le chimera. Thus, positions 110 and 114. The residue at position 111 is a key
determinants in the N-terminal 74 amino acids are located selectivity determinant foa-conotoxin Ml at thea—y site
at positions 57 and 59. in fetal AChR (3), and is Tyr in thee subunit and Ser in

If the protein scaffolds of they and € subunits are  the y subunit. The point mutan¢Y111S reduced Wix-1
superimposable, increases in affinity due to mutations in the affinity 4-fold, andeY115C, which replicates the position
€ subunit should be comparable in magnitude to the decreased15 difference betweenandy subunits (Figure 1), reduced
in affinity for equivalent mutations in thg subunit. The affinity 13-fold. The double mutatiorY111S/Y115C re-
point mutationy’E57G,yQ59D, andyE57G/Q59D increased  duced affinity 30-fold (Figure 3A and Table 2), close to the
affinity only 2-, 2-, and 5-fold, respectively, values not nearly additive change in affinity for individual point mutants, and
as large as the reductions in affinity caused by the corre- nearly identical to the difference in affinity between the
sponding mutations in thesubunit (Figure 3 and Table 2). Y103 andy117 chimeras. Thus results from chimeras and
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Table 2: Dissociation Constants for the nAChR wijtlor € Residue Substitutions intoor y Subunits, Respectively

y subunit substitutions into ansubunit template Kpo—c (NM) Kbe-s (UM) Kbo—e/Kpo—s Ny AKpg—e n
€ 9.8 20.4 2100 - — 26
eG57E 125 18.0 140 - 13 3
eD59Q 47 33.9 720 — 5 3
€G57E/D59Q 743 34.8 47 - 76 2
€Y111S 38 23.2 610 - 4 2
€Y115C 126 14.7 120 - 13 3
€Y111S/Y115C 290 27.4 94 - 30 3
eD173F 2710 23.9 9 — 280 3
e€Y111S/D173F 8900 - - 1.0 910 1
eG57E/D173F 13800 - — 1.0 1400 3
e€G57E/D59Q/D173F 17900 - - 1.0 1800 2
eG57E/D59Q/Y111S/Y115C/D173F 11500 - — 1.1 1200 2

€ subunit substitutions into gsubunit template Kpa—y (NM) Kpa—s («M) Kpa—y/Kpa—s NH AKpg—y n
y 36000 — — 1.2 - 7
yES57G 14700 — — 1.0 2.5 2
yQ59D 11400 — — 1.2 3 3
yE57G/Q59D 9200 — — 1.2 5 3
yC61H 27400 — — 1.1 1.3 1
yQ59D/C61H 7700 — — 0.9 5 1
yS111Y 20800 - - 1.2 1.7 2
yC115Y 20700 — — 1.1 1.7 2
yS111Y/C115Y 26900 — — 15 1.3 2
yE57G/C115Y 18200 — — 1.0 2.0 2

yF172D 7200 — — 0.9 5 3
yE57G/F172D 537 29.2 94 - 67 3
yS111Y/F172D 2510 22.2 9 - 14 1
yES57G/Q59D/F172D 525 29.8 57 - 68 3
yE57G/C115Y/F172D 407 28.4 70 — 88 3
yE57G/Q59D/S111Y/C115Y 15300 — — 1.0 2 2
yE57G/Q59D/S111Y/C115Y/F172D 98.3 16.6 170 - 370 3

a All experiments performed on cells transfected with mouse wild-typg, andé subunits and the giveaor y subunit.Kp,—., a—e site Kp;
Kpe—s, a—0 site Kp; AKpe-ey, fold change in the mutaitp,-—., value compared to the wild-typg€oe— (AKpo-s values differed by less than 2-fold
from wild-type Kpq—s); N, number of experiments. Results of experiments in which mutation af the site yielded &p,-, which superimposed
on Kpg-—s are listed in theKpe-«;, column only, though this value represents the composite WKx-1ound at both thex—e/y anda—9 sites.

point mutants indicate residues at positions 111 and 115 are The y165 andy171e chimeras increased affinity 3-fold

determinants of Wtx-1 selectivity.

The y117 chimera reduced Wix-1 affinity to nearly that
conferred by the wild-type subunit, and the four identified

compared to those af117, y177, or wild-type y (Table
1), suggesting a minor determinant between positions 171
and 177. This region harbors a second determinant of

determinants, two major (Gly-57 and Tyr-115) and two minor ¢-conotoxin MI selectivity, yPhe-172/Asp-173blle-178

(Asp-59 and Tyr-111), all lie within this N-terminal 117-

(13). Paradoxically, theeD173F point mutant, far outside

determinants was not made in thsubunit, the sum of the

respective affinity reductions for the four mutants fully
accounts for the entire 3700-fold difference in affinity
betweern—e anda—y binding sites, as well as that between

of the selectivity determinants, diminished affinity by 280-
fold. This unexpected reduction in affinity is significantly

greater than for any individual point mutation studied thus
far, far greater than the 4-fold affinity change between the

o—e anda—y117 sites. We therefore concluded that these 7171 andy177 chimeras. Analogously, the S-fold increase

four determinants account fully for Wtx-1 selectivity between
o—e and o—y binding sites. However, as seen with the
yE57G andyQ59D mutants, theyS111Y andyC115Y
mutants did not significantly increase Wtx-1 affinity relative
to that of the wild-typey subunit (Table 2). Furthermore,
Wix-1 affinity conferred by the quadruple mutap&57G/

Q59D/S111Y/C115Y, did not change compared to that of

the wild-type y subunit (Table 2). Hence, within the
N-terminal region containing residues—117, a large
convergence of affinities between and y can only be
achieved by substitutions in the template, which reduces
affinity, but not by e substitutions in they template.
Accordingly, we sought additional determinants of Witx-1
affinity, and examined whether they affect contributions of
the four identified selectivity determinants.

in affinity observed for the homologous residue replacement
in the y subunit,yF172D (Figure 3B and Table 2), while
consistent with the small affinity difference between the
y173 andy177¢ chimeras, was far smaller than the 276-
fold decrease in affinity for the converse residue replacement
in the e subunit,eD173F.

They—e chimeras and single point mutations reveal three
regions of primary sequence that determine the high affinity
of waglerin-1 for the a—e versus theo—y site: (a)
N-terminus to position 74, (b) between positions 103 and
117, and (c) between positions 171 and 177. Whenethe
subunit is mutated at positions 57, 59, 111, 115, and 173 to
the corresponding residues jn the individual reductions
in affinity fully account for the corresponding reductions
suggested by the chimeras. When these five mutations were
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Table 3: Waglerin-1 Dissociation Constants foSubunit o subunit had a markedly different consequence than
Substitutions into am Subunit and withe—d Chimeras mutation of the equivalent residue in thesubunit, again
o subunit substitutions Ko Kows Kousl suggesting multiple residues interact to confer Wtx-1 selec-
a—e oL—0 o—d

into ane subunittemplate  (NM) ~ (uM)  Kpe—e AKpa—c tivity.

]

€ 9.8 204 2100 — 26 TheeD173F mutation, which substitutes the residue at the
€K34S 55.3 33.0 600 6 2 equivalent position in thg subunit, reduces affinity by 280-
el 288 26.9 93 29 3 fold, the largest reduction for any single-residue change
€D59A 10.8 181 17000 1 2 . .

«G57D/D59A 770 22.4 290 8 >  (Table 2). The corresponding to 6 mutation, eD173l,
eD173I 1040 229 22 106 3 reduces affinity by 106-fold, but the conveiséo € mutation,
€K34S/D173I 360 253 70 37 3 0I178D, increases affinity only 7-fold (Table 3). These results
€G57D/D173 625 293 a7 64 8 provide additional evidence that multiple residues interact
€G57D/D59A/D173I 1200 425 35 120 2 o L
cK34S/G57D/D59A/D1731 1970  61.7 31 200 3 to confer Wix-1 selectivity for sites in the adult nAChR.

Thus, subsequent mutations were made in a construct

€—0 chimeras and substitutions Koo—c Kpa—o Kpa-of containing thedI178D mutation to investigate cooperative

into ao subunit template (nM)  (uM)  Kpa—e AKpg—s N

interactions.
?'111772'3 1168;2 2.'8 2128 g ; We initially combined the656 chimera with the}1178D
0D114E/1178D 23.4 22 95 9 2  point mutant to gives656/1178D. This construct increased
0S115G/1178D 140 23 160 9 2 affinity 156-fold compared to that of wild-typ& (Table 3),
0T1195/1178D 185 12 67 17 3 \which is far greater than the 21-fold increase expected from
0D114E/S115G/T119S 71 59 830 4 2 " o
SD114E/S115G/T119S/1178D 4.8 25 760 g o additive contributions (3-fold fore650 and 7-fold for
€11751178D 121 0.12 10 170 2  01178D). Hence, one or more residues N-terminal to position
€650 323 69 210 3 5 65 appear to be energetically coupledid78. Additional
ggigg?'fm) 22:5 8:5’ 4‘15 122 g’ constructs,e117) and €1176/1178D, gave affinities es-

The t r—— < of — - ] ’ sentially identical to those of the65) and €656/1178D
a e [op section lists results of experiments pertormed on cells H H _
transfected with wild-type, 5, andd subunits and the givensubunit. giotinStrL:Ct/sa’ rETpet(_:tl_\t/el)(/j (tTabl.e 3),; suggesting tthabt ?O ad
The bottom section lists results of experiments performed on cells dii0nal €/0 seleclivity determinants are present between
transfected with wild-typer, 3, ande subunits and the givef subunit positions 67 and 119 of thé subunit.
chimera and/or substitution. Column labels are as defined in Table 2. To test further for interacting residues, we started with
the mutation’|178D and introduced a seriesd®fo ¢ subunit
incorpc_)rated into a single subunit, the affinity Qecr.eased mutations at the following single sitesdD59G, 0A61D
to within 3-fold of that of the wild-typey subunit (Figure  (Table 5),0H60I, 6V63H, and 9S65Y. No evidence for
3A and Table 2). Conversely, whereas mutation of these interacting residues was obtained for any of these double
same residuemdividually in the y subunit fell far short of  mutants, although theD59G/I178D mutation increased
the high affinity expected for the wild-type—e site, the  affinity 3-fold compared to that of thél178D mutation
corresponding quintuple mutant in thesubunit,yE57G/  alone. The triple mutatiodD57G/A61D/1178D increased
Q59D/S111Y/C115Y/F172D, increased Wix-1 affinity to affinity 46-fold compared to that of wild-typé (Table 5),
within 10-fold of that of the wild-typea—e site (Table 2 the largest increase of any combination of point mutants in
and Figure 3B). Thus, the collective results delineate multiple the § subunit.
determinants of Wix-1 s_electlery I8 andy quun'ts and, Only one other determinant of ligand selectivity N-terminal
moreover, show that their contributions are interdependent. - I . .

. . : ) . to position 55 has been described: Lys-34 imnde subunits
This interdependence of residues is analyzed in the Dlscus-and the equivalent Ser-36 in thesubunit (3, 25). The point
sion. . . . mutanteK34S reduced affinity for Witx-1 by almost 6-fold
b 0-¢ Subunit Dgterrgmants forhWagIelrm-Wtr)](-lbselects (Table 3), but the converse mutay836K mutant paradoxi-

etweena—e anda—9 sites in the adult nAChR by 2100- ' g .
fold because of different contributions efand subunits. Ff;lg[r)egucslchmmtty t;y ZﬁOId' de ‘}‘;”‘.fazsogé théSjglé/f Id
Although thed ande subunits exhibit less residue identity over thoOsL(Ia ;?;]Lés?%gg r?]rllj(t:;ntatr:gé%-i( m'l'J;r:n ar;do
than they ande subunits and occupy different positions in he wild-tvoed subunit. res ectiv,el ThaS36K enhénces
the ordering of the subunits around the pentamer, we teSteotather thgﬁ reduces e'lffinitF;/ wheny.combined Wit 78D
the hypothesis that residues at equivalent positions of these “" . . . )
subunits govern Wix-1 selectivity for sites in the adult !nd|cate%th.at these two op{)os!tgly charged residues interact
nAChR. We constructed chimeras and point mutants based" contributing to Wix-1 selectivity.

on thed subunit, cotransfected them with wild-type £, To look further for €/6 selectivity determinants, we
and € subunits, and assessed Wix-1 binding. To test the examined the three residues that differ between positions 113
contribution of the N-terminal region, we examined #6&0 and 119 of thed subunit, as two residues in this region

chimera, but found only a 3-fold increase in affinity contribute to thee/y selectivity difference for Wix-1. We
compared to that of wild-typ®. Point mutations of the  mutatedoD114, 6S115, anddT119 to the corresponding
identified y/e determinantspD59G anddA61D, failed to residues in the subunit and combined each with the78D
increase affinity. The converse mutation in thesubunit, mutant. For all three double mutations, no change in affinity
€G57D, decreased affinity 29-fold, whereas thB59A was observed compared to that@l 78D alone (Table 3).
mutant was without effect (Table 3). Thus, as observed for The triple mutantyD114E/S115G/T119S, increased affinity
mutations iny ande subunits, mutation of residue 59 in the 3-fold, but this increase was not maintained in ffixL14E/



Waglerin-1 Binding to Nicotinic Receptors

Biochemistry, Vol. 41, No. 25, 2007901

Table 4: Pairwise Interaction Energies (Linkages) for Multiple Mutations inethady Subunit Templatés

AAGt
€ subunit template mutl mut2 Q (kcal/mol)
€ to 0 mutations
G57D/D59A G57D D59A 4.1 —0.84
K34S/D173I K34S D173l 16.3 —1.65
G57D/D173I G57D D173l 48.8 -2.29
G57D/D59A/D173I G57D/D59A D173l 6.8 —1.13
G57D/D59A/D173I G57D/D173I D59A 1.7 0.33
K34S/G57D/D59A/D173lI G57D/D59A/D173I K34S 3.4 -0.73
K34S/G57D/D59A/D173| G57D/D59A K34S/D173I 14 -0.21
€ to y mutations
G57E/D59Q G57E D59Q 1.2 0.13
Y111S/Y115C Y111S Y115C 1.7 —0.30
G57E/D173F G57E D173F 2.5 —0.54
G57E/D59Q/D173F G57E/D173F D59Q 37 -0.77
G57E/D59Q/D173F G57E/D59Q D173F 11.5 —1.44
G57E/D59Q/ Y111S/Y115C/D173F G57E/D59Q/D173F Y111S/Y115C 46.1 —2.26
AAGNT
y subunit template mutl mut2 Q (kcal/mol)
y to € mutations
E57G/Q59D E57G Q59D 2.2 0.46
S111Y/C115Y S111Y C115Y 2.2 0.48
E57G/C115Y E57G C115Y 2.2 0.45
E57G/F172D E57G F172D 55 —1.00
E57G/Q59D/F172D E57G/Q59D F172D 35 -0.74
E57G/Q59D/F172D E57G/F172D Q59D 34 0.72
E57G/C115Y/F172D E57G/F172D C115Y 1.3 0.16
E57G/C115Y/F172D E57G/C115Y F172D 9.0 —1.29
E57G/Q59D/C115Y E57G/Q59D C115Y 2.2 0.47
E57G/Q59D/S111Y/C115Y/F172D E57G/Q59D/F172D S111Y/C115Y 4.0 —0.82
E57G/Q59D/S111Y/C115Y/F172D E57G/Q59D/S111Y/C115Y F172D 31.2 —2.03

a All experiments were performed on cells transfected with mouse wild-typ& andd subunits and the givea (top section) ory (bottom
section) subunit mutation(s). Actub values are given in Tables 2 and 3. mutl and mut2 are the mutation(s) represented in Scheme 1 of the text.

Q is defined in eq 2 of the text, and its reciprocal is shown for vallésAAGyr is defined in egs 3 and 4 of the text. Bold numbers indicate
|[AAGt| = 1.3 kcal/mol.

Table 5: 6 Subunit Mutation Interaction Energres

mutl mut2 mutl and mut2
mutation(s)  Kpa-s (uM) mutation(s) Kpa—s («M) mutations Kpa—s (M) Q AAGt (kcal/mol)
D59G 19.9 A61D 14.4 0D59G/A61D 6.0 2.5 —0.54
S36K 41.6 D59G/A61D 6.0 0S36K/D59G/A61D 21.3 1.7 0.33
S36K 41.6 1178D 3.0 0S36K/I1178D 0.68 8.9 -1.29
D59G 19.9 1178D 3.0 0D59G/1178D 1.0 3.1 —0.66
A61D 14.4 1178D 3.0 0A61D/1178D 2.9 1.4 0.18
D59G 19.9 A61D/1178D 2.9 0D59G/A61D/1178D 0.44 6.7 —-1.12
A61D 14.4 D59G/1178D 1.0 0D59G/A61D/1178D 0.44 1.6 —0.28
1178D 3.0 D59G/A61D 1.0 0D59G/A61D/1178D 0.44 2.0 —0.40
S36K 41.6 D59G/1178D 1.0 0S36K/D59G/1178D 2.3 11 0.06
D59G 19.9 S36K/1178D 0.68 0S36K/D59G/1178D 2.3 3.2 0.69
S36K 41.6 A61D/1178D 2.9 0S36K/A61D/1178D 0.53 11.0 —1.41
A61D 14.4 S36K/1178D 0.68 0S36K/A61D/1178D 0.53 11 0.06
S36K 41.6 D59G/A61D/1178D 0.44 0S36K/D59G/A61D/1178D 0.14 6.6 —-1.11
D59G 19.9 S36K/A61D/1178D 0.53 0S36K/D59G/A61D/1178D 0.14 4.0 —0.82
A61D 14.4 S36K/D59G/1178D 2.3 0S36K/D59G/A61D/1178D 0.14 11.7 —1.45
1178D 3.0 S36K/D59G/A61D 21.3 0S36K/D59G/A61D/1178D 0.14 22.5 —1.84
D59G/A61D 6.0 S36K/1178D 0.68 0S36K/D59G/A61D/I178D 0.14 11 —0.07

a All experiments were performed on cells transfected with mouse wild<tygk ande subunits and the given mutatédsubunit. The columns
mutl and mut 2 list the mutatetlsubunit constructs represented by each pathway of the thermodynamic cycle described in Scheme 1 of the text.
The column “mutl and mut2” lists experimentally determiriéglvalues for the combined mutation® is defined in eq 2 of the text, and its
reciprocal is shown for values1. AAGr is defined in egs 3 and 4 of the text. Bold numbers indicate signifisax®r values of>1.3 kcal/mol.
The Kpq-s value for the wild-type receptor is given in Table 2.

S115G/T119S/1178D quadruple mutant (Table 3). Hence, a—e ando—9 sites. ThedS36K/D59G/A61D/I1178D mutant
residues between positions 113 and 119 ofdtseibunit do increases affinity 150-fold compared to that of mouse wild-
not contribute to Witx-1 selectivity, unlike residues in typed, or to within 14-fold of the affinity of the wild-type
equivalent positions im andy subunits. o—e site. TheKp for this quadruple mutant is comparable
Finally, we placed into a single construct mutations at the to those for the following chimeras combined with point
four positions that contribute to Witx-1 selectivity between mutations: 31¢656/1178D, €656/1178D. ande1176/1178D.
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Thus, Wix-1 selectivity fooi—e overa—o sites arises from  that bothdecreaseaffinity at the high-affinity binding site
differences in equivalent residues at three of four positions andincreaseaffinity at the low-affinity site (1, 13, 14, 34),

that confer selectivity foo—e over o—y sites. strongly suggesting that these mutations do not alter affinity
through nonspecific mechanisms. Our inability to completely
DISCUSSION replicate high-affinity binding at thee—y and o.—¢d sites

likely results from subtle variations among the many
The waglerin family of peptides are the only toxins from  nonidentical residues in the nensubunits, in addition to
the Viperidae family of snakes known to block neuromus- inserted or deleted residues (Figure 1). Such multiple
cular transmission by interacting with the nAChR. As such, structural differences would be very difficult to replicate in

they possess several features that should prove to be usefuh mutated construct. Thus, our study identifies the principal
in understanding functional antagonism and the structure of determinants of Wtx-1 selectivity.

nicotinic receptors. First, as 224-amino acid peptides with Of the six residues defining Witx-1 binding site selectivity,
a single disulfide bond, their primary and tertiary structures three contribute to selectivity of the—e over botha—y
are unique to the known peptidic antagonisgb, (27). anda—9 sites (residues 57, 59, and 173), two are unique to

Second, they show unusual specificity in antagonism at the sejectivity ofa—e over a—y sites (residues 111 and 115),
receptor for certain animal species, with a preference for gnd one is unique to selectivity af—e over a—o sites

mouse over ratl(0, 28), human (0), and chick g9). Third, (residue 36). Residues at these aligned positions have also
the resistance of the immature mouse to waglerin tox305 ( been identified as determinants afconotoxin M (13),
and the expression of the subunit in place ofy during carbamylcholineZ5), andp-tubocurarine 11, 15) selectivity.

maturation of the neuromuscular junctiddi( 32) indicate Neighboring residuesPro176 andGlu177 mediate selectiv-
that subunit replacement accounts for the different sensitivi- ity of Nmml, a three-fingeredi-neurotoxin of 62 residues

ties to Witx-1. In vitro, Wtx-1 binding at the.—e subunit (14, 35). What appears to be unique to Wtx-1 selectivity is
interface shows a 2000-fold enhancement of affinity over the principal dependence on Asp-173 in governing the
the a—0o (10) anda—y counterparts. specificity conferred by the other five residues. The sections
The initial goal of the experiments presented here was to below analyze the intrasubunit residue interactions respon-
delineate the residues in the nansubunits mediating this ~ sible for Wtx-1 selectivity.
2000-fold selectivity of Wix-1 for then—e binding site Intrasubunit Linkages in the Binding Sittn a fashion
compared to the.—d anda.—y sites of the muscle nAChR.  analogous to investigating a complex between two molecules,
In the course of performing these experiments, we found pairwise interactions between residues within a subunit
that multiple mutations often gave results dramatically can be analyzed using thermodynamic mutant cycle ana-
different from those expected from the sum of the contribu- lysis 33, 35—39). The free energy change associated with
tions of the single mutants. This led us to analyze intra- ligand binding can be computed for the mutated and wild-
subunit linkages by thermodynamic mutant cycle analysis type receptor, with the change &G upon mutation given

(33). by
Residues Mediating Wtx-1 Site Seleityi The y ande K
subunits are located between the twosubunits in the — Dmut
- . AAG=RTIn (1)
respective fetal or adult receptor, but confer very different Kowt

affinities for Wix-1. Substitution of the five determinants

from the y subunit into thee subunit yields an assembled A reversible reaction characterized by a cyclic reaction
receptor with reduced affinity approximating that of they scheme requires microscopic reversibility. In this case, two
site (Figure 3A). Conversely, substitution of the same five mutations in an individual receptor {R:.mu) Subunit are
residues from the subunit (residues 57, 59, 111, 115, and compared to the wild-type receptor,{R:) and the two single
173) into they subunit increases affinity to within 10-fold  mutants by the following thermodynamic cycle:

of that of thea—e site (Figure 3B). Thé subunit occupies Scheme 1

a position different from those of ande in the receptor

pentamer and is more distant from either in sequence Rust 5 R

homology (Figure 1). Nevertheless, we interchanged the
four selectivity determinants betweeh and ¢ subunits
(residues 34, 57, 59, and 173), and replicated the low affinity Ruutint 5 Rtz
conferred by in the e subunit and, conversely, approached

within 14-fold the high affinity conferred by in the o For each of the R mutation states of the receptor indicated
subunit. in Scheme 1, a free energy change of waglerin-1 binding

We were not able to replicate completely the-e site (AG®) can be determined. If the individual mutations
affinity with mutations in either the, or 6 subunit. This contribute independently to the binding site for Wtx-1, the
suggests additional unidentified residues contribute to Wtx-1 total AAG for the series of hypothetical binding reactions
selectivity, or that the scaffolds of the y, andd subunits from any state of the cycle back to the starting state should
are not identical. However, our data, as well as previously equal zero. If the interaction energy is less than or greater
recorded data, support the concept of similar but not identical than the additive value, then it suggests the two individual
scaffolds of these noo- subunits. A majority of the site  mutations are energetically coupled with each other, and
selectivity displayed by several different ligands can be mutually interact in contributing to Wtx-1 binding. The
ascribed to mutations at aligned positions of the subunits equations are derived as follows:

i1 i
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KDmutl,mut%DWt,wt

Q

KDmuthlKDwt,mutZ

AAG; =RTIn Q

(2)
®3)

= RTIN Kprmygmuiz = RTIN Kpug e =
RTIN Koyt mute 7 RTIN Ky

= AGrc;1ut1,mut2_ AGomutl,wt_ (AG\c/)vt,mutZ -
AGiu) (4)
Using mutant cycle analysis, Wtx-1 binding to receptors with

multiple mutations can be compared to the binding to
receptors with single mutations to determine their degree of

interaction. Tables 4 and 5 summarize the data for the groups

of mutations described in the following sections. A negative
AAGyT value represents a higher affinity (lowi€p value)
for the double (or multiple) mutant than the sum of single

mutants, whereas a positive value represents a lower affinity

(greaterKp value) than the sum of the single mutants.

Intrasubunit Interactions Reealed by Interchange of
ande ResiduesTheeD173F mutation reduced affinity more
than any single mutation in thesubunit. WhereD173F is
combined witheG57E or the double mutatia’G57E/D59Q),
the resultant subunit shows a less than additive reduction
of AAG (Figure 3), making these three residues likely
candidates for interaction whenresidues are substituted
into ay subunit. TheyE57G/Q59D double mutant and the
yF172D mutants only increase affinity by 5-fold each.
However, when theF172D point mutant is combined with
yE57G,yE57G/C115Y, and/E57G/Q59D, the interaction
energies AAGnt) are —1.00, —1.29, and—0.74 kcal/mol
for the three combinations, respectively (Table 4), suggesting
coupling betweeryF172 andyE57. Furthermore, there was
little or no interaction betweepE57G/F172D angtC115Y,
again suggesting coupling betweeB57 andyF172.

Results from multiple-point mutants also revealed interac-
tion betweenyF172 and several residues jointly. The
quadruple mutantyE57G/Q59D/C115Y/F172D was not
expressed. However, the quintuple mutgi57G/Q59D/
S111Y/C115Y/F172D expressed very well and revealed an
interaction energy of-2.03 kcal/mol between thgF172D
mutation and theE57GQ59D/S111Y#C115Y quadruple
mutant (Figure 5 and Table 4).

The preceding data indicate two requirements for Witx-1
selectivity. First, the high-affinity interaction of Wtx-1 with
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FIGURE 4: Waglerin competition with the initial rate offl]-o-
BgTx binding for a series of residues determiningndd subunit
selectivity. Arrows indicate the direction of shift in the binding
curve resulting from the given mutations in each graph. The analysis
is described in detail in Experimental Procedures, and dissociation
constants are found in Table 3. (Ao 6 subunit mutations. The
given point mutations were made in which thsubunit residues
were mutated to the amino acid found at the corresponding position
of thed subunit. The dashed line at the right of the graphs represents
the hypothetical position of thé wild-type curve analyzed as a
single site. In each experiment, cells were cotransfected with wild-
typea, 3, 0, and given mutated subunit. (B)o to e subunit point
mutations. Point mutations in tResubunit were constructed, and
cells were cotransfected with wild-type 3, ande subunits. The
dashed line at left side of the graph indicates the hypothetical
position of the curve if thex—9 site has the same affinity as the
wild-type o.—e site.

reductions in affinity of 106- and 29-fold were found for
€D1731 andeG57D, respectively. TheG57D/D173I double

mutant reduced affinity only slightly more than teB173I
mutant alone, resulting inAAGyr of —2.3 kcal/mol (Table

the NAChR binding sites strongly depends on the presence4). Also, residues at the-34 ande-173 positions interact

of an Asp residue at the-1734-172 position. This is
supported by the fact that in thesubunit, there is little
additional reduction in affinity when the other affinity
determinants are added to tH@173F mutant, and in the
subunit, there is littlancreasein affinity resulting fromy
to € mutations at positions 57, 59, 111, and lirBessthe
yF172D mutation (homologous with position 173 dpis

with each other. TheK34S mutant reduces affinity 6-fold,
whereas theK34S/D1731 double mutant increases affinity
3-fold more thareD173| mutant by itself, yielding AAGt

of —1.65 kcal/mol (Table 4). As observed for residues
interchanged betweea and y subunits, the homologous
positione173k17266178 is critical for enhancing affinity for
combinations of mutations. Of the point mutations made in

present (Table 4). Second, positions 57 and 173 are mostthe 6 subunit, thedS36K mutation couples most strongly
likely interdependent, as discussed further below. The datawith the 51178D mutation, giving aAAGnt of —1.29 kcal/

do not, however, allow us to distinguish conclusively
between Asp-173 influencing the orientation of Wix-1 in the
binding site or positioning the other selectivity-determining
residues within the non- subunit.

Intrasubunit Interactions Realed by Interchange af
ande ResiduesOf thee to 0 point mutations, the two largest

mol, or nearly 1 order of magnitude of changekin (Table
5).

An even greater interaction energy for themutants is
achieved withd1178D when combined witld S36K/D59G/
A61D; this mutant cycle yielded AAGyr of —1.84 kcal/
mol (Table 5). ThedS36K/D59G/A61D triple mutant confers
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Ficure 5: Interaction energies of combinations of mutations within a subunit. The bar graphs above demonstrate interaction energies
(AAGnT) occurring between homologous positian$73,0-178, andy-172 and the other selectivity-determining residues. All bars indicate
changes in the binding free energ¥AG; see eq 1 in the text) upon mutation of the residue(s) designated to the left of the bars. The white
segments of the bars represent interaction free enerdie&(r; see eq 3 in the text) between the sets of mutants in each of the groups;
the actuaAAG\\r value is indicated with the bracket above the white bar. Negatix& values indicate increases in affinity compared

to that of the wild type, and positivRAG values indicate decreases in affinity. Dashed lines on white bars indicatesaditve AAGnT
contribution to the totaAAG for the construct, and solid lines on white bars indicatupra-additve AAG)yt contribution to the total

AAG for the construct. The data are given in Tables 4 and 5.4AAGnt values fory-1726-178 mutants with the other selectivity-
determining residues. (Top bars) The white bar indicatessthpra-additve increasein affinity resulting from combining thes/F172D
mutation with theyE57G/Q59D/S111Y/C115Y quadruple mutant. (Bottom bars) The white bar indicatesiph@-additve increasein

affinity resulting from combining thé S36K/D59G/A61D triple mutant with thél178D point mutation. (B) Interaction energies between
residues 34/36 and 173/1784f9 subunits. (Top bars) The mutations in theubunit indicate that positions 34 and 17ZXimteract with

each other to facilitate binding of waglerin-1 to the receptor. The dashed white bardK34&/D1731 double mutation indicatessab-
additive decreaseén affinity. (Bottom bars) The mutations in thiesubunit indicate that positions 36 and 178 interact with each other to
facilitate binding of waglerin-1 to the receptor. In this case,dB86K/I178D double mutation givessapra-additve increasen affinity.

the same affinity as wild-typé, while 61178D confers 7-fold
higher affinity; however, the combined quadruple mutant
confers 150-fold higher affinity than wild-typ® or 21-fold
higher than expected for an additive increase. This further
supports the hypothesis that an Asp substitution at position
178 of o (and at the homologous positions ©fand y) is
required for orienting Wtx-1 in the binding site to achieve
high affinity.

Residue substitution betweenand d subunits suggests
ion pairing between two charged residues on the receptor
and a cationic moiety on Wix-1. Replacing negatively
chargedeAsp-173 with the neutral, hydrophobic Phe or lle
likely eliminates an electrostatic attraction with waglerin,
while unmasking electrostatic repulsion betwekys-34 and
one of the seven cationic residues of Wtx-1. This may explain
why the eD173F andeD173l point mutants both reduce
affinity more than thecK34S/D173I double mutant, which
simultaneously neutralizes the positive charge §s-34 and
the negative charge afAsp-173.

For mutations in thed subunit, 0S36K alone slightly
decreases affinity, but it increases affinity only when present
in the double mutaniS36K/1178D, giving aAGnt of —1.29
kcal/mol, revealing a higher-than-expected affinity (Figure
5 and Table 5). Thus, thé&<34S/D1731 and conversES36K/ FiGURE 6: Homology model of the nAChR based on the AChBP
1178D double mutants each produce higher-than-additive crystal structure. (A) Model of the—e interface of the receptor,
affinities. A similar, but converse, observation is made for V‘gthl\iid(fe?g?i{;]205it(isoirr‘ﬁeor;;gée?(i:")%ggtjrgf‘it”ri;;? residues shown.

. . . . lo) — . — .
thea—0 site Selegt've Il_gandx-conothm MI. The6I178_F gI'u)rquoise showﬂgsheet regions, red anhelix region?/and yellow
mutant ¢ to y) slightly increases affinity for-conotoxin a region of 7-12-residue insertion in, y, andd subunits compared
MI, and thedS36K mutant decreases affinity; however, the to AChBP. The coloring of ther-carbon backbone corresponds
two together decrease affinity much more than predicted from Wwith the sequence alignment in Figure 1.
the sum of the two point mutant43). Thus, the mutations Interaction between Residues at PositieB3 ande173.
at 0Ser-36 andlle-178 synergize taecreaseaffinity for Small, but consistent, interaction energies are found between
o-conotoxin MI, butincrease affinity for Witx-1. These mutations at positions57 ande173 for substitutions from
observations made with two structurally distinct ligands eitherd or y subunits. However, the interaction energy for
provide strong evidence that residues at the equivalentsubstitutions of equivalent residues énto 6 subunits is
positionse34/036 ande173/0178 are close to each other in  significantly greater than for substitution of equivalent
the overall structure of the respective subunits (Figure 6). residues ire to y subunits -2.29 vs—0.54 kcal/mol). Thus,
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the smaller side chains in th&57D/D173l¢ to 6 double (Figure 6). Thus, our model places residues 34 and 173 of
mutant may introduce less steric hindrance to bound waglerinthe ¢ subunit close to one another, as suggested by the
than theeG57E/D173F¢ to y mutants. The interaction  proximity of residues at aligned positions of the AChBP
energies suggest proximity of residues at these positions, ancatrystal structure and corroborated by the data presented here.
that waglerin binding is optimized for a particular number These data enable us to place constraints on the nAChR
of negative charges in the region. Other smaller interactions binding site in regions of the receptor not present in AChBP.

may exist between residues at positions 57 and 59 ir the
subunit (Table 4).
Distinctions in they and 6 Templates.The interaction

Work in progress utilizes mutant cycle analysis to assess
coupling of waglerin peptide residues with positions of the
nAChR, and should delineate contact points between the

energies between residues further support the notion thatreceptor and this unique family of toxins.

€Asp-173 is critical for proper positioning of the other
residues within thee subunit that mediate binding site
selectivity. Although some selectivity determinants differ
among thee, y, ando subunits, energetic linkages between
residues at positions equivalent 173 and residue(s)
amino-terminal to it are similar in magnitude and direction
regardless of whether the mutants are madeadne subunits
(Tables 4 and 5). This independence of the mutated subunit
strongly suggests that the residue at position 173 governs
the proper positioning of secondary residues Nrterminal

to it. Although these residues differ at the-y and a—06
binding sites, residues at the 57 and 59 positions contribute
to selectivity in bothy andd subunits, the residue at position
36 contributes in thé subunit, and the residue at position
115 contributes in the subunit.

Modeling the Muscle nAChR Based on the Crystal
Structure of AChBPThe recently determined crystal struc-
ture of an acetylcholine binding protein isolated fram
stagnalishas provided a useful template for modeling the
extracellular ligand binding domain of the nAChR. The
AChBP contains five identical subunits of 210 amino acids
arranged in a twisted3 barrel. The AChBP is most
homologous to the homomeric7 subunits of the nAChR
and contains most of the hallmark residues conserved within
the extracellular domain of this family of ligand-gated ion
channels (Figure 1)4).

We present here a homology model of the mouse muscle
NAChR based on the crystal structure of AChBP. The nAChR
is well modeled in most regions by homology to AChBP,
since only single- or double-residue insertions are found in
regions that lack: helical orf structure. However, the region
between residues 159 and 175 of theubunit is not well
modeled by the AChBP due to an eight-residue insertion
(seven residues ip and 12 residues i) compared to the
AChBP (Figure 1). This insertion is particularly important
for understanding binding site selectivity within the nAChR
since it lodges between stranf8 and$9, and could adopt
its own secondary structure. Data presented here and
elsewhere 13, 40, 41) suggest that the-173/-1726-178
ande-175k-174/6-180 residues flanking the insertion help
shape the binding site. Furthermore, residyésp-174/ 24.
0Asp-180 have been shown to approach within 0.9 nm of 25
the a-192/193 positions in cross-linking studie®)(41). If 26.
the 38—/9 insertion is modeled on the basis of the sequence
alignment of they andd subunits provided in red, then
these residue positions would be too far away from the other 27
binding site segments to be bridged by waglerir<lgono-
toxin MI, and the other ligands studied previously. The
accumulated experimental data suggest an altered alignment
of the AChBP with thee, y, andd subunits (Figure 1) that
allows for placement of these critical residues closer to the
other conserved segments contributing to the binding site

1.

2.

4

7.

8.

28.
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