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[*H]Benzophenone Photolabeling Identifies State-Dependent Changes in Nicotinic
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ABSTRACT. Interactions of benzophenone (BP) with fh@erpedonicotinic acetylcholine receptor (hnAChR)

were characterized by electrophysiological analyses, radioligand binding assays, and photolabeling of
NAChR-rich membranes witFH]BP to identify the amino acids contributing to its binding sites. BP
acted as a low potency noncompetitive antagonist, reversibly inhibiting the ACh responses of nAChRs
expressed irKenopusoocytes (IGo = 600xM) and the binding of the noncompetitive antagon?t]f
tetracaine to NAChR-rich membranes 4G 150 uM). UV irradiation at 365 nm resulted in covalent
incorporation of $H]BP into the nAChR subunits)(> o ~ 8 > y), with photoincorporation limited to

the nAChR transmembrane domain. Comparison of nAChR photolabeling in the closed state (absence of
agonist) and desensitized state (equilibrated with agonist) revealed selective desensitized state labeling in
the 6 subunit of6Phe-232 indM1 and 6Pro-28661le-288 near the beginning @M3 that are within a

pocket at the interface between the transmembrane and extracellular domains. There was labeling in the
closed state within the ion channel at position M2-484l-255,5Val-261, and)Val-269) that was reduced

by 90% upon desensitization and labeling in the transmembrane M3 helices gfahdy subunits
(AMet-285, fMet-288, andyMet-291) that was reduced by 580% in the desensitized state. Labeling

at the lipid interfacedMet-415 inoM4) was unaffected by agonist. These results provide a further definition

of the regions in the nAChR transmembrane domain that differ in structure between the closed and
desensitized states.

The nicotinic acetylcholine receptor (NnACHR) a member NAChR with an ay8yd subunit stoichiometry). The N-
of a superfamily of neurotransmitter-gated ion channels that terminal half of each subunit contributes to the extracellular
also includes the serotonin 5-BITGABAA, and glycine domain, and each subunit’s transmembrane domain is made
receptors 1—3). Each receptor is composed of a pentamer up of a loose bundle of four helices (MEM4), with M2
of homologous subunits that associate at a central axis thatfrom each subunit forming the wall of the ion channel and
is the ion channel. Information about the three-dimensional M4 located most peripheral and in greatest contact with lipid.
structure of these receptors is based primarily upon the crystalin addition to the direct primary structure link between
structures of soluble molluscan acetylcholine binding pro- the extracellular domain and M1 (preM1), within each
teins, which are homologous to the extracellular domain subunit contact between the extracellular (ligand binding)
of a homopentameric nAChRI{6), and a model of the  and transmembrane (ion channel) domains is limited to a
muscle-type NnAChRZ, 8), built from 4 A resolution electron  few amino acids in three loops at the base of the extra-
density maps derived from cryoelectron microscope cellular domain and approximately four amino acids between
images of theTorpedonAChR. Each receptor contains the C-terminus of M2 and the N-terminus of M3 (M&13
two transmitter binding sites located in the extracellular loop).

domain at subunit interfacea{y anda—o for the Torpedo In the absence of agonist, NAChRs exist predominately

in a resting, closed channel, conformation with low affinity
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propagating from the transmitter binding site to the ion voltage clamp as describe®9). BP was prepared at 0.2 M
channel 14, 15). in methanol and diluted into low-calcium ND96 recording

Photolabeling the nAChR with uncharged, hydrophobic solution (96 mM NacCl, 2 mM KClI, 0.3 mM Cagl1 mM
probes has provided an alternative method to identify changesMdClz, and 5 mM HEPES, pH 7.6) containing AM
in structure of the ion channel between closed and desensi-atropine.
tized states16, 17) and, by photolabeling nAChRs frozen ~ Radioligand Binding Assay# centrifugation assay30)
in the open state, to identify a structural change indhe Was used to determine the equilibrium binding $1JACh,
subunit transmembrane helix bundle that occurs upon channe[*H]tetracaine, orJH]PCP, in the absence or presence of 1
opening (8) (see refl9for review). In addition, these probes MM Carb, to NnAChR-rich membranes in phosphate-buffered
identified nAChR amino acids at the lipid interface and Torpedophysiological saline (TPS: 250 mM NaCl, 5 mM
provided evidence of the-helical secondary structure of KCI, 3 mM CaCb, 2 mM MgCk, and 5 mM sodium
the M3 and M4 segments from the periodicity of labeling Phosphate, pH 7.0). FofH]tetracaine (9 nM) anc’H]PCP
(17, 20). The probes initially used, 3-(trifluoromethyl)-3- (6 nM), 0.2 mL aliquots at 0.7 mg of protein/mk-600 nM
(mriodophenyl)diazirine 3]TID) and [*H]diazofluorene, ACh binding sites) were incubated with the drugs for 2 h
incorporate via carbene intermediates that react efficiently before centrifugation at 15000 rpm in a microcentrifuge for
with water as well as amino acid side chains, which could 40 min. For fHJACh, membrane suspensions were pretreated
limit their usefulness as structural probes in the presence ofwith diisopropyl phosphofluoridate~0.5 mM) to inhibit
water. acetylcholinesterase activity; theBHJACh (15 nM) and

In this report we characterize photolabeling of NAChRs drugs were equilibrated with dilute membrane suspensions

in the closed and desensitized states with another hydropho{! ML, 40 nM ACh binding sites;-80 ug of protein/mL)

bic photoprobe, H]benzophenone (BP). In contrast to TID for 30 r_nin b_efore centrifugation. Nonspecific binding was
and diazofluorene, BP reacts via a ketyl diradical that will detérmined in the presence of 1 mM Carb f84JACh, 0.2

not react with water but can insert into-®l bonds with MM tetracaine for fH]tetracaine, and for’H]PCP in the
broad side-chain reactivity (reviewed in re24—23), al- presence of 1 mM proadifentarb) or 1 mM tetracaine
though reaction with methionine often dominatgd-{26). (—Carb). The averages of duplicate determinations were
That it does not react with water may make BP well-suited normalized to the binding determined in the absence of BP.
to probe the NAChR structure at the interface between the With BP prepared as a 200 mM stock solution in methanol,
extracellular and transmembrane domains, a region likely at the highest concentration tested, the flnal concent_ratlon
to include both hydrophobic surfaces and water. Recently, of methanol was 0.5% (v/v). Control _expenments established
when nAChRs expressed Kenopusoocytes were photo- 0.5% methanol altered by5% the binding of fH]ACh or
labeled with BP (and hydrophobic derivatives of TID), Lc/ [HIPCP (or the ACh response for oocyte-expressed nAChR).
MS analyses indicated state-dependent labeling in the nachrFOr PH]tetracaine binding, the BP stock was in ethanol, with
extraceliular domain27). We report here that wheriH]- a final concentration of 1% ethanol at all BP concentrations
BP photolabeldTorpedonAChR-rich membranes, photola-  €Sted- _ _

beling is restricted to the transmembrane domain, with state-, Dat@ Analysis The concentration dependence of BP
dependent labeling in the ion channel, in theubunit four-  INhibition of ACh responses or radioligand binding was fit
helix bundle, and at th8—o andy—o subunit interfaces, ~ t© the single site binding equation:

as well as state-independent labeling at the lipid interface in
aMA. fx = fO/(l + X/|C50)

EXPERIMENTAL PROCEDUES wherefy is the current or specifiéH-labeled radioligand
bound in the presence of BP at concentratioriy is the
Materials nAChR-enriched membranes were isolated from current or specific radioligand bound in the absence of BP,
freshly dissectedTorpedo californicaelectric organs as  and IGy is the total inhibitor concentration associated with
described 28) and stored at-80 °C in 38% sucrose and  50% inhibition of the ACh response or radioligand binding.
0.02% sodium azide *ifi]Benzophenone [4,4H] (50 Ci/ Sigmaplot (SPSS) was used for the nonlinear least-squares
mmol) was purchased from American Radiolabeled Chemi- fit of the data, and the standard errors of the parameter fits
cals, PH]tetracaine (30 Ci/mmol) from Sibtech, angH|- are indicated.
phencyclidine [fH]JPCP (27 Ci/mmol)] from Perkin-Elmer Photolabeling of nAChR-Rich Membranes wiiH]BP.
Life Science. fHJACh (1.9 Ci/mmol) was a gift from Dr.  Membranes were photolabeled wiftH][BP at low concen-
Shaukat Husain (Massachusetts General Hospital). BP,trations (0.2-0.8 uM) that were sufficient to incorporate
carbamylcholine chloride (Carb), and the hydrochloride enough®H into NAChR subunits to allow identification of
salts of tetracaine, proadifen, and PCP were from Sigma|abeled amino acids while minimizing the amount %f
Chemical Co.o-Phthalaldehyde was from Pierce, 10% required for each preparative photolabelingl(0#Ci per
Genapol C-100 from Calbiochen§taphylococcus aureus — sample). Freshly thawed nAChR-rich membranes (2 nmol
glutamyl endopeptidase Glu-C (V8 protease) from ICN of ACh sites/mg of protein) were diluted with TPS and
Biomedical, and endoproteinase Lys-C (EndoLys-C) from pelleted, and the pellets, resuspended in TPS, were added to
Roche Applied Sciences. TPCK-treated trypsin was from g glass vial containing the desired amount of solvent-free
Worthington. [3H]BP. After equilibration with $H]BP for 20 min at 4°C,
ElectrophysiologyThe effects of BP on agonist-induced aliquots of the membrane suspensions were added to other
responses of wild-typeTorpedo nAChRs expressed in  drugs in TPS (2 mg of protein/mL final concentration) and
Xenopusbocytes were measured by standard two-electrodeincubated for another 20 min. The membrane suspensions
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were then transferred to a 96-well plastic microtiter plate min, 500uL fractions were collected, and the gradient used
(Falcon catalog no. 353911) for analytical-scale photolabel- is shown in Figures 4B and 5A as dashed lines.
ings (300ug aliquots) or to 6 cm polystyrene Petri dishes ~ Sequence Analysiddaterial for sequence analysis was
(Falcon 1007) for preparative-scale labelings (10 mg of isolated from four independent preparative photolabelings:
protein). The membrane suspensions, on ice, were irradiateda/b (control vs tetracaine), lla/b/c (contretCarb,+Carb
with 365 nm UV light fa 1 h in a Rayonet RPR-200  + proadifen), llla/b (control#-Carb), and IVa/b/c (control,
photochemical reactor (Southern New England Ultraviolet) +Carb, +Carb + phencyclidine). N-Terminal sequencing
using RPR-3500 bulbs. In analytical-scale photolabelings, was performed on a Procise 492 sequencer (Applied Bio-
after irradiation the suspensions were diluted withsample systems), which was modified such that one-sixth of each
buffer and then fractionated by SB®AGE, while prepara-  cycle was injected for PTH derivative quantitation and five-
tive samples were pelleted and the pellets solubilizedxn 1  sixths was collected foiH counting. Samples were usually
sample buffer. applied directly to TFA-treated glass fiber disks (AB no.
Gel Electrophoresis and Proteolytic DigestiorSDS— 401111) pretreated with Biobrene, with HPLC fractions drop-
PAGE was performed as describe®ll) using a modified loaded at 45°C. Filters containing samples in 0.1% SDS
Laemmli buffer system and 1.5 mm thick, 8% acrylamide were washed to remove detergent before sequencing by
gels. In analytical-scale labelings, polypeptides were visual- treatment with gas TFA (5 min) followed by consecutive
ized by Coomassie blue stain, and the gel was either preparedvashes witm-butyl chloride and ethyl acetate (4 min each).
for fluorography (Amplify; Amersham Bioscience) and Since theaM4 or M1 fragments were sequenced inef-
exposed to film (Kodak X-Omat) for-13 weeks at-80°C ficiently on glass filters, these samples were immobilized
or polypeptide bands were excised from the stained gel andon PVDF disks for sequencing at high repetitive yield. For
3H incorporation was determined by scintillation counting these samples, pooled HPLC fractions were diluted with 2
(28). In preparative-scale experiments, the gels were stainedvolumes of 0.1% aqueous TFA (to reduce organic concentra-
with GelCode Blue stain reagent (Pierce). The nAGhR, tion) and loaded onto PVDF disks using Prosorb sample
ando subunits were isolated from the excised gel bands by preparation cartridges (Applied Biosystems no. 401959). In
passive elution into 12 mL of gel elution buffer (0.1 M¥H  some cases, the sequencing run was interrupted, and the
HCO;, 0.1% SDS, and 2.5 mM dithiothreitol, pH 8.4), while material on the filter was treated witb-phthalaldehyde
thea subunit was excised and placed in the well of a 15 cm (OPA) as described previousl28). OPA reacts preferen-
long, 15% acrylamide gel for limited “in gel” digestion with tially with primary rather than secondary amines (i.e., proline)
V8 protease (20(«g) (31). The mapping gel was stained, and can be used at any cycle of Edman degradation to block

and thea subunit proteolytic fragments of 20 kDa/\{8- sequencing of peptides not containing an N-terminal proline
20), 18 kDa (V8-18), and 10 kDadV8-10) were eluted (33).

from the gel bands. Eluates were filtered (0:4B cellulose The amount of released PTH derivative in each cycle,
acetate membrane) and concentrated<t®0 uL by cen- which was determined by comparison to standards from the

trifugal filtration (Vivaspin 15 M, 5000 concentrators; background-corrected peak height using the model 610A
Vivascience, Edgewood, NY). Subunits or subunit fragments Data Analysis Program, is shown in the figures along with
were precipitated with 75% acetoneZ0 °C, overnight) and the °H released in each cycle. To determine the amount of
then resuspended in 204 of resuspension buffer (15 mM  peptide in each sample, the background-subtracted number
Tris, 0.5 mM EDTA, pH 8.1, and 0.1% SDS). Based upon of picomoles detected(k)] in cycle x was fit to the equation
the MicroBCA protein assay (Peirce), 26800 ug of f(xX) = 1R, and the equation was solved fef(initial peptide
NAChRp, y, andd subunits and 2640 ug of aV-20, oV8- amount) andR (average repetitive yield). Ser, Cys, Arg, His,
18, andaV8-10 were isolated from 10 mg of membranes. and Trp residues were excluded from the fit due to known
For digestion with EndoLys-C5-150 ug of ¢ subunit or problems with their quantitation. Unless otherwise noted, the
20 ug of aVv8-20 was combined with 0-50.75 unit of efficiency of labeling of an amino acid [counts per minute
enzyme (3 units in 0.1 mL of water) and incubated for 14 (cpm) per picomole] was calculated as (gpm cpmy—,)/
days. Aliquots of theg3, v, andd subunits in resuspension  (5loRY).
buffer were digested for 1 day at 2& with V8 protease Molecular Modeling Insight Il (Accelrys, San Diego, CA)
(100% wi/w). For digestion with trypsin (100% w/w), aliqguots and PyMOL (DeLano Scientific LLC, Palo Alto, CA)
of the 8 subunit orotV8-10 were diluted 5-fold with digestion ~ molecular modeling programs were used to locate the amino
buffer (50 mM NHHCO; and 0.5% Genapol C-100, pH 8.1) acids photolabeled by BP within the model of therpedo
and combined with 0.1 volume of trypsin in 20 mM CaCl nAChR structure in the absence of agonist [PDB code 2BG9
for digestion at 25C for 1 day. The proteolytic fragments (8)]. Potential aqueous drug binding pockets within the
from the § subunit trypsin digests and thé subunit nAChR transmembrane domain were determined using the
EndoLys-C digests were fractionated on 1.5 mm thick Tricine program PASS34) with default parameters. The Docking
SDS-PAGE gels 20, 32), while the other digests were program (Insight Il) was used to determine whether BP could
fractionated directly by HPLC. be accommodated in the predicted pockets near the photo-
Reversed-Phase HPLC PurificatiotdPLC fractionation labeled amino acids. To create a visual representation of the
was carried out at 40C on an Agilent 1100 binary HPLC  docking results, in each of the pockets a Connolly surface
system on a Brownlee Aquapore butyl# column (100 representation was made from the combination of all of the
x 2.1 mm) with a C-2 guard column with absorption docked BP molecules. With a potential binding site within
monitored at 214 nm. Solvent A was 0.08% trifluoroacetic the channel lumen defined by the channel-facing M2 residues
acid (TFA), and solvent B was 0.05% TFA in 60% spanning from M2-2 to M2-20, 45 distinct BP orientations
acetonitrile and 40% 2-propanol. The flow rate was 0.2 mL/ were obtained that were each restricted within M2-6 to M2-
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Ficure 1: Interactions of BP withTorpedonAChRs. (A) BP
inhibition of NAChRs expressed Xenopusocytes. Oocytes were
exposed fo 5 s to 3uM ACh in the absence or presence of the
indicated concentrations of BP, and the peak currents in the presenc
of BP were normalized to the control current in the absence (insert).
After exposure to 1 mM BP and washing for-8 min, ACh
responses recovered te90% of control. Data are means$D)
from experiments on two oocytes. Thesp@vas 640+ 50 uM.

(B) Effects of BP on the specific binding to nAChR-rich membranes
of 10 nM [PH]ACh (O), 9 nM [®H]tetracaine 4), or 6 nM [PH]-
PCP in the presence of 1 mM Cam®)( Insert: Effects of tetracaine
(v) or BP (©) on the specific binding of 6 nM3H]PCP in the
absence of Carb. For BP inhibition oH]tetracaine binding, the
ICso was 150+ 20 uM, and tetracaine inhibite #f{]PCP binding
with an 1G of 1.1+ 0.2 M. For each radioligand, the data were
normalized to the specific binding determined in the absence of
BP, which for PHJACh was 8520+ 230 cpm. For JH]tetracaine

it was 15600+ 250 cpm, and forJH]PCP it was 558@t 150 cpm
(+Carb) and 740t 40 cpm Carb). Nonspecific binding was 95
cpm for PH]JACh and 3080+ 50 cpm for PH]tetracaine. FordH]-

PCP it was 500t 50 cpm (+Carb) and 610t 30 cpm (Carb).

Bspec, (Yo Control) I (% Control)

3

13. For the pocket at theé—a. or y—a. subunit interface, a
BP molecule was placed initially within the pocket defined
by PASS, and the potential binding site was defined as all
residues withi 8 A of this molecule. For each interface
docking study, 30 distinct BP orientations were obtained.
For docking within thed subunit helical bundle, a BP
molecule was placed within the pocket defined by the PASS
program, with the potential binding site defined as all
residues withi 8 A and the residues labeled in this region
by BP in the desensitized state or by TID in the open state
(18). Thirteen distinct BP orientations were identified, two
of which were nearly identical, wedged betwedPhe-232
and 0Tyr-228, and obtained in 55 of the 103 successful
minimizations.

RESULTS

Benzophenone, a Low Potency nAChR Antagdnigtrac-
tions of BP with theTorpedonAChR were characterized
electrophysiologically by measuring the responses of nAChRs
expressed iXenopusocytes (Figure 1A) and biochemically
by measuring the equilibrium binding to NnAChR-rich mem-
branes of fHJACh and drugs that bind in the ion channel
preferentially in the resting state’lJtetracaine) 85) or the
desensitized state3ffijphencyclidine (PCP)]36) (Figure
1B). BP at concentrations up to 1 mM produced no detectable
NAChR current response. When coapplied with ACh, BP
produced a reversible, concentration-dependent inhibition of
ACh-induced currents characterized by agol€f 640 uM.
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Ficure 2: Photoincorporation of3H]BP into TorpedonAChR-

rich membranes. Membrane suspensions {a98aliquots at 2 mg/
mL) were equilibrated with 0.gM [3H]BP alone (lane 2) or with

2 mM Carb (lane 3), 2 mM Carb and 0.1 mM proadifen (lane 4),
0.1 mM proadifen (lane 5), 0.1 mM tetracaine (lane 6), or 2 mM
Carb and 0.1 mM PCP (lane 7). Afté h irradiation at 365 nm,
the samples were subjected to SEFAGE, and the gel was
visualized by Coomassie blue stain (A, lane 1) and prepared for
fluorography (A, lanes 27, 30 day exposure). Indicated on the
left are the mobilities of the NAChR subunits, rapsyn (Rsn), and
the o subunit of the N&/K*-ATPase k). (B) *H incorporation

in the excised gel bands, as detemined by liquid scintillation
counting.

In the absence of agonist BP inhibité#iJtetracaine binding
with an 1G5 of 150uM, but even at 1 mM it did not inhibit
[®H]PCP binding. In the presence of agonist BP at 1 mM
inhibited PH]PCP binding by 50%. BP at 1 mM increased
the binding of fH]JACh by 30%. Thus, BP acted as a nAChR
noncompetitive antagonist, but of much lower potency than
TID, another uncharged, hydrophobic drug which is known
to inhibit NAChR responses?HlJtetracaine binding in the
absence of agonist, antH]PCP binding in the presence of
agonist, all with an 1§ of ~3 uM, while having no effect
on [FH]PCP binding in the absence of agoni30,37, 38).

Photoincorporation of JH]BP into nAChR-Rich Mem-

branes. SDS-PAGE was used to identify the pattern of
NAChR subunit photolabeling for membranes equilibrated
with [*H]BP (0.8 uM) in the presence or absence of the
agonist carbamylcholine (Carb) and/or other drugs that bind
in the ion channel preferentially in the desensitized state
[proadifen 89) and PCP] or the resting state [tetracaiB@)]
A fluorogram of a representative gel is shown in Figure 2A,
and®H incorporation into nAChR subunits was quantified
by liquid scintillation counting of excised gel bands (Figure
2B).

For membranes labeled in the absence of agorisiBP
photoincorporated primarily into the nACh&, 3, and ¢
subunits, with the labeling af at approximately twice the
efficiency of o (for a NAChR subunit stoichiometiy,3y0).
Tetracaine inhibited subunit photolabeling by 3589 (o
65% (0), suggesting that some of the labeling of NAChR in
the resting state might be within the ion channel. The 8000
cpm of tetracaine-inhibitable labeling in thé subunit
constituted specific labeling 0¥0.2% of subunits at 0.8M
[®H]BP. In the presence of Carb (desensitized state), pho-
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tolabeling of thea. and 8 subunits was reduced by40%, o cBo — i
while the ¢ subunit photolabeling was not reduced. The Tl e T . i
subunit photolabeling in the desensitized state was not et DTN i ke
inhibited by proadifen or PCP. The pharmacological speci- 5 CRO  CBO  CBO \\\ vy a3 Mg
ficity of labeling seen for thea and § subunits was S, S =
qualitatively similar to that for®?3]TID, for which Carb or
tetracaine reduced labeling of all subunitsb§0% 31, 40). s Coirol A B
However, the prominent labeling of th& subunit in the s |
presence of Carb, which was insensitive to both proadifen ]
and PCP, was novel and, in conjunction with the tetracaine- _ |
inhibitable labeling in the closed state, suggested that in the I |
0 subunit the labeling of amino acids contributing to the ion L | mlim |
channel {M2) was less efficient in the desensitized than in aV8-10  aVS-18 V820 SEKC-10/14 SFKC-21
the closed state and that there was additional, Carb-enhanced Subunit Fragments
labeling elsewhere in the subunit. Ficure 3: Mapping PH]BP incorporation into large fragments of
Mapping PH]BP Photoincorporation intax and Subunit Lhrgtgéx%?g?n g/nrg E)Suggngtﬁétggggggichthm@?élnt)sﬁ]nBes (1.3130? of
P i H H i | Wi Wi Wi u
splj(tj)ﬁloiltyté)criri]r:r?/mgtrrtilt—grgegIf?o:(c))lél(:li:)eerl"ggy g%i'fgglyo?ﬁem gtge:’n (Ij\;lugs (control), with 2 mM Carb, or with 2 mM Carb and
¢ . . 0. proadifen. After photolabeling, the membranes were
nAChR-rich membranes were photolabeled in three condi- subjected to SDSPAGE, and the nAChR subunits were excised
tions (—Carb,+Carb, and+Carb + proadifen), and thex from the stained gel. Indicated in the diagrams above are the nAChR
and 0 subunits were isolated and subjected to limited gr fé’bé’é‘étb(uﬁ%eegt-iﬂ(ﬁ itshus)/léng)tr O(lg‘gg& 2;%%0%2?_ Jgagf;g)ms
; ; ; u y di ion wi - ,
D T onor a0 ey (3, o S 0 s orespondng o
; . . oo ! subunits were transferred to the wells of a 15% acrylamide
brane domain. Dlgestlon of the subunit “in gel” with V8 “mapping” gel and digested in gel with V8 protease. After
protease generates fragments of 20 k@d&8-20), beginning electrophoresis and staining, tftd and polypeptides were eluted
ataSer-173 and containing ACh binding site segment C as from the bands containingV8-10, aV8-18, andaV8-20. When

; e the material eluted from the gel band containitéB-18 was further
well as the M1-M3 membrane spanning helices; 18 kDa purified by reversed-phase HPLE,10% of3H was recovered in

(av8-18), beginning atiThr-52 and containing ACh binding  the fractions containingV-18 with the remainder eluting in a
site segments A and B; and 10 kD&V8-10), beginning at  hydrophobic peak, consistent with elution propertiesud8-20
aAsn-338 and containingtM4 (31). Digestion of thed (Supporting Information Figure S1A). (B) Thi subunits were
subunit in solution with EndoLys-C produces a fragment of excised, eluted and concentrated, and then digested with EndoLys-

- . : C, and the digests were fractionated by Tricine gel SBP3GE.
21 kDa QEKC-21), beginning abdHis-206Glu-48 and After electrophoresis the gel was cut into 1 cm bands and material

containing ACh binding site segments D, E, and F, and g|yted (Figure 4A). The peak & was in band 12, corresponding
fragments of 16-14 kDa QEKC-10/14), one beginning at  to dEKC-10/14.6EKC-21, which was identified by Coomassie blue
O O e o 30 e gl Aot loted 1
6.M3 and t_he other beglnnl_ng aPhe-206 and containing a (A) and (B). Upon tr?e basis of the integnsity cﬁ‘ the Coomgssie blue
S't_e of N-Ilnkgd _glycosylatlon _aﬁAsn-2_08_ a_ndéMl (18_) stain of the bands in the gel, there were similar amounts of each
(Figure 3). Within thea subunit, Carb-inhibitable labeling  supunit fragment in the three labeling conditions.
was restricted taxV8-20, where labeling was reduced by
50% in the presence of Carb. Within tdesubunit, in the where the fragment beginning dPhe-206 elutes. Th#H
presence of Carb®H incorporation in6EKC-10/14 was peaks were larger for the sample from nAChRs labeled in
increased by 60%, and the enhanced labeling was inhibitablethe desensitized state than in the closed state. Sequence
by proadifen. Although soméH was recovered from the analysis of the major peak (Figure 4C) established the
gel bands containingV8-18 anddEKC-21, further purifica- presence of a single fragment beginning®tet-257 with
tion by reversed-phase HPLC established that less than 10%H release in cycle 13—<{Carb, 1800 cpm), which was
of the ®H in those bands was associated witk'8-18 or reduced by 80% in the-Carb sample (330 cpm) and by
OEKC-21, each of which eluted as a sharp peak-d6% ~95% in the sample labeled in the presence of Carb and
organic well resolved from a broad peak ®f eluting at proadifen (70 cpm). On the basis of the levels of fid2
>60% organic (Supporting Information Figure S1). On the fragment in each sample, the observildeleases indicated
basis of this analysis, less than 2% &fl[BP photoincor- labeling of 6M2-13 (¥Val-269) at 90 cpm/pmol-Carb),
poration into theo. or 6 subunit photoincorporation was 20 cpm/pmol ¢-Carb), and 4 cpm/pmot{CarbA-proadifen).
within aVV8-18 ordEKC-21, the fragments containing large To further characterize the pharmacological specificity of
portions of each subunit's extracellular domain. [®H]BP photoincorporation in the ion channel in the closed
Agonist-Inhibitable H]BP Photolabeling in the M2 lon  state, the fragment beginningdltlet-257 was also isolated
Channel DomainTo identify the amino acids labeled in from nAChRs labeled in the absence and presence of
O0M2, 0EKC-10/14 was isolated by Tricine SB®AGE tetracaine. Sequence analysis revealed labelingMiZ-13
from EndoLys-C digests of labeletlsubunits (Figure 4A)  that was reduced by95% in the presence of tetracaine, as
and then further fractionated by reversed-phase HPLC well as tetracaine-inhibitable labeling 6M2-9 (6Leu-265)
(Figure 4B). For each labeling condition, the major peak of at about 5% the efficiency @fM2-13 (¥Val-269, Figure 4D).
3H eluted at 65-70% organic, where the fragment beginning  The incorporation of H]BP in aM2 and SM2 was also
at oMet-257 elutes 18), and for the+Carb sample, there  determined for NAChRs labeled in the absence and presence
was a minorPH peak eluting at 55% organic (fraction 23), of Carb. The fragment beginning atMet-243 at the

SEKC-21 BEKC-12 SEKC-10/14

‘H CPM x 10+
B L L o AL
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FIGURE 4: State-dependentH]BP photolabeling in thédM2 ion
channel domaind subunits, isolated from nAChRs photolabeled
with 0.3 uM [3H]BP in the absence of other drug®)( in the
presence of Carb®), or in the presence of Carb and proadifen
(»), were digested with EndoLys-C, and the digests were fraction-
ated by Tricine gel SDSPAGE. After electrophoresis, the gel lanes
were cut into 1 cm bands, and material was eluted. (A) Distribution
of 3H eluted from gel bands (cpm loaded: control, 73000 cpm;
+Carb, 111000 cpmy-Carb+ Pro, 65000 cpm). (BJH elution
profile (O, ®, A) when the material from gel band 12 was purified
by reversed-phase HPLC. Also plotted is the percent solvent B
(= —). (C)°H (O, @, A) and PTH-amino acids released)(when

the HPLC peak ofH (fractions 26 and 27) was sequenced. A single
sequence was detected beginnin@lsltet-257, the N-terminus of
O0M2, with any other sequence at% that level [control], = 10
pmol @); +Carb,lo = 9 pmol; +Carb+ Pro,l, = 8 pmol]. The

3H release in cycle 13 in the absence of agonist (1800 cpm) was
consistent with labeling obVal-269 at 90 cpm/pmol, and that
labeling was reduced to 20 cpm/pmetCarb) and 4 cpm/pmol
(+Carb+ Pro). (D)2H (O, ¥) and PTH-amino acids released)(
during sequence analysis 6EKC-10/14 isolated from nAChRs
labeled with 0.2uM [3H]BP in the absenceQ,( O) or presence
(w) of tetracaine (controlly = 8 pmol; +Tet, o = 6 pmol). The

3H release in cycle 13 (control, 440 cpm) indicated labeling\¢il-

269 at 18 cpm/pmol that was reduced to 3 cpm/pmrorét).

N-terminus ofaM2 was purified by reversed-phase HPLC
from an EndoLys-C digest afV8-20 (Supporting Informa-
tion Figure S3A) 41, 42), while an ~7 kDa fragment
beginning appMet-249 was isolated by Tricine SDFRAGE
and reversed-phase HPLC from a trypsin digest of Ahe
subunit (Supporting Information Figure SA8].

When the HPLC fractions containing the peakidffrom
EndoLys-C digests aiV8-20 were sequenced (Figure 5A),
the primary sequence begarodfiet-243 (o = 5 pmol), with
secondary sequences beginningrblis-186 (o = 2 pmol)
and ataTyr-277 (o = 0.6 pmol), the N-terminus afM3.

In the resting state, the major releaséldfwas in cycle 13
(110 cpm), corresponding to labeling@i2-13 (aVal-255)
at 12 cpm/pmol, and that labeling was reduced-~b§5%
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FiGURE 5: State-dependentH]BP photolabeling iraM2 (A) and
BM2 (B). °H (O, ®) and PTH-amino acids released)(during
sequencing of fragments isolated from the photolabeling experiment
shown in Figure 4 from nAChRs labeled in the absern©g q¢r
presence®) of Carb. EndoLys-C digests ofV8-20 were fraction-
ated by reversed-phase HPLC (Supporting Information Figure S3A),
and fractions containing the peak3f were pooled for sequencing.
Trypsin digests of subunits were fractionated by Tricine gel SBS
PAGE (Supporting Information Figure S2A), and material eluted
from an~7 kDa band, that contained the peak3bif on the gel,
was repurified by reversed-phase HPLC (Supporting Information
Figure S2B) and sequenced. (A) The primary sequence began at
aMet-242 @3, —Carb, 1o = 5 pmol, +Carb, o = 5 pmol), with
secondary sequences beginningo#tis-186 (o = 2 pmol) and
aTyr-277, the N-terminus 06M3 (I = 0.6 pmol). The’H release

in cycle 13 (115 cpm) indicated labeling @¥al-255 at 12 ¢ Carb)

and 5 @-Carb) cpm/pmol. ThéH release in cycle 6 (30 cpm) may
be associated with labeling aMet-282 in the secondary sequence
at ~8 cpm/pmol (see text). (B) The primary sequence began at
pMet-249 @, —Carb,l, = 3 pmol,+Carb,l, = 2 pmol), with any
secondary sequences at less than 10% that level*Hheleases

in cycles 9 (50 cpm) and 13 (370 cpm) were consistent with labeling
of fLeu-257 anghVal-261 at 7 and 66 cpm/pmol that was reduced
by 90% in the presence of Carb.

subunits are labeled (see later), and in sequence analyses of
o subunit samples from several different labeling experi-
ments, the’H release in cycle 6 correlated better with the
levels of theaM3 than theaM2 peptide.

For nAChRs labeled in the resting state, sequence analysis
of the fragment beginning gtMet-249 (Figure 5B) was
characterized by a peak @l release in cycle 13 (370 cpm)
and lower level release in cycle 9 (50 cpm), consistent with
labeling of fM2-13 (5Val-261) andfM2-9 (fLeu-257) at
70 and 6 cpm/pmol. The efficiency of labeling at each
position was reduced by90% when nAChRs were labeled
in the desensitized state.

Agonist-Enhanced Labeling in thiiM2—0M3 Loop and
in OM1. The *H cpm incorporated iR)EKC-10/14 and in
the HPLC fractions containing the fragment beginning at the
N-terminus ofdéM2 (Figure 4A,B) were greater for NnAChRs
labeled in the desensitized state than the closed state, but

for NAChRs labeled in the desensitized state. There was alsahe efficiency of H]BP incorporation in amino acids b2

lower level®H release in cycle 6 (30 cpm) for the samples in the desensitized state was only 20% of that in the closed
labeled in the absence and presence of Carb. Howeverstate (Figure 4C). This suggested that, for nAChRs labeled
further studies will be required to determine whether the in the desensitized state, there must be photolabeled amino
cycle 6 release results from state-independent labeling ofacids elsewhere within the fragment, presumably in the M2/
aM2-6 at low efficiency &2 cpm/pmol) or from labeling M3 loop and/or indM3.

of aMet-282 withinaM3. Labeling of aMet-282 is more To investigate this, we used V8 protease to cleaveithe
likely, since the equivalent methionines in tifeand y subunit atdGlu-280 near the C-terminus M2 (20) and
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FIGURE 6: Agonist-enhanced®]BP photolabeling in0M3 and
OM1. *H (O, @) and PTH-amino acids releasedl)( during
sequencing of fragments isolated from V8 protease digests (B) an
EndoLys-C digests (C) af subunits isolated from nAChRs labeled
with [3H]BP (0.3uM) in the absenced) or presence®) of Carb.

For this labeling, H]BP photolabeledbVal-269 in M2 at 40
(—Carb) and 7-¢Carb) cpm/pmol. (A) To identify labeling ibM3,

V8 protease digests of labeled subunits were fractionated by
reversed-phase HPLC (10% aliquots counted), and fractions 27
29, containing the peak 8H (~70% solvent B), were pooled and
sequenced (B), with the samples treated with OPA at cycle 6 to

30

prevent further sequencing of any peptide not containing a Pro at
that cycle of Edman degradation. After OPA treatment, sequencing

continued for the fragment beginning @thr-281 {Carb ), lo

= 19 pmol,R = 94%; —Carb,lo = 15 pmol,R = 92%]. In the
cycles before OPA, sequences were also present that bedle-at
192 andjVal-443 (¢'s of 16 pmol). Treatment with OPA reduced
those levels by>95%. The releases 8H in cycles 6 (420 cpm)
and 8 (180 cpm) in the-Carb sample indicated labeling 6Pro-

286 anddlle-288 at 6 and 3 cpm/pmol, with labeling at those
positions in the resting state-Carb) at<10% those levels. (C)
To identify labeling indM1, dEKC-10/14 was isolated by SBS
PAGE and further purified by reversed-phase HPLC, as in Figure
4A,B, and the material in fractions 24 and 25, containing a shoulder
of 3H (~60% solvent B), was sequenced with OPA treatment at
cycle 20. After OPA, sequencing continued for the fragment
beginning abPhe-206 {Carb (), I, = 3 pmol,R = 94%; —Carb,

lo = 2 pmol, R = 94%)]. The3H release in cycle 274Carb, 22
cpm) indicated labeling afPhe-232 at 7 cpm/pmol, with labeling

in the resting state<{Carb) at<10% that level. ThéH release
seen in cycle 2{Carb, 16 cpm) was not seen in samples from
two other independent photolabeling experiments, and its origin is
unknown.

characterized labeling in the fragment beginningd@hr-
281 by sequencing the material that eluted as a broad
hydrophobic peak offH when the subunit digest was
fractionated by reversed-phase HPLC (Figure 6A). To
identify *H release from the fragment beginning &khr-
281, we took advantage of the presence of a prolifrg-
286) in the sixth cycle of Edman degradation and of a
sequencing protocol in whiakrphthalaldehyde (OPA), which
reacts with primary amines but not proline, is applied prior
to a cycle containing a proline to prevent Edman degradation
of all peptides without an N-terminal prolin2g, 33). When

Garcia et al.

aliquots of the peak ofH from the HPLC of theV8 digest
were sequenced, fragments were identified in the initial
cycles of Edman degradation beginningy@hr-281 (o =19
pmol), dlle-192 (o = 17 pmol), andoVal-443 (o = 16
pmol). After treatment with OPA in cycle 6, sequencing of
the 6Thr-281 fragment continued without reduction of
repetitive yield, while the mass levels of the other peptides
were reduced by>95%. For nAChRs labeled in the
desensitized state, there were peak3bfelease in cycles

6 (420 cpm) and 8 (180 cpm), corresponding to the labeling
of OPro-286 at 6 cpm/pméland dlle-288 at 3 cpm/pmol,
while there was ndH release above background for the
sample from nAChRs labeled in the resting state, despite
the presence of th&Thr-281 fragment at similar level (Figure
6B).

We also determined that there was Carb-enhanced labeling
in OM1, primarily in 0Phe-232, by sequencing material in
the minor peak ofH that eluted at 55% organic in the HPLC
fractionation of 0EKC-10/14 (Figure 4B). The primary
sequence began &Phe-206 [p = 3 pmol), and sequencing
of that peptide continued after treatment with OPA in cycle
20 (OPro-226) (Figure 6C). For nAChRs labeled in the
desensitized state, th# release in cycle 27 (25 cpm)
indicated labeling offPhe-232 at 7 cpm/pmélwhile for

gNAChRs labeled in the closed state, the labeling at that

position was reduced by 90%.

Agonist-Inhibitable $H]BP Labeling in SM3 and yM3.
Within the d-subunit there was prominent labeling in the
0M2—M3 loop for nAChRs in the desensitized state, with
no detectable labeling idM3 in either the presence or
absence of agonist. Since the V8 protease cleavage site
(BGlu-272,yGlu-275, and)Glu-280) and the proline in the
M2—M3 loop (BPro-278, yPro-281, andoPro-286) are
conserved between th y, andd subunits (Figure 7), we
used the same methodology to characterfe§BP incor-
poration in the M2M3 loop and M3 of theg and y
subunits: V8 protease digestion, HPLC fractionation, and
sequence analysis with OPA treatment in cycle 6 (Figure
7). For 3 subunits isolated from nAChRs labeled in the
absence of agonist, there were peak¥bfelease in cycles
13 (45 cpm) and 16 (105 cpm), consistent with the labeling
of the two methionines iFM3 (SMet-285 and3Met-288)
at 2 and 5 cpm/pmol (Figure 7A). For thesubunit, there
was a®H peak in cycle 16 (75 cpm), consistent with labeling
of yMet-291, one of three methionines yM3, at 3 cpm/

2 The efficiency of desensitized state labelingd®fro-286 is likely
to be substantially higher than the 6 cpm/pmol calculated from the
increasedH release in cycle 6, as we have observed that the BP adduct
of 0Pro-286 is unstable under the acid treatments of standard sequencing
conditions. This was evidenced Byt release when samples containing
labeleddPro-286 were subjected to pulses of acid and by the high
background release o£250 cpm/cycle during sequence analysis of
'the fragment beginning adMet-257 (+Carb) (Figure 4C). The
instability of BP adducts of Pro has been reported previously45).

3The efficiency of desensitized state labeling @Phe-232 is
substantially higher than the 7 com/pmol calculated from the increased
3H release in cycle 27 (Figure 6B). We found evidence thadthebunit
fragments labeled abPhe-232 were susceptible to cleavage at the
C-terminus of labeledPhe-232 with formation of more hydrophilic
labeled fragments that elute in the HPLC at 35% solvent B (Figure
4B, fractions 17 and 18; Figure 6A, fractions 18 and 19). Such instability
appears to be consistent with the report by Deseke eR3).that 3
carbon BP adducts of the Phe-OMe ester in an aqueous environment
were recovered quantitatively as a cyclized lactone.
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FIGURE 7: Agonist-sensitive 3H]BP photolabeling insM3 and
yM3. %H (O, @) and PTH-amino acids releasedl)( during
sequencing of fragments from V8 protease digest® aind v
subunits isolated from the nAChRs, from the photolabeling experi-
ment also used for Figure 6, labeled in the absef@( presence
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Ficure 8: Agonist-insensitive3H]BP photolabeling inaM4. 3H

(O, @) and PTH-amino acids released)(during sequencing of
fragments isolated from trypsin digests @¥8-10, isolated from
nNAChRs labeled with®H]BP in the absence]) or presence®)

of Carb in the photolabeling experiments shown in Figures 6 and
7. The trypsin digests aftV8-10 were fractionated by reversed-
phase HPLC, and material in the broad peaRtb{fractions 27~

32, centered at 80% solvent B) was pooled and sequenced. The
primary sequence begana@tyr-401 [-Carb @), I = 17 pmol,R

= 89%; +Carb, lo = 12 pmol, R = 89%], and the secondary
sequence began edSer-388 [, ~ 2 pmol). The release 6H in
cycle 15 (Carb, 65 cpm) indicated labeling @fMet-415 at 4
(—Carb) and 3 {Carb) cpm/pmol. For a parallel sample isolated
from nAChRs labeled in the presence of Carb and ABDPCP,
aMet-415 was also labeled at 4 com/pmol.

(®) of Carb. The V8 protease digests were fractionated by reversed-luorene (7). We characterized{]BP photoincorporation

phase HPLC, and fractions containing the pealktbf~70% solvent

in aM4 by sequencing the subunit fragment beginning at

B) were pooled and sequenced, with the samples treated with OPAqTyr-401 that can be isolated by reversed-phase HPLC from

at cycle 6. For thgg subunit (A), after OPA, sequencing continued
for the fragment beginning @&Thr-273 [-Carb and+Carb (), lo

= 11 pmol, R = 94%] and for the equivalent, contaminating
fragment from thed subunit §Thr-281,1o = 3 pmol). For they
subunit (B), the primary sequence begaryahr-276 [-Carb and
+Carb @), lp = 13 pmol, R = 94%], and there was the
contaminating) subunit fragmentdThr-281,1, = 3 pmol). Since

no 3H release was seen for theCarbd subunit fragment (Figure
6A), the3H releases in cycles 13(45 cpm) and 164, 105 cpm;

y, 75 cpm) indicate labeling g§Met-285, fMet-288, andyMet-
291 at 2, 5, and 3 cpm/pmot-Carb) that was reduced to 0.6, 0.9,
and 1.5 cpm/pmolCarb). For thet-Carb samples, th# releases

in cycles 6 and 8 can be largely accounted for by the labeling in
the desensitized state &Pro-286 andlle-288 in the contaminating

0 subunit fragment. The aligned sequences of the-M3 loop
and M3 helix of the four NnAChR subunits are shown at the top,
with bold highlighting for the conserved V8 protease site (E) and
the Pro (P) 6 cycles later and for the M3 methionines (M).

pmol (Figure 7B). After treatment with OPA in cycle 6, the
primary sequences were those beginning&tr-273 (o, =
11 pmol) and ayThr-276 (o, = 13 pmol), with each sample

tryptic digests ofaV8-10 (20) (Figure 8 and Supporting
Information Figure S3B). The peak 8 release in cycle

15 indicated labeling oftMet-415, the only Met incM4

and one of the amino acids labeled B$ATID and [*H]-
diazofluorene. It was labeled at equal efficiency (4 cpm/
pmol) in nNAChRs labeled in the absence or presence of
agonist and at least 10-fold higher efficiency than any other
amino acid inocM4. For comparison, theéH release in cycle

12 was consistent with labeling ofCys-412 at~0.4 cpm/
pmol.

DISCUSSION

In this work we used®H]BP as a hydrophobic photoprobe
to provide novel information about the regions of the nAChR
transmembrane domain that differ in structure between the
resting and desensitized states. BP interacts with only low
affinity with the nAChR, as judged by the §gs of 150 and

also containing as a contaminating secondary sequence th€00 #M characterizing BP inhibition of *H]tetracaine

corresponding subunit fragment beginning &Thr-281 (,

= 3 pmol). For nAChRs labeled in the desensitized state,

the labeling ofsMet-288 was reduced by 85% andd¥let-
291 by 50%, and the maj8H releases were in cycles 6 and
8. Because of the prominent labelingdfro-286 andjlle-
288 in the desensitized state (Figure 6), ¥Heeleases seen
in cycles 6 and 8 for thgg and y subunit digests can be
accounted for by the labeling in the contaminatingubunit

binding and ACh current responses, respectively, or the even
higher concentrations necessary to inhiBit]PCP binding.
Nevertheless, for NnAChRs equilibrated witlii[BP at a low
concentration (0.2M), our photolabeling results establish
that BP binds at multiple sites within the nAChR transmem-
brane domain. Localization of the photolabeled amino acids
in the available nAChR structural modé&)(which is shown

in Figure 9 and discussed in more detail later, establishes

fragment, rather than labeling of the corresponding positions that BP can bind (i) within the ion channel at the level of

in the 5 or y subunits.

Agonist-Independentfi]BP Photolabeling inaM4. Within
the NAChR transmembrane domain, the M4elices have
the greatest exposure to lipid)( and amino acids in the
M4 helices in contact with lipid have been identified by
hydrophobic labeling withFA]TID (20) and FH]diazof-

M2-13 and M2-9, (ii) in thed subunit at the interface with
the extracellular domaiyPhe-232 indM1 and 6Pro-286/
olle-288 within theoM2—M3 loop), (iii) at thef—o and
y—a subunit interfacegiMet-288 andyMet-291 in the M3
helices), and (iv) at the lipid interfaceu{let-415 inaM4,

the only M4 segment characterized). While the labeling at
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I membrane |
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FicurRe 9: The binding sites for BP in thEorpedonAChR transmembrane domain. A molecular model oftbgpedonAChR (PDB code

2BG9) represented by secondary structure elemenkelices as cylinders anttsheets as ribbons) is shown in multiple views to highlight

the different BP binding sites. (A) The nAChR in side view, with the cytoplasmic helices omitted. Included in stick representation are the
aromatic side chains of the ACh binding sites. (B) A view from the perspective indicated by the arrow in (A) of the nAChR transmembrane
domain. Included in stick representation are the residues labeletHi$H in the channel (yellow, M2-13and M2-9) or at the lipid-

protein interface (bluexM4 Met-415 and Cys-412). Connolly surfaces of docked BPs (see Experimental Procedures) are included for the
four state-dependent binding pockets identified by photolabeling. (C, D) Views of the transmembrane domain looking down the axes of the
BM3 (C) andyM3 (D) helices. In stick representation are the M3 residues labeled?BJT[D from the lipid—protein interface [black

(20)], by [®H]BP (red), or by both (orange). The pockets defined by BP docking are included as dotted Connolly surfaces. (E) A stereo
representation highlighting the pocket within thesubunit transmembrane domain with the amino acids identified that are labeled by
[3H]BP selectively in the desensitized state (cyan and green) and/&*j¥ID in the open state [yellow and greem8)]. 0Tyr-228, which

is labeled by halothane in the desensitized state, is shown in pdd4)leThe amino acids in the. subunit extracellular domain reported

to be labeled by BP in the mouse nAChR are included [g2a)] (@s are the residues identified by mutational analyses to be involved in
coupling agonist binding to channel activation [brovit2)]. The conserved prolines (orange) that break the M2 helices at the synaptic end
are shown along with their helical breaks. The water-accessible space withinstitaunit helix bundle identified by the PASS program
(Experimental Procedures) is included as a dotted Connolly surface, and the structure of BP is included for scale.

Table 1: State Dependence 8H|BP Photoincorporation into Residues in the nAChR Transmembrane Domain (cpm/pmol of PTH
Derivative}

amino acid —Carb +Carb amino acid —Carb +Carb amino acid —Carb +Carb
aM2 BAM2 oM2

aleu-251 2 ND pLeu-257 3 0.1 olLeu-265 1.5+0.3 4+ 1

aVal-255 10 ND pVal-261 16 3 oVal-269 38+ 4 1444
AM3 yM3 oM3

SMet-285 2 0.6 oMet-293 0.7+ 0.1 <0.5

SMet-288 5 0.9 yMet-291 2.9 15 oMet-296 0.5+ 0.5 <0.5
oM1 oM2—M3 loop aM4

oTyr-228 <0.2 14+£0.2 O0Pro-286 0.3:-0.3 541 oCys-412 0.4 0.4

oPhe-232 0.240.1 54+ 2 olle-288 0.1+ 0.1 5+ 1 aMet-415 4 3

aThe®H incorporation in each residue was calculated from the obséhtadlease as described under Experimental Procedures, and the mass
was calculated from the initial and repetitive yields. The results are from a single photolabeling experiment, including data from +&ures 6
When sufficient material was available for two aliquots to be sequenced, the data are presented as the mean and range. ND, not determined.

the lipid interface was the same in the resting and desensi- Table 1 summarizes, for comparison purposes, the ef-
tized states, labeling in the ion channel was reduced by 90%ficiencies of PH]BP photoincorporation in the amino acids
in the desensitized state, and the labeling®he-2328Pro- in these different structural domains from one of the labeling
286/lle-288 occurred only in the desensitized state. experiments. For the nAChR equilibrated with @ [3H]-
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BP in the absence of agonist, the amino acid labeled most Interestingly, aPro-272, the position in thew subunit
efficiently wasdVal-269 within the ion channel, which was  equivalent todPro-286, has been identified by mutational
labeled at~0.1% efficiency (40 cpm/pmol); the labeling analyses as a position crucial in the link between agonist
efficiency of Met in fM3, yM3, and aM4 was ~0.01%; binding and channel gating that interacts energetically with
and that ofaCys-412 inaM4 was ~0.001%. Although in oGlu-45 andaVal-46 at the base of the extracellular domain
the desensitized state the observed labeling efficiency of (12). Within the serotonin 5-HJreceptor, a homopentamer,
oVal-269 (14 cpm/pmol) was similar to that 6Phe-232/ agonist-dependent conformational transitions have been
O0Pro-2866lle-288 (each at 5 cpm/pmol), as discussed in the proposed to involve the cigrans isomerization of the
footnotes 2 and 3, the chemical instability of BP adducts equivalent proline (5-HJR aPro-308) #43). Although we
with 6Phe-232 an@dPro-286 causes those labeling efficien- were unable to cleave the subunit ataGlu-262 to test
cies to be substantially underestimated. Since the pharma-directly for labeling ofoPro-272, in contrast to th&subunit,
cological assays indicate that BP has only low-affinity there was no evidence of prominent labeling within the
interactions with the nAChR, we expect that the observed subunit in the desensitized state.
low efficiency photolabeling occurs in large measure because  ggjective labeling oblle-288 was reported for ] TID
of low fractional occupancy at each of the sites and that the i, the gpen state compared to the closed or desensitized state,
efficiency of photolabeling ofVal-269 and each of the other 5 the open state labeling of this residue along with residues
labeled amino acids will increase linearly with BP concentra- in OM1 (0Phe-232 andCys-236) and¥M2 (dThr-274 and
tion at least up to 10@M. _ dLeu-278) provided evidence for the formation in the open
BP as a Probe of State-Dependent Changes in the nNAChRg4te of a hydrophobic pocket betwek1, M2, andoM3
Transmembrane Domaiifhe amino acids photolabeled by (18). While [SH]BP photolabele@SPhe-ZSZ andlle-288 in
[*H]BP are identified in Figure 9 in the model of the structure ha gesensitized state, the labeling)®0-286 and the lack
of the TorpedonAChR in the absence of agonist (PDB code ot |apeling of 5Thr-274 anddLeu-278 indicate that BP is
2BGY9). Amino acids labeled within the M2 ion channel o photolabeling in the desensitized state the same structure
domain and at the ]lpld interfacelf14) are sh'c')wn'm F'|gure as that labeled by3]TID in the open state. 3H]BP
9B; those labeled ifM3 andyM3 are identified in Figure  qto1abeling of NAChRS frozen in the open state will be
9C,D; and the amino acids M1 and in theoM2—M3 necessary to provide a direct comparison of changes in

loop are shown in stereo in Figure 9E. Also depicted in gu,ctyre in this region between the open and desensitized
Figure 9A,B are the Connolly surface representations of the g;4¢ag.

predicted binding pockets for BP within the nAChR trans- o N . .
membrane domain in the lumen of the channel sisetbunit The agonist-inhibitable labeling in the ion channel domain
four-helix bundle, and at the—a andf—a. subunit interfaces at M2-13 is qualitatively similar to that seen foPq]TID

(16) and PH]diazofluorene 17). Although the reactive

(see Experimental Procedures). . ; .
The labeling in the desensitized state and absence ofcarbene intermediates formed upon photolysis of TID or

labeling in the resting state 6Phe-232 inSM1 and ofdPro- d?azo_fluorene react efficiently with water, the reactive ketyl
28601le-288 in the M2-M3 loop provide clear evidence of Q|rad|cal of BP _does notl). Thus, the presence of water
an agonist-induced change in structure in this region of the in the channel in the Qesensmzed state \{vould not apt asa
& subunit that is also in contact with amino acids in the duencher 9“. BP labeling, and the reduct!on of labeling in
extracellular domain. Although in the closed state structure (e desensitized state seen for the three ligands results from
SPro-286 is oriented toward the extracellular domain and & change in the structure of the channel domain unrelated to

the side chain oblle-288 is oriented away from the pocket CNanges in solvation.

containingdPhe-232, only subtle structural rearrangements  [*H]BP photolabeling inaM4 of aMet-415 (andoCys-

are required to reorient those amino acids toward this pocket.412 at lower efficiency), which were also labeled B$[-
However, it is striking that in the closed state structure the TID and PH]diazofluorene 17), was the same in the absence
shortest distances frodPhe-232 tadPro-286 anddlle-288 and presence of agonist, and labeling was also unaffected
are 15-18 A, i.e., substantially greater tharetB A maximal by tetracaine. Thus, the labeling of these residues is as
length of BP. Although the docking calculations predict a expected for amino acids at the lipid interface (Figure 9B).
preferred positioning of BP stacked between the aromatic In contrast, the labeling ifM3 andyM3 of fMet-288 and
rings of 5Tyr-228 anddPhe-232, the absence of labeling of yMet-291 was reduced by 85% and 50% in the desensitized
those side chains in the absence of agonist suggests that atate. While {24]TID labeled nonspecifically other residues
compact binding pocket in this region does not exist in the in SM3 (fMet-285,51le-289, ang3Phe-293) angtM3 (yPhe-
closed state. It is plausible that the agonist-induced change292, yLeu-296,yMet-299, andyAsn-300), it did not label

in structure involves a reorganization of the MI213 loop pMet-288 or yMet-291 @0). Inspection of Figure 9C,D
that bringsoPro-286 andjlle-288 in closer proximity to reveals that the’H]BP-labeled3Met-288 andyMet-291 lie
0Phe-232, forming such a binding pocket. This reorganiza- on the surface of the M3 helices100° from the surfaces
tion would also require a reorientation of the extracellular defined by [?3]TID labeling and that the 3H]BP-labeled
end of M2, presumably associated with a break of the helix residues are both oriented toward@W1 helix rather than

at oPro-279. Since we found no evidence of labeling of lipid. Thus, the agonist-sensitive labeling giflet-288 and
amino acids at the base of thesubunit extracellular domain,  yMet-291 by PH]BP reveals a change in structure between
which are all contained withinEKC-21 (beginning adHis- the resting and desensitized states at fhex and y—a
26/0Glu-47), there is no evidence that the labeling)&fo- subunit interfaces in the transmembrane domain. Although
286/01le-288 results from BP binding between those amino we were unable to generate the cleavage inathgubunit
acids and amino acids in the extracellular domain. M2—M3 loop necessary to characterize labelingail3,
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no labeling was seen @fMet-296, the position equivalent 4.

to SMet-288 oryMet-291, or of other amino acids V3.
Side-Chain Selectity of BP Photolabeling.BP-based

photoaffinity probes have been shown to incorporate into a 5.

wide variety of amino acid2@), but studies with N-acylated
amino acid esters reveal strong side chain and solvent
dependencie®p). Recent studies with peptide GPCRs reveal ¢
a strong preference for reaction with Met in the peptide
binding sites 24—26). The labeling ofaMet-415 in aM4

and of Met-288 andyMet-291 in the M3 helices indicates 7
that BP also reacts preferentially with that side chain in
hydrophobic environments. BP did not, however, photolabel

the Met at the N-termini of the M2 helices aMet-404, 8.

which in the nAChR structure are predicted to be exposed
at the cytoplasmic surface. The labeling of Leu and Val in
the M2 ion channel domain at M2-9 and M2-13 andBhe-
232 indM1 andoPro-28661le-288 near the N-terminus of
0M3 occurs in regions of NAChR structure where there are
no methionines.

BP Photolabeling in the nAChR Extracellular Domain? 11

In our studies ofTorpedonAChR photolabeled with3H]-
BP at 0.3uM, we found photolabeling restricted to the

nAChR transmembrane domain, with less than 2% @fr 12.

0 subunit labeling recovered mVv8-18 (beginning atxThr-

52) or0EKC-21 (beginning abHis-26/Glu-47), based upon 13
the *H incorporation in HPLC-purified subunit fragments.
This contrasts with a recent repoBt7j of oocyte-expressed
mouse nAChRs photolabeled with 10M BP, where
photolabeling was reported of amino acids in the extracellular
domain pHis-134 (within aV8-18) andoThr-196 (within

aV8-20) in the resting state armdArg-340 in the cytoplasmic 15.

M3—M4 loop (in aV8-10) in the desensitized state]. Since

the detection of hydrophobic, membrane spanning segments ;4
remains challenging and unreliable for current LC/MS
techniques, we are not surprised that we were able to identify
labeling in the NAChR transmembrane domain that eluded
detection by LC/MS, and the level 8H incorporation in
aV8-18 ordEKC-21 is consistent with labeling of one or a
few amino acids at-1 cpm/pmol. Interestingly, the amino
acids of the extracellular domain predicted to be in proximity
with 6Pro-286 ¢Glu-47/Thr-48) are withihEKC-21, but
those in proximity taPro-272 ¢Glu-45/Val-46) are within
aV8-4, which begins at Ser-131). BP-based photoprobes
can incorporate into amino acids in tH@rpedonAChR
extracellular domain, as evidenced by the efficient labeling
of yLeu-1096Leu-111 in the ACh binding sites byH)]-

benzoylbenzoylcholine 1), but further studies will be 20

necessary to determine whether theréiBP photolabeling
of any amino acids in the extracellular domain. 21

SUPPORTING INFORMATION AVAILABLE 22.

Three figures as described in the text. This material is
available free of charge via the Internet at http://pubs.acs.org.
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