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Identification of Nicotinic Acetylcholine Receptor Amino Acids Photolabeled by the

Volatile Anesthetic Halotharie

David C. Chiard, Lawrence J. Dangott® Roderic G. Eckenhoff* and Jonathan B. Cohef*

Department of Neurobiology, Haard Medical School, Boston, Massachusetts 02115, and Department of Anesthesia,
University of Pennsylnia, Philadelphia, Pennsyhnia 19104

Receied July 3, 2003; Resed Manuscript Receed September 12, 2003

ABSTRACT. To identify inhalational anesthetic binding domains in a ligand-gated ion channel, we
photolabeled nicotinic acetylcholine receptor (hnAChR)-rich membranesTanpedoelectric organ with
[**C]halothane and determined by Edman degradation some of the photolabeled amino acids in nAChR
subunit fragments isolated by sodium dodecyl suffgelyacrylamide gel electrophoresis and high-
performance liquid chromatography. Irradiation at 254 nm for 60 s in the presence of 1*@jkE]othane

resulted in incorporation 0of0.5 mol of “C/mol of subunit, with photolabeling distributed within the
NAChR extracellular and transmembrane domains, primarily at tyrosiigs-111 in ACh binding site
segment E was labeled, whiteTyr-93 in segment A was not. Within the transmembrane donugliyy-

213 withinaM1 anddTyr-228 withindM1 were photolabeled, while no labeled amino acids were identified
within the M2 ion channel domain. Although the efficiency of photolabeling at the subunit level was
unaffected by agonist, competitive antagonist, or isoflurane, state-dependent photolabeling was seen in a
o subunit fragment beginning &Phe-206. Labeling afTyr-212 in the extracellular domain was inhibited
>90% byd-tubocurarine, whereas addition of either carbamylcholine or isoflurane had no effect. Within
M1, the level of photolabeling a§Tyr-228 with [1“Clhalothane was increased by carbamylcholine (90%)

or d-tubocurarine (50%), but it was inhibited by isoflurane (40%). Within the structure of the nAChR
transmembrane domaidTyr-228 projects into an extracellular, water accessible pocket formed by amino
acids from thedM1—-0M3 a-helices. Halothane photolabeling &Tyr-228 provides initial evidence that
halothane and isoflurane bind within this pocket with occupancy or access increased in the nAChR
desensitized state compared to the closed channel state. Halothane binding at this site may contribute to
the functional inhibition of NAChRs.

At clinically effective concentrations, most general anes- General anesthetics enhance agonist action for most of the
thetics modulate the function of ligand-gated ion channels receptors with anion-selective channels, while they inhibit
in the superfamily that includes nicotinic acetylcholine noncompetitively nAChRs. Members of this superfamily are

receptors (NAChR$)and serotonin 5-HJ receptors with
cation-selective channels, as well as the GABAceptors
and glycine receptors with anion-selective chann&is3).
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composed of five homologous subunits arranged pseudo-
symmetrically about a central axis that is the ion channel.
Each subunit has a large N-terminal segment that contributes
to the receptor extracellular domain and four transmembrane
segments (M:M4). The agonist binding sites are contained
in the extracellular domain at subunit interfaces. The M2
segments from each subunit arehelical and contribute to
the lumen of the ion channel, possibly with additional
contributions from the M1 segments, while amino acids from
the M3 and M4 segments contribute to the lipjarotein
interface 4, 5).

In the GABA\ receptor, mutational analyses have identi-
fied three positions, in the M1, M2, and M3 segments, which
modulate the enhancing actions of alcohol and volatile
anestheticsg, 7) and are hypothesized to contribute to an
anesthetic binding pocket. In muscle nAChRs, substitutions
at position M2-10 modulate the inhibitory potency of long
chain alcohols and isofluran&-10), while for neuronal
NAChRs, substitutions at position M2-1% position identi-
fied in GABA, receptors as a potential contributor to an
anesthetic binding site, as well as substitutions of the amino
acids linking the M2 and M3 segments have been identified
as determinants of volatile anesthetic sensitivit§, (12).
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In the absence of atomic-resolution structures of these Photolabeling nAChR-Rich Membranes witfiJ]Halo-
receptors in the presence of anesthetics, it is difficult to thane nAChR-rich membranes were resuspended at a
decide whether the positions where substitutions alter concentration of 1.5 mg of protein/mL in deoxygenated
anesthetic potency contribute directly to anesthetic binding Torpedophysiological saline [250 mM NaCl, 5 mM KCI, 3
sites or are involved in the transduction mechanism and mM CaCh, 2 mM MgCl, and 5 mM sodium phosphate (pH
allosterically modulate anesthetic potency. Photoaffinity 7.0)] and equilibrated under argon for 30 min on ice prior
labeling provides a complementary approach to identifying to photolabeling. Reagents were assembled in Teflon-
amino acids contributing directly to drug binding sites stoppered quartz 2 mL cuvettes to achieve the concentrations
(reviewed in refsl3and14). For the nAChR, photoreactive listed in Results, with'fC]halothane being the final addition.
agonists and antagonists have provided extensive identifica-Samples were mixed and equilibrated for 1 min before being
tion of the amino acids contributing to the agonist binding irradiated for 60 s with an Oriel low-pressure Hg(Ar) pencil
sites and to the ion channelq, 16), and PH]azioctanol, a calibration lamp at 5 mm with constant mixing. The
general anesthetic containing a photoreactive diazirine, dominant peak from this source is at 254 nm. The cuvette
reacted with high efficiency witkeGlu-262 (M2-20) at the contents were diluted 10-fold and washed iteratively by
C-terminal (extracellular) end of the M2 ion channel domain centrifugation.

17). To visualize nAChR subunits resolved by preparative
Halothane (2-chloro-2-bromo-1,1,1-trifluoroethane), a clini- SDS-PAGE without staining and destaining the gel, after
cally important volatile anesthetic, produces anesthesia with Photolysis with f“Clhalothane, membrane suspensions were
an EG, of 0.3 mM and inhibits nAChRs with I values photolabeled with 1-azidopyrene, a fluorescent photoreactive

varying from 0.1 mM for some neuronal nAChR subtypes hydrophobic compound(), and then pelleted and washed
to 0.8 mM for muscle NAChRsL@). The carbor-bromine ~ @s described above. .

bond of halothane is unstable under UV irradiation, and the ~ G€l ElectrophoresisPhotolabeled nAChR-rich membranes
resultant radical intermediate reacts with fatty aci®) and ~ Were separated by SB®AGE as described previousigq).

with poly(L-lysine) 0). In addition, [“C]halothane can be  After electrophoresis, the unstained gel was visualized under
photoincorporated into amino acids within soluble and UV light, and the nAChR subunits were excised on the basis
integral membrane proteing1), and individual photolabeled ~ ©f the fluorescence of the incorporated 1-azidopyrene. The
aromatic amino acids (tryptophans) have been identified Subunit bands were eluted, filtered, concentrated, acetone
within one of the fatty acid/drug binding sites of serum Precipitated, and resuspended as described previcz@ly (
albumin @2), apomyoglobin 23; also His), and within the ~ For fluorography, gels were treated with Amplify (Amersham
retinal binding pocket of rhodopsin24). For Torpedo ~ Pharmacia Biotech), dried, and exposed to Kodak X-OMAT
NAChR-rich membranes equilibrated witdG]halothane at AR film at —80°C. For quantitation of th&’C in gel slices,
anesthetic doses, brief UV irradiation resulted in covalent Slices were soaked in 5 mL of gel cocktail [90% toluene,
incorporation of“C into each NAChR subunit, with the level ~ 10% TS-2 tissue solubilizer (Research Products International

of photolabeling reduced by higher concentrations of non- COrp.) with 12.6 mM 2,5-diphenyloxazole and 7.8l 1,4-
radioactive halothane or isoflurane, but not by a nAChR Pis(5-phenyloxazol-2-yl)benzene] for3 days and counted.
agonist (carbamylcholine) or a competitive antagonist ( ~ Enzymatic Digestiondn-gel digestions of the nAChR
bungarotoxin) 25). In this report, we use protein chemistry Subunit with S. aureusV8 protease were carried out as
techniques to identify some of the nAChR amino acids described previously 30). Solution digestions with V8

photolabeled with FC]halothane. protease (1:1, w:w, 28C, 2—3 days) were performed in
storage buffer [LO mM NaPQ1 mM DTT, 1 mM EDTA,
EXPERIMENTAL PROCEDURES and 0.1% SDS (pH 7.0)]. For digestion with EndoLys-C

(0.5—1 unit/digest, 3 weeks, 28C), the subunits and/or
Materials nAChR-rich membranes were isolated from fragments were resuspended in 25 mM Tris, 0.5 mM EDTA,
fresh Torpedo californica electric organs as described and 0.1% SDS (pH 8.6). Trypsin digests (1:1, w:w; 3

previously 6). Membranes contained-1..4 nmol of fH]- days, 25°C) were performed in storage buffer supplemented
ACh binding sites per milligram of protein and were stored with 0.5% Genapol C-100 (Calbiochem).
until they were used at a concentration ef@mg of protein/ Reversed-Phase HPLCGHPLC separations and/or purifica-

mL at —80 °C in 38% sucrose and 0.02% sodium azide. tions of nAChR subunit fragments were performed using
[**C]Halothane (50 mCi/mmol) was obtained as a custom either Waters 510 pumps controlled by a 680 gradient
synthesis from New England Nuclear and was used shortly controller or an Agilent 1100 Binary HPLC system with a
after being received to reduce the level of contamination from degasser and column heating compartment (set &CJ0
[-degradation products. The material was routinely verified Separations were achieved using a Brownlee Aquapore butyl
to have>95% of the radioactivity in the halothane HPLC 7 um, 100 mmx 2.1 mm column with a C-2 guard column.
peak prior to being used. Nonradioactive halothane and HPLC solvents are noted in the figure legends, and gradients
isoflurane were from Halocarbon Laboratories (Hackensack, are included in the figures.

NJ) and Anaguest, Inc. (Madison, WI). Carbamylcholine and  N-Terminal Sequence Analysisdman degradation was
d-tubocurarine were from Sigma. 1-Azidopyrene was from performed on an Applied Biosystems 477 gas-phase se-
Molecular ProbesStaphylococcus aureggutamyl endopep-  quencer modified to analyze one-third of each cycle with a
tidase (V8 protease) was purchased from ICN Biomedical, 120A amino acid analyzer and to collect two-thirds of each
endoproteinase Lys-C (EndoLys-C) from Roche Biochemi- cycle for scintillation counting. Data shown in the figures
cal, and TPCK-treated trypsin from Worthington Biochemi- are the actual counts per minute (cpm) and background-
cal. subtracted picomoles (determined by peak height) of the
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detected amino acid in each cycle. The picomoles detected

were fit (nonlinear, least squares, SigmaPlot, SPSS Inc.) to Aﬁ oy _ ’TH C
the equationf(x) = IoR*, where f(x) is the background- , A &
subtracted picomoles in cycle lg is the initial amount of P 0 An o f

peptide sequenced, amlis the repetitive yield. The fit of

this equation is included as a dotted line in figures of

sequence runs. Cys, Ser, Trp, and His were excluded from  gor_ e « w s v
this analysis because of known problems with their quanti-
tation via Edman degradation. The specific incorporation
(cpm per picomole) in cycle was calculated as (cpm-
cpm-1)/(210RY). The total amount of peptide sequenced was
assumed to belg HPLC fractions of interest were either
drop-loaded onto Beckman peptide supports (no. 290111)
placed on a 48C heating block or pooled, concentrated by
centrifugal evaporation, resuspended in a minimal volume
of 0.1% SDS {40uL), and loaded. When samples contain- 12345 12345 o0 1 2 3 4
ing SDS were sequenced, the filters were first treated with cpm X 107

gas trifluoroacetic acid (5 min) followed by an ethyl acetate Ficure 1: [“C]Halothane photoincorporation into nAChR-rich

wash (4 min_) to remove excess detergent. In SOmMe Cas€Smembranes. NAChR-rich membranes (1 nmol of ACh sites/mg of
the sequencing run was interrupted and the material on theprotein, 2 mg/mL) were equilibrated (5 min) with 1 mM*C]-

filter was treated witlo-phthalaldehyde (OPA) as described halothane alone3j or with 7 mM isoflurane ), 100 uM Carb

; ; ; ; _ (5), or 10uM dTC (4). The suspensions were irradiated for 60 s at
previously @6). OPA reacts with primary amines preferen 254 nm. Aliquots (50ug) were separated by SPPAGE (8%

tially over secondary amines (i.e., proline) and can be usedcryjamide) along with an unlabeled sampilp Polypeptides were
at any sequencing cycle to block Edman degradation of visualized with Coomassie blue (A), and the gel was processed for
peptides not containing an N-terminal prolirL). fluorography (B, 14 day exposure). (C) After fluorography, we cut

lane 3 into 2 mm slices to quantitate the distribution't@. The
Models of the Torpedo nAChR homology model of the bottom of the sample well, the dye front, and the bottom of the gel

TorpedonAChR extracellular domain (N-terminus to the  contained 9400, 8200, and 9600 cpm, respectively. Indicated on
beginning of M1 for each subunit) was constructed from the the left are the Coomassie-stained bands corresponding to the

structure of the AChBP3@) by using the Homology module ~ NAChR subunits and the subunit of the N&/K* ATPase (90K).

in Insight 1l (Accelrys) on a Silicon Graphics,@orkstation ) N _ _

as described previouslyl, 33). The coordinates for the  Of d-tubocurarine (dTC), a competitive antagonist; or in the
AChBP structure (Protein Data Bank entry 119B) and for Presence of isoflurane, another volatile anesthetic. .
the recently published structur@4j at 4 A resolution of the Figure 1 shows a Coomassie-stained 8% polyacrylamide
TorpedonAChR transmembrane domain (Protein Data Bank g€l and fluorogram with 5@ig aliquots from suspensions
entry 10ED) were obtained from the Research Collaboratory Photolabeled with 1 mM‘fC]halothane under these four
for Structural Bioinformatics. The percent solvent exposures conditions. On the basis of the fluorogram, the presence of
of the amino acids in the models that were labeled in the Carb, dTC, or isoflurane did not alter incorporation‘t®
NAChR with [“Chalothane were calculated by use of the iNto the nNAChR subunits, and théC distribution in the gel
access_surf function in the NMR module which determines Was similar to that of the Coomassie stain, with nAChR
the Connolly surface area of each amino acid in a structure Subunits and other polypeptides photolabeled as well as high-

using a 1.4 A diameter ball. molecular mass aggregates produced by the UV irradiation.
When'“C incorporation for the control sample was quantified
RESULTS by liquid scintillation counting of 2 mm gel slice analysis

(Figure 1C), there was a background distribution't®

Previous photolabeling of nAChR-rich membranes with throughout the gel at~1000 cpm/gel slice, with*C
[*C]halothane demonstrated incorporatiort‘@f into protein incorporation in the NAChR subunit at~ 2000 cpm above
and lipid fractions. All nAChR subunits were labeled, and background and in thg, v, andd subunits at~1000 cpm.
NAChR subunit labeling was not altered by the presence of Since the 5Qtg membrane aliquots containeés0 pmol of
agonist [carbamylcholine (Carb)] or antagonistiungaro- NAChR a subunit and the specific activity 6fC halothane
toxin), but the level of NAChR subunit labeling was reduced was 50 Ci/mol, {*C]halothane was incorporated into the
75% by excess nonradioactive halothane, as was the extenhAChR o subunit at~50 cpm/pmol or~0.5 mol/mol ofa
of lipid labeling £5). To identify NAChR subunit amino acids  subunit.
photolabeled with J*Clhalothane, we carried out labelings The level of incorporation of }fClhalothane into the
on a preparative scale~(lL5 mg of protein, 7.5 nmol of  nAChR subunits was also estimated from t#@ cpm and
NAChR) so that Edman degradation could be used to identify protein recovered from the preparative gel bands after the
sites of %C incorporation in NAChR subunit fragments eluted material was precipitated with acetone and resus-
isolated by HPLC and/or SBSPAGE. To also provide an  pended. From 15 mg of nAChR-rich membranes, we
initial definition of the pharmacological specificity of the recovered 206400 ug of the 3, y, andod subunits with a
photolabeling, membrane suspensions were photolabeled“C incorporation of~1000-1200 cpmyg of protein, or
with [*“C]halothane in the absence of other drugs; in the ~0.5 mol of f4C]halothane/mol of subunit. The incorporation
presence of Carb, which would occupy the ACh sites and of 'C in those subunits was altered by less than 10% when
stabilize the nNAChR in the desensitized state; in the presencenAChRs were labeled in the presence of Carb or isoflurane,
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while labeling in the presence of dTC reduced the level of

14C incorporation by 2530%. Rather than elution of the . § é § g E SS6MSTALSVLLAQAVFLLLTSQRLPET
gel bands containing the subunit, they were transferred Lt A ; 6[°45% 0050000, 00 C
directly to a second “mapping” gel for digestion wigh x ; il g ° een ]y
aureusglutamyl endopeptidase (V8 protease). §.1 E ; 2f @

0 0 1

To provide an initial map of thé*C distribution within % o 3 7 65 432
the nAChRa subunit, samples of the labeledsubunit were Gel Band (1 cm/band)
digested in gel with V8 protease to generate four large
fragments of 20¢V8-20), 18 (V8-18), 10 (V8-10), and
4 kDa (V8-4) (30). aV8-20 begins at Ser-173 and contains
ACh binding site segment C as well as the WXI3
hydrophobic segmentsV8-18 begins at Val-46/Thr-52 and “ ™ ‘ .
contains ACh binding site segments A anc®.8-10 begins S 10 15 20 25 30 35 40 0 5 10 15 20 25 3
at Asn-339 and contains M41V8-4 begins at Ser-1. The Fraction # Cycle of Edman Degradation
bands corresponding tov8-20, aV8-18, andaV8-10 were FiGURE 2: [*C]Halothane photoincorporation in the nAChR
identified by Coomassie stain and excised, and the materialsSubunit. Theo subunit (350ug, 400 000 cpm) isolated from

- _ nAChR-rich membranes photolabeled witfi(]halothane in the
eluted from those bands were purified by reversed phaseIDresence of 10iM Carb was digested with EndoLys-C and

HPLC and characterized by N-terminal sequence analysis.separated on a Tricine gel (16.5% T/6% C). (A) @ distribution
On the basis of th&C associated with the purifiedsubunit ~ eluted from 1 cm bands of the Tricine gel, with the mobilities of
fragments and their picomole yields calculated by sequencethe prestained molecular mass markers indicated above. (B)

analysis andor protein determinatiortGlhalothane was - BR e BIE I0CC OO T datc acid in water solent
; : . . . () ;
incorporated InuV8-20 at a 'e"‘?' of 3650 cpm/pmol, in B was 60% acetonitrile, 40% 2-propanol, and 0.08% trifluoroacetic
aV8-18 at 5-6 cpm/pmol, and irV8-10 at 12-15 cpm/ acid. Plotted are the counts per minute per fraction [10% assayed
pmol. Labeling of nAChRs in the presence of Carb, dTC, (@)], the absorbance at 215 nmt), and the HPLC gradient in %

or isoflurane did not alter th&C incorporation inoV8-10. solvent B (- - -). (C)*C (@) and picomoles(() detected during
Labeling in the presence of dTC reduced the level“ar sequence analysis of HPLC fraction 28 (3700 cpm loaded, 2200

incorporation inV8-18 by ~50%, while for Carb, the extent gggafggmlquzgg t?ﬁef 'gg;ﬁﬁ;g%&g?ﬁ) ;Ehi [;gr‘iagypsrig?ence

of labeling was not reduced. Difficulties in reliable quanti- R = 93 + 1%), and there was nHC release above background.
fication of the low mass levels that were sequenced precluded(D) 1“C (® and O) and picomoles and <) detected during
a similar analysis for thetV8-20 samples. fsequ_encezinalydsisé 5of t\_/vr? equal aliqlu.ot(s %f tf)1e pooldof _HhPLC
To determine whether the incorporafé@ was generally Jacg{ﬂglsal deharolle O’P/‘_’\‘”t rigp?oscarglg > ?:r(;rrg]s gﬁgitr? E\llrvtlnt
stable to the necessary cyck_es of acid and ba;e, wh|ch it wa520p7 in the p¥ima$y Se)qﬁence_ F%r both Sam&esy ﬂ?ﬁe primary
and whether any amino acids near the amino terminus of sequence began &Phe-206 I, = 16 + 1 pmol,R = 96 + 1%);
the d subunit were photolabeled, an aliquot of intdcubunit 3000 cpm was loaded, with 1300 or 1800 cpm @) remaining
isolated from nAChR-rich membranes photolabe'ed with on the filter after 33 CyCles. In the absence OPA, there #as

1 : elease in cycles 7 (87 cpm), 13 (16 cpm), and 23 (102 cpm), while
[“Clhalothane in the presence of Carb was sequenced for{alfter OPA treatment at cycle 2, there Wd€ release in cycles 7

20 cycles (21 000 cpm loaded, 17 430 cpm left). There was (93 cpm) and 23 (91 cpm), but not in cycle 13. Thus, fitrelease
no release ot“C above background<(.2 cpm/pmol). in cycle 13 did not originate from théPhe-206 peptide.

We also collected th¥C released during Edman degrada-
tion of HPLC-purified aV8-20, aV8-18, andaV8-10 to of ~21 kDa, beginning abHis-200His-26 and containing
determine whether amino acids near their amino termini were agonist site segments D and B5f; 10 kDa, beginning at
photolabeled. When an aliquot of/8-20 (4000 cpm) was  dMet-257, the beginning odM2 (36); and ~12 kDa,
sequenced, there wea 5 cpm release in cycles 9 and 12 beginning atdPhe-206 and containing a site of N-linked
above a background of 30 cpm, consistent with labeling of glycosylation §Asn-208) andoM1 (37). When an En-
aTyr-181 andoTrp-184 at a low level{1 cpm/pmol), while doLys-C digest of the nAChR subunit from membranes
the lack of release in earlier cycles indicated that any labeling photolabeled withf*C]halothane tCarb) was fractionated
of aTrp-176 (the other aromatic residue encountered) was by Tricine SDS-PAGE (Figure 2A), thé*C was distributed
at a level of <0.2 cpm/pmol. ForaV8-10 (2400 cpm, broadly throughout the gel, with no evidence of selective
beginning atoAsn-339), there was no release above back- photolabeling in either the 1013 kDa region or the 21 kDa
ground in 25 cycles, indicating that any labelingad®he- region (similar distributions of*C were seen for EndoLys-C
342 oraPhe-362 was at a level 6f0.2 cpm/pmol. When  digests ofd subunits from membranes labeled witid]-
an aliquot ofaV8-18 (1200 cpm, beginning afThr-52) was halothane in the absence of other ligands, or in the presence
sequenced for 25 cycles, the onkC release above of isoflurane or dTC).
background was 6 cpm in cycle 21, consistent with labeling  When the 10 kDa region of the Tricine gel (band 6) was
of aTyr-72 at~1 cpm/pmol, while the lack of release in concentrated and fractionated by reversed-phase HPLC, there
earlier cycles established that any labelingoedfrp-60 or was a broad distribution dfC eluting between fractions 21
oTrp-67 was at a level 0<0.2 cpm/pmol. and 30 (45-70% organic; Figure 2B). Simila¥'C elution

[*“C]Halothane Labeling in the Subunit: Photoincor- profiles were seen for the HPLC purification of the 10 kDa
poration indM1 but NotdM2. To characterize'{C]halothane bands from the four labeling conditions. When the most
photoincorporation in thé subunit, we first digested the hydrophobic*C peak (fraction 28 at 62% organic) was
labeled subunit with endoproteinase Lys-C (EndoLys-C), a sequenced (Figure 2C), the sample contained a single peptide
lysine-specific protease that producksubunit fragments  beginning atoMet-257, the N-terminus odM2 (o = 70

' ! L L L

0 5 10 15 20 25

8206-FPNGTNYQDVTFYL I IRRKPLFYVINFITPCVL
T T T T T T

D

©.0) cpm X 107!
(o,0) pmol

E

% e ep.

L
=
n
S

() %B

o
T

(o)cpm><10'2
o= o ow s g

N
o
<

0.1

£l



Sites of [“C]Halothane Photoincorporation in the nAChR

pmol), and there was rféC release above background during
the 25 cycles of degradation. In addition, 1@ release was
detected in sequence analysis of the equivaddh? frag-
ments isolated from digests of tldesubunit from nAChRs
labeled in the absence of other drugs or in the presence of
dTC or isoflurane (not shown). The sample labeled WG]
halothane in the absence of other drugs was sequenced for
40 cycles without any release ¥E€ above background. Thus
for 6Tyr-291 in 6M3, which was present in cycle 35 (4.6
pmol), the maximum level of!fC]halothane labeling was
<0.3 cpm/pmol.

Sequence analysis (Figure 2D) of the peak*@fat 52%
organic (fractions 24 and 25) from the HPLC fractionation
in Figure 2B revealed a peptide beginningd&he-206, 19
amino acids before the start k1, with “C release®) in
cycles 7, 13, and 23, coinciding withiTyr-212, 6Tyr-218,
andoTyr-228, respectively. To determine whether the sites
of incorporation were indeed these tyrosines, we sequenced
another aliquot of the pool, with the sequencing filter treated
with o-phthalaldehyde (OPA) prior to cycle 2 [Figure 2D
(®@)] to prevent Edman degradation of fragments not contain-

(e) cpm
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ing a proline in the second cycle31). This treatment
demonstrated that only two of the tyrosine residu&syr-
212 anddTyr-228, were photolabeled with4C]halothane.
Thel“C release in cycle 13 from the sample not treated with
OPA probably reflected labeling @fTyr-212 from a frag- S

ment produced by EndoLys-C cleavage afteys-199 rather S
thandLys-205. FicUrE 3: Pharmacological effects o&'C]halothane photoincor-

. . poration atoTyr-212 anddTyr-228. Aliquots of thed subunit
The equivalent HPLC fractions from the other three iggjated from nAChR-rich membranes photolabeled in the presence

labeling conditions were sequenced with OPA treatment in of [*4C]halothane alone (A) or with isoflurane (B), Carb (C), or
cycle 2 (Figure 3). Under all conditions*Clhalothane dTC (D) were digested with EndoLys-C and separated by Tricine

photolabeledTyr-212 anddTyr-228, but the efficiency of =~ SDS—PAGE, and material that eluted from thelO kDa region

: . ; . was fractionated by HPLC. Aliquots of a pool of the fractions
incorporation (counts per minute per picomole) at the two known to contain the peptide beginningd®he-206 (fractions 24

amino acids depended upon the labeling conditions. For ang 25) were sequenced for each labeling condition, with OPA
0Tyr-212, *4C photoincorporation was unaffected by the treatment in the second cycle to prevent sequencing of contaminat-
addition of either isoflurane or Carb, but dTC reduced the ing peptides. For each sample, after OPA treatment, the only
level of incorporation by>90% (Figure 3E). FodTyr-228, detectable sequence begadBhe-206 11, (A) lo =23+ 2 pmol,
L‘Clhalothane incorporation was inhibitedd0% by iso- 5 204 1% (B)lo =15+ 1 pmol,R =95+ 1%; (C)lo = 17
[ P , aalv by + 1 pmol,R= 96 £ 1%; (D)l = 21 + 1 pmol,R = 94 & 1%].
flurane, whereas the extent of incorporation vimseased In all samples, release &C (®) was detected in cycle 7 [(A) 137
in the presence of Carb and dTC, by 90 and 50%, cpm, (B) 66 cpm, (C) 93 cpm, and (D) 12 cpm] and cycle 23 [(A)
respectively (Figure 3F). 50 cpm, (B) 21 cpm, (C) 91 cpm, and (D) 60 cpm] corresponding
. to 0Tyr-212 anddTyr-228, respectively. In addition to these two

Sequence analysis of the eatfC peak from the HPLC  |3peled tyrosine residues, an unlabeied tyrosine residue was also
fractionation in Figure 3B (fraction 22) revealed a peptide encountered within the 33 cycles of Edman degradadidyr-218.
from the 8 subunit of the sodium potassium ATPase, a Three to four sequence runs were performed for each condition,
known contaminant of the NAChR subunits isolated by  and the calculated averages (and standard deviation) of counts per
SDS-PAGE from nAChR-rich membrane&9) minute of f“Clhalothane per picomole @fTyr-212 andoTyr-228

] ) ] are shown in panels E and F, respectively.

Photoincorporation of }*C]Halothane inaM4, aM1, and
aV8-18.Since sequence analysis of the N-termini of the  ¢Vv8-10 (27). When a trypsin digest of gel-purifiegV8-10
subunit proteolytic fragments provided evidence of low-level was fractionated by reversed-phase HPLC, the fragment
labeling of some tyrosines, we digested and fractionated peginning atTyr-401 was recovered as a hydrophobic peak
oV8-20 to determine whethef4Clhalothane reacted with  of 4C centered at fraction 35 (Figure 4A). Sequence analysis
any of the aromatics within the nACh&M1 hydrophobic  (Figure 4C) established that the primary sequence began at
segment (@Tyr-213k1Phe-214), and we dlgested and frac- oTyr-401 (o = 72 pm0|), with a secondary sequence
tionatedaV8-10 to determine whether amino acids were peginning atxSer-388 [, = 15 pmol). The only*4C release
labeled withinaM4, which contains no aromatics, or whether above background was in Cyc|e 12 (40 Cpm), which cor-
(1Tyr-401, which preceda$M4 in the primary structure, was responded to either |abe|ing @nys-412 in the primary
labeled. In addition, we wanted to determine whether the sequence at0.9 cpm/pmol or labeling o6 Trp-399 in the
|ab9|ing Wlthln O.V8'l8 W&}S a.SSOCiated W|thTyr'93, one Secondary sequence at 9 Cpm/pm0| (|n two OtH’&][
of the aromatic amino acids in the ACh binding site. halothane labeling experimentsV8-10 was similarly

A fragment beginning atTyr-401 can be readily isolated processed to isolate these same two peptides, and the
by reversed-phase HPLC purification of trypsin digests of calculated levels of'C incorporation in the cycle 12 residues

cpm/pmol
SN A D

S=NWAENR
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Ficure 5: [**C]Halothane photoincorporation idv8-18. Agonist

separated by reversed-phase HPLC with the same solvents as irsite residuexTyr-93 is not labeled. Aliquots ofV8-18 isolated

Figure 2. Five percent of each fraction was assayed“or(®),

and the gradients are shown (---). For th¥8-10 digestion,
fractions 34-36 (95% organic) were pooled and sequenced [(C)
@®, 3670 cpm loaded, 2650 cpm left after 20 cycles]. The primary
and secondary sequences begamfatr-401 @, 1o = 72+ 6 pmol,

R =90 £ 1%) andaSer-388 ¢, Io = 15+ 2 pmol,R = 85 +
2%). The!4C release (35 cpm) in cycle 12 would correspond to
labeling of aCys-412 (0.9 cpm/pmol) caTrp-399 (9 cpm/pmol)

in the primary or secondary sequence. For d@w8-20 digestion,
fractions 34-37 (95% organic) were pooled and sequenced [(D)
@, 5100 cpm loaded, 3250 cpm left after 24 cycles] with the
sequencing filter treated with OPA after the first cycle to prevent
sequencing of peptides without a proline in cycle 2. After OPA,
the only fragment detected begarodte-210 (O, lo = 64+ 5 pmol,

R =904+ 1%), and thé“C release (30 cpm) in cycle 4 corresponded
to labeling ofaTyr-213 (0.4 cpm/pmol) irM1.

were 11 and 11 cpm/pmol faxCys-412 and 2.3 and 2.7
cpm/pmol foraTrp-399.)
To characterize'“C incorporation inoaM1, we took

from V8 mapping gels of the. subunit labeled with’fClhalothane

as described in the legend of Figure 1 were digested with trypsin
and separated by reversed-phase HPLC as described previg@)sly (
to isolate a fragment beginning at.eu-80 that containeTyr-93

of ACh binding site segment A. (A) HPLC elution profile with
10% of each fraction assayed fHiC (@), the absorbance at 215
nm (—), and the HPLC gradient in % solvent B (- - -). (B) HPLC
fractions 20 and 21 were pooled, and two aliquots were sequenced,
without (@ andd, 1100 cpm loaded, 370 cpm left after 20 cycles)
or with (O and<, 1100 cpm loaded, 670 cpm left after 20 cycles)
OPA treatment in cycle 2. The primary sequence in the untreated
sample and the only sequence in the treated sample begheat

80 @, lo= 794+ 10 pmol,R =92 + 1%; <, Io = 55+ 5 pmol,

R = 88 4 1%). Since thé“C release in cycles 5 (25 cpm) and 6
(81 cpm) in the untreated sample was eliminated upon OPA
treatment atoPro-81, this }*Clhalothane incorporation was not
associated with the fragment beginningrdteu-80. (C) Fractions
20—22 from a similar HPLC separation of theCarb sample were
pooled, and two aliquots were sequenced, with@a\dd, 1660

cpm loaded, 260 cpm left after 20 cycles) and with (660 cpm
loaded, 400 cpm left after 20 cycles) OPA treatment in cycle 3.

advantage of the fact that there is a trypsin cleavage siteThis sample contained the same primary sequence beginning at

(ctArg-209) followed by a prolined211). In a trypsin digest
of aVv8-20, labeling withinaM1 can be characterized by
use of OPA in the second cycle of Edman degradatBa. (
When a trypsin digest of gel-purifieav8-20 was fraction-
ated by reversed-phase HPLC, tHE€ was recovered in a
broad hydrophobic peak (Figure 4B). Fractions-3% were

aleu-80 @, Ip = 123 £ 13 pmol,R = 89 £+ 2%), which was
eliminated upon OPA treatment @Ber-81. There wa¥'C release

in cycles 5 (39 cpm) and 6 (46 cpm) in the untreated sample, and
after OPA treatment, the release in cycle 5 was eliminated while
the release in cycle 6 remained (38 cpm). (D) Predicted tryptic
peptides fronV8-18 andoV8-20 that contain an aromatic amino
acid in cycle 5 or 6. Thé&’C release in cycle 6 after treatment with

pooled and sequenced, and the sample filter was treated witHOPA in cycle 3 would be consistent witfClhalothane labeling

OPA at cycle 2 (Figure 4D). After the second cycle, the only
sequence that was detected wdél lle-210 (o = 64 pmol).
There was'“C release in cycle 4 (30 cpm), consistent with
labeling ofaTyr-213 at a level of~0.4 cpm/pmol.

Trypsin digestion ofxV8-18 produces a fragment readily
purified by reversed-phase HPLC that beginalatu-80 and
contains aTyr-93 (as well asaPro-81) 89). When we
fractionated a trypsin digest offC]halothane-labeledV8-

of aTyr-72 in a decapeptide beginning @l rp-67.

expected for thetLeu-80 peptide. Sequence analysis (Figure
5B) revealed the peptide beginning @teu-80 (o = 79
pmol), with “C release @) in cycles 5 and 6 (25 and 100
cpm, respectively), but not in cycle 14 which corresponded
to aTyr-93. The!“C release in cycles 5 or 6 did not result
from labeling ofaAsp-84bVal-85, since nd“C release was

18 by reversed-phase HPLC (Figure 5A), there was a peakobserved when an aliquot was sequenced with OPA treatment

of 1“C in fractions 20 and 21~40% organic) at the position

in cycle 2 (), a treatment that did not prevent the sequencing
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of the aLeu-80 peptide. Therefore, the labeled amino acids [!“C]Halothane Labeling within the nAChR Extracellular
contributing to this release must be in peptides present atand Transmembrane Domaing“C]Halothane was incor-
mass levels that are too low for detection, which would be porated within each subunit at50 cpm/pmol (or 0.5 mol
most likely for small peptides where the labeled and of halothane/mol of subunit), with labeling distributed among
unlabeled peptides were separated by reversed-phase HPLG number of amino acids, primarily tyrosines, and no single
Among the possible tryptic fragments fromv8-18 and labeled amino acid accounted for more thanr-16% of the
aV8-20 (which is also present in gel-purified/8-18), there subunit labeling. We summarize in Table 1 the labeling
are eight peptides with aromatic residues in cycle 5 or 6 efficiencies of the aromatic amino acids that we identified
(Figure 5D). One, in particular, a decapeptide beginning at as labeled (or unlabeled), as well as their location within
oTrp-67, contains a proline in cycle 31tPro-69) and a  the nAChR. In Table 1, we also include the calculated
tyrosine in cycle 6 ¢Tyr-72). To determine whethefC Connolly surface exposure of the side chains from their
release in cycle 6 might result from labeling a@fyr-72, location in a homology model of the nAChR extracellular
we sequenced another aliquot with OPA treatment in cycle domain based upon the structure of the AChBB (Figure

3 [Figure 5C Q)]. After this treatment, thé*C release in 7) or in the recently published structure4sA resolution of
cycle 6 was preserved, while the sequencing ofdheu- the TorpedonAChR transmembrane domaif4j. For the

80 fragment terminated in cycle 3. TherefoféC]halothane 14 Tyr and 5 Trp residues that were characterized, there was
is photoincorporated inTyr-72, as had been suggested in no significant correlation between labeling efficiency and

the N-terminal sequence analysisa¥8-18. predicted aqueous exposure= 0.19,P = 0.44), showing
[4C]Halothane Labeling in Segment E of the Agonist that Iabeling.i_s not dqminateq by access as m_ight be expected

Binding Site.As a first step at characterization ofG]- for nonspecific labeling. Amino acids identified as labeled

halothane photoincorporation within the nAChRsubunit, (or unlabeled) in the nAChR extracellular domain are shown

we digested the labeleg subunit with V8 protease and N Figure 7, and Figure 8 shows the location of the three
fractionated the digest by Tricine SB®AGE to isolate a Tyr regdues characterized in tBesubunit transmembrane
14 kDa fragment beginning gval-102 @40) which contains ~ domain. _ _ _
yTyr-111 andyTyr-117 of agonist binding site segment E. Within the extracellular domainyTyr-111, in agonist
This 14 kDa band was further purified by reversed-phase binding site segment E, was one of the amino acids labeled
HPLC (Figure 6A). Sequence analysis of HPLC fractions 2t highest efficiency (5 cpm/pmol), whileTyr-93, which
25 and 26 (Figure 6B) revealed the peptide beginning at forms one of the sides of the quaternary ammonium binding
yVal-102 along with fragments of V8 protease. In 25 cycles POCKet, was unlabeled<Q.1 cpm/pmol). Although we did

of Edman degradation, there w&€ release in cycles 4, Not characterize the labeling withoaTyr-190 oroTyr-198

10, and 16 corresponding $ayr-105 (1 cpm/pmol)y Tyr- in agonist site segment ©Tyr-212, which is the position
111 (5 cpm/pmol), angTyr-117 (2 cpm/pmol), respectively, N the o subunit equivalent taTyr-198, contributes to a
with no release above background in cycle 3 or 23 corre- Pocket similar to the agonist site and was labeled (4 cpm/
sponding toyTyr-104 or yTyr-124, respectively. From a pmol). Additional labeled amino acids inclughgyr-105 (2
separate labeling, V8 protease digestg sfibunits isolated ~ cPmM/pmol), whichis predicted to be exposed in a cleft within
from NAChR-rich membranes photolabeled withCJhalo- ~ the vestibule of the ion channel, aadyr-72 (1 cpm/pmol),
thane in the presence of isoflurane, Carb, or dTC were which is in a freely accessible position at the “top” of the
fractionated by reversed-phase HPLC, and the fractionsPAChR. However)Tyr-218, which is also predicted to be
containing the/Val-102 peptide were pooled and sequenced. €xPosed, was not labeled-Q.1 cpm/pmol). Although we

In the +isoflurane (Figure 6C) and-Carb (Figure 6D)  have no direct proof thabTyr-218 is surface accessible,
samples, there wak'C release in cycles 4 and 10 corre- Pased upon lysine scanning mutagenesis, the equivalent
sponding toy Tyr-105 (3 and 2 cpm/pmol, respectively) and  POsition in the nAChRe subunit is predicted to be surface-
yTyr-111 (6 and 1 cpm/pmol, respectively), whereas for the exposed 41). In addition to the identification of labeled
+dTC (Figure 6E) sample, release was only detected in cycle@Mino acids, the fact thatTyr-105 is labeled at least 10-

4 corresponding tgTyr-105 (0.8 cpm/pmol). For thedTC ~ fold more efficiently thanyTyr-104 provides dramatic
sample, the level of labeling atTyr-111 was<0.1 cpm/ evidence of strong steric constraints on the labeling of
pmol. None of the samples hadC release in cycle 3  tyrosines, and the lack of labeling pTyr-104 is consistent

corresponding tg Tyr-104. with its predicted orientation toward the subunit interior.
Few labeled amino acids were identified in the nAChR
DISCUSSION transmembrane domainTyr-228 within M1 was one of

the most highly labeled nAChR amino acids (4 cpm/pmol;

In this report, we identify the nAChR structural domains see below for pharmacological specificity), andyr-213,
and some of the amino acids that are photolabeled by thenext to the corresponding position in thesubunit, was also
volatile anesthetic'fClhalothane, and we have begun to labeled. In the closed state structure of the nAGhsibunit
characterize the pharmacological specificity of the photola- transmembrane domaiadTyr-228 projects into an extracel-
beling. Irradiation at 254 nm was used for photoactivation, lular, water-accessible pocket that is large enough to accom-
which will produce halothane radical and may produce modate halothane (Figure 8) or isoflurane. This pocket is
reactive intermediates of aromatic amino acids or cystine. formed by amino acids from MAM3, including the unla-
We first describe the location of the labeled and unlabeled beleddTyr-291 in SM3. 6Tyr-248, the only aromatic side
amino acids within the structure of the nAChR, and then chain characterized that is exposed at the lipid interface, was
we discuss the implications of the photolabeling results for also unlabeled. No labeling was detected with2, but
the mechanism of inhibition of NAChRs by halothane. there are no aromatic amino acids within any of the M2
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S 4 Table 1. FC]Halothane Photoincorporation in nAChR Tyrosines
X 3 and Tryptophans
g_ 2 amino  C incorporation predicted lysine scan
o1 acid (cpm/pmol) locatior? % exposure toleranceé
ST T 5w w w oTyr-17 ND (<0.2)  helix1 0
Fraction Number (+Carb)
7I022VAYYANVLVYNDGSMYWLPPAIYRS oTrp-60 ND (<0.2)  fistrand 2 1 N
125 E T T T T ™ 100 - aTrp-G? ND (<02) IOOp 3 ﬁZ—ﬁ3) 12
£ 100 E © oTyr-72 1 loop 3 2—43) 85
> aTrp-86 ND (<0.1)  loop 4 83—p4) 2
® 50 oTyr-93 ND (<0.1) Bstrand 4 14 T
~ s yTyr-104 ND (<0.1) g sgand 5d 1 T
strand 5
! 5 1 iy 2 2 yTyr-105 1.1 B strand 5- 17 T
Cycle of Edman Degradation B strand 5
yTyr-111 4.5 p strand 5 32 T
Y102-VAYYANVLVYNDGSMYWLPPAIYRS yTyr-117 1.8 f3 strand 6 29 T
wE T T Isofiarage T oTrp-176 ND (<0.2) pstrand 9 5 N
2E 0.0 0g C aTyr-181 1 B strand 9 5 N
sf O ~—dbi ] ER aTrp-184 1 B strand 9 51 T
= 4F oTyr-212 4.0 f strand 10 10 T
= ok f et H1 - 8Tyr-218 ND (<0.1) Bstrand 10 25 T
X b E.Ma... et D g OTyr-228 3.9 M1 66
E ot e R aTyr-213 0.4 M1 90
o LE o 0Tyr-248  ND(<0.2) M1 d
® } ; it H1 {(+dTC)
= 16F Q.0 q0p  @Tubocurarine E OTyr-291 ND (<0.3) M3 55
2E oo T i 2 Y O...onq10 yTyr-286  ND(<0.2) M3 40
8 E ]
(+1s0)
‘E s s - i 1 aTyr-401  ND(<0.1)  Pre M4
0 5 10 15 20 25 - —
. aFor the extracellular domain, location in the secondary structure
- Cycle of Edman Degradation assignment of AChBP3@). ® Connolly aqueous surface exposure in
FIGURE 6: [**C]Halothane incorporation in segment E of they the TorpedonAChR homology model or the structure of therpedo

agonist site. Differential inhibition by Carb and dTC. (A and B) achR transmembrane domaiB4j, as calculated using the NMR-
Fifteen milligrams of nAChR-rich membranes (1.3 nmol of ACh  pefine module in Insight I1¢ Tolerance for Lys substitution in the
binding sites/mg of protein) in 10 mL of TPS were equilibrated KaAchR e subunit [T, tolerated: N, not tolerated)]. ¢ The published

with 440uM [*“Clhalothane (52 mCi/mmol), photolyzed (254 nm,  girycture predicts 30% lipid exposure for this Tyr. ND, not detected.
100 s), and then labeled with 1-azidopyrene. Polypeptides were rqr getermination of the correlation between labeling efficiency and
separated by SDSPAGE, and they subunit was detected by — cajcylated aqueous surface exposure, labeling at the detection limit was
fluorescence, excised, and eluted (420 000 cpm). The labeled 555 med for the amino acids identified as ND. Where indicated, the
subunit was digested with V8 protease (44fin 250uL of 0.1 sequenced fragment came from membranes photolabeled4@{jha-

M NH,HCO; with 0.1% SDS, 5 days, 2%C), and the digest was  |5thane in the presence of CarbCarb), dTC ¢-dTC), or isoflurane
fractionated by Tricine SDSPAGE (16.5% T/6% C). (A) A band (+150).

of ~14 kDa was excised, eluted, and separated by reversed-phase
HPLC. Solvents were as described in the legend of Figure 2, and ) o
the gradient (- - -) is shown in % solvent B. The solid line is the segments. Although there was no evidence of labeling in
absorbance at 214 nm, and the dotted line is the fluorescence. TenyM3, M3, or SM2 at amino acids equivalent to the positions
percent of each fraction was assayed & (®). (B) Sequence i the GABA. receptora. subunit identified as volatile
analysis of thé“C peak at-48% solvent B (fractions 2426, 4900 anesthetic affinity determinant$,(7), those positions are

cpm loaded, 3150 cpm left after 25 cycles of Edman degradation). =, =~ . L
The primaryy subunit sequence begamatal-102 (0, lo = 25 + within a narrow extension of the aqueous pocket containing

2 pmol,R = 91 + 1%), and there was a fragment of V8 protease 0Tyr-228 which would not contain halothane in the nAChR
beginning at Val-1 (400 pmol). THéC release®) in cycles 4 (40 closed state structure. WithiaM4, aCys-412 which is

cpm), 10 (93 cpm), and 16 (21 cpm) corresponded to labeling of exposed to lipid might be labeled, but we were unable to
{ggrhleopsti’&g y(rel é)l ,Szr:ﬁ;é;gysr-gflzﬁ;e;sgg&g;{e(li/,zg %rgotré%\r;albo make a positive identification because all samples that we
ug for +isoflurane, 120 000 cpm, 14@y for +dTC, and 200 000  sequenced to qharacterize labeling within M4 cc_)ntained two
cpm, 180Qug for +Carb) from the labeling described in the legend  fragments, beginning atTyr-401 anduSer-388, withouCys-

of Figure 1 were digested with V8 protease (4@in 150uL of 412 andoTrp-399 in the 12th sequencing cycle where there
storage buffer for 2 days at 2&) and separated by reversed-phase was 14C release.

HPLC as described previously@. Fractions 1214 (~25% . . .
organic) were pooled and sequenced for each condi®an(C) Are Amino Acids Other than Tyr Labeled@rp-184 in
with isoflurane, 8200 cpm loaded, 4800 cpm left after 25 cycles of the extracellular domain was labeled at a level of 1 cpm/
Edman degradation; (D) with Carb, 15 500 cpm loaded, 8900 cpm pmol, as was.Trp-399 (cytoplasmic domain) and/aCys-
:gftdiffjer62150 Sﬁdﬁf& Etztrgagsdggglaed?tgg; éir\:wth dT|C, %700 Crﬁ? 412 (inaM4). We were surprised that tryptophans were not
aded, P ater 2> cycies]. For Sampe, e primary |aheled more prominently, since that was the amino acid
bunit b 1-102 O, (C) with isofl I e R . :
£51u4 iné ;ﬁ?g‘,egcf ggfg’ﬁawith C[arb(l 0):W'21 503 l;;;g?,% labeled most efficiently within serum albumin and rhodopsin
=96+ 2%; with dTC,<, Io = 23+ 4 pmol,R = 95 & 2%]. Also (22, 24), where it was labeled within a fatty acid binding
present in each was a fragment of V8 protease beginning at Val-1pocket and the chromophore binding pocket in the trans-
g.vzl;hp:']s’lgfll)un%ntﬁﬁigm?!l;n\évlémdiggtiblzgm%qgg;tﬁ%c(j:\:velﬁgai-(l;c‘ membrane domain, respectively. However, there are only
; . - ' nine Trp residues in the nAChR subunit, with seven in
In cycles 4 and 10 corresponded to labeling/ahr-105 (84 and the extrgcellular domain and two in the cytoplasmic domain
73 cpm) andyTyr-111 (84 and 34 cpm), respectively. The only \ ! _ ytop .
14C release in the-dTC sample occurred in cycle 4 (30 cpm). We did not determine the labeling ofTrp-118 oraTrp-
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FIGURE 7: Spatial distribution of aromatic residues labeled witiC[halothane. Stereoviews of ribbon diagrams of TleepedonAChR
extracellular domain modeled after the AChBP, with tyrosine and tryptophan side chains represented in CPK that were shown to be labeled
with [**C]halothane (red) or unlabeled (black). The top panel shows the pentameric subunit arrangement as viewed from the synaptic cleft.
The middle and bottom panels are side views ofdhendy subunits and thé and subunits, respectively. Also included in all figures

is thes-sheet secondary structure (gray). As the crystal structure of the AChBP ends at the amino acid homologous to the conserved proline
residue at the beginning of M1 in the nAChR, we added five amino acids in a helical conformation to the side vievesaididesubunits

to illustrate the likely proximity ofaTyr-213 anddTyr-228.

149, but we did sequence through the other five Trp residuesof labeling inaV8-10 (12-15 cpm/pmol), which contains
in the extracellular domain and established that anlyp- oM4, and in aV8-18 (5-6 cpm/pmol), which contains
184 was labeled. On the basis of the structure of the AChBP, agonist site binding segments A and B and most of the
the four unlabeled Trp residues are all within the subunit primary structure of the extracellular domain. It is possible

interior with no surfa_ce acce_ssibility, witlaTrp-60 andoTrp- that there i$“C incorporation in the nAChR transmembrane
86 being two of nine amino acids absolutely conserved domain that is refractory to Edman degradation, as would
between the AChBP and this superfamily. happen if the trifluorochloroethyl radical reacted with the

The limited number of identified amino acids labeled in amide backbone. Alternately, reaction with the unsaturated
the transmembrane domain was surprising. When'tie  fatty acids within the phospholipid could resultfiC-labeled
distribution was characterized within the largesubunit fatty acid radical intermediates that might react with the
fragments that can be produced by V8 protease, we foundnAChR, yielding modified amino acids that cannot be
most withinaV8-20 (30-50 cpm/mol), with a lower level  detected by Edman degradation.
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Ficure 8: nAChR 6 subunit transmembrane domain that contains a pocket formed by theVidhelix bundle that can accommodate
halothane neadTyr-228. A stick and ribbon stereomodel of thesubunit transmembrane domain from the nAChR in the closed state is
shown @4), oriented with the extracellular surface up and the approximate level of the lipid bilayer as a gray background. Also included
is a Connolly surface representation of halothane manually placed within the existing pocket formed by-tH& élices. Shown in red

is 0Tyr-228 in M1 that is labeled with halothane and in yellow the unlabélegr-291 in M3 as well as the unlabelédyr-248 in M1 that

is exposed at the lipid interface. M2 residues identified as lining the lumen of the ion channel are in magenta. Shown in bluég,is M2-15
a position in the GABA receptor identified as an anesthetic sensitivity determinant.

State-Dependent Photolabeling BY¢]Halothane within by ~25% and inaV8-18 by 50%, and we suspect that dTC
OM1. Analysis of the'“C incorporation within a fragment  acts as an aqueous scavenger of the reacti@Halothane
beginning atPhe-206 provided evidence that halothane and radical intermediate. However, further studies will be
isoflurane bind within a site containingl'yr-228 in a pocket required to resolve this and to determine whether such a
at the extracellular end of the nAChR transmembrane domainmechanism also contributes to the strong inhibition by dTC
and that occupancy or accessibility is increased in the of [*“C]halothane labeling of Tyr-111, an amino acid near
desensitized state compared to the closed channel state. Carthe entry of the ACh site40) that is a dTC affinity
and dTC increased the level of labeling®fyr-228 by 90 determinant and is directly photolabeled BHJdTC (40).
and 50%, respectively, while isoflurane reduced the level of ~ yTyr-105, which is exposed in the vestibule of the ion
labeling by 40%. Since foforpedonAChRs Carb fully channel, was labeled in the absence or presence of Carb,
stabilizes the desensitized state and dTC desensitizes it bydTC, or isoflurane, with the efficiency of labeling lowest in
60% @2), this indicates increased accessibilityddfyr-228 the presence of dTC. However, fpTyr-111 andy Tyr-105,
to halothane in the desensitized state. Since isoflurane alsave do not have the data required from a parallel control
desensitizes nAChR18), the reduced level of labeling in  labeling in the absence of added drugs to determine whether
the presence of isoflurane is evidence of competition with Carb or isoflurane is decreasing or increasing the labeling
halothane. The halothane labeling ®fyr-228 andaTyr- efficiency compared to the control.

213 establishes that halothane interacts with a nAChR ['“C]Halothane Photolabeling and Inhibition of nAChRs
domain previously implicated in the gating mechanism. Cys Halothane inhibits the muscle type nAChR expressed on
substitutions at the equivalent position in thandg subunits Xenopusoocytes with an Ig of ~0.8 mM (50), and for
perturb gating, and the accessibility affyr-213Cys for TorpedonAChR-rich membranes, it allosterically inhibits the
chemical modification is increased by agoniét<{46). binding of PH]phencyclidine with an 1, of ~0.5 mM (1).

Pharmacological Specificity of‘{C]Halothane Labeling We have shown that at these concentratiot{§]halothane
in the nAChR Extracellular DomainWe compared the isin contact with tyrosines in multiple regions of the nAChR
effects of Carb, dTC, and isoflurane of*¢Jhalothane extracellular domain and withTyr-228 at the extracellular
photolabeling ofdTyr-212, which is not part of the ACh  end of thed subunit transmembrane domain. Although
site but is an exposed amino acid in thesubunit that is studies have not been carried out with halothane, for
equivalent toaTyr-198 of the agonist binding site. This isoflurane, amino acids within the M2 ion channel domain
position in a GABA\ receptora subunit contributes to the  have been identified as anesthetic potency determinadjts (
benzodiazepine binding sitd7) and is photolabeled with  which raises the possibility that volatile anesthetics, including
[(H]R015-4513 48). In contrast tadTyr-228, where the level  halothane, bind directly within the lumen of the ion channel.
of labeling was increased in the presence of Carb or dTC, Unfortunately, since there are no aromatics in the nAChR
the level of labeling ofdTyr-212 in the presence of Carb M2 segments, efficient halothane photoincorporation may
(or isoflurane) was reduced by15%, but dTC inhibited not be possible, and halothane binding in the ion channel or
labeling by 90%. Since there is no evidence that dTC binds other pharmacologically important sites lacking aromatic
nearoTyr-212, we feel that it is unlikely that this inhibition ~ amino acids might be missed with this technique. However,
results from a competitive interaction. dTC also reduced the photolabeling by {*C]halothane did reveal labeling 6fyr-
total amount of f*C]halothane incorporation in thiesubunit 228 that is enhanced in the desensitized state, and since this
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region in other NAChR subunits has been implicated in the

gating mechanism44, 45), it is likely that halothane’s
interactions in this region contribute to its functional inhibi-
tion of the nAChR. The energetic contributions ®fyr-
228 or other nearby amino acids to nAChR inhibition by

halothane can be addressed by appropriate mutational

analyses. In addition, further photolabeling studies will be

required to determine whether there is state-dependent 27.

labeling of some of the labeled regions in the nAChR
extracellular domain and to determine at the level of
individual amino acids the labeling efficiencies as a function
of [*“C]halothane concentration or the extent of inhibition
by isoflurane or other general anesthetics.
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