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ABSTRACT: We report the two-dimensional nuclear magnetic resonance (NMR) characterization of the
stoichiometric complex formed between the snake venom-derived long a-neurotoxin, a-bungarotoxin (BGTX),
and a synthetic dodecapeptide («185-196) corresponding to a functionally important region on the a-subunit
of the nicotinic acetylcholine receptor (nAChR) obtained from Torpedo californica electric organ tissue.
BGTX has been widely used as the classic nicotinic competitive antagonist for the skeletal muscle type of
nAChR which is found in the avian, amphibian, and mammalian neuromuscular junction. The receptor
dodecapeptide («185-196) binds BGTX with micromolar affinity and has been shown to represent the
major determinant of BGTX binding to the isolated a-subunit. Previous studies involving covalent modification
of the native nAChR from Torpedo membranes with a variety of affinity reagents indicate that several
residues contained within the dodecapeptide sequence (namely, Tyr-190, Cys-192, and Cys-193) apparently
contribute directly to the formation of the cholinergic ligand binding site. The NMR-derived solution
structure of the BGTX /receptor peptide complex defines a relatively extended conformation for a major
segment of the “bound” dodecapeptide. These structural studies alsoreveal a previously unpredicted receptor
binding cleft within BGTX and suggest that BGTX undergoes a conformational change upon peptide
binding. If,as we hypothesize, the identified intermolecular contacts in the BGTX /receptor peptide complex
describe a portion of the contact zone between BGTX and native receptor, then the structural data would

suggest that a-subunit residues 186—190 are on the extracellular surface of the receptor.

Ligand-gated ion channels represent a large, evolutionarily
related group of intrinsic membrane proteins that form
multisubunit complexes and transduce the binding of small
agonists into transient openings of ion channels. The first
requisite step in channel activation is the binding of the agonist
to select receptor determinants which are then believed to
trigger a subtle conformational rearrangement leading to
channel opening. The nicotinicacetylcholine receptor (AChR)
is the prototypic ligand-gated cation-selective channel, and
the availability of high-affinity antagonists, the a-neurotoxins,
has greatly facilitated the biochemical and molecular char-
acterization of this receptor/channel complex (Stroud et al.,
1990; Galzi et al., 1991). The snake venom a-neurotoxins
such as a-bungarotoxin (BGTX) competitively block or
occlude the binding of agonists to the AChR. A major
determinant of the antagonist binding site, which likely
overlaps the agonist binding site, is thought to reside on the
a-subunit between residues 173 and 204 on the basis of the
following observations. Small synthetic peptides correspond-
ing to this region bind BGTX (Wilson et al., 1985, 1988;
Neumann et al., 1986a,b; Ralston et al., 1987; Gotti et al.,
1987; Raddinget al., 1988; Conti-Tronconi et al., 1990; Tzartos
& Remoundos, 1990), and AChRs from BGTX-resistant
animals and from neuronal AChRs which are insensitive to
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BGTX contain altered sequences within this region [e.g.,
Barchan et al., (1992)]. Studies with synthetic peptides and
recombinant fusion proteins are in general agreement in
localizing the key residues responsible for BGTX binding to
the region that contains residues 181-198 (Wilson et al., 1985,
1988; Neumannetal., 1986a,b; Aronheim et al., 1988; Radding
et al., 1988). The shortest peptide retaining high binding
activity for BGTX is the heptapeptide z189-195 (Tzartos &
Remoundos, 1990). The BGTX-binding dodecapeptide cor-
responding toresidues 185-196 of the Torpedo a-subunit binds
BGTX, in solution, with an apparent K4 of 1.4 uM (Pearce
et al., 1990), in good agreement with other binding studies
(Neumann et al., 1986a,b; Aronheim et al., 1988; Wilson et
al., 1988). Synthetic peptide analogue studies and site-directed
mutagenesis of recombinant proteins suggest that residues
Tyr-189 and Tyr-190 play an important function in BGTX
binding (Gotti et al., 1988; Tzartos & Remoundos, 1990;
Pearce et al., 1990; Ohana et al., 1991; Conti-Tronconi et al.,
1991; Chaturvedi et al., 1992).

The 173-204 region of the a-subunit also plays a significant
role in agonist recognition as indicated by covalent labeling
studies with [*H]-4-(N-maleimido)-a-benzyltrimethylam-
monium, which place Cys-192 and Cys-193 (Torpedo num-
bering) within the agonist binding site (Kao et al., 1984).
Cys-192 and Cys-193, in the native receptor, form a highly
unusual vicinal disuifide with great potential for conforma-
tional rearrangement in response to agonist binding (Kao &
Karlin, 1986). This disulfide is not, however, required for
BGTX binding (Tzartos & Remoundos, 1990; McLane et al.,
1991; Schlyer etal., 1992). Many other spectroscopic, covalent
labeling, and site-directed mutagenesis studies provide ad-
ditional evidence that residues in the «181-198 region
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contribute to agonist binding (Mishina et al., 1985; Dennis
et al., 1988; Abramson et al., 1989; Fraenkel et al., 1990;
Middleton & Cohen, 1991; Tomaselli et al., 1991; Galzi et
al., 1991a,c; O’Leary & White, 1992; Pearce and Hawrot,
manuscript in preparation).

The a-neurotoxin family of proteins has been widely and
extensively studied over the last 25 years [reviewed in Endo
and Tamiya (1987)], providing a great deal of structural
information. The structure—function analysis todate has been
largely based on (1) the comparison of conserved sequences
among over 60 identified and characterized a-neurotoxins,
(2) chemical modification studies, and (3) the X-ray crystal
structures of three a-neurotoxins (Low et al., 1976; Tsernoglou
et al., 1978; Walkinshaw et al., 1980; Love & Stroud, 1986;
Betzel et al., 1991). BGTX is a relatively flat, hand-shaped
protein with overall dimensions of 40 A X 30 A X 20 A. As
modification of no single residue appears to eliminate receptor
binding, it has been suggested that toxin/receptor binding
involves a multipoint attachment (Endo & Tamiya, 1987).
Although a number of amino acid residues have been
implicated in receptor recognition, there has been very little
direct evidence to reveal the molecular mechanism underlying
receptor binding and specificity. Electron microscopy (Kistler
etal., 1982),small-angle X-ray diffraction studies (Fairclough
et al., 1983), and electron image analysis of BGTX bound to
AChR-enriched membranes (Kubalek et al., 1987) suggest
that BGTX lies atop the synaptic crest of the receptor at
positions corresponding to the two a-subunits and may protrude
some distance into the central vestibule. The localization of
BGTX astride the synaptic crest is consistent with fluorescence
energy-transfer experiments indicating that at least a portion
of bound a-toxin resides near the outer perimeter of the
receptor (Johnson et al., 1984) and that a receptor region
interacting with an a-toxin residue located midway along the
40-A length of the toxin is itself about 40 A above the plane
of the membrane (Herz et al., 1989). These findings suggest
that the tip of the middle a-neurotoxin loop cannot extend
any closer than 20 A to the membrane bilayer (Herz et al.,
1989).

NMR structural data (Basus et al., 1988) indicate that the
solution structure of BGTX, while consistent with the X-ray
structures of a-cobratoxin and erabutoxin (Low et al., 1976;
Walkinshaw et al., 1980; Corfield et al., 1989), is different
in several key respects from the X-ray structure of BGTX
(Love & Stroud, 1986). Several other members of the
a-neurotoxin family have been studied by NMR (Endoet al.,
1981; Inagaki et al., 1985; Labhardt et al., 1988; Yu et al,,
1990; Oswald et al., 1991; Sutcliffe et al., 1992; Le Goas et
al., 1992; Zinn-Justin et al., 1992). A common goal in these
studies has been the identification of structural features
important for nicotinic receptor recognition and specificity.
NMR structure determinations have been carried out on about
100 proteins of up to 157 amino acids in length (Bax, 1989;
Wagner et al., 1992) and are now being extended to the study
of protein complexes where short synthetic peptides can be
used to reveal the important features of binding domains
important for protein recognition (Ikura et al., 1992).

In this study we have prepared the complex formed between
the dodecapeptide Torpedo «185-196, containing the Cys-
192-Cys-193 disulfide, and BGTX to determine the three-
dimensional structure of the complex using two-dimensional
(2-D) NMR techniques. Thestructure of the complex provides
fundamentally important information on the molecular con-
figuration and localization of several key residues in the
dodecapeptide as they exist in the toxin-bound state. In
addition, we have identified a number of residues in BGTX
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that are perturbed upon binding and which suggest a major
site of molecular recognition mediating toxin binding to the
a-subunit of the AChR.

MATERIALS AND METHODS

Synthetic Peptide Preparation. Solid-phase peptide syn-
thesisand HPLC purification of the «185—196 dodecapeptide
KHWVYYTCCPDT was performed by the Yale Protein and
Nucleic Acid Chemistry Facility, New Haven, CT. As the
2-D NMR studies required high concentrations of complex,
we prepared the internal disulfide (Cys-192-S-S-Cys-193)
form of the dodecapeptide to preclude any possibility of thiol-
disulfide reaction between the two peptide cysteines and the
five disulfides in BGTX. The oxidation was carried out by
the slow addition of a dilute dodecapeptide solution to a slight
molar excess of potassium ferricyanide solution at neutral pH
(Rivieretal., 1978; Grayetal., 1984). The extent of reaction
was determined by the Ellman color reaction with DTNB
(Ellman, 1959). Unreacted dodecapeptide in the sulfhydryl
form was removed by passing the reaction mixture through
an Affi-Gel-501 organic mercurial resin (Bio-Rad) according
to the manufacturer’s specifications. The reaction mixture
was then lyophilized and desalted and the oxidized dode-
capeptide isolated by preparative C18 reverse-phase HPLC.
Upon analytical C18 HPLC with an acetonitrile gradient and
0.1% trifluoroacetic acid in the aqueous phase, the single peak
of oxidized dodecapeptide migrates at the same position as
the reduced dodecapeptide except that the peak is much
broader. The purified oxidized dodecapeptide was unreactive
with DTNB and with the sulfhydryl-modifying reagent
N-ethylmaleimide, as determined by analytical HPLC, and
thus was free of the reduced dodecapeptide. Typically, yields
were about 50%. The predicted molecular weight of the
purified disulfide—peptide (1513.6) was confirmed by mass
spectrometry. Binding competition studies with native AChR
were performed as described previously (Pearce et al., 1990)
and indicated that the K4 of the disulfide—dodecapeptide for
BGTX is 3 uM.

Cys-192 and Cys-193 are normally linked by a disulfide in
the membrane-bound native AChR (Kao et al., 1986), and
the redox state of this Cys pair in the native receptor has little
effect (<3-fold) on a-neurotoxin binding affinity (Hamilton
et al., 1985). 1-D and 2-D 'H NMR studies of the complex
formed between the thiol form of the dodecapeptideand BGTX
indicate that perturbations in BGTX chemical shifts are similar
with both peptide preparations, consistent with the finding
that the disulfide is not essential for binding of BGTX to the
dodecapeptide. With the disulfide form of the dodecapeptide
we were able to carry out NMR studies of the complex at high
concentrations (5 mM) and elevated temperatures (45 °C),
conditions under which there is some precipitation with the
free sulfhydryl form of the peptide.

Two-Dimensional NMR and Structure Calculation. For
2-D NMR, the complex was prepared in 95% H,0-5% D-0,
pH =5.8. The reference “free” BGTX assignments at pH 5.8
were obtained by examining the previously identified chemical
shifts of cross-peaks in the NOESY and HOHAHA spectra
at pH 4.0 (Basusetal., 1988) and by following the incremental
changes in resonance positions upon the stepwise adjustment
of the pH first to 5.0 and finally to 5.8. We observed no major
change in the structure of free BGTX between pH 4.0 and
pH 5.8.

The ROESY (rotating frame NOESY) NMR experiment
(Bothner-By et al., 1984; Bax & Davis, 1985) was carried out
at 45 °C; 'H frequency = 500 MHz; ROESY mixing time
= 100 ms; acquired data size, 512 X 2048; 16 scans per ¢



12292 Biochemistry, Vol. 32, No. 46, 1993

increment. In ROESY experiments of this sort, NOE cross-
peaks are of opposite sign and were not plotted. Some of the
cross-peaks in the ROESY spectra of the same sign as the
chemical exchange cross-peaks are due to intramolecular
J-coupling between neighboring protons (e.g., in the Gln side
chain-NH5) and wereidentified by comparing the HOHAHA
spectra of free BGTX with the HOHAHA spectra of the
complex.

NOESY NMR experiments were carried out at 15, 25, 35,
and 45 °C; 'H frequency = 500 MHz; NOESY mixing time
= 150 ms; acquired data size, 512 X 2048; 16 scans per
increment. All reported chemical shifts are relative to an
internal standard [sodium 3-(trimethylsilyl)propionate] in-
cluded in all samples.

Representative solution structures of the complex formed
between BGTX and the first six amino acids of the dode-
capeptide were computed in two stages and were based on 365
BGTX constraints (146 long range, 155 sequential, 64 dihedral
angles) and the intermolecular constraints shown in Table
IIL. In the first stage of computation, a distance geometry
calculation was carried out using the Cray Y-MP at the San
Diego Supercomputer Center with the program VEMBED,
a vectorized version of EMBED (Havel et al., 1983; Kuntz
etal., 1989). Inthe second stage, the structures produced by
distance geometry were adjusted by restrained molecular
dynamics (rMD) and energy minimizations performed with
the GROMOS-87 programs (van Gunsteren & Berendsen,
1987) using a SUN Sparc2 workstation. Forall calculations,
in vacuo conditions were assumed and all charged groups
were neutralized. The 37D4 force field was applied in these
calculations, and the SHAKE algorithm (van Gunsteren &
Berendsen, 1987) was used to keep all bond lengths constant.
The distance restraint Kg;s was increased linearly from 0.6 to
10 kcal/(mol-A?) in the first 3 ps, while the temperature was
kept at 600 K followed by 2 ps at 600 K with Kgis = 10 kcal/
(mol-A2). The time constant # for coupling to the thermal
bath was set to 0.2 ps for the first 5 ps of the rMD runs and
was set to 2 ps for the next 6 ps where the temperature was
allowed to drop (final temperature setting was 0 K). The
long time constant was used to avoid trapping in local energy
minima as the temperature is lowered in the annealing phase
of the rMD calculations (Gippert et al., 1990). The final
temperatures at the end of the 11-ps dynamics run were in the
range of 200-300 K. The structures generated by rMD were
then energy minimized using Kgi;s = 10 kcal/(mol-A2). Asa
result of four independent structural calculations, the average
root mean square deviation between all pairs of structures
was 1.7 A for the receptor/peptide backbone atoms. For the
entire complex, an average root mean square deviation of 2.6
A was obtained for the backbone atoms excluding the
previously described, poorly constrained BGTX regions
involving residues 30-38 and 69-74 (Basus et al., 1988).

RESULTS

Stoichiometry of Binding and Suitability for 2-D NMR
Analysis. Figure 1 shows the effect of varying the molar
ratio of dodecapeptide to BGTX on an identifiable resonance
(the C3H of His-4 in BGTX) in a 1-D NMR spectrum. We
found that the chemical shift position of the His-4 C6H
imidazole ring proton in BGTX is altered upon complex
formation and consequently binding and the stoichiometry of
the complex can be monitored by following the disappearance
of the His-4 CSéH resonance. Incremental addition of
dodecapeptide to BGTX resulted in a steady diminution of
the CSH resonance corresponding to free BGTX and the
appearance of three new resonances in this region (Figure 1).
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FIGURE 1: Stoichiometry of binding determined by varying the molar
ratio of BGTX and dodecapeptide. One-dimensional NMR spectra
were obtained in D,0 on mixtures of BGTX and dodecapeptide as
indicated. Samples were incubated in 20 mM sodium phosphate buffer,
pH 8.3 at 25 °C, for 24 h. BGTX concentrations ranged from 0.5
to 1.0 mM, and the dodecapeptide concentrations ranged from 0.2
to 1.0 mM. The complete assignment of the BGTX resonances has
been carried out at pH 4 (Basus et al., 1988), and the pH dependence
of the His-4 C6H proton shift is known (Endo et al., 1981), so that
the position of the CSH resonance of His-4 in BGTX (Figure 1) is
unambiguous. The dashed line indicates the chemical shift position
of the His-4 C8H resonance in free BGTX. The fully reduced peptide
was used in this experiment, but similar results were seen with the

disulfide form of the peptide and at the pH used for the 2-D NMR
studies (pH 5.8).

Dodecapeptide alone

We have assigned these three resonances (see below), and
they correspond to protons in the complexed (“bound™) form
of BGTX. From left to right in Figure 1, the three new
resonances in the stoichiometric complex that lie between
chemical shift 6.5 ppm and 6.2 ppm correspond to (1) C6H
of His-68, (2) CSH of His-4, and (3) CaH of Met-28 (the
broadest of the three resonances). At an equimolar concen-
tration of dodecapeptide and BGTX (0.5 mM each;i.e., 160-
fold above the apparent Ky for the disulfide form of the
dodecapeptide as determined in this study), the resonance
corresponding to the C6H of His-4 in free BGTX is abolished,
indicating that the stoichiometry of the complex is 1:1.
Furthermore, the 1:1 stoichiometry indicates that the synthetic
dodecapeptide is homogeneous in its capability to bind BGTX.

The incremental decrease in the C6H resonance of His-4
in free BGTX and the concomitant increase in the new
resonances corresponding to bound BGTX indicate that the
complex exists in slow chemical exchange with free BGTX at
45°C. Theapparentrate of exchange between free and bound
forms of BGTX is <~0.5s71 at 45 °C on the basis of the slow
exchange peaks of His-4 CéH.
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FIGURE 2: Chemical exchange cross-peaks used for assignment of
bound BGTX resonances. A portion of the ROESY spectrum of the
2:1 mixture of BGTX and the «185-196 dodecapeptide is shown
which corresponds to the 1-D NMR region shown in Figure 1.
Exchange cross-peaks between free and bound BGTX are depicted,
and the corresponding chemical shifts (§) for the free and bound
forms of two identified resonances are given.

BGTX Resonance Assignments from Exchange Spectra.
As approximately 30% of BGTX resonances were shifted from
their free chemical shift position upon binding the dode-
capeptide (see below), it was not possible for us to translate
directly all the previously determined free BGTX resonance
assignments (Basus et al., 1988) to the complex. As shown
in Figure 2, however, we observed that, in a 2:1 molar mixture
of BGTX and the dodecapeptide where half the BGTX is free
and half is bound, there are two sets of BGTX resonances of
equal intensity; one set derived from free BGTX and the other
set of resonances from bound BGTX. The continual exchange
of BGTX between the free and bound states inthe 2:1 mixture
creates additional, non-NOE-related cross-peaks in a standard
NOESY spectrum which are due to direct magnetization
transfer (i.e., exchange) between homologous pairs of protons
inthe twodistinct slow-exchange conformers of BGTX (Jeener
et al., 1979; Meier et al., 1979).

We found that the exchange-related cross-peaks produced
inthe 2:1 mixture (BGTX/dodecapeptide) provide a powerful
tool for rapidly identifying and assigning residues in BGTX
that are markedly perturbed upon formation of the complex
with the dodecapeptide. Furthermore, this approach may be
of general utility in determining the structure of other protein
complexes. Figure 2, therefore, illustrates our generalstrategy
in using the chemical-exchange cross-peaks produced in a 2:1
mixture of BGTX/dodecapeptide to assign BGTX resonances
in the complex whose chemical shifts are greatly perturbed
upon binding. This figure shows a portion of a 2-D ROESY
plot corresponding in spectral region to that portrayed in the
one-dimensional NMR spectrum of Figure 1. The broad,
upfield resonance in Figure 1 (1:1 mixture) corresponds to
the broad exchange cross-peak in Figure 2 (BGTX/dode-
capeptide, 2:1) which is symmetrically located off the diagonal
in the upper right quadrant of the plot. This exchange cross-
peak has chemical shift “x—y coordinates” of § = 6.23 and
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6.09 and indicates that one of these two chemical shifts is
assignable to a proton in free BGTX and that the other
chemical shift must be due to the same proton in the bound
conformer of BGTX. The results in the 1-D experiment of
Figure 1 argue that the resonance with a § = 6.23 is that of
the bound proton as it is found in the 1:1 complex but it is not
present in the BGTX spectrum, From our assignments of
proton chemical shifts in free BGTX, the only possibility for
the chemical shift at § = 6.09 is the CaH proton of Met-27.
The broadness of this resonance is consistent with the observed
behavior of the CaH proton resonance of Met-27 under a
variety of conditions in free BGTX, and thus we can assign
the resonance at & = 6.09 to that of the CarH proton of Met-27
in the bound form of BGTX. Similarly, the cross-peak close
to the diagonal near the center of the ROESY plot (Figure
2) involving the CSH resonance of His-4 in free BGTX
indicates that this resonance is shifted upfield slightly in bound
BGTX (6 = 6.33). Finally, the new resonance appearing in
the downfield vicinity of the C6H of His-4 in BGTX (see
Figure 1) can now be seen to be due to a large upfield shift
in the position of the resonance for the C§H proton of His-68
in BGTX (Figure 2). From our assignments of free BGTX
at pH 5.8, the His-68 C6H proton has a chemical shift of é
= 6.76 in free BGTX and can thus be assigned to a é = 6.44
in bound BGTX.

BGTX Residues Perturbed upon Binding. We were able
to assign nearly all of the proton resonances of BGTX in the
complex using either the ROESY spectra as described above
or by comparison with the spectra of free BGTX when the
chemical shift changes were too small to observe the exchange
cross-peaks. A selected summary of the free and bound
resonance assignments is shown in Table I and includes only
those residues in BGTX that have resonances which shift
dramatically upon binding (A6 > 0.15 ppm). Astheresolution
of the NOESY spectra is about 0.01 ppm in these experi-
ments, the 0.15 ppm cutoff is somewhat arbitrary but restricts
immediate attention to those 16 residues in BGTX with the
largest changes in chemical environment upon binding. A
schematic highlighting the positions of these 16 amino acids
in the molecular model of BGTX is shown in Figure 3. Except
for His-68, all the highly perturbed residues are either in the
N-terminal loop or in the middle loop (loop II). In addition,
however, 11 other residues in BGTX exhibited smaller but
significant chemical shift perturbations, in the range of 0.04—
0.14 ppm (His-4, Thr-5, Glu-20, Lys-26, Met-27, Cys-33,
Gly-43, Tyr-54, Glu-56, Val-57, and Asp-63). Assignments
are lacking for only six BGTX residues in the complex: Ser-9
(at the tip of loop I), Ser-34 and Ser-35 (at the end of loop
IT), and Lys-70, Arg-71 and GIn-72 (in the C-terminal tail
segment). All other resonances of BGTX in the complex were
minimally perturbed, being within 0.04 ppm of the chemical
shift found for free BGTX. Thus, approximately one-third
(27 of 74) of the residues in BGTX experience some change
in their chemical environment upon complex formation with
the dodecapeptide. The 8-sheet involving loops II and III is
not disrupted by binding as all the diagnosticinterstrand NOEs
observed in free BGTX (Basus et al.,1988) are retained in
bound BGTX.

Dodecapeptide Resonance Assignments. The exchange
cross-peak strategy used to assign the resonances of bound
BGTX could not be applied to bound dodecapeptide because
we could not prepare a 2:1 mixture of dodecapeptide/BGTX
due to the limiting solubility of the free peptide at pH 5.8.
Instead, the peptide assignments, shown in Table II, were
obtained by using the sequential assignment procedure
developed by Wiithrich and co-workers (Wiithrich, 1986).
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Table I: Comparison of Free and Bound Chemical Shifts for BGTX
Residues Perturbed upon Binding?

residue free 5 (ppm) bound 3 (ppm)
Thr-6 NH 8.25 8.62
oH 275 37
gH 503 5,69
+Me 144 1.27
Ala-7 NH 5.20 9.23
oH 433 452
SMe .54 142
Thr-8 NH 7.06 7.43
oH 405 468
SH 325 277
+Me 1.04 1.06
Pro-10 oH 487 4.80
gH 2.51 2.05
SH 2.52 2.8
Tle-11 NH 841 385
oH 414 395
gH T.69 .50
+H ~1.20 137
sMe 0.91 .25
yMe 1.05 0.91
Trp-28 NH 8.57 8.16
oH 524 5.20
&H 3.46 3.44
SH 3.72 3.79
NeH 10.50 10.51
Cs'H 7.03 7.07
CeH 7.19 7.16
CPH 7.27 7.35
CrH 6.87 6.81
CPH 7.54 7.57
Cys-29 NH 937 9,55
oH 514 539
8H 3.06 3.06
&'H 3.40 3.48
Asp-30 NH 8.31 9.40
oH 437 395
SH 271 275
&H 3.26 3.56
Ala-31 NH 8.27 .11
oH 304 2.08
SMe 1.06 1.06
Phe-32 NH 8.31 8.82
oH 433 433
SH 3.44 310
gH 396 2.36
sH 7.25 7.29
¢H 7.31 7.35
Gly-37 NH 7.69 7.25
oH 435 458
oH 391 378
Lys-38 NH 8.16 7.81
Val-39 NH 858 371
oH 358 379
SH ~0.76 0.4
+Me 0.55 .51
v'Me 0.47 0.33
Val-40 NH 7.59 8.11
oH 468 356
SH 173 1.51
YMe 055 0.55
v'Me 0.52 0.49
Glu-41 NH 9.44 9.21
oH 307 307
gH 2.28 2.08
H 2.35 ~3.40
His-68 NH 8.39 8.34
oH 4.09 3.90
SH 787 3.8
&'H 2.78 267
CeH 7.76 8.16
CsH 676 ~6.4d

4 Chemical shifts in bold italic underline indicate BGTX protons whose
resonances are shifted by greater than0.15 ppm upon complex formation.

Strong sequential «H(#), NH(i + 1) as well as BH(i), NH(i
+ 1) NOESY cross-peaks led to the assignment of residues
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FIGURE 3: Schematicdiagram of the BGTX structure. Boxed residues
indicate those amino acids whose chemical shifts changed by more
than 0.15 ppm upon binding of the «185-196 dodecapeptide. The
N-terminal loop is on the left, and disulfide bonds are indicated by
the double sets of connecting lines.

Table II: 'H Chemical Shifts® and Assignments for the 185-196
Dodecapeptide Complexed to a-Bungarotoxin at 35 °C and pH 5.8

residue NH CaH CB8H others
Lys-185 NA* ¢ ¢ c

His-186 ¢ 4,74 3.29,3.09 CSH 7.78; CeH 8.11
Trp-187  8.79 4,47 3.19,3.30 CeH 7.65; Cé'H 7.01;

NeH 9.65; CyH;¢
C{3H;* C#2H¢

Val-188  8.22 4.08 1.96 Cv,y'H; 1.06, 0.68

Tyr-189 7.85 4.85 2.79,3.15 CeH 6.91; CéH 7.31
Tyr-190 931 540 287,333 CeH 6.95; C6H 7.01
Thr-191 ¢ 417 425 CyH;1.19

Cys-192 ¢ ¢ ¢

Cys-193 742 5.34  3.38,3.62

Pro-194 NA 3.7 ¢ CéH3 3.31, 3.94; CyHy*
Asp-195  8.20 4.73 2.84,2.52

Thr-196  7.73 4.08 4.19 CyH; 1.12

9 Chemical shifts in ppm from internal 3-(trimethylsilyl)propionate;
accuracy £0.01 ppm. ? Not applicable. ¢ Not assigned.

186-190, 195, and 196. These strong NOEs in the peptide
are suggestive of an extended, B-sheet-like conformation in
the 186—-190 region. Similarly, aH(¥), 6H(i + 1) and SH({),
6H(i + 1) NOESY cross-peaks helped assign Cys-193 and
Pro-194. Although no sequential NOESY cross-peaks were
observed for Thr-191, its resonances were identified as the
only remaining unassigned Thr spin system in the complex.
We were not able, however, to assign the resonances of Cys-
192 and Lys-185. Significantly, no NOEs were observed
between sequential, NH(#), NH(/ + 1), amide protons of the
dodecapeptide. Together with the strong sequential aH to
NH NOE:s typical of 8-structure and the several SH to NH
sequential NOEs, these results clearly indicate an extended
conformation for all of the assigned residues in the dode-
capeptide (Table II).

Intermolecular Constraints to the Contact Zone. The
combined assignments for BGTX and dodecapeptide proton
resonances in the complex enabled us to identify several,
structure-delimiting, intermolecular NOESY cross-peaks. The
set of intermolecular NOEs listed in Table 111 define ten BGTX
residues and five dodecapeptide residues within the contact
zone and include BGTX residues in loops I (Thr-5, Thr-6,



a-Bungarotoxin/Nicotinic Receptor Peptide Contacts

Table III: Pairs of Intermolecular NOEs Defining Contacts
between the «185-196 Dodecapeptide and a-Bungarotoxin

dodecapeptide a-bungarotoxin
residue praton residue and proton
His-186 CaH - Ala-7 C8H;
CB8Hs - Thr-6 CSH; Ala-7 CaH
CeH - Thr-5 CaH; Ala-7 C8H;
Tyr-24 CeH; Gly-43 NH, CaHs
Trp-187 CsH - Thr-6 CSH
Val-188 CaH - Val-39 Cy'H;
CSH - Val-39 Cy’Hj; Val-40 Cy'H;
Cy'H; - Val-39 CyH;, Cy'Hs
CyH3 - Val-39 Cy’H;
Tyr-189 CéHs Aad Thr-6 CSH; Ile-11 CoH3;
His-68 CH
CeHs - Ile-11 NH; Thr-6 C8H;
Ile-11 C5H3; His-68 C6H
Tyr-190 CoH - His-68 C6H
CSHs - His-68 CéH
Cé8Hs Aad Asp-30 NH
0.40 0.30
£)-Val-188 ¥ Me H0.70
Val-39 y'Me
+0.80
E o
g Val-2 Y'Me
g

Val-188 yMe

@, (ppm)

FIGURE 4: A portion of a 2-D NOESY spectrum highlighting
intramolecular and intermolecular Val-Val interactions. The 2-D
contour plot of the NOESY spectrum reveals the expected strong
intramolecular interaction between the two branched Cy-methyls
within a Val residue (e.g., Val-2 of BGTX and Val-188 of the
dodecapeptide). The three additional labeled NOE cross-peaks in
this region indicate intermolecular interactions between the two Cy-
methyls of Val-39 in BGTX and the two Cy-methyls of Val-188 in
the dodecapeptide.

Ala-7, Tle-11) and II (Tyr-24, Asp-30, Val-39, Val-40, Gly-
43) as well as one residue in the C-terminal tail region of
BGTX (His-68). Except for Tyr-24, all BGTX residues in
the contact zone had some resonances perturbed by greater
than 0.04 ppm. Figure 4 illustrates the observed intermo-
lecular NOE cross-peaks between Val-188 of the peptide and
Val-39 in BGTX. For comparison, Figure 4 also shows the
expected intraresidue NOE cross-peak between the two Cy-
methyls in the side chain of Val-188 (lower left quadrant).
The relatively large NOE cross-peak in the upper right
quadrant of Figure 4 is due to the strong NOE interaction
between one of the Cy-methyls of Val-188 and the Cvy ’-
methyl protons of BGTX residue Val-39.

The interproton distance constraints from Table III were
then incorporated into a distance geometry algorithm to solve
for protein conformations compatible with the distance and
chirality restraints. For the distance geometry calculation,
the intermolecular distances were set at 5.00 A as an upper
bound only with the addition of the appropriate pseudoatom
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corrections (Wiithrich, 1986). To simplify the calculations,
only the first six amino acids (185-190) of the dodecapeptide
were incorporated into the structure of the complex. This
was appropriate as no intermolecular NOEs and no long-
range intramolecular NOEs were assigned involving peptide
residues 191-196. Four representative structures produced
by the distance geometry calculation were then further refined
by restrained molecular dynamics calculations, and one of the
four energy-minimized structures for the complex is shown in
Figure 5 (in stereoview). The orientation of BGTX is the
same as that in Figure 3. The peptide residues (yellow)
corresponding to amino acids KHWVYY are in an extended
conformation at a slight angle relative to the plane of the
triple-stranded 3-sheet in BGTX. Theimidazole ring of aHis-
186 is at the top-most position overlying Gly-43 and projecting
forward. The phenyl ring of Tyr-190 is at the bottom-most
position, beneath Lys-38 and projecting to the rear.

DISCUSSION

The Contact Zone between BGTX and the al85-196
Dodecapeptide. The “contact zone” residues of the dode-
capeptide are located in the “arm pit” of BGTX created by
the N-terminal loop I and middle loop II with His-68 in the
C-terminal tail forming a floor to the binding cleft. Asshown
in Figure 5, the BGTX residues colored in orange represent
the combined results of Tables I and I1I and define the regions
in BGTX most strongly affected by interaction with the
receptor dodecapeptide. The NOEs between the aHis-186
side chain and the phenyl ring of Tyr-24 in BGTX suggest a
hydrogen bond between these two side chains. Stabilizing
hydrophobic interactions in the complex are suggested by the
proximity of the side chain of Val-188 of the dodecapeptide
with side-chain methyls of Val-39 and Val-40in BGTX (Table
III). Likewise, the proximity of the Tyr-189 side chain of the
dodecapeptide and Ile-11 of BGTX suggests a possible
hydrophobicinteraction between these tworesidues. Thelarge
upfield shift of the Ile-11 CéH; by 0.66 ppm in the complex
(Table I) is consistent with the localization of Ile-11 CéH,
near the aromatic ring of Tyr-189 as depicted in Figure 5.

The contribution of Tyr-189 and Tyr-190 to the contact
zone is consistent with BGTX binding studies using peptide
analogues altered at these positions (Gotti et al., 1988; Pearce
etal., 1990; Tzartos & Remoundos, 1990). Functionalstudies
involving site-directed mutagenesis also have shown that Tyr-
190 plays an important role in the acetylcholine binding site
(Tomasellietal., 1991; Galzietal., 1991a; O’Leary & White,
1992). Although the conservative replacement of Tyr-190
with Phe in heterologously expressed mouse AChR has little
effect on steady state BGTX binding (Tomaselli et al., 1991),
presumably because of the multipoint contacts required for
BGTX binding and the minimal structural alteration of a Tyr
— Phe substitution, the corresponding change in the neuronal
a;receptor does indeed lead to a detectable decrease in BGTX
affinity (Galzi et al., 1991a).

The involvement of loop II residues in BGTX binding to
the receptor /dodecapeptide is not surprising as many workers
have suggested that loop II is a component of the receptor
recognition site and may form an acetylcholine-mimetic
structure (Tsernoglou & Petsko, 1976; Ménez et al., 1982;
Harveyetal., 1984; Endo & Tamiya, 1987). Theinvolvement
of His-68 and loop I (residues 3—-16) in BGTX binding to the
AChR was not previously predicted although it has been
observed that nearly all a-neurotoxins contain either a Ser or
aThrat position 8 inloop I and there is evidence for a functional
role of loop I residues in the related short a-neurotoxins (Ménez
et al, 1982; Harvey et al.,, 1984). Recent site-directed
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FIGURE 5: Stereoview of the solution structure of BGTX bound to the first six amino acids of the «185-196 dodecapeptide. The tristranded
ribbon indicates the position of the BGTX peptide backbone. The peptide residues (KHWVYY) are shown in yellow within the arm pit created
between the N-terminal loop I (on left) and the middle loop II. Shown in orange are BGTX atoms whose directly bonded protons undergo
a large change in chemical environment (A8 = 0.15 ppm as listed in Table I) or which give rise to intermolecular NOESY cross-peaks (Table

111).

mutagenesis of recombinant erabutoxin reveals that mutating
Ser-8 to a Gly produces a 176-fold decrease in erabutoxin
binding to the nAChR (Pillet et al., 1993) consistent with the
results reported here. Residues in loop III have also been
suggested to participate in receptor recognition (Low et al.,
1976; Ménezet al., 1982; Endo & Tamiya, 1987) by forming,
with residues from loop II, a concave surface which interacts
with the receptor surface. Apart from Tyr-24, we found little
indication that binding of the dodecapeptide involves the
concave surface directly. Loop III in BGTX may still be
important in binding to native receptor if receptor residues
other than those contained in the dodecapeptide interact with
loop ITI. Ithas also been suggested that loops I and III form
a cleft into which a receptor Trp residue, either Trp-184 or
Trp-187 of the a-subunit, can fit tightly (Low & Corfield,
1987). Our structural data would indicate, however, that the
Trp-187 side chain is instead turned toward the bottom end
of loop I (Figure 5). The localization of Trp-187 shown in
Figure 5 is consistent with fluorescence resonance energy-
transfer experiments which suggest a minimal distance in the
BGTX/dodecapeptide complex of ~12 A between Trp-187
of the dodecapeptide and Trp-28 in BGTX (Pearce & Hawrot,
1990).

Conformation of Bound Dodecapeptide. The solution
structure of the complex (Figure 5) suggests that the secondary
structure of the dodecapeptide involves an extended backbone,
as would be found in a §-sheet, at least for amino acids a186—
190. A pairwise comparison of the independently calculated
structures indicates that the peptide backbone for residues
185-190 in the complex shows an average root mean square
deviation of 1.7 A. The observed extended structure is
consistent with the 8-sheet secondary structure predicted for
residues 184-200 (Stroud et al., 1990) and with circular
dichroism studies of the BGTX /dodecapeptide complex which
indicate an increase in total -sheet-like structure upon binding
(Shiet al., 1988; Shiand Hawrot, manuscript in preparation).

Conformation of Bound BGTX. Although the overall global
structure of BGTX is not drastically disrupted by the binding
of the dodecapeptide, there is, nevertheless, significant
movement of BGTX residuesin a region adjacent to the contact
zone. A newintramolecular NOESY cross-peak between Val-
39 NH and the NH of Trp-28 in bound BGTX is absent in
free BGTX. The proximity of these two NH protons on the
opposite strands of loop I1 in the bound conformation of BGTX

indicates that the S-sheet of loop I1is being extended downward
by one more pair of residues upon binding. This conclusion
is further supported by the observation of a second new NOE
cross-peak between the CaH of Cys-29 and the NH of Val-39
as expected if the two strands were being zipped together in
this region.

The observation of the multipoint NOEs between the CeH
of His-186 in the peptide and the «H of Thr-5, the §-methyl
of Ala-7, the CeH protons of Tyr-24, and the NH and a-protons
of Gly-43 in BGTX is incompatible with the proposed X-ray
crystal structure of BGTX (Love & Stroud, 1986). The
solution structure of BGTX derived from NMR studies,
however, is different from the X-ray structure (Basus et al,,
1988), and the preliminary solution structure of free BGTX
(V. J. Basus, manuscript in preparation) is completely
consistent with the intermolecular NOEs observed in this study.

Contribution of the Dodecapeptide Sequence in BGTX
Binding to Native Receptor. There are two lines of argument
which suggest that the dodecapeptide sequence may contribute
approximately half of the total receptor surface area in contact
with BGTX. In the first case we compare the number of
amino acid residues involved in the BGTX/dodecapeptide
contact zone with the total number of residues involved in
several antigen/antibody complexes with binding affinities
(K3==10"19M) comparable to that of BGTX binding to native
receptor. X-ray crystallographicstudiesindicate that contact
zones for antigen/antibody complexes typically involve a total
of 3040 amino acids being contributed by the two proteins
in the complex (Janin et al., 1990). As we observe a total of
15 amino acids (five from the peptide and ten from BGTX)
in close contact in the BGTX /dodecapeptide complex (Table
II1), we estimate that close to half of the entire native receptor /
BGTX contact zone may be represented in the a185-196
dodecapeptide/BGTX complex. The second line of argument
comes from calculations based on equilibrium binding con-
stants with the one assumption that the intrinsic binding energy
(AG) is directly proportional to the surface area of contact
with BGTX. From AG = —RT In K., if the dodecapeptide
contributes one-half of the total contact surface utilized in
BGTX binding to the native receptor, then the Kq for BGTX
binding to the dodecapeptide should be the square root of the
K4 of BGTX binding to native receptor (i.e., V10! M or 3
X 108 M). The observed Ky of (1.4-3) X 10-¢ M (Pearce et
al., 1990; Pearce & Hawrot, 1990; this study) is consistent
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- 80 A >

FIGURE 6: Structure of the nicotinic acetylcholine receptor with
bound a-neurotoxin. The receptor consists of a pentameric array of
subunits with the two a-subunits separated by another subunit. The
synaptic surface is located above the membrane bilayer in this
representation adapted from Pratt and Taylor (1990) and based on
the work of Brisson and Unwin (1985). The backbone structures of
two a-neurotoxin molecules are shown atop the a-subunits with loop
II projecting into the central well. The approximate position of His-
186 in the a-subunit, based on the BGTX/dodecapeptide NMR
structure, is indicated by the large star ().

with half of the total contact surface in the BGTX/receptor
complex being represented in the BGTX/dodecapeptide
complex. Longer peptide fragments, such as the 18-mer
(«181-198) which binds with yet higher affinity (e.g., 6.5 X
108 M) (Pearce et al., 1990), should contain more than half
of the contact surface utilized in BGTX binding to native
receptor.

Location of a186-190 Residues in the Receptor Structure.
A number of studies indicate that BGTX lies atop the synaptic
ridge of the extracellular portion of the AChR and that loop
IT may extend partly into the central well of the receptor
(Kistler et al., 1982; Fairclough et al., 1983; Johnson et al.,
1984; Herz et al., 1987; Kubalek et al., 1987) as illustrated
in Figure 6. The observed intermolecular contacts (Table
IIT) suggest that residues 186—190 are located in the outer
extracellular half of the native receptor. Assuming that the
40 A long axis of BGTX is oriented radially down the central
well of the receptor, His-186, for example, can be no more
than 20 A from the outer cusp of the receptor and no closer
than 40 A from where the receptor meets the extracellular
surface of the membrane bilayer (Figure 6). Thislocalization
of residues 186—190 to the extracellular portion of the receptor
is contrary to a receptor model that proposes an unusual
transmembrane region involving a-subunit residues 179-192
(Pedersen et al., 1990). This latter model is based on
immunochemical evidence that residues a156—179 are local-
ized to the cytoplasmic region of the a-subunit. Our findings
suggest, however, that His-186 is at least 40 A from the
membrane surface as indicated by the star (%) in Figure 6.
The localization of His-186 some 20 A from the synaptic
ridge would place Tyr-190, which is functionally involved in
acetylcholine binding (Tomaselli et al., 1991), about 30 A
from the bottom of the central well of the receptor. Our
results are therefore consistent with fluorescence energy-
transfer experiments with agonist analogues, suggesting that
the agonist binding site is located some 30 A above the base
of the central well (Herz et al., 1989). The extracellular
localization of Tyr-190 is also supported by the photoaffinity
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labeling of Tyr-190 with the competitive antagonist DDF
(Dennis et al., 1988; Galzi et al., 1990), with [*H]curare
(Chiara & Cohen, 1992), and with [*H]nicotine (Middleton
& Cohen, 1991).

These studies form a solid base from which we plan to
examine complexes formed with longer segments of the
a-subunit which should provide more information on the
structures involved in macromolecular recognition. We are
currently analyzing the 2-D NMR structure of the higher
affinity complex formed between BGTX and an 18-mer («181-
198). We also are testing our predictions of contact zone
residues by site-directed mutagenesis of an active recombinant
BGTX expressed in Escherichia coli (Usselman et al., 1993).
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