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Structure of the Agonist-Binding Sites of ti@rpedoNicotinic Acetylcholine
Receptor: Affinity-Labeling and Mutational Analyses Identjffyr-1110Arg-113
as Antagonist Affinity Determinants

David C. Chiard, Yu Xie,*8 and Jonathan B. Cohen*
Department of Neurobiology, Haard Medical School, Boston, Massachusetts 02115
Receied January 25, 1999; Réesed Manuscript Receéd March 18, 1999

ABSTRACT: Photoaffinity labeling of thelorpedonicotinic acetylcholine receptor (nAChR) witBH]d-
tubocurarine (dTC) has identified a residue within fhsubunit which, along with the analogous residue

in d-subunit, confers selectivity in binding affinities between the two agonist sites for dT@-andotoxin

(aCtx) MI. nAChR y-subunit, isolated from nAChR-rich membranes photolabeled Wifid[TC, was
digested withStaphylococcus auredé8 protease, and #H-labeled fragment was purified by reversed-
phase high-performance liquid chromatography. Amino-terminal sequence analysis of this fragment
identified ®H incorporation inyTyr-111 andyTyr-117 at about 5% and 1% of the efficiency éH[dTC
photoincorporation aTrp-55, the primary site ofH]dTC photoincorporation withiry-subunit [Chiara,

D. C., and Cohen, J. B. (1993) Biol. Chem 27232940-32950]. TheTorpedonAChR d-subunit residue
corresponding tgrTyr-111 (9Arg-113) contains a positive charge which could confer the lower binding
affinity seen for some competitive antagonists atdhe) agonist site. To test this hypothesis, we examined

by voltage-clamp analysis and/or byJ]a-bungarotoxin competition binding assays the interactions of
acetylcholine (ACh), dTC, andCtx Ml with nAChRs containinggY111R ordR113Y mutant subunits
expressed irXenopusoocytes. While these mutations affected neither ACh equilibrium binding affinity
nor the concentration dependence of channel activatiory,Yi4 1R mutation decreased by 10-fold dTC
affinity and inhibition potency. Additionally, each mutation conferretD@0-foldchange in the equilibrium
binding of aCtx MI, with 6R113Y enhancing angtY111R weakening affinity. Comparison of these
results with previous results for mouse nAChR reveals that, while the same regign&oo-) subunit
primary structure contribute to the agonist-binding sites, the particular amino acids that serve as antagonist
affinity determinants are species-dependent.

The Torpedonicotinic acetylcholine receptor (NnACBR at thea—y- anda—39-subunit interfaces, are composed of
is a ligand-gated ion channel composed of 4 homologous multiple loops of primary structure from both the and
membrane-spanning subunits arranged as a pentagia| non-a-subunits. Many competitive antagonists bind to the
around a central channel. Considerable structural informationtwo agonist sites nonequivalently. For exampleT arpedo
about the nAChR is known from affinity-labeling studies, nAChR, d-tubocurarine (dTC) and-conotoxin (Ctx) MI
site-directed mutational analyses, and a low-resolution (9 A) bind to theo.—y site with 200- and 600-fold higher affinity
cryoelectron microscopy structure (for review, see fefd). than to thex—d site, respectively5—7). However these site
The two ACh-binding sites, which are located extracellularly selectivities are species-specific, since, in mouse embryonic
NAChR, dTC binds with only 10-fold higher affinity to the

T This research was supported in part by USPHS Grant NS 19522 ; i i i _
and by an award in Structural Neurobiology by the Keck Foundation. a—y site, while aCtx MI actually binds with 3000-fold

D.C.C. was supported in part by Training Grant GM-07809 (to higher affinity to thea—0 site (7, 8). These differences in

Washington University School of Medicine), and Y.X. was a Harvard  binding affinities between agonist sites are likely to reflect

Mahoney Neuroscience Institute fellow. contributions from the nor=subunits, since the @-subunits
*To whom correspondence should be addressed: Department of. ither T d AChR should b iall

Neurobiology, Harvard Medical School, 220 Longwood Avenue, In either Torpedoor mouse n shou e essentially

Boston, MA. 02115. Tel: (617) 432-1728. Fax: (617) 734-7557. identical (but see refd, 10). For mouse muscle nAChR,

E";‘?‘r"h io”athtér‘]”—COheft‘%hth-harvﬁlrd-tedtlh_ ’ y-subunit residues 116, 117, and 161 (and the corresponding
ese authors contriouted equally to tnis work. . . .. .

§ Present address: Millennium Pharmaceuticals, Inc., Cambridge, residues i) togeth‘?r confer the affinity ghfferences between
MA., 02139-4815, USA. the two agonist sites for metocurarine and other dTC

1 Abbreviations: nAChR, nicotinic acetylcholine receptor; dTC, analoguesi(1). Additionally, y-subunit residues 34, 111, and

d-tubocurarinepCtx, a-conotoxin; V8 proteasé&taphylococcus aureus : : ;
glutamyl endopeptidase; Endo H, enfldN-acetylgucosaminidase H; 172 (together) and the correspondidgsubunit residues

ACh, acetylcholine;aBtx, a-bungarotoxin; Carb, carbamylcholine; ~confer the nonequivalent binding affinities @Ctx Ml for
N-acetylglucosaminylasparagine, 2-acetamidi-(3-L-aspartyl)-2- mouse muscle nAChRLY).

deoxyp-pD-glucopyranosylamine; SBPAGE, sodium dodecyl sulfate . L . -
polyacrylamide gel electrophoresis; HPLC, high-performance liquid UV irradiation of TorpedonAChR-rich membranes equili-

chromatography. brated with H]dTC results in covalent incorporation ¢H]-

10.1021/bi9901735 CCC: $18.00 © 1999 American Chemical Society
Published on Web 04/29/1999



6690 Biochemistry, Vol. 38, No. 20, 1999

dTC into the nAChRa-, y-, andd-subunits in an agonist-
inhibitable and concentration-dependent manhgy. {Vithin
o-subunit the primary site offiH]dTC labeling is at Tyr-
190, with additional incorporation at Cys-192 and Tyr-198
(14). Incorporation into the two othew-subunit regions
contributing to the agonist-binding sites (nedryr-93 and
oTrp-149 (15—17)) is not detected (i.e 2% the efficiency
of incorporation inTyr-190). The efficiency of specificH]-
dTC photoincorporation within thg- and -subunits was
similar to that for a-subunit, with the primary sites of
incorporation at homologous tryptophap3yp-55 andd Trp-
57 (14). There was no detectablgH]dTC incorporation in
the d-subunit region neadAsp-180 identified by chemical
cross-linking from aCys-192 (8). Although mutational
analyses ofyTrp-55 anddTrp-57 reveal their considerable
importance in agonist binding and channel activatit, (

Chiara et al.

was added to parallel membrane samples prior to photolysis
to define nonspecific photolabeling. Oxidized glutathione
(500 uM) was included as an aqueous photochemical
scavenger in all samples. The polypeptides of the photola-
beled nAChR-rich membranes were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SBS
PAGE), andy-subunit was excised and either eluted from
the gel pieces as described in defor placed on a second,
mapping gel for “in gel” digestion (see below).

Isolation of PH]dTC-Labeledy-Subunit FragmentsSolu-
tion digests withStaphylococcus aureggutamyl endopep-
tidase (V8-protease, Boehringer Mannheim), efield-
acetylglucosaminidase H (Endo H, GenzymeNdBlycanase
(Genzyme) were performed at 2& in 10 mM sodium
phosphate buffer, pH 7.0, with 1 mM DTT, 1 mM EDTA,
and 0.1% SDS (storage buffer) with the addition of 0.5%

20), these tryptophans are not important determinants of dTC Lubrol-PX (Pierce) forN-Glycanase-treated samples. En-

affinity and cannot account for the difference in antagonist-
binding affinities between the two agonist sites of the
TorpedonAChR.

We report here the identification ¢fTyr-111 andyTyr-
117 as additional amino acids within tiresubunit that are
specifically photolabeled byi]dTC. As withyTrp-55, EH]-
dTC photoincorporation at these positions is inhibited by
agonist, but the efficiency of photoincorporation is only 5%
of that of yTrp-55. By comparing functional properties of
mutant NAChRs containingY111R oroR113Y, we estab-
lish that this position does not play an important role in
agonist binding, but it is a major determinant of the selective
high-affinity binding of dTC andxCtx Ml at theo—y site
in the TorpedonAChR. In fact, replacement of a single
amino acid iny- (yY111R) or ind-subunit pR113Y) confers
a reversal in the site specificity farCtx M.

EXPERIMENTAL PROCEDURES

Materials. NAChR-rich membranes, prepared froror-
pedo californicaelectric organ (Marinus, Westchester, CA)
as described(l) and stored in 38% sucrose/0.02% Naatl
—80 °C, containec~1.5 nmol of PH]acetylcholine (ACh)
sites per milligram of protein.®H]dTC was prepared as
described 13) at a radiochemical specific activity of 30 Ci/
mmol. SP64T-based plasmids (pMXT) with cDNAs encod-
ing TorpedonAChR a-, y-, -subunits were gifts from Dr.
Michael White (Allegheny Health Science University), and
the cDNA (in plasmid SP64) encoding therpedonAChR
fB-subunit was from Dr. Henry Lester (California Institute
of Technology). }?3] a-Bungarotoxin (Btx, 400-600 Ci/

mmol) was prepared using lodogen (Pierce) as described in

ref 22. a-Bungarotoxin was from Biotoxins Incorporated.
Carbamylcholine (Carb), 2-acetamidd\i(3-L-aspartyl)-2-
deoxy#3-D-glucopyranosylamine N-acetylglucosaminylas-
paragine), acetylcholiné;tubocurarine, and-conotoxin Ml
were from Sigma.

Methods

Photolabeling of nAChRRich Membranes with®H]dTC.
NAChR-rich membranes (10 mg;-27 nmol of ACh-binding
sites in 8 mL of 250 mM NacCl, 5 mM KCI, 3 mM Cagl
2 mM MgCl,, and 5 mM sodium phosphate, pH 7.0)
equilibrated with H]dTC (0.5-2 uM) were exposed to 254
nm UV light for 5 min as described in rdf4. Carb (1 mM)

zyme concentrations and incubation times are indicated in
the figure legends’H-labeledy-subunit was also digested
with S. aureusv8-protease (ICN Biochemical) by the “in
gel” method of Cleveland2d), and fragments of interest
were identified and eluted from the gels as described in ref
14. Reversed-phase HPLC was performed on system com-
ponents as described in r2# using a Brownlee Aquapore

C4 column (220 mmx 2.1 mm). Elution solvents and
conditions are described in the figure legends. Deglycosylated
y-subunit fragments were separated by SIPAGE using

the tricine gel system of S¢gger and von Jagov2p), with
subsequentH detection achieved by fluorography of Enh
ance (Dupont)-treated gels. Molecular mass standards used
for analytical SDS-PAGE were the following: carbonic
anhydrase (29 kDa), soybean trypsin inhibitor (20.1 kDa),
and cytochrome C (12.4 kDa).

Amino-Terminal Sequence Analysi Applied Biosys-
tems Model 470A protein sequencer with an inline Model
120A PTH-amino acid analyzer was used to sequence
samples of interest. Approximately 40% of each cycle was
injected into the 120A for amino acid mass analysis, while
40% was collected foiH determination by liquid scintillation
counting. The actual counts per minute and picomoles
detected are reported. Pooled HPLC fractions of interest were
dried by vacuum centrifugation and resuspended in a small
volume of storage buffer (50100xL). Aliquots (up to 120
uL) of samples in storage buffer were loaded directly onto
trifluoroacetic acid-treated glass-fiber filters coated with 3
mg of Polybrene for sequence analysis. Cycle yields for PTH-
amino acids were estimated from peak heights. Initial peptide
mass () and repetitive yieldi) were calculated by nonlinear
least-squares regression (Sigma Plot) of the functign=f
IR*where f) is the observed mass released in cycle x. PTH
derivatives of Ser, Cys, Arg, His, and Trp were excluded
from the fits due to known problems with measuring mass
yields of these residues. In some cases, sequencing of
nonrelevant peptides was blocked by treatment of the sample
on the filter witho-phthalaldehyde (Pierce)-Phthalaldehyde
reacts with primary, but not secondary, amines and can be
used to block Edman degradation of any peptide not
containing an N-terminal proline26). o-Phthalaldehyde
treatment was carried out as describ2d) (

In Vitro Transcription and Expression in Xenopus Oocytes.
cDNAs were linearized with eithexba (for a-, y-, and
o-subunits) orFsp (for S-subunit). Linear cDNAs (510
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ug) were transcribed in vitro using SP6 RNA polymerase
(Promega). In some experiment3{JUTP (Andotek) was
included in the reaction mixture as a tracer for quantitation
of reaction yields. RNAs were extracted with phenol/
chloroform and chloroform, precipitated from 2-propanol,
and then resuspended in water at a concentration3gig/

uL. 1solated follicle-free oocytes were microinjected with a
mixture of subunit-specific RNAs in molar stoichiometries
of (apB8y0d) for wild-type and mutant receptorsy{36,) for
y-less receptors, anadyfy,) for d-less receptors. Oocytes
were injected with 10 ng of subunit RNA mixtures for assays
of [*?4] aBtx binding and for electrophysiological assays of
dTC inhibition, or with 0.5 ng for full ACh-dose response
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Nonspecific binding of 3] aBtx to wild-type and mutant
receptors was determined in the presence of eitherMO
dTC (24%+ 6% of total binding,N = 8 experiments) or
100 mM ACh (27% + 15% of total binding,N = 8
experiments) for dTC and ACh inhibition, respectively.
Electrophysiology Currents elicited by ACh were mea-
sured using a standard two-electrode voltage clamp (Oocyte
Clamp OC-725B, Warner Instrument Corp.) at a holding
potential of—70 mV. Electrodes were filled wit3 M KCI
and had resistances of 8:5.5 MQ. The recording chamber
(about 15QuL in volume) was perfused continually at 8 mL/
min by gravity with low-C&" ND96 (-1 «M atropine, pH
7.6). Appropriate concentrations of ACh in the absence or

measurements. Oocytes were maintained in ND96 buffer presence of dTC were applied through solenoid valves into

containing 96 mM NaCl, 2 mM KCI, 1.8 mM Cagl1l mM
MgCl,, 5 mM HEPES (pH 7.6), and 5@g/mL gentamicin
for at least 48 h before use.

Site-Directed MutagenesiSingle-stranded cDNAs for-

the recording chamber for-3® s. Prior to application of ACh
and dTC, oocytes were perfused with the appropriate
concentration of dTC for 1 min.

Data AnalysisThe concentration-dependent inhibition of

and o-subunits were obtained using the helper phage [*?3]aBtx binding by agonists and antagonists was fit
VCSM13 (Stratagene) according to the supplier protocol. The according to the two following models:

point mutationsyY111R anddR113Y were made by use of
a commercially available kit (Mutagene M13, BIO-RAD).
Mutagenic primers were 225 nucleotides in length, with

f(x) = 100/(1+ (X/ICs0)") 1)

the mismatched base(s) in the middle of the sequence.and

yY111R anddR113Y mutations were confirmed by DNA
sequencing.
Preparation of Oocyte Membrane®ocyte membranes

() = (50/(1+ (}WKgyw)) + (S0/(1+(¥Kqy))  (2)

were prepared by homogenizing injected oocytes in ice-cold Where f&) is the 4] aBtx binding seen in the presence of

homogenization buffer (HB, 0.1 mL/oocyte) containing 140
mM NaCl, 20 mM sodium phosphate, 1 mM EDTA, 1 mM
EGTA, 1 mM PMSF, and 0.1 unit/mL Aprotinin (pH 7.6).
Homogenates were centrifuged for 10 min at §0the

inhibitor concentrationx (as the percent of controly,is the

Hill coefficient, ICsq is the inhibitor concentration reducing
[*?9]aBtx binding by 50%, andKgy and Kq. are the
disassociation constants for the high- and low-affinity binding

supernatants were saved, and the pellets were resuspendedit€s, respectively. Equation 2 is based on the assumption
in HB buffer and pelleted again. The combined supernatantsthataBtx binds at equal rates to the two sites. For receptor

were layered over 4 mL of 15% (wt/vol) sucrose and
centrifuged at £C in a Ti 70 rotor at 50 000 rpm for 1.2 h.
The pellets were resuspended in HB aul5 per oocyte,
frozen in liquid nitrogen, and stored at80 °C (modified
from ref 27).

Binding of [ aBtx. To measure binding to AChRs

activation, concentrationresponse curves for ACh were fit
to

®3)

where f§) is the percent of maximal current at ACh

f6) = (14 (Kap™))

expressed on the surface, we incubated oocytes with 2.5 nmconcentrationk and Ky, is the apparent activation constant

[**™]oBtx for 2 h in afinal volume of 0.1 mL of low-C&"
ND96 buffer. Oocytes were washed 3 times with 1 mL of
ice-cold low- C&" ND96 buffer containing 1% BSA and

for ACh. The Hill coefficients ) for the agonist dose
response relations were estimated from the slope of plots of
log | vs log [agonist] at currents less than 20% of the

counted in a gamma counter. Nonspecific binding was Maximal response for each agonist. The dose-dependent
determined using noninjected oocytes. Measurements of the"hibition of ACh-induced currents by antagonists was fit

initial rate of [3] aBtx binding to oocyte membranes were
also carried out in low-Ca ND96 assay buffer, supple-
mented with 0.1 mM diisopropylphosphofluoridate (DFP),
a cholinesterase inhibitor, for ACh-binding experiments.
Binding assays were initiated by adding™] aBtx (a final

concentration of 2.5 nM) to triplicate samples (membranes

equivalent of 2-3 oocytes/sample), in a total volume of 100

according to eq 1 above using current instead 8f] pBtx
binding. SigmaPlot (Jandel Scientific) was used for nonlinear
least-squares fit of the data, and the standard errors of the
parameter fits are indicated.

RESULTS

[®H]d-Tubocurarine Photolabelingrradiation at 254 nm

uL. Membranes were pre-equilibrated with the appropriate of NnAChR-rich membranes equilibrated wiiH[dTC results

concentrations of dTC or ACh for 15 min, or wittCtx-Ml
for 1 h prior to the addition of f3]aBtx. After 20 min,
[*?9]oBtx binding was quenched by addingiM aBtx.
([**9] aBtx binds~30% of the availableBtx-binding sites
in 20 min.) The samples were pelleted at 150p@@r 20

in agonist-inhibitable incorporation 6H into the a-, y-,
and d-subunits, withyTrp-55 as the primary site ofifi]-
dTC photoincorporation iny-subunit (4). To identify
additional amino acids photolabeled by bouftd]fiTC, we
digestedy-subunit in solution with V8 protease. Fractionation

min, and the pellets were washed once with assay bufferof this digest by SDSPAGE revealed a prominefitl band
and recentrifuged. After centrifugation, the supernatants wereof 14 kDa (Figure 1 lanes A and B). Thi#d-labeled
removed and the tubes were counted in a gamma counterfragment contained an Asn-linked carbohydrate sensitive to
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Ficure 1: Digestion of H]dTC-labeled nAChRy-subunit by V8 g 1 §
protease produces a 14 kDa labeled fragment containing carbohy- 8 100 8
drate sensitive to Endo H. nAChR-rich membranes (11 mg, 13 nmol g il )
of ACh-binding sites) were photolabeled with @ [3H]dTC . 50 g
(£Carb), and labeleg-subunit Carb, 245FH cpmjg; +Carb, o o
1370 cpmyg) was isolated by SDSPAGE. Aliquots (8ug) of f 0.1 k 2

y-subunit ¢cCarb) were incubated overnight (26) either without T Y

glycosidase (A and B), with 5 milliunits of Endo H (C and D), or 0 5 10 15 20 25 30 35

thh 0.5 unjts ofN-Glycanase (E and F). The samples were then Cycle of Edman Degradation

digested with V8 protease (3@ for 3 h at 25°C) and fractionated o ) . .

by SDS-PAGE (tricine gel, 8% T/3% C). The stained gel was FIGURE 2: Purification and amino-terminal sequence analysis of
treated with Efhance for fluorography<Carb, Lanes A, C, and  [*HIdTC-labeledy-subunit fragment beginning aVal-102. nAChR-

E; +Carb, Lanes B, D, and F). The apparent molecular masses forfich membranes (10 mg, 17 nmol of ACh-binding sites) were
the 3H bands were 14 kDa for A and 8 kDa for C and E, as Photolabeled with 500 nM*H]dTC (+Carb), and labeleg-subunits

calculated from the mobilities of molecular mass markers. (—Carb, 930 cpm/g; +Carb, 80 cpmig) were isolated by SDS
PAGE. Aliquots ofy-subunit (35ug £Carb) were digested with

. . . 10 ug of V8 protease for 2 weeks at 2& and then fractionated
Endo H (Figure 1, lanes C and D), which cleaves high y reyersed-phase HPLC on a lumn (flow rate of 0.25 mL/

mannose and some hybrid Asn-linked carbohydra®&}, (  min). Solvent A was 0.1% TFA in 25% acetonitrile/75% water,
and N-glycanase (Figure 1, lanes E and F), which cleavesand Solvent B was 0.1% TFA in 25% acetonitrile/75% isobutanol,
all Asn-linked carbohydrate®9). This association 6H with with a gradient from 10% to 40% Solvent B in 67.5 min. (A) HPLC

_ P ; . profile of —Carb sample @, *H in 25 uL aliquots of 0.5 mL
an Endo H-sensitive carbohydrate in a 14 kDa band was Nt ctions (33 000 cpm loaded, 23 000 cpm recovered)), (280

contrast to the result obtained after digestion $fliTC- 1 apsorbance; and (- - -), % Solvent B). The material in fraction
labeledy-subunit with V8 protease in gel, which resulted in 6 was concentrated and sequenced (as was the same fraction from
a 14 kDa fragment beginning gAla-49 containing an Asn- the +Carb sample). (BJH release profiles during Edman degrada-

i i iti tion (@, —Carb, 3000 cpm loaded, 600 cpm left after 38 cycles of
Imked_ carpohydrate insensitive to Endo . Edman degradatior®, +Carb, 500 cpm loaded, 200 cpm left after
To identify the PH]dTC-labeled fragment, samples%i- 20 cycles). Twoy-subunit fragments were detected beginning at

labeled y-subunit isolated from nAChRs labeled in the yVal-102 @, 1= 46 pmol,R= 93%) andyLeu-372 ( = 10 pmol).
absence or presence of carbamylcholine were digested withThe + Carb sample also contained fragments beginning\at-

; ; : ; 2 ( = 37 pmol,R = 89%) andyLeu-372 ( = 5 pmol). The
V8 protease in solution and fractionated by HPLC (Figure dotted line represents a best fit of the mass values for the PTH-

2A). For the sample labeled in the absence of agonist, in aming acids detected for theval-102 fragment Carb), calculated
addition to*H recovered in the flow through (fraction 3), as described in Methods. Releaséldfin cycle 10 (170 cpm) and
there was a single major peak %1 (fraction 6) containing  cycle 16 (20 cpm) was consistent with agonist-inhibitaB#dTC

twelve percent of injectedH. For each labeling condition, ~ incorporation intoyTyr-111 (13 cpm/pmol) angiTyr-117 (3 cpm/

N-terminal sequence analysis of the material in this fraction P™)-

identified a primaryy-subunit fragment beginning aval- for Asn-linked glycosylation inTorpedonAChR y-subunit
102 (~Carb, | = 41 pmol; +Carb,| = 36 pmol). This  (asn-68, -141, -306, and -421) contain carbohydrate, one
primary sequence was present at a 4-fold higher level thanyich is sensitive to Endo H, and one which is resistant to
a fragment beginning atLeu-373 ¢-Carb,| = 10 pmol),  Epndo H @0). To confirm thatyAsn-141 was the Endo
and several fragments of V8 protease itself were also preseniy_sensitive site associated with tfel[dTC-labeled residue,
at ~10 pmol. For the sample labeled in the absence of \ye sequenced through this position after Endo H treatment
agonist, there was a prominent peak’dif release (Figure  of 4 trypsin digest of-subunit. Trypsin cleavage gtsubunit
2B) in cycle 10 (190 cpm) with a minor peak in cycle 16 \yould generate a fragment beginning/8ter-126 containing
(20 cpm), consistent witPiH]dTC labeling atyTyr-111and o prolines ¢Pro-129 and 136) beforeAsn-141 (Figure
yTyr-117. This labeling resulted from specific labeling of 3y After treatment of the sample on the sequencing filter
the agonist site, with incorporation aTyr-111 reduced by ith o-phthalaldehyde prior to the fourth and eleventh cycles
>95% for the sample labeled in the presence of Carb. of Edman degradation to block the amino termini of peptides
To verify that the fragment beginning at/al-102 was not containing prolines at those positio2§), the fragment
indeed the source of théH release, we identified the beginning atySer-126 was the only sequence detected (
glycosylation site contained within thii-labeled 14 kDa 42 pmol, data not shown). To determine whether Endo H
fragment of Figure 1. Only two of the four consensus sites did remove carbohydrate aAsn-141, we took advantage
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Ficure 3: Identification of Endo H-sensitive oligosaccharide at o 5 10 15 20
NAChRyAsn-141. (A) Partial primary sequenceTdrpedonAChR Cycle of Edman Degradation

y-subunit denoting a trypsin cleavage sikg prolines (*), and the
expected site of Asn-linked glycosylation (#). (B) HPLC retention
time of the PTH derivative of 2-acetamidoNt{S-L-aspartyl)-2-
deoxy{3-p-glucopyranosylamine\-acetylglucosaminylasparagine).
N-acetylglucosaminylasparagine (1 nmol in 30% acetonitrile) was
applied to a sequencing filter and then converted to a PTH
derivative, with the product analyzed on the sequencer PTH;amlnoge| for digestion with 20Qug of V8 protease as described in
acid analyzer. A novel peak corresponding to the PTH derivative Methods and ret4. y\V8—14 was isolated from the gel with specific

of N-acetylglucosaminylasparaginet) was seen between the activities of 2120 ¢ _Carb) and 290 ¢ +Carb). and
dithiothreitol (DTT) and PTH-aspartate (ASP) peaks, consistent with aliquots were sequ%nlzf:geé. (A ar)1d By releagtrengréfiles fr)o’m 23

the findings of Paxton et al3(). Also indicated is the retention oy cjaq of Edman degradatio@(—Carb, 31 000 cpm loaded, 8900
time of the PTH derivative of asparagine (ASN). (C) Consecutive Igft on the filter:O, +gCarb, 10 éOO cpm loaded, 2pZOO left on filter)

chromatograms (cycles 15 and 16, dotted and solid lines, respec,ih pang B a magnification of théH release profile to highlight
tively) during sequence analysis of a trypsin digest of nAChR release beyond cycle 7. For theCarb sample, threg-subunit

y-subunit (150ug, deglycosylated with Endo H, 10 milliunits, _ — — 200 ;
overnight as per Methods). After the third and tenth cycles of Edman g:gg in)tsyqt/vaelr_iopzredsinl;zzélgrﬁgl (IR :g%&mél}rﬁi par?tgl /Esl)Dalrr:d

degradﬁltior]t,htheht?qarlnﬁ)clie hog theh.Sﬁquen(t:ing Ifilttta:r ‘f"as.tg?ﬁtedyLeu-SR ( = 37 pmol,R = 89%, data not shown). The dotted
manually witho-phthalalaenhyde, which reacts selectively with the jiheq ...y represent best fits of the mass values from;tida-49

free amino termini of amino acids other than proline, a secondary (A) and ; ; ;
- ; . yVal-102 (B) peptides, calculated as described in Methods.
amine, blocking Edman degradatid®). After the second treatment The three fragments were present at similar mass levels in the

with o-phthalaldehyde, only a single sequence was detected, ani carh sample (not shown). Release®dfin cycle 7 (4000 cpm)

NAChR y-subunit fragment originating atSer-126 [ = 42 pmol, results from JH]dTC incor g
- . : poration intg/Trp-55 (335 cpm/pmol).
R = 90%, 8 pmol in cycle 16). Other sequences, if present, were |, 'pane| B, the dashed line (- - -) represents a calculated second-

at levels <1 pmol after cycle 10. The appearance of tNe , 4er gecay function fit to théH release in cycles 79 that
acetylglucosaminylasparagine peak in cycle 16 was consistent with ggtimates the portion 8H release detected after cycle 7 attributable

glycosylation ofyAsn-141 sensitive to Endo H. Tic marks on the ., Ty 55 incorporation. (C) Calculat@t cpm release determined

vertical axis represent 1 mV. Mass levels detected in cycles 15 as the difference between the obserdedrelease at each cycle
and 16 for PTH-Asp were 5.1 and 4.6 pmol, respectively, and for 54 the decay function plotted in B féH release after cycle 7

PTH-Asn, 3.9 and 4.5 pmol. attributable toyTrp-55. Release ofH was additionally and
reproducibly detected in the 10th and 16th cycles (260 and 34 cpm,
respectively). If this release is from th&/al-102 peptide, then the

of the fact tha_t Endo H removes all but ?he IaNt_ specific activities of {H]dTC incorporation intg/Tyr-111 andy Tyr-
acetylglucosamine connected to the asparagine, leaving & 17 were 15 and 3 cpm/pmol, respectively.

unigue amino acid whose PTH derivative can be detected
in the sequencer chromatogram (8dfand Figure 3B). The V8 protease cleavage sitej@Blu-48 (ref14 and Figure 4).
presence of the PTH derivative dfacetylglucosaminyl- Even though the/Val-102 peptide was present at a mass
asparagine in place of PTH-asparagine in cycle 16 (Figure level similar to that of the fragment beginningsghla-49,
3C) established thatAsn-141 was glycosylated and thatits the release ofH at cycles 10 ¢Tyr-111) and 16 §Tyr-
carbohydrate is Endo H-sensitive. This finding was consistent 117) was obscured by the overwhelmitjrelease at cycle
with [®H]dTC labeling ofyTyr-111 andyTyr-117: The®H- 7 (yTrp-55). Calculations of the efficiency ofH]dTC
labeledy-subunit fragment beginning aval-102 that was photoincorporation into these three positions indicate that
generated by V8 protease must conteftsn-141, since there  yTyr-111 andyTyr-117 are labeled at5% and 1% of the
are no V8 protease cleavage sites (glutamic acids) betweerefficiency of yTrp-55, respectively.
yVal-102 andyAsn-141. yTyr-111 Mutational AnalysisAlignment of theTorpedo

In contrast to the results described above for solution nAChR y- and d-subunit sequences in the region around
digests ofy-subunit with V8 protease, analysis of tHi]- yTyr-111 identifieddArg-113 anddThr-119 as the residues
dTC incorporation iny-subunit when V8 protease was used corresponding teTyr-111 andyTyr-117, respectivelyy Tyr-
in conjunction with an “in gel” digestion strategy (see 111 was positioned close enough to the high-affinity dTC-
methods) revealed that th@imary *H incorporation was binding site to incorporate®i]ldTC, and if 5Arg-113 was
located at the seventh cycle of Edman degradation after apositioned similarly within the low-affinity dTC-binding site,

FiIGURE 4: Amino-terminal sequence analysis of 14 kB]HTC-
labeled nAChRy-subunit fragments produced by V-8 protease “in
gel” digestion. NnAChR-rich membranes (10 mg, 9 nmol of ACh-
binding sites) were photolabeled with 900 nRH[dTC (+Carb)

and fractionated by SDSPAGE. The gel piece containing the
y-subunit was excised and transferred to a 15% acrylamide mapping
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FiIGURE 5: Functional consequencesyf111R (™) andoR113Y
(6™ mutations. For wild-type®), ay8y™5 (M), or ayfyd™ (A)
nAChRs expressed iKenopusoocytes, the concentration depen-
dence of ACh-induced currents (A) and of the dTC inhibition of
ACh currents (C) was determined by a two-electrode voltage clamp,
and the equilibrium binding of ACh (B) and of dTC (D) was
determined from their inhibition of 3] aBtx binding to receptors

in membranes isolated from oocyte homogenates. (A) For ACh,
the concentrations for half-maximal responskg,(were similar
for wild-type (Kap =20+ 2 uM, N = 6 oocytes) and for NnAChRs
containingy™ (Kap = 41 + 4 uM, N = 3 oocytes) oo™ (28 £ 2
uM, N = 3 oocytes) subunits. (B) The equilibrium binding of ACh
was not altered by either the¥111R ordR113Y mutation. The
concentration dependence of ACh inhibition &¥f] aBtx binding

to wild-type nAChR was characterized bysfG= 340 + 20 nM
and a Hill coefficient 4) of 0.56+ 0.02, or when fit by the two-
site model (eq 2, Methods), gy =55+ 1 nMandK, =3+ 1
uM. ACh binding toa8y™d (Ky = 57+ 1 nM, K. =3 £ 0.3
uM) and oByo™ (Ky = 69 + 1 nM, K. = 4 + 1 uM) receptors
was similar to wild type. (C) ThesY111R mutation, but not
O0R113Y, decreases the potency of dTC as an inhibitor. For dTC
inhibition of current responses tq®1 ACh, for wild-type nAChRs
ICs0 =40+ 4 nM (ny = 0.9+ 0.1), forayBy™o receptors I1G =
440+ 65 nM (ny = 1.1+ 0.2, N = 3 oocytes), and foo,fyo™
receptors Ig = 64 £ 8 (ny = 1.1+ 0.1, N = 3 oocytes). (D)
yY111 anddR113 are important determinants for dTC-binding
selectivity. The concentration dependence of dTC inhibition of
[*23] aBtx binding to wild-type nAChRs was characterized bygJC
=440+ 3 nM (ny = 0.50+£ 0.01) or in the two-site model by
=50+ 10 nM andK_ = 3.9+ 0.7 uM. For ay5y™d, ICso = 3.4

+ 0.3uM (ny = 0.67+ 0.04) orKy = 540+ 110 nM andK, =
17 + 3 uM. For ayfByo™, ICso = 230+ 40 nM (hy = 0.50+ 0.04)

or Ky = 20 £ 6 nM and aK, = 2.9 £ 0.7 uM. The
electrophysiology data are the meadsSQ) from 3 to 5 experi-

ments, while the binding data are each from a single representative

experiment with each data point the mean of three samgi&8€).

Chiara et al.

[ACh] at currents less than 20% of maximum were also
similar for wild-type s = 1.8+ 0.1),08y0™ (ny = 1.7+
0.1), andayBy™ (ny = 1.7 £ 0.1) receptors. In addition,
the maximal currents observed at high ACh concentrations
were similar for wild-type and mutant receptors (not shown).
However, while dTC was similar in potency as an inhibitor
of wild-type (ICso = 40 nM) anda,fyd™ (ICso = 64 nM)
receptors, it was 10-fold less potent as an inhibitor of ACh-
induced currents for the,3y™Md receptor (IG, = 440 nM)
(Figure 5C).

ACh and dTC Binding tpY111RAR113Y Mutant nAChRs.
The levels of surface expression of wild-type and mutant
AChRs were similar, as measured by the equilibrium binding
of [*?9] aBtx to intact oocytes 48 h after injection of subunit
mRNAs (4-6 fmol of [**4]aBtx bound/oocyte). The equi-
librium binding of ACh and dTC were characterized by their
inhibition of [*3]aBtx binding to wild-type and mutant
AChRs in membranes isolated from oocyte homogenates.
The concentration dependence of ACh inhibition'8#]aBtx
binding was essentially the same for wild-type & 340
nM, ny = 0.56),0,8y™d, anda,Byo™ receptors (Figure 5B).
The data were fit well by a two-site model with dissociation
constants Kqy andKq) of 55 nM and 3uM for wild-type
and similar values foo8y™Mo (Kgu = 57 nM, Kg. = 3 uM)
and opByo™ receptor Kgn = 69 nM, Kg. = 4 uM).

For dTC and wild-type receptor, the inhibition éfJ] aBtx
binding (IGo = 440 nM, ny = 0.5) was also well fit by a
two-site model Kqy = 50 nM, Kg. = 4 uM) (Figure 5D).
dTC binding to thea,8yd™ receptor Kgy = 20 nM, Ky =
3 uM) was similar to that for wild-type, while for the;5y™o
receptor dTC binding was weakened by 10-fold at the high-
affinity site and also weakened 4-fold at the low-affinity site
(Kgn = 540 nM, Kq = 17 uM).

oCtx Ml Binding toy Y111RdR113Y Mutant nAChRhe
equilibrium binding ofaCtx MI was measured from its
inhibition of binding of {23]aBtx binding to wild-type and
mutant receptorsaCtx Ml binds with ~1000-fold higher
affinity to the o.—y site than to thex—9 site in AChRs in
TorpedonAChR-rich membranes$( 7), and we found that
for Torpedo nAChRs expressed in oocytes, equilibrium
binding of aCtx MI (Kgu = 8 nM, Kg. = 1 uM) was similar
to that seen for nAChRs in nativieorpedomembranesKqy
= 2 nM, Kq. = 1 uM) (Figure 6A). As in previous analyses
of the determinants alCtx Ml selectivity for thea—9 site
in mouse muscle nAChRLR), we evaluated the effects of
the yY111R and 6R113Y mutations by measuring the

repulsive interactions between the positively charged arginine binding of aCtx MI (and [128] aBtx) to y-less (z302) and

and the positive charge of dTC could weaken binding at the
o—0 site relative to then—y site. To test this hypothesis,

o-less (;8y2) mutant and nonmutant receptors expressed
in oocytes (Figure 6B). The Sy, receptor boundiCtx M1

we assayed functional properties of NAChRs expressed in,;;iih high affinity (ICso = 32 nM, n = 1.0), and the’'Y111R

Xenopusoocytes containingY111R (™) and/oroR113Y
(6™ mutant subunits.

Electrophysiological Ealuation ofyY111RdR113Y Mu-
tant nAChRs. Xenopusocytes were injected with subunit
MRNAs to express wild-typex,5y™d, or apyo™ nAChR,

and the concentration dependence of ACh-induced currents

was determined by two electrode voltage clamp-@0 mV
(Figure 5A). When the data were fit to eq 3 (Method&),,

for wild-type receptor Kapp = 21 uM) was similar to that
for the ayBy™d receptor Kapp = 41 uM) and theayBydo™
receptor Kapp = 28 uM). The Hill coefficients () deter-
mined from the slopes of plots of log current versus log-

substitution weakened binding byl000-fold @3y™,, 1Cso
= 42000 nM,ny = 1.0). In contrast, thex,$0, receptor
boundaCtx M1 weakly (IGo = 1200 nM,ny = 1.1), and
the 6R113Y replacement resulted in a 1000-f@dhance-
mentof affinity (az30™;, 1Cso = 1.6 NM, ny = 0.8).
DISCUSSION

[3H]dTC Photoincorporation intgyTyr-111 andy Tyr-117.
UV irradiation of NAChR-rich membranes equilibrated with
[®H]dTC results in the covalent incorporation of a small

percentage €5%) of the boundJH]dTC into the nAChR
a-, v-, ando-subunits. Previously, we identified the primary
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Ficure 6: For Torpedo nAChR, yY111 and 6R113 are the
determinants for the selective bindingaCtx MI at thea—y site.
(A) Equilibrium binding ofaCtx Ml as determined by its inhibition
of [*24] aBtx binding to TorpedonAChR-rich membranedl) or
to Torpedoa,fyd nAChRs in membranes isolated from oocyte
homogenate ). For the nativelorpedonAChR, Ky = 1.6+ 1.4
nM andK_ = 1.0+ 0.3uM, with 50% of binding associated with
the high-affinity aCtx Ml site. ForoyByd expressed in oocytes,
the data are fit by = 8 + 7 nM andK_ = 1.1 £+ 0.6 uM, with
30% of ] aBtx binding to the high-affinityaCtx Ml site. (B)
Equilibrium binding of aCtx MI to receptors lackingy- or
o-subunit, as determined by inhibition o#fi]aBtx binding. For
0230, (O), aCtx Ml binding is well fit by a single-site model (g
=12+ 01uM, ny = 1.1 4+ 0.1). In the presence of mutant
d-subunit PR113Y,0™), the binding affinity ofaCtx Ml to a,30™,
(®) is increased 1000-fold (4= 1.6+ 0.6 nM,ny = 0.8+ 0.1).
For a6y, (O), aCtx MI binds with a high affinity (IGo = 32 +

3 nM, ny = 1.0 £ 0.1). With the mutany-subunit ¢Y111R,y™),
oCtx Ml binding toa,5y™, (M) is weakened by 1000-fold (Kg=
42+ 2 uM, ny = 1.0 £ 0.1). Shown are the meaasSD of data
from three experiments.

e

sites of specific H]dTC photoincorporation o(Tyr-190,
yTrp-55, anddTrp-57), as well as additional amino acids in
o-subunit labeled at lower efficiencyCys-192 andxTyr-
198; refl14). In this report we identify two additional amino
acids iny-subunit ¢ Tyr-111 andyTyr-117) that are labeled
when PH]dTC is bound to the agonist site at thie-y-subunit
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FIGURE 7: Sequence alignment of ligand-gated ion channel subunits
in the region ofy Tyr-11160Arg-113 andyTyr-117. Representative
sequences were obtained from Genbank. Accession numbers for
the sequences follow in order of appearance: J00963, X03986,
P09479, J00964, M14537, JO0966, X03818, K02904, X55718,
P09660, JO0965, L10076, K02903, X68246, P09483, P48180,
X07194, X54052, X79283, AJ003079, P18504, P18508, X58638,
C49970, and U14524. Numbering reflect®rpedo a-subunit
sequence of the mature protein. The glycine completely conserved
in all members of the superfamily of ligand-gated ion channels is
shaded:, residues identified by photoaffinity labelingdrpedo
yTyr-111 and yTyr-117 (this report) andyLeu-109 8)); O,
residues where mutations affect competitive antagonist binding in
Torpedo NAChR (yTyr-1110Arg-113 (this report)) or mouse
nAChR (lle-1166Val-118 andyTyr-1176Thr-119 (1), ySer-
1116Thr-119 @2), and yLeu-119 B7)) or where mutations in
GABA, receptors affect agonist bindingxIlle-121 @1)) or
benzodiazepine bindingy2Met-130 @2)): <, residues where
mutations affect assembly at subunit interfaces (mouseBeat-
106/Cys-106 andTyr-115/Ser-11535) and mous@Arg-117 (36)).

[®H]dTC photoincorporates intpTyr-111 andyTyr-117
at only 5% and 1% (respectively) of the efficiency of labeling
at yTrp-55. This low relative efficiency of incorporation is
unlikely to reflect the intrinsic reactivity of the tyrosine side
chain, since the primary site of photoincorporation in
o-subunit is also a tyrosinex{yr-190) which incorporates
[BH]dTC with efficiency similar to that ofyTrp-55 (14).
Therefore, the lower efficiencies of incorporation)dtyr-
111 andyTyr-117 most likely reflect differential positioning

interface. These labeled amino acids were identified by between the photoreactive center(s) in bound dTC and those

sequence analysis of an HPLC purified fragment-stibunit
beginning atyVal-102 (Figure 2) that was produced by

tyrosines compared withTrp-55. Unfortunately, since the
photochemistry of dTC is only poorly understood, the

subunit cleavage in solution with V8 protease. To confirm specific spatial arrangement betweghrp-55 and the loop
this identification, we demonstrated that the subunit fragment defined byyTyr-111 andyTyr-117 cannot be determined

containing theéH-labeled amino acids also containgéisn-

141, one of the two Asn-linked glycosylation sites in the

TorpedonAChRy-subunit. The identification of the labeled
amino acids within the fragment beginningyatal-102 was

from these experiments alone.

Our lack of understanding of dTC photochemistry does
not totally prevent structural predictions based upon our
affinity-labeling results. Amino acid sequence alignment of

dependent on the more extensive digestion produced inthe superfamily of ligand-gated ion channels identifies a

solution compared with digestion @fsubunit by V8 protease
“in gel”. Digestion “in gel” produced a fragment of 14 kDa
beginning atyAla-49 that contained®H]dTC-labeledy Trp-
55 as well as the fragment beginningyatal-102 (14). The
absence of thgAla-49 fragment from the 14 kDa band after

conserved glycine residue betweeryr-111 andy Tyr-117;
yGly-114 (Figure 7). The complete conservation of a residue
such as Gly-114 in an extended super-family of homologous
proteins & 150 sequences) with representatives of 5 receptor
types (ACh, GABA, glycine, serotonin, and glutamate) from

digestion in solution probably resulted from cleavage at four animal phyla (Chordata, Arthropoda, Mollusca, and
yGlu-57, which would generate a nonapeptide-containing Nematoda $2)) would indicate importance in structure,

[®H]dTC-labeled yTrp-55 which would not have been
retained in the gel.

function, and/or expression. Glycine residues are commonly
found within loops since their lack of side chain allows for
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Leuyog Tyr1 113 A site (fory-, 6-, ande-subunits). Clearly further experimental
Leusg Tyriez Seri1s work is required to determine whether this model of
) N AN antiparalle|3-strands around g-turn at the conserved glycine

is more accurate than an alternative structural mogjed{
this region based upon homology with the solved crystal

structures of plastocyanin and pseudoazurine, proteins which
Leuqsg Tyriz Ser;is B do not have a conserved glycine at that position.

Leuso Tyr11 133 Functional Properties of Tyr-1116Arg-113 Substitutions.
\'/‘\/x/‘\/\/gﬁly”‘t Since PH]dTC photolabeling had identified two regions of
11I8 11|6
110 112

y- (and 6-) subunit primary structure contributing to the
binding sites and therefore possibly important for ligand
binding, it was likely that one (or both) of these regions could
Y108 -VLVYNDGSMYWLP contribute to the nonequivalent binding seen for dTC and
- many other competitive antagonists. The primary sited+f [

)
1201
108

Ficure 8: Torpedoy108—120 in antiparallep-sheets with either e o . ; .
a y-turn or a three-residue turn aroundsly-114 orients on a dTC labeling iny- andd-subunits were homologous tryp

common surface amino acids contributing to binding site subunit ©OPhans that could not be the cause of binding affinity
interface. (A) A y-turn around Gly-114 requires one or two differences between the two agonist sites. Sequence align-

hydrogen bonds between the amines and the carboxyl oxygens ofment of the region includingTyr-111 andyTyr-117 (Figure
residues 113 and 115 (dotted lines). (B) A three-residue loop would 7) jgentified an arginined113) and a threonined(19) as

require hydrogen bonds between the amines and the carboxyl : oy g o Lo
oxygens of residues 112 and 116. In addition to the tightness of the residues within the-subunit primary sequence aligning

the turns, ay-turn hairpin loop would differ from a three-residue ~ With yTyr-111 andyTyr-117, respectively. Since the primary
hairpin loop in the direction of the turn (as shown), due to the Structure of this region is well-conserved in muscle NnAChR

chirality of the amino acids. An antiparallgtsheet structure places  subunits (Figure 7), including the glycine at residue 114 that
on a common surface the side chains identified within the agonist j5 conserved absolutely in this superfamily of ligand-gated

site by affinity labelin 109, 111, and 117), site-directed . . - .
mutag)énesis;/()lllllélmgan(/dy117/(3119 L 12)),)and cysteine ion channels, the secondary and tertiary structures in this

modification /119 @7)). Additionally, side chains idenfified by ~ region may be conserved as well. Therefore Torpedo
site-directed mutagenesis as determinants of subunit asseribf/ (  NAChRArg-113 is likely to occupy a position in the—o

andf117 @5, 36)) are also on the same surface. site equivalent to that occupied b¥yr-111 in thea—y site.

The presence of a positively charged residue could have a
close packing of residue83). dTC'’s proximity to 2 tyrosines  |arge effect on the binding of positively charged ligands,
equidistant from a conserved glycine suggests a hairpin loopwhich includes ACh and all agonists, as well as dTC and
structure which would place the two tyrosines adjacent to many competitive antagonists. Interestingly, for vertebrate
each other in associated antiparafiedtrands (Figure 8). The - §-, ande-subunits TorpedodArg-113 and humanHis-
hairpin loop would require a classicatturn aroundyGly- 114 are the only positively charged side chains between
114 (Figure 8A) or a more loosely packed 3-residue turn positions 108 and 120. We therefore investigated the
(Figure 8B), since the more common 2-resigeim would  functional consequences of this Tyr-Arg substitution in the
place the two tyrosines on opposite faces ofikgheet with TorpedonAChR.
only one in contact with dTC. The strict conservation of the  Neither of the mutationsy(f111R ordR113Y) affected
glycine residue suggestsyaurn, since glycines are favored  ejther ACh-binding affinity or the concentration dependence
in tighter loops 83) and glycines can most easily accom- of channel activation in th&orpedonAChR expressed in
modate the restricted main-chain dihedral angles necessaryenopumocytes. Thus, there is no evidence that this position
for classicaly-turns @4). interacts directly with ACh or is involved energetically in

Modeling the nAChR subunit primary structure around any of the agonist-induced conformational changes associated
Gly-114 as a hairpin loop is consistent with other results with gating. In contrast, the placement of a positively charged
concerning this region. Gu et aBY) identified residue 115  arginine residue(Y111R) within the high-affinity dTC-
in the e-subunits of mouse and rat as an important determi- binding site weakened dTC binding by 10-fold, consistent
nant for subunit assembly, a result suggesting that thiswith the hypothesis that interactions with this position do
position is exposed at the interface of subunits. In another contribute to the differences in dTC binding at the 2 sites in
mutational analysis of subunit assembly determinants, Kreien-Torpedo nAChR. Thus, for dTC, site selectivity in the
kamp et al. 86) also suggested an interface orientation for TorpedonAChR involves an important contribution from a
mouses-117. Mutations of mouse nAChR-117 ory-111 position near, but distinct from, the amino acids in mouse
affected competitive antagonist affinitied¢1( 12), while NAChR (lle-116,yTyr-117) that confer, along withrSer-
modification of a cysteine substituted at119 inhibited 161, the differences in dTC affinity (and which align with
[**™M]o-Btx binding @7). Additionally, the competitive  dVval-118, Thr-119, and Lys-16314)). This difference
antagonist §H]-4-benzoylbenzoylcholine specifically pho- between species is understandable, since the only charged
toincorporates intgLeu-109 38). Althoughy-116 was also residue identified in the mouse nAChR study,ys-163,
implicated as a minor determinant of competitive antagonist- aligns with an uncharged methionine in therpedonAChR
binding affinity (11), the majority of these studies suggests oJ-subunit, whileTorpedodArg-113 aligns with an uncharged
a conserved3-sheet orientation with the side chains of tyrosine in mousé-subunit. Further studies are required to
residues 109 and 111 as well as 115, 117, and Taé8pedo identify other positions inTorpedoy- and d-subunits that
y-subunit numbering) facing the surface at the interface account for the full 200-fold difference in affinity seen for
between subunits (for all subunits) and in the agonist-binding dTC binding at the two sites, positions that may or may not
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be the same as those identified in moysandd-subunits.

By far the most prominent effect noted from these
mutations involvedCtx Ml binding. As in previous analyses
of the determinants alCtx MI selectivity for thea—9 site
in mouse muscle nAChRLR), we usedy-less (;39,) and
o-less (By2) NAChRs to characterize the effects of the
amino acid exchange arCtx M1 binding. For thesY111R
mutation, a 1000-fold decreaseatCtx MI-binding affinity
was observed betweenfSy, andoyfy™, NAChRS, equiva-
lent to a decrease in the free energy of binding-df kcal/
mol as a consequence of a single amino acid substitution.
Conversely, forayf0, receptors thedR113Y mutation
resulted in a 1000-foléhcreasein aCtx MI affinity. Thus,
in TorpedonAChR the residuegTyr-111 anddArg-113 are
the major determinants of the difference in binding affinities
between the two agonist sites f@Ctx MIl. However, since
oCtx Ml binds with 10-fold higher affinity ta,50 ™, than
to axfy2, and with 10-fold lower affinity toa,8y™, than to
0p02, there are presumably other positions that also
contribute to the differences mCtx MI binding at the two
sites. In mouse NAChR, unlikBorpedg o.Ctx Ml binds with
10000-fold higher affinity at the.—o site, and mousgSer-
111/6Tyr-113 was also identified as a binding determinant
with the 0Y113S subunit in mousex3d™, weakening
binding by about 10-fold12). However, contributions from
two other positions were also required to account for the
affinity differences between the two sited (/s-34 andyPhe-
172, which align withdSer-36 and lle-178). The corre-
sponding positions inTorpedo are yLys-34/6Ser-36 and
yHis-17261le-178. In mouse the positive chargedtys-

34 has a much less prominent repulsive effect fharpedo
0Arg-113. ThedS36K substitution in mouse,39,™ weakens
binding by only 5-fold, but when combined with tid¢178F
substitution that on its own is energetically neutral, binding
is weakened by 1000-fold.

A recent study by Hann et al39) identified Arg-9 from
oCtx Gl as the single residue in that toxin responsible for
affinity differences between binding sitesTdrpedonAChR.
When Arg-9 was replaced by proline, the selectivity between
agonist sites was abolishedlCtx Gl ando.Ctx Ml are similar
in their binding affinities at each of th€orpedonAChR
sites @), and they are highly homologous:

aCtx GI: ECCNP ACGRH YSC (Acc #P01519)

aCtx ML G RCCHP ACGKN YSC (Acc #P01521)

Notably, the position occupied by Arg-9 mCtx Gl also
contains a positively charged residueci@tx Ml (Lys-10).
It is thus likely that Lys-10 of boundCtx MI has direct
interactions withyTyr-111 anddArg-113 in theTorpedo
binding sites, and that repulsive interactions between the
positive charges are responsible for the 1000-fold weaker
binding seen at theTorpedo a—Jd-binding site. Further
quantitative studies of the binding energetics seen for pairs
of mutant aCtx M1 and nAChRs with mutanty- or
J-subunits will be necessary to prove the existence of such
direct interactions, as has been done fordh@eurotoxin of
Naja mossambicand residues in mouse muscle NAChR
a-subunit Q).

The results presented in this report, in conjunction with
mutational analyses of mouse muscle nAChR and
o-subunits, establish thadtorpedoyY111/6R113, or amino
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acids at this position or nearby in the primary structure of
the mouse subunits, contribute to the structure of the agonist-
binding sites and are important determinants of the binding
affinities of small molecule and peptide antagonists. For
Torpedoor mouse muscle nAChR4(), amino acids in this
region of primary structure are not important determinants
for agonist recognition. This region of primary structure is
also likely to be within the agonist-binding site for other
members of this family of ligand-gated ion channels. For
alp2y2 GABA, receptors,allle-121, which aligns with
Torpedoo.-110 (Figure 7), is a determinant of agonist gating
and binding 41), while y2Met-130, which aligns with
Torpedoa-107, is important for the interactions of ligands
at the benzodiazepine-binding si?). For serotonin 5-HT
receptors, it is known that dTC binds with nanomolar affinity
to the mouse receptor but 1000-fold more weakly to the
human receptor that possesses 95% sequence idet8jty (
and it will be of interest to determine whether the origin of
that difference is the substitution of an arginine in the human
sequence for a histidine in mouse at the position equivalent
to TorpedoyTyr-1116Arg-113.
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