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ABSTRACT. The interactions of a photoreactive analogue of benzoylcholine, 4-azido-2,3,5,6-tetrafluoro-
benzoylcholine (APFBzcholine), with nicotinic acetylcholine receptors (hAAChRs) were studied using
electrophysiology and photolabeling. APFBzcholine acted as a low-efficacy partial agonist, eliciting
maximal responses that were 0.3 and 0.1% of that of acetylcholine for embryonic mou$eraedo
NAChRs expressed iKenopusoocytes, respectively. Equilibrium binding studies #JAPFBzcholine

with nAChR-rich membranes fromorpedoelectric organ revealed equal affinitielse = 12 uM) for

the two agonist binding sites. Upon UV irradiation at 254 ntH]APFBzcholine was photoincorporated

into the nAChRq, v, andd subunits in an agonist-inhibitable manner. Photolabeled amino acids in the
agonist binding sites were identified by Edman degradation of isolated, labeled subunit fragments.
[BH]APFBzcholine photolabelegLeu-1096Leu-111,yTyr-111, andyTyr-117 in binding site segment E

as well axTyr-198 ina subunit binding site segment C. The observed pattern of photolabeling is examined
in relation to the predicted orientation of the azide when APFBzcholine is docked in the agonist binding
site of a homology model of the nAChR extracellular domain based upon the structure of the snail
acetylcholine binding protein.

The Torpedonicotinic acetylcholine receptor (nAChR)  and mutagenesis studies as well as the recent crystallographic
is a representative member of a pharmacologically important structures of the snail ACh binding protein (AChBP), a
superfamily of ligand-gated ion channels that includes the homopentameric, secreted protein that is homologous to the
excitatory muscle and neuronal nAChRs and the serotoninnAChR extracellular domain, establish that the agonist
5HT; receptor, as well as the inhibitory GARAand glycine binding sites are composed of aromatic and hydrophobic
receptors. nAChRs from vertebrate skeletal muscle and theresidues from three noncontiguous regions ofdheubunit
electric organs ofTorpedo rays are heteropentamers of [binding-site segments Ax©3), B (¢149), and C ¢190—
homologous subunits with a stoichiometry ai:B:y(e):0 200)] and by two or more regions of thée)/0 subunits [D
that are arranged pseudosymmetrically around a central(y55—59) and E $109-119)] 1-5).

cation-selective ion channel,(2). EachTorpedonAChR In the absence of high-resolution crystal structures of
contains two binding sites for acetylcholine (ACh) that are nAChRs complexed with agonists or antagonists, informa-
located in the extracellular domain at the-y and a—o tion about the mode of agonist binding as compared to

subunit interfaces, and the ion channel opens in response tgyntagonist can be obtained only from less direct methods.
agonist binding simultaneously to both sites. Affinity labeling - Analyses of the binding of the classic competitive antagonist
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tetrafluorobenzoic acid, succinimidyl ester; APFBzcholine, [2-(4-azido- Cation—z interactions between th_e indole side chaim®fp-
2,3,5,6-tetrafluorobenzoyloxy)ethyl]trimethylammonium; nAChR, nico- 149 and the quaternary ammonium of A®), (but not for

tinic acetylcholine receptor; Beholine, 4-benzoylbenzoylcholine;  the positive charge of nicotinel0).

Carb, carbamylcholine; PCP, phencyclidine; dTé&tubocurarine; P ] 9 . . 30) o
TDBzcholine, 4-(1-azi-2,2,2-trifluoromethyl)benzoyicholine; SDS, so-  Photolabeling studies with*fJdTC and PH]nicotine
dium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; provided direct evidence that agonists as well as antagonists

HPLC, high-performance liquid chromatography; V8 prote&seureus — \vare hound at subunit interfaces and identified amino acids
glutamyl endopeptidase; Endo Lys-C, endoproteinase Lys-C; Endo Asp-.

N, endoproteinase Asp-Ny-BgTx, a-bungarotoxin; TPS;Torpedo in the y/6 subunits as well as the subunit that contribute
physiological saline. to the binding sites1(1, 12), but with the structures of the
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F, oy o oxide, and choling-toluene sulfonate were from Sigma-
Q P >_® Aldrich. [methyt*H]Choline chloride was from American
N | d Radiolabeled Chemicals (catalog no. ART-197) &htjghen-
|+_/_0 -—-N*—/_ cyclidine (PCP; 27 Ci/mmol) from Perkin-Elmer Life Sci-
— ror | ences, and®HJACh (1.9 Ci/mmol) was kindly provided by
APFBzcholine Bzcholine S. Hussain (Massachusetts General Hospital, Boston, MA).

Streptomyces aureggutamyl endopeptidase (V8 protease)
and dTC were from ICN Biochemicals; endoproteinase

R Q 4 °>_®£w Lys-C (Endo Lys-C) was purchased from Princeton Separa-
tions, Inc., and endoproteinase Asp-N (Endo Asp-N) was
o F
L/ Q _,L*_/_O F \ acquired from Wako Chemicals.
I

| . . Synthesis of APFBzcholinEifty milligrams (0.15 mmol)
Bz,choline TDBzcholine of APFBSE was dissolved in 3 mL of anhydrous dimethyl-
Ficure 1: Structures of benzoylcholine derivatives. formamide and added to 130 mg (0.47 mmol) of dry choline
o ] ) ] p-toluene sulfonate. The reagents were coupled under argon
photoreactive intermediates unknown, the studies did not ity stirring for 24 h at 22°C, followed by the addition of
binding site. fH]DCTA ([*H]diazocyclohexadienylpropyl-  aliquots to a semipreparative reversed-phase C18 HPLC
trimethylammonium), a nAChR agonist that generates on qlumn (10 mmx 250 mm, 5um, 300 A, Vydac 218TP510).
photoactivation a carbene6 A from the quaternary am-  components were separated by an acetonitrile gradient of 0
monium, photolabels amino acids in thesubunit in binding to 90% over the course of 100 min at a rate of 1 mL/min,
site segment C13). Two benzoylcholine derivatives incor-  ith 0.1% acetic acid present in both solvents. Absorbance
porating photoreactive groups at the para position of the was monitored at 214 and 273 nm. APFBzcholine eluted at
benzene ring have been introduced to define the orientation..400, acetonitrile: the free acid and the succinimide ester
of aromatic choline esters in the transmitter binding site}-[ eluted at 27 and-60% acetonitrile, respectively, and free
4-Benzoylbenzoylcholine [Bzholine (14)] and PH]-4-(1- choline eluted in the flow-through. Peak fractions were
azi-2,2,2-trifluoromethyl)benzoylcholine [TDBzcholinEs)] combined and dried by rotary evaporation, resuspended in
are TorpedonAChR competitive antagonists, which when  methanol, and redried. The purified APFBzcholine was
photoincorporated at 365 nm reacted in the nosdbunits  gissolved in 100% BD, and the concentration was deter-
with only yLeu-1095Leu-111. PH]TDBzcholine also reacted  mpined by absorption at 267 nme & 22 600 Mt cmiY).
con5|stent_ with a model_ln which the quatern_ary ammonium  The structure and purity were verified by thin-layer chro-
of thege !|gan_ds occupies the core aromatic pocket of the matography, NMR, and mass spectrometry. APFBzcholine
AC_:h binding site with the para position of the benzoyl group \as applied to a silica gel plate (Kieselgel 6@4rwith the
oriented towarg/Leu-109 (ordLeu-111) ong-strand S which  chromatogram developed in a solvent mixture made up of
is part of the antiparallef sheet in the nom: subunit that  1_pytanol, methanol, water, and acetic acid (1:1:1:0.2, viv/
forms a rigid surface at the entry to the aromatic pocket. v/v). The product migrated as a single spBt£ 0.4) well
Although Bzcholine and TDBzcholine acted as antago- (egolved from APFB acidR; = 0.9), APFBSE R = 1),
nists, benzoylcholine itself is a NAChR agonis6), and we and choline R = 0.1). When the purified product, dissolved
now characterize the pharmacological and photolabeling jn 1009 DO, was characterized By NMR (200 MHz),
properties of [2-(4-azido-2,3,5,6-tetrafluorobenzoyloxy)ethyl]- he following spectrum was observed: 7.53 (d, 1.1 H),
trimethylammonium (APFBzcholine) (Figure 1). The small 7 5o (d, 1.1 H), 4.71 (m, 2 H), 3.73 (t, 2 H), 3.12 (s, 9 H),
size of the photoreactive azide leaves APFBzcholine closers og (s, 2.2 H). In addition, there was a peakdat.78 (s,

in size to benzoylcholine than those characterized previously, o 2 H) originating from the methyl protons from the acetate
and we wanted to determine whether it would function as @ sajt. The ratio of protons associated with APFBzcholine to
photoreactive NAChR agonist. In addition, as a perfluoroaryl {hose associated witrtoluene sulfonate was 1.8. Electro-
azide, formation of a highly reactive singlet nitrene is pre- gpray jonization mass spectrometry using a Finnegan LCQ
dicted to occur more favorably than for nonsubstituted aryl peca instrument with an ESI probe revealed a primary mass
azides {7—19). While perfluoroaryl azides can efficiently o nyz321.1 (exact mass ofvz 321.1 M) and an MS/MS
photolabel proteins20, 21), there are few reports of the  fragmentation pattern consistent with the expected product.
labeled amino acids. We demonstrate that APFBzcholine is Synthesis of3H]APFBzcholine [*HJAPFBzcholine was
a low-efficacy nAChR partial agonist which, when bound  gynihesized at a radiochemical specific activity of 0.3 Ci/
at equilibrium to thel'orpedonAChR, photoincorporates with mmol; 1.05 mCi of fnethyt®H]choline chloride (85 Ci/mmol,
UV irradiation intoyLeu-109H-Leu-111 as well as multiple 0.011umol) in 1 mL of ethanol was dried under a stream of
aromatic side chains within the transmitter binding sites. argon and resuspended in 26D of acetonitrile in a glass
reaction vessel. To this was added 1 mg of chatisieluene
EXPERIMENTAL PROCEDURES sulfonate (0.36:mol) dissolved in 10QuL of acetonitrile.
Materials nAChR-rich membranes (1.7 nmol of ACh The isotope-diluted 3H]choline chloride solution in the
sites/mg of protein) were isolated frohorpedo californica reaction vessel was dried under a stream of argon followed
electric organs as described previougl®)( 4-Azido-2,3,5,6- by the addition of 3.3 mg of APFB SE (dmol) dissolved
tetrafluorobenzoic acid, succinimidyl ester (APFBSE) was in 27 uL of anhydrous dimethylformamide. The reaction
from Molecular Probes; dimethylformamide, deuterium ensued for 48 h under an argon atmosphere &t ith



NAChR Amino Acids Photolabeled witfHJAPFBzcholine

modest agitation; 25QL of an 80:20 water/acetonitrile

mixture was added to the reaction mixture, and the crude

mixture was applied in three aliquots to an analytical
reversed-phase HPLC column (3.9 mr300 mm, 10um,
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ligand binding was fit to eq 2:

f0) = fo/[1 + (1Cs0)"] + frg (2)

C18, WatersuBondapak catalog no. 27324). Components wheref(x) is the current or totéH-labeled radioligand bound
were separated by a gradient of acetonitrile from 0 to 90% in the presence of inhibitor concentratigrf, is the current

over the course of 54 min at a rate of 0.75 mL/min with
0.04% acetic acid present in both solvents. Elutiorftéf

or specific radioligand bound in the absence of inhibifgr,
is the leak current in the absence of ACh or nonspecific

was assessed by scintillation counting. Peak fractions wereradioligand binding, 16 is the inhibitor concentration
pooled, concentrated by rotary evaporation, resuspended imassociated with 50% inhibition of ACh-induced currents or

600uL of argon-purged ethanol, and stored-a80 °C. Purity
was analyzed by thin-layer chromatography in whichLl
of a 1:100 dilution of the purified radioactive product was
coapplied with nonradioactive APFBzcholine to a silica gel

plate and the chromatogram developed as described above.
The developed plate was then exposed to a tritium sensitive

radioligand binding, andh is the Hill coefficient. The
concentration-dependent inhibition GHJACh binding by
dTC was fit to a two-site model as shown in eq 3:

f(x) = (0.5)/(1 + X/K,,) + (0.5)/(1 + XK. (3)

phosphor screen (Kodak model 890 8972) for 16 h followed wheref(x) is the level of total H]JACh binding measured
by imaging using a Storm Phosphorimager (Molecular in the presence of dTC concentratianfy is the level of
Dynamics). A single peak of radioactivity was present that [3H]ACh binding measured in the absence of dTC, &pd

comigrated with nonradioactive APFBzcholing & 0.4).
The final yield was 0.75 mCi.

Electrophysiology The agonist and/or antagonist actions
of APFBzcholine and benzoylcholine on wild-typerpedo
and mousen,fyd nAChRs expressed iXenopusoocytes

were measured by standard two-electrode voltage clamp
(Oocyte clamp OC-725B, Warner Instrument) techniques as

described previouslyl6). Solutions of drugs were made in
low-calcium ND96 recording solution [96 mM NaCl, 2 mM
KCI, 0.3 mM CaC}, 1 mM MgCh, and 5 mM HEPES (pH
7.6)] containing 1uM atropine.

Radioligand Binding Assayd he equilibrium binding of
[®H]ACh or [*H]PCP toTorpedonAChR-rich membranes
in Torpedophysiological saline (TPS) [250 mM NaCl, 5 mM
KCI, 3 mM CaC}, 2 mM MgCh, and 5 mM NaP® (pH

andK_ are the dissociation constants for the high- and low-
affinity binding sites, respectively. Equilibrium binding data
for [*(H]JAPFBzcholine were fit to a single-site model with a
linear nonspecific binding component as shown in eq 4:

(4)

whereB(x) is the PHJAPFBzcholine bound at a free concen-
tration X, Bmax iS the concentration of*[HJAPFBzcholine
binding sites Keq is the dissociation constant, andis the
slope of nonspecific binding derived from parallel experi-
ments performed in the presence of 1 mM Carb. SigmaPlot
(SPSS) was used for the nonlinear least-squares fit of the
data, and the standard errors of the parameter fits are
indicated.

B(X) = B,/(1 + Ke({x) + mx

7.0)] was assessed by centrifugation as described previously Photolabeling NnAChR-Rich Membranes witRiJAPFBz-
(23). Membrane suspensions were pretreated with diisopropyl choline Freshly thawed nAChR-riciiorpedomembranes

phosphofluoridate~0.5 mM) for 20 min to inhibit acetyl-

were pretreated with diisopropyl phosphofluoridate0(5

cholinesterase activity. Dilute membrane suspensions (1 mL,mM) for 20 min to inhibit acetylcholinesterase activity,

84 ug of protein/mL, 40 nM ACh binding sites) were used
for the PHJACh (70 nM) binding assay, whereas the binding
of [®H]PCP (6 nM) was assessed at 708 of protein/mL,

in a volume of 20Q«L, and in the absence or presence of 1
mM Carb or 4uM a-bungarotoxin ¢-BgTx). The equilib-
rium binding of PH]JAPFBzcholine was assessed at 2 mg of
protein/mL (100uL, 3 uM [3H]JACh binding sites). Mem-
brane suspensions were equilibrated withi]JACh and
[®H]JAPFBzcholine for 45 min and witi?H]PCP fa 2 h prior

to centrifugation. Nonspecific binding of*H]JACh or

diluted > 3-fold with TPS, and pelleted. The pellets were
resuspended at 2 mg of protein/mt3 uM ACh binding
sites) in TPS with 1 mM oxidized glutathione added as noted
to serve as an aqueous scavengét#]APFBzcholine (0.3
Ci/mmol) was added to the membrane suspension and
agitated for 20 min prior to the addition of other drugs. For
photolabeling on an analytical scale, samples were equili-
brated with fH]JAPFBzcholine (33uM) and additional
cholinergic ligands for 90 min at 4C in polypropylene
microfuge tubes shielded from light, and then 120(240

[*H]APFBzcholine was assessed in the presence of 1 mMug of protein) aliquots were placed in a 96-well poly-
Carb, while that of HJPCP was assessed in the presence styrene microtiter plate (Costar model 9017). The wavelength

of 1 mM proadifen (with Carb) or 1 mM tetracaine (without
Carb).

Data Analysis For nAChR activation, doseresponse
curves were fit to eq 1:

e = [1 + (Kypd®) 1)

wherel andlqnax are the current at agonist concentration
and the maximum current, respectivelsg, is the agonist
concentration producing a half-maximal response, @il

dependence of photolabeling was tested by irradiating
samples with 254 (Spectroline EF-16), 312 (Spectroline EB-
280C), or 365 nm light (Spectroline EN-16) at a distance of
6 cm. For preparative photolabeling, membrane suspen-
sions (10 mg of protein per condition, 2 mg/mL in TPS
and 1 mM oxidized glutathione) were equilibrated with
[H]APFBzcholine (40uM) and 100 uM proadifen (a
desensitizing aromatic amine noncompetitive antagorady) (

in the presence or absence of 1 mM Carb and incubated for
30 min at 4°C, and then 5 mL aliquots were placed in 2.5

the Hill coefficient. The concentration dependence of cm plastic Petri dishes. The suspensions, on ice, were

APFBzcholine inhibition of ACh-induced currents or radio-

irradiated at 254 nm for 6 min.
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peak heights, and the amount of each peptide was obtained

in sample buffer and separated on 1.5 mm, 8% acrylamidefrom a nonlinear least-squares fit (Sigma Plot) of the equation

gels @5). Analytical gels were stained with Coomassie Blue

f(x) = 10R*, wheref(x) is the number of picomoles of the

and preparative gels with GelCode Blue Stain Reagent peptide’s residue in cyche Iq is the initial amount of peptide
(Pierce). After staining, the analytical gels were prepared (in picomoles), and®R is the average repetitive yield of the
for fluorography and/or bands of interest were excised for sequencer. Ser, Cys, Arg, His, and Trp residues were

determination of the extent ¢H incorporation by liquid
scintillation counting. After photolabeling at the preparative
scale, thed subunit was isolated by passive elution of the
excised gel bands and the and y subunit bands were
excised and placed in the wells of 15 cm long, 15%
acrylamide gels for controlled “in-gel” digestion with V8
protease (1:10 protease:subunit protein rat¥®).(Because
preliminary experiments indicated th&H]JAPFBzcholine

excluded from the fit due to known problems with their
guantitations. Plots of these fits are included in the sequence
graphs as dotted lines. Unless otherwise noted, the efficiency
of labeling of amino acid residues [counts per minute (cpm)
per picomole] was calculated by the equation (gpm
cpm<_1)/(5IoRX)

Molecular Modeling A model of the extracellular region
of the TorpedonAChR, constructed from the structure of

photoincorporation was potentially unstable under prolonged the snail acetylcholine binding protein [PDB entry 1195)]
isolation procedures, material from the V8 mapping gels was using the homology module of Insight I127), was used at
directly electroeluted from the intact gels in 5 mm bands a pH 7.0 protonation state. Docking of APFBzcholine was

with a Bio-Rad Whole Gel Electroeluter. The elution buffer
contained 50 mM Tris, 25 mM boric acid (pH 8.7), and 0.1%
SDS. Theo andy subunit V8 mapping gels were eluted at
250 mA for 30 min and at 200 mA for 25 min, respectively.
Fractions of~3 mL were collected from each band, and
~1% was assayed féH. Fractions of interest were filtered
and concentrated by vacuum centrifugation <600 uL,
acetone precipitated in 75% acetore2(Q °C, >2 h), and

performed using the Docking module of Insight Il (Accelrys).
Because the cvff force field used for the Docking module
does not accept an azide, it was replaced by=C&O. For
docking, only thex andy subunit pair was used. The binding
site was defined as all amino acids with6 A of the
APFBzcholine homologue which was initially placed within
the agonist binding site with the quaternary nitrogen inside
the core aromatic binding pocket. Although the program

then resuspended in a buffer appropriate for enzymatic sampled>14000 orientations using three translational de-

digestion.
Reversed-Phase HPLMigests and gel-purified samples

grees of freedom (maximum of 3 A) and three rotational
degrees of freedom (maximum of 0only one orientation

were fractionated by reversed-phase HPLC on an Agilent was obtained ¥60 times, Figure 8). The energies of
1100 system with a column heater, a solvent degasser, andnteraction for this orientation were'59 kcal/mol for the
an external absorbance detector (Kratos Spectroflow 757)van der Waals force calculation anrét76 kcal/mol for the

set at 214 nm. Separations were achieved atG@ising a
10 cm Brownlee Aquapore Butyl 7 micron column with an

electrostatic calculation, and the carbonyl oxygen of the
APFBzcholine was oriented to form a hydrogen bond with

upstream C-2 guard column. Solvent A was 0.04% trifluoro- the hydroxyl ofaTyr-198. In this orientation, the distances

acetic acid, while solvent B consisted of 60% acetonitrile,
40% 2-propanol, and 0.025% trifluoroacetic acid. The

(angstroms) from the nitrogen forming the nitrene after
photoactivation to the binding site amino acidgiwere as

gradients that were used are included on the chromatogramdollows: yTyr-117, 3.9;yGIn-59, 4.1;yGlu-57, 5.7;yLeu-
in Figures 7 and 8 as dashed lines. The flow rate was 200109, 6.4;yLeu-119, 7.5;yLeu-77, 7.8;yTyr-111, 8.4; and

uL/min with fractions collected every 2.5 min into 1.5 mL
tubes containing 3@&L of 100 mM phosphate buffer (pH
7.8) to limit the acid exposure of the labeled material (final
pH of test fractions was-5.5).

Enzymatic Digestion$-or digestion with Endo Lys-C (0.5
ug, 32°C, 36 h), material was resuspended in 25 mM Tris
buffer (pH 8.6) containing 0.1% SDS and 0.5 mM EDTA.

yTrp-55, 11.1. For thex subunit the distances were as
follows: oPro-194, 4.8;aCys-193, 6.2;aCys-192, 7.5;
aTyr-198, 7.5; andxTyr-190, 11.2.

RESULTS

APFBzcholine and Benzoylcholine as nAChR Aganiges
used two-electrode voltage clamp to compare the interactions

The same buffer was used to resuspend samples for digestiof APFBzcholine and benzoylcholine with wild-tyfgerpedo
with Endo Asp-N, but the samples were subsequently diluted and embryonic mouse nAChR expressedé@mopusocytes.

to 5 mM Tris (pH 8.6), 0.02% SDS, and 0.1 mM EDTA
with water prior to the addition of the enzyme (8, 32
°C, 36 h).

Amino Acid Sequence Analysisl-Terminal sequence

Both nAChRs were examined because ACh gates the mouse
nNAChR with higher efficacy than th@orpedq and we
wanted to determine whether APFBzcholine was a low-
efficacy agonist. APFBzcholine activated the mouse nAChR

analysis was performed on an Applied Biosystems Procise (Figure 2), producing a maximal response that was.3
492 protein sequencer. HPLC fractions of interest were drop 0.1% of that of ACh with &gpp 0f 170+ 80 uM (n = 5).

loaded onto Biobrene-treated glass fiber filters (AB #601111).

In comparison, for benzoylcholine the maximal response was

Samples containing detergent and many HPLC samples werel.4 £ 0.4% of that of ACh with &pp 0f 350+ 20 uM (n
washed on the sequencer with a pretreatment of gas tri-=5). For theTorpedonAChR, benzoylcholine was a partial
fluoroacetic acid (4 min) followed by consecutive washes agonist producing a maximal response that wasto®1%

with N-butyl chloride and ethyl acetate (5 min each) to

of that of ACh with a Kgp of 80 uM, and 1 mM

remove excess detergent and/or buffer salts. Twenty micro-APFBzcholine produced a maximal responsd@ nA) that
liters (/) of each cycle was analyzed for residue detection was~0.1% of that of ACh it = 2; values ofK,p, Were not

and quantitation, whereas 1@0Q was collected for scintil-

determined because of the small currents). When coapplied

lation counting. Amino acid amounts were determined by with 10u4M ACh, APFBzcholine produced a fully reversible,
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Ficure 2: APFBzcholine and benzoylcholine are embryonic mouse % 12 ], =
nNAChR partial agonists. Currentd élicited by APFBzcholine®) ‘_; . 12 =
or benzoylcholine ©) for mouse nAChRs expressed Xenopus £ 04 1 UN
oocytes were measured by a two-electrode voltage clamp and 3 0. E
normalized to the maximal current evoked by AGHCY). Three A 0.0 1 30
current measurements were taken at each test concentration, with o & 5 4 .3 0 5 0 15 <

means plotted (and the standard error of the mean smaller than the )
symbol sizes). Log [Ligand] M  [APFBzCh]f (uM)

Ficure 3: Interactions of APFBzcholine witfiorpedonAChRs.
concentration-dependent inhibition of ACh currents charac- (A) APFBzcholine inhibition of ACh current responses T@rpedo
terized by an IG of 16 uM and a Hill coefficient of 1 nAChRs expressed enopusocytes. Currentd) elicited by 10

. . uM ACh in the presence of APFBzcholine were measured by a
(Figure 3A), whereas for benzoylcholine, thesi@vas 40 two-electrode voltage clamp and normalized to the currightir

#M (not shown). the absence of APFBzcholine. ThesGvas 16 1 uM with a

Since these results revealed that the agonist responses dtf“g Coeff',C'efg) _th_t-_% + (;-tlh-e(gg ﬁ}E’FBanCQ?IgDﬁgQO)f sﬁ?g éih

H P H H ubocurarine Innipition o utioriu ndi

Iow-efflcacy partial agonists Sl.JCh as benzoylcholine and (70 nM) to TorpedonAChR-rich membranes. The inhibition of
APFBzcholine were more readily detected for mouse than [sjach binding was characterized by angi®f 27 + 4 uM for
for TorpedonAChRs, we also examined whether,Bzoline APFBzcholine (eq 1n fixed at I) and by & of 0.12+ 0.03uM
or TDBzcholine activated mouse nAChR. Although no andaK. of 37+ 7 uM for dTC (eq 3; two-site model). (C) Effects
detectable responses had been seen by two-electrode voltag%T APFBzcholine on the equilibrium binding ofH]PCP (6 nM)

. . L TorpedonAChR-rich membranes in the absen€g ¢r presence
clamp forTorpedonAChRs in oocytes [with an upper limit 1 mFI)VI Carb @) or 4uM a-BgTx (a). In the absg?]ge gf Carb or

of currents that was-0.1% of that of ACh {4, 15)], both a-BgTx, APFBzcholine potentiated binding with an &of 5 M
ligands activated the mouse nAChR with maximal responsesand then inhibited binding at concentrations above 20D The

that were 0.1% of that of ACh and Ky, of 30 + 10 uM inhibition of [*H]PCP binding in the presence of Carb@BgTx
; — ; — was characterized by an 4¢value of 850+ 70 uM or 1.7 £+ 0.3
(Bz:choline,n = 2) or 704M (TDBzcholl.n.e,.n 1).' ) mM, respectively. Proadifen (1 mM#l) was used to define
Effects of APFBzcholine on the Equilibrium Binding of nonspecific binding in the presence of Carb, and tetracaine (1 mM,

[3HJACh and PBH]Phencyclidine In equilibrium binding <) was used in its absence. (D) Equilibrium binding 8HF
studies with Torpedo nAChR-rich membranes, APFBz- APFBzcholine to nAChR-rich membranes was assessed by cen-

. S e L trifugation in the absencd) or presence®) of 100uM proadifen
choline fully inhibited the specific binding ofiH]JACh (70 or ingthe presence of 1 m Cgrb and e]f@ proaétifenpo)_ The

nM), with a concentration dependence of inhibition being calculatedk.,values were 12 2 and 4.1+ 0.54M in the absence

fit well by a single-site model with an Kgof 27 uM (Figure and presence of proadifen, respectively. The concentrations of
3B). We also assessed under identical conditions the inhibi-Ag't:e'?rfcmih”:u?i”C:L”Egd?fietﬁs were f‘;‘cﬁﬁg%o bgfl'iorlg?ﬁ" :/nV%hOf
tion of [BH]_ACh _blndlng by the competitive antagonist groadifen, wheregs that of ACh binding sites %vas 1.p5 nmol/mg of
d-tubocurarine (Figure 3B) and found, as expec&8), (that protein.

the data were fit well by a two-site model withkg of 120

nM and aK_ of 37 uM. The noncompetitive antagonist Equilibrium Binding of PH]JAPFBzcholine The equilib-
[*H]phencyclidine (PCP) binds with high affinityK¢q = 1 rium binding of PHJAPFBzcholine to nAChR-rich mem-
uM) to a single site per receptor in the desensitized state (in branes was assessed in the absence or presence of proadifen,
the presence of agonist) and more wealdy,= 7 uM) in a desensitizing noncompetitive antagonist (Figure 3D). The
the absence of agoni29). In the absence of APFBzcholine, level of PH]JAPFBzcholine binding in the presence of both
the level of total binding offH]PCP toTorpedomembranes  proadifen and Carb, which increased linearly with the free
was 4-fold greater in the presence of agonist (Carb) than in concentration, was used as a measure of the the level of
its absence or in the presencecsbungarotoxin ¢-BgTx, nonspecific binding. The level of specific binding of

a competitive antagonist that stabilizes the closed state of[*H]JAPFBzcholine was fit well by a simple hyperbolic
the receptor). APFBzcholine inhibited the binding #1JPCP binding function characterized bieq values of 12 and 4
with 1Csp values of 850 and 170@M in the presence of uM in the absence and presence of proadifen, respec-
Carb anda-BgTx, respectively (Figure 3C). In the absence tively. The concentration ofH]JAPFBzcholine binding sites

of agonist, at concentrations between 1 and 100, [1.7 nmol/mg (without proadifen) or 1.5 nmol/mg (with
APFBzcholine increased the level GH]JPCP binding by proadifen)] was close to the concentration $1JACh sites
200%, with inhibition occurring at concentrations above 100 (1.5 nmol/mg).

uM. These results establish that APFBzcholine binds with  Photoincorporation of H]JAPFBzcholine into nAChR-
similar affinities to both ACh binding sites in thBorpedo Rich Membranes.We first compared the pattern of
NAChR and also with 3660-fold lower affinity to an [*H]APFBzcholine photoincorporation into nAChR-rich mem-
additional site, probably within the ion channel. branes resulting from UV irradiation at 254, 312, and 365
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Ficure 4: Wavelength dependence[8H]APFBBzcholine photo-

labeling of TorpedonAChR-rich membranes. nAChR-rich mem- e

5
branes (20Qug, 200 pmol of ACh sites in 100L of TPS) were B R
equilibrated with 30uM [3H]APFBzcholine in the absence or 4 i
presence of 1 mM Carb. Samples were irradiated at 254 (1 min), "’e - ng
312 (10 min), or 360 nm (30 min), and then polypeptides were -3 B+ Tet
resolved by SDSPAGE and visualized by Coomassie Blue stain. i | @+ Carb/Pro
The nAChR subunits and the N&-ATPasex subunit (90K) were g2 :
excised from the gel, and the extent #f incorporation was &
determined by liquid scintillation counting. The level of specific 1
incorporation was calculated for each band as the difference between
the level of*H incorporation for the sample without Carb and with 0

Carb. Depending upon the band, the values (with Carb) were 800 a B B { 8 90K
1200 cpm for 254 nm, 15661900 cpm for 312 nm, and 5600 FiGURE 5: Effects of nAChR agonists and antagonists on the

cpm for 365 nm. photoincorporation offHJAPFBBzcholine into nAChR-rich mem-
branes. nAChR-rich membranes (246, 250 pmol of ACh sites
nm. After SDS-PAGE, covalent incorporation into the in 120uL of TPS supplemented with 1 mM oxidized glutathione)
NAChR subunits or other polypeptides was assessed by liquidwere equilibrated with 3%M [*H]JAPFBzcholine either alone
scintillation counting of excised gel bands. For irradiation gcontrO" lane 2) or with 1 mM Carb (lane 3),81 a-BgTx (lane
2 . . ), 100uM proadifen (lane 5), 10M tetracaine (lane 6), or 1
at 365 nm, agonist-inhibitable labeling was restricted to the ma carb and 100M proadifen (lane 7). Samples were irradiated
NAChRy andd subunits, while for irradiation at 254 or 312 at 254 nm for 5 min. (A) Polypeptides were resolved by SDS
nm, there was also agonist-inhibitable labeling in toe PAGE, visualized by Coomassie Blue stain (lane 1), and processed

subunit (Figure 4). The effectiveness of oxidized glutathione rgfrt fgﬂgr?ﬁéasﬁg?ngg”;:ngg:C%?r'gggo%?ﬁgl:ge%hé”gj:étﬁg ngtlTrits
(1 mM) as an aqueous scavenger was tested for 254 nmrapsyn (43K), and ther subunit of the N&/K*-ATPase (90K). ’

irradiation. It reduced the level of nonspecific subunit (g) After fluorography, the visualized subunit bands were excised,
labeling seen in the presence of agonist by 30%, while and the level of*H incorporation was determined by liquid
reducing the level of specific (agonist-inhibitable) labeling scintillation counting.

in the o. subunit by 15% and iry andod subunits by<5%.

On the basis of these results, further photolabeling studiespresence of Carb or tetracaine-inhibitable labeling in the
were carried out with 254 nm irradiation in the presence of presence ofaBgTX, there was no evidence of substan-
oxidized glutathione. tial channel photolabeling for NAChRs in either the closed
The pharmacological specificity of the nAChR photo- or desensitized state. In contrasH]Bz.choline and
labeling at the subunit level was further characterized by [®H]TDBzcholine photoincorporated into the ion channel in
photolabeling membranes at 254 nm witHJAPFBzcholine the closed stateld, 15).
(33 uM) in the absence of other drugs and in the presence Identification of the Amino Acids Photolabeled by
of an agonist (Carb), a competitive antagonistBgTx), a [®H]JAPFBzcholine in ther Subunit To identify the sites of
desensitizing noncompetitive antagonist (proadifen), or a [*HJAPFBzcholine photoincorporation within thesubunit,
nondesensitizing noncompetitive antagonist (tetracaine), withnAChR-rich membranes (10 mg aliquots) equilibrated with
the labeling pattern characterized by fluorography (Figure [*H]JAPFBzcholine (40uM) and 100uM proadifen and in
5A) and by liquid scintillation counting of excised gel bands the absence or presence of 1 mM Carb were irradiated at
(Figure 5B). Carb (lane 3, Figure 5A) or-BgTx (lane 4) 254 nm for 6 min, and then polypeptides were separated by
inhibited photolabeling in the nAChR subunit by~80% SDS-PAGE on an 8% acrylamide gel. The bands containing
and in they and o subunits by~60%. In the presence of the nAChRy subunit were excised from the stained gels
proadifen (lane 5), the extent of labeling in threand ¢ and placed in the well of a second 15% acrylamide gel for
subunits was increased by75—100%, while tetracaine (lane in-gel digestion with V8 protease (see Experimental Proce-
6) caused a<10% change. The subunit labeling in the dures). After electrophoresis and electroelution (5 mm of gel/
presence of Carb and proadifen (lane 7) was similar to thatfraction), ~45% of recoveredH in samples labeled in the
seen in the presence of Carb alone. On the basis of theabsence of Carb was in fractions 21 and 22 corresponding
radiochemical specific activity ofsHJAPFBzcholine, the to a gel band of~14 kDa, while the amount ofH in
agonist-inhibitabléH incorporation indicated specific label-  corresponding fractions from samples labeled in the presence
ing of the a, y, andd subunits at 56% each, with any  of Carb was reduced by90% (Figure 6A). When gel eluate
specific labeling of thég subunit at<0.5%. On the basis of  fractions 21 and 22 were pooled and the material was further
the lack of proadifen-inhibitable subunit labeling in the purified by reversed-phase HPLC (Figure 6B(5% of the
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IARARARARERREAEREAR L pmol), yTyr-111 (3 cpm/pmol), angTyr-117 (3 cpm/pmol)

d A from the yVal-102 peptide. Sequence analysis of fraction
Lo ] 22 (without Carb, not shown) revealed the presence of the
05 E ] same three peptides, but at different relative amounts (2.8

: : ] pmol of yVal-102, 1.2 pmol ofyAla-49, and 1.2 pmol of
0 s 10 15 20 25 0 V8 protease Val-1). For that sample, there \iisrelease
Elution Fraction Number in cycles 8 (67 cpm), 10 (23 cpm), and 16 (18 cpm),
100 consistent with incorporation gtLeu-109 (8 cpm/pmol),
yTyr-111 (3 cpm/pmol), angtTyr-117 (4 cpm/pmol). There
was no’H release in cycle 7<3 cpm), which for the/Ala-

49 fragment is the cycle containingTrp-55, the core
aromatic of agonist binding site segment D that is photo-
o T labeled by $H]dTC and PH]nicotine (11, 12). On the basis
o 5 10 15 20 25 30 35 of the amount ofyAla-49 fragment, if there is labeling of
Fraction Number yTrp-55, it is at a level 0of<0.7 cpm/pmol.
¥102-VAYYANVLVYNDGSMYWLPPA 1 YRS Identification of the Amino Acids Photolabeled by
100 [3H]APFBzcholine in thed Subunit To determine whether
the amino acids photolabeled in thesubunit includedLeu-
111, which is homologous tgLeu-109, or nearby amino
acids, the isolated subunits were digested with Endo Asp-
N, which generates a fragment beginningaisp-99 (4).
9 When the digests were fractionated by reversed-phase HPLC
0 5 10 15 20 25 (Figure 7A), there was a complékl elution profile with a
major3H peak in fraction 22 (44% solvent B) and additional
o ) ) ] peaks or shoulders at fractions 18, 24, and 27 and the flow-
Ficure 6: ldentification of nAChRy subunit amino acids photo-

labeled with fHJAPFBzcholine. nAChR-rich membranes (10 mg th_rough (fractlpn 3). Sequence analysis (Figure 7B) of an
of protein in 5 mL of TPS with 1 mM oxidized glutathione and ~ &/iquot of fraction 22 (without Carb) revealed the presence
3.4uM ACh sites) were photolabeled witBHJAPFBzcholine (40 Of four peptides beginning @Asp-99 (o = 8 pmol),0Asp-
uM) in the presence of 0.1 mM proadifen and in the abse®e (76 (o = 15 pmol),dAsp-10 (o, = 4 pmol), anddAsp-171

or presence®@) of 1 mM Carb (10 mg of protein each), and the lgo = 4 pmol), with °H release in cycle 13 (111 cpm),

subunit bands were excised from a Coomassie-stained 8% gel an : e ; i
placed on additional slab gels for in-gel digestion with V8 protease onsistentH]APFBzcholine incorporation ail.eu-111 (7

(see Experimental Procedures). @) elution profile of material cpm/pmol), and additional reIea;e in cyclle 4 (48 cpm).
eluted directly from the mapping ge+0% of each fraction counted,; The HPLC fractions surrounding fraction 22 were also
fraction 1 is the top and 30 the bottom of the resolving gel). (B) sequenced to confirm that tifel release in cycle 13 was

%H elution profile when gel fractions 21 and 22 were further puri- gssociated with th8Asp-99 peptide and to determine which
fied by reversed-phase HPLC, with 10% of each fraction assayed P hep

for 3H (@, without Carb, 13400 cpm injected, 11200 cpm fragment wass the source 8H release in cycle 4 (Figure
recoveredD, with Carb, 1060 cpm injected, 1100 cpm recovered). /C—H). The®H releases in cycles 13 and 4 were largest for
Also plotted are the absorption at 214 nm-)Y and the percent  fraction 22, and their magnitudes correlated well with the
solvent B - — —). (C) °H (® andO) and mass releasgl(@nd<) number picomoles in each fraction of the fragments begin-
when HPLC fraction 21 was sequenced for 25 cyc@®swithout ning at eitherdAsp-99 or dAsp-76, but not with those

Carb, 3340 cpm loaded, 335 cpm remaining on the filtarwith . . . )
Carb, 90 cpm loaded, 10 cpm remaining). The primary sequence ?€9iNNiNg aivAsp-10 oroAsp-171 (which contains amino

began atyVal-102 (0, without Carb,lo = 10.4+ 0.6 pmol,R = acids of agonist binding site segment F). Siadgr-103,
93%; ©, with Carb,lo = 3.6+ 0.2 pmol,R = 92%) and secondary  which would be labeled if théH release in cycle 4 originated
sequences atAla-49 (without Carblo = 0.6 pmol) and V8 protease  from the )Asp-99 fragment, is known to be in the vestibule

Val-1 (Ip = 3 pmol). The®H releases in cycles 8 (300 cpm), 10 : T
(80 cpm), and 16 (44 cpm) of the sample without Carb are consistentOf the channel and not near the agonist binding @), (

with the labeling ofyLeu-109 (11 cpm/pmol)y Tyr-111 (3 cpm/  the °H release in cycle 4 may result from labeling dife-

pmol), andy Tyr-117 (3 cpm/pmol). The extent 8H release of 80 79 of thedAsp-76 fragment, which is positioned grstrand

cpm was calculated for cycle 10 with an assumption of exponential 3 and adjacent téLeu-111 (see Figure 8). However, further

decay of the release from cycle 8 to determine the background atgtdies are necessary to confirm this.

fg\%zlle%' fg%ﬁg&zaga;yrﬁ'ii gfa':izlglc fractionslq (in panel B) Sequence analysis of HPLC fractions 27 and 28 revealed
the presence of multiple peptides, includidgsp-99 (1.5

3H was recovered in a hydrophobic peak (fractions 21 and pmol), with®H release in cycle 13 (35 cpm) consistent with

22, ~45% solvent B), and~30% in a hydrophilic peak labeling oféLeu-111 at a level of 11 cpm/pmol. There was

(fractions 9-11, which upon sequence analysis contained no®H release above background when HPLC fraction 3 was

(®,0) cpm %107
() %B

S = N W A

Cycle of Edman Degradation

no releasedH or PTH-amino acids). sequenced, which contained multiple small peptides fewer
Sequence analysis of fraction 21 (Figure 6C) revealed athan eight amino acids in length.

primary sequence beginning gval-102 (o, = 10 pmol), a [*H]APFBzcholine Photoincorporation in the Subunit

secondary sequence beginningyaia-49 (o, = 0.6 pmol), To determine the regions of the subunit containing the

and a fragment beginning at V8 protease Valdl =€ 3.3 agonist-inhibitable photolabeling, the labetegdubunits were
pmol). For the sample without Carb there whirelease in digested in gel with V8 protease which generates four
cycles 8 (300 cpm), 10 (80 cpm), and 16 (44 cpm), consistentnonoverlapping subunit fragments, including a 20 kDa
with [®H]JAPFBzcholine incorporation atLeu-109 (11 cpm/  fragment ((V8—20) that begins attSer-173 and contains
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7 100 sequenced (without Carb, 1300 cpm; with Carb, 400 cpm),

multiple peptides front'V8—20 were identified, including

the one beginning atHis-186 (o, = 2 pmol), and there was

%H release in cycle 13 (34 cpm), which would correspond

to labeling ofaTyr-198 at 20 cpm/pmol, as well as lower-

0 level release in cycles 5 (12 cpm), 7 (7 cpm), and 8 (8 cpm),
corresponding toaTyr-190, aCys-192, andoCys-193,
respectively.

75
50
25

(®) cpm X 10°
() %B

5 10 15 20 25 30 35
Fraction Number
899-DGQYHVAYFCNVLVRPNGYVTWLPP 100
AL AN AL R A B L BN R BELANLEN B B

DISCUSSION

In this report, we introduce APFBzcholine as a photo-
reactive nAChR partial agonist and identify the agonist
binding site amino acids it photolabels in tHerpedo

: : X nAChR when bound at equilibrium. The photoreactive azide
0 5 10 15 20 25 in APFBzcholine is incorporated at the same para position
Cycle of Edman Degradation of the benzene ring as the photoreactive groups in the
previously characterized Bzholine (L4) and TDBzcholine
(15), compounds we previously classified as nAChR com-
petitive antagonists since they elicited no detectable current
responses fronTorpedo NAChRs expressed itXenopus
oocytes. For nAChRs expressed in oocytes and assayed by
a two-electrode voltage clamp, APFBzcholine is a low-
E efficacy agonist, producing for embryonic mouse and
21 22 23 24 20 22 23 24 21 22 23 24 TorpedonAChRs maximal responses that were 0.3 and 0.1%
of that of ACh, respectively. We found that #holine and

_ TDBzcholine are also low-efficacy partial agonists for mouse

Ficure 7: [*H]JAPFBzcholine photolabelgLeu-111. Labeled)

subunits isolated from the photolabeling described in the legend nr;ﬁ\ChRs EX][.:JOI'/eSSfSEhd n c:cozytis,groducmg rrPaX|ma|I rgspﬁnses
of Figure 5 of NAChR-rich membranes in the abser@gwithout that are 0.1% of that of ACh (data not shown). It is thus
Carb) or presenced, with Carb) of agonist were digested with likely that they also activat&orpedonAChRs, but at such

Endo Asp-N. (A) The digests were fractionated by reversed-phaselow efficacy that responses are not detected under our
HPLC (without Carb, 87 800 cpm injected, 78 400 cpm recovered; standard assay conditions.

with Carb, 34 000 cpm injected, 25 460 cpm recovered) with 10% 3 . . . .

of each fraction assayed f8H and the absorption monitored at [*H]JAPFBzcholine bound with high affinityeq = 4 M)

214 nm ¢-+). (B) 3H (® andO) and mass releasgl(@and<) when to the agonist binding sites in theorpedonAChR in the

an aliquot of fraction 22 was sequenced for 25 cycswithout desensitized state and, based upon the inhibitioPH]PICP
Carb, 4040 cpm loaded, 30 cpm collected in the prewash, 275 cpm binding (IGso = 850 M), with 100-fold lower affinity to

remaining on the filterO, with Carb, 515 cpm loaded, 135 cpm . . . .

remaining).0 subunit fragments were identified beginningasp- the nAChR ‘ion channel domain. Since azidoperfluoro-

99 @, without Carblo = 8 & 1 pmol,R = 93%; <, with Carb, o benzoate esters have an absorption maximum2a0 nm

= 16+ 1 pmol,R = 94%),0Asp-76 (without Carblo = 15 pmol, with no additional peak at longer wavelengths, we compared
R = 91%), 0Asp-10 (without Carblo = 4 pmol,R = 90%), and  patterns of NAChR photolabeling after illumination at short

0Asp-171 ¢4 pmol). Release 6H was detected in cycle 13 (110 ot ;
cpm), consistent with incorporation ateu-111 (6.5 cpm/pmol), and long UV wavelengths. Irradiation at 365 nm resulted in

and also in cycle 4 (48 cpm). Sequence analysis of the HPLC flow- @gonist-inhibitable labeling only in the and 6 subunits,
through (fraction 3 in panel A) revealed numerous small peptides While 254 nm irradiation resulted in agonist-inhibitable

with no °H release in 20 cycles. (€H) Comparison of theH labeling at equal efficiency in the, y, andd subunits. For
release in cycles 4 (C) and 13 (D) with the amount®Asp-99 irradiation at 365 nm~2—3% of y and 0 subunits were

(E), 0Asp-76 (F),0Asp-10 (G), andAsp-171 (H) peptides present e T Qo
in HPLC fractions 21+24. Both the counts per minute released specifically photolabeled, which is close to thes—8%

and the picomoles of each peptide are the amounts calculated forl@beling of those subunits seen foiH[Bz.choline under
the entire HPLC fraction. Fraction 21 also contained peptides similar labeling conditions (i.e., binding site ocupancy, lamp,

beginning atyGlu-380 (190 pmol) andAsp-354 (96 pmol). and irradiation time) 14). For irradiation at 254 nm, the
5—6% level of specific labeling of the, y, andd subunits
the amino acids in agonist binding site segment C and the by [’HJAPFBzcholine is more than 10-fold higher than the
M1-M3 membrane-spanning segments and an 18 kDalevel of PH]nicotine photolabeling oé. (0.5%) ory (0.1%)
fragment ((V8—18) that begins atThr-52 and contains  Subunits under similar labeling conditior&ly. The fact that
binding site segments A and B%). We found that~90% o subunit labeling was seen only with 254 nm irradiation
of the Carb-inhibitable3H]JAPFBzcholine incorporation was ~ Suggests that the photoreactive intermediates responsible for
in the aV8—20 fragment and that10% was inaV8—18 photolabeling may differ for 254 and 365 nm irradiation.
(data not ShOWn). To determine whether there was incorpora_POSSible eXplanationS will be discussed later after consid-
tion of 3H in amino acids within binding site segment C, €ration of the binding site amino acids photolabeled at 254
aV8—20 was isolated from nAChRs labeled on a preparative "M in terms of a homology model of the nAChR agonist
scale by direct electroelution from the V8 mapping gel and binding site.
then digested with Endo Lys-C, which cleaves afieys- Proposed Orientation of APFBzcholine from Photolabeling
179 andolLys-185 (L5). When aliquots of the digests were and Molecular Modelinglrradiation at 254 nm resulted in

(d0,¢) pmol

(®) cpm X 107

EC Cycle § E 0Asp ] FF SAsp ]
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Ficure 8: Stereoview of APFBzcholine docked within a homology model efftarpedonAChR agonist site. A homology model of the
TorpedonAChR extracellular region was constructed from the snail AChBP strucfile §nd APFBzcholine was docked within the
agonist binding site located at the-y subunit interface as described in Experimental Procedures. APFBzcholine is shown as a ball-and-
stick structure with atom types colored as follows: black for carbon, blue for nitrogen, red for oxygen, and teal for fluorine. Residues near
the docked APFBzcholine in the nAChR model are shown in stick representation with their colors corresponding to the different agonist
site segments (ribbons): segment A in gold, segment B in red, segment C in blue, segment D in green, and segment E ii stesgehta.
numbering follows that of the AChBP structure. The side chains of amino acids photolabeled by APFBzcholine are colored cyan, and the
sulfur atoms of thenCys-192-0Cys-193 disulfide are colored yellow. The asterisk identifies the nitrogen that forms a nitrene upon
photoactivation.

specific labeling ofyLeu-1095Leu-111 at~10 cpm/pmol, priate mutational analyses. The photolabeling results, in
which indicates labeling of those amino acids a#% conjunction with the decreasing agonist efficacy (Bzcholine
efficiency. In additionyTyr-111 andyTyr-117 were labeled > APFBzcholine> Bz, choline) seen for para substituents
at ~1% efficiency. No labeling was detected #Trp-55, of increasing size, suggest that it is the enhanced interaction
the amino acid in ther subunit labeled most efficiently by  with they or 6 subunit that reduces efficacy.

[®H]nicotine (12) or [*H]dTC (11). Within the o subunit, In the structures of the transmitter binding sites in AChBP

>90% of specific labeling was restricted to a 20 kDa (5) and in theTorpedonAChR in the absence of agonist
fragment containing the amino acids of binding site segment (closed state)30), the amino acids of binding site segments
C (a190-198), within whichaTyr-198 was labeled most D and E from they and¢é subunits lie on the surface ofta
efficiently (~20 cpm/pmol), withoTyr-190,0.Cys-192, and sheet that exists as a rigid surface of similar structure. The
aCys-193 labeled less efficiently. When APFBzcholine is transmitter binding site in th€orpedonAChR in the closed
docked in the agonist binding site at the interfacexaind state differs from that of the AChBP and our nAChR
y subunits in a NAChR homology mode2q) based upon  homology model primarily because of a repositioningsof
the structure of the AChBR26), the quaternary ammonium  strands 9 and 10 that results in a disruption of the structure
occupies the core aromatic binding pocket made up of the of the core aromatic box formed by nACRERyr-93, oTrp-
side chains fronuTyr-93, o Trp-149,0Tyr-190, aTyr-198, 149, aTyr-190, aTyr-198, andyTrp-556Trp-57. For the
and yTrp-55, and the substituted benzoic acid is oriented benzoylcholine esters, energetic interactions of the aromatic
toward amino acids in segment B andf6) and segment  with amino acids in ther ando subunits will be similar in
D (52) (Figure 8). In the model, the azide is oriented toward the closed and open states, and interactions of the quaternary
yTyr-117, with the reactive nitroge4 A from yTyr-117, 6 ammonium with the “core” aromatic side chains in the open
A from yLeu-109, ad 8 A from yTyr-111. The closest state will make up a smaller contribution to the total
amino acid side chain in the subunit isaPro-194 at a energetics of binding than for high-efficacy agonists such
distance of 5 A, whilexTyr-198 is at a distance of 8 A. The  as tetramethylammonium and ACB2j. Presumably, ben-
labeling ofyLeu-109,yTyr-111, oryTyr-117 indicates that ~ zoylcholine and its photoreactive derivatives are only low-
the general orientation of APFBzcholine in the binding site efficacy agonists because state-independent interactions with
is similar to that of Bzcholine or TDBzcholine. For this  they andd subunits determine the position of the quaternary
orientation, the efficient photolabeling ofTyr-198 is not ammonium in the binding site, preventing its optimal
expected for a nitrene-based reaction mechanism, and thenteractions with the aromatic amino acid side chains that
labeling may be evidence that APFBzcholine can also bind form the agonist binding pocket in the open state.
to the nAChR in an alternative orientation, with the aryl azide ~ Mechanism of Photoincorporation of Perfluoroaryl Azide
oriented more toward the core aromatic binding pocket.  into Proteins APFBzcholine photolabeling of an aliphatic
Implications for NAChR Actation. For APFBzcholine, side chain can occur only if singlet nitrene reactivity
Bz,choline, and TDBzcholine, photoactivation generates dominates, rather than a triplet nitrene (for which insertion
reactive intermediates at the para position of the benzeneis unfavorable) or a ring-expanded didehydroazepine (which
ring 10 A from the quaternary ammonium. The efficient would favor reaction with nucleophilic side chain§3J.
photolabeling ofyLeu-1096Leu-111 by each ligand estab- While singlet nitrene reactivity is predicted from model
lishes the proximity of the para substituents with residues system studiesl@, 19), to our knowledge there have been
in the v (or ¢) subunit, and benzoylcholine will likely be  no reports of specific amino acids photolabeled by any
bound in a similar orientation. The photolabeling results perfluoroaryl azide photoafinity probe. The efficient labeling
predict that interactions with amino acids in theor ¢ of yLeu-109bLeu-111 by fH]JAPFBzcholine establishes that
subunit make important contributions to the energetics of the perfluoroaryl azide can generate a photoreactive inter-
ligand binding, a prediction that can be tested by appro- mediate, presumably the singlet nitrene, that inserts ef-
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ficiently into aliphatic side chains. On the basis of the
labeling seen at the level of the intact subunits, agonist-
inhibitable labeling in thex subunit was seen only for 254
nm irradiation, while specific labeling of theandd subunits
was seen at 365 and 254 nm. Since within theubunit
oTyr-198 was labeled most efficiently, further studies are
required to determine whether the labeling/@¥r-1114 Tyr-

117 seen at 254 nm would also be seen at 365 nm. Irradiation
at 254 nm can also produce photoreactive tyrosyl intermedi-
ates and cysteinyl radical, which might contribute to some
of the observed labeling.

The results presented here establish that perfluoroaryl
azides can be efficiently photoincorporated into aliphatic as
well as nucleophilic side chains. APFBzcholine is itself a
NAChR partial agonist characterized by very low efficacy,
but in the future, it will be important to determine whether
other quaternary ammonium perfluoroaryl azides function
as photoreactive, high-efficacy nAChR agonists.
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