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Ayman K. Hamouda,1 Tilia Kimm,1,2 and Jonathan B. Cohen1

1Department of Neurobiology and 2PhD Program in Neuroscience, Harvard Medical School, Boston, Massachusetts 02115

Galanthamine and physostigmine are clinically used cholinomimetics that both inhibit acetylcholinesterase and also interact directly
with and potentiate nAChRs. As with most nAChR-positive allosteric modulators, the location and number of their binding site(s) within
nAChRs are unknown. In this study, we use the intrinsic photoreactivities of [ 3H]physostigmine and [ 3H]galanthamine upon irradiation
at 312 nm to directly identify amino acids contributing to their binding sites in the Torpedo californica nAChR. Protein sequencing of
fragments isolated from proteolytic digests of [ 3H]physostigmine- or [ 3H]galanthamine-photolabeled nAChR establish that, in the
presence of agonist (carbamylcholine), both drugs photolabeled amino acids on the complementary (non-�) surface of the transmitter
binding sites (�Tyr-111/�Tyr-117/�Tyr172). They also photolabeled �Tyr-212 at the �-� subunit interface and �Tyr-105 in the vestibule
of the ion channel, with photolabeling of both residues enhanced in the presence of agonist. Furthermore, [ 3H]physostigmine photola-
beling of �Tyr-111, �Tyr-117, �Tyr-212, and �Tyr-105 was inhibited in the presence of nonradioactive galanthamine. The locations of the
photolabeled amino acids in the nAChR structure and the results of computational docking studies provide evidence that, in the presence
of agonist, physostigmine and galanthamine bind to at least three distinct sites in the nAChR extracellular domain: at the �-� interface (1)
in the entry to the transmitter binding site and (2) in the vestibule of the ion channel near the level of the transmitter binding site, and at
the �-� interface (3) in a location equivalent to the benzodiazepine binding site in GABAA receptors.

Introduction
The development of drugs that enhance brain nAChR function
represents an important approach for the treatment of many
cognitive and neurodegenerative disorders (Faghih et al., 2008;
Taly et al., 2009; Williams et al., 2011). The ability of physostig-
mine and galanthamine to improve cognitive functions in a sub-
set of Alzheimer’s patients (van Dyck et al., 2000; Cummings,
2004) was originally attributed to their inhibition of acetylcho-
linesterase, but it is now recognized that direct interactions with
brain nAChRs may also contribute to their efficacy (Maelicke and
Albuquerque, 2000; Wilkinson et al., 2004; Geerts et al., 2005).
Physostigmine and galanthamine potentiate agonist-induced re-
sponses and, in the absence of agonist, directly activate nAChRs
by binding to site(s) apparently distinct from the transmitter
binding sites (Pereira et al., 1993, 1994; Samochocki et al., 2003;
Akk and Steinbach, 2005; Militante et al., 2008). Since the intro-
duction of physostigmine, other structurally unrelated drugs
have been identified as nAChR-positive allosteric modulators,

which suggests the presence of more than one class of nAChR
positive allosteric modulator binding sites (Bertrand and Go-
palakrishnan, 2007; Arias, 2010; Williams et al., 2011). Muta-
tional analyses provided evidence for binding sites in the �7
nAChR transmembrane domain for PNU-120596 (Young et al.,
2008; daCosta et al., 2011) and in the extracellular domain for
galanthamine at the “canonical” subunit interfaces (those con-
taining the transmitter binding sites) (Ludwig et al., 2010),
whereas mutations in the �3�2 nAChR predicted a binding site
for morantel at “noncanonical” subunit interfaces (Seo et al.,
2009).

In this report, we use the intrinsic photoreactivities of phys-
ostigmine and galanthamine and protein microsequencing to
identify their binding site(s) in the muscle-type Torpedo nAChR.
Photoaffinity labeling has been used to identify amino acids in
the Torpedo nAChR transmitter binding sites (Mourot et al.,
2006) and in binding sites for positive and negative allosteric
modulators (Nirthanan et al., 2008; Hamouda et al., 2011). Un-
like mutational analyses, photoaffinity labeling allows direct
identification of residues in a drug binding site (Vodovozova,
2007) and therefore distinguishes amino acids that contribute to
a positive allosteric modulator binding site from those involved
in allosteric modulation of gating.

The Torpedo nAChR is comprised of five homologous sub-
units (�2���) assembled around a central axis that is perpendic-
ular to the membrane bilayer. The transmembrane domain
consists of each subunit’s 4 transmembrane helices (M1-M4),
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with the five M2s lining the ion channel (Unwin, 2005). The
extracellular domain of each subunit consists of a 10-strand
�-sandwich with transmitter binding sites at the �-� and �-�
subunit interfaces. The � subunit provides the core aromatic
residues (�Tyr-93/�Trp-149/�Tyr-190/�Tyr-198) of the bind-
ing site principal surface, whereas amino acids from the � or �
subunit on a � sheet form a rigid, complementary surface at the
entry to the aromatic binding pocket. The locations of the amino
acids photolabeled by [ 3H]physostigmine and [ 3H]galantham-
ine and the pharmacological specificity of photolabeling establish
that physostigmine and galanthamine can bind at the �-� and
�-� interfaces in the absence and presence of agonist, at the non-
canonical �-� subunit interface, and to a site in the vestibule of
the ion channel.

Materials and Methods
Materials. nAChR-rich membranes were isolated from the electric organs
of Torpedo californica (5 of either sex; Aquatic Research Consultants) as
described previously (Middleton and Cohen, 1991). [ 3H]Physostigmine
(15.6 Ci/mmol) and [ 3H]galanthamine (10.2 Ci/mmol) were from Vit-
rax. [ 3H]Phencyclidine ([ 3H]PCP; 27 Ci/mmol) was from PerkinElmer
Life Sciences, and [ 3H]tetracaine (30 Ci/mmol) was from Sibtech.

Radioligand binding assays. The effects of physostigmine and galan-
thamine on the equilibrium binding of the Torpedo nAChR ion channel
blockers [ 3H]PCP and [ 3H]tetracaine and the agonist [ 3H]ACh were
determined as described previously (Nirthanan et al., 2008). Physostig-
mine and galanthamine stock solutions and Torpedo nAChR-rich mem-
branes were prepared in Torpedo physiological saline (250 mM NaCl, 5
mM KCl, 3 mM CaCl2, 2 mM MgCl2, and 5 mM sodium phosphate, pH 7.0)
containing 0.5 mM diisopropylphosphofluoridate to inhibit acetylcholin-
esterase. [ 3H]Tetracaine and [ 3H]PCP binding assays were performed at
8 nM radioligand and 0.8 �M ACh binding sites in the presence of the
competitive antagonist �-bungarotoxin (�-BgTx, 5 �M) or the agonist
carbamylcholine (Carb, 1 mM) to stabilize the Torpedo nAChR in the
resting or desensitized state, respectively. [ 3H]ACh binding was per-
formed at 15 nM using 40 nM ACh binding sites. Under these conditions,
[ 3H]ACh occupies �20% of the transmitter binding sites, which allows
the detection of either enhancement or inhibition of [ 3H]ACh binding.
Bound and free 3H were separated by centrifugation (18,000 � g for 1 h)
and then quantified by liquid scintillation counting. The nonspecific
binding of [ 3H]ACh, [ 3H]tetracaine, or [ 3H]PCP to Torpedo nAChR-
rich membranes was determined in the presence of Carb (1 mM), tetra-
caine (0.1 mM), or proadifen (0.1 mM), respectively.

The concentration-dependent inhibition of radioligand binding was
fit using a single site model:

f� x� � � f0/�1 � � x/IC50��� � fns.

where f(x) is the radioligand binding in the presence of competitor at
concentration x, fo is the specific binding in the absence of competitor, fns

is the nonspecific binding, and IC50 is the concentration of competitor
that inhibits the specific binding by 50%.

[3H]Physostigmine and [3H]galanthamine photolabeling of Torpedo
nAChR. For all experiments, nAChR-rich membranes were resuspended
at 2 mg protein/ml (�1.6 �M ACh binding sites) in Torpedo physiological
saline supplemented with �0.3 mM diisopropylphosphofluoridate and 1
mM oxidized glutathione, an aqueous scavenger. Aliquots of 125 �g and
5 mg protein per condition were used for experiments on analytical and
preparative scales, respectively. Samples were incubated for 30 min with
1 �M [ 3H]physostigmine or 3 �M [ 3H]galanthamine, in the absence or
presence of other drugs, and then irradiated, and the polypeptides were
resolved on 8% polyacrylamide/0.33% bis-acrylamide gels as described
previously (Blanton and Cohen, 1994; Nirthanan et al., 2005).

To identify optimal photolabeling conditions, 3H photoincorporation
into nAChR subunits was determined by irradiating nAChR-rich mem-
branes equilibrated with [ 3H]physostigmine or [ 3H]galanthamine for
times varying from 5 to 30 min at different wavelengths using Spectronics

model EF-16 (254 nm), EB-280C (312 nm), or EN-16 (365 nm) lamps.
Photolysis at 312 nm for 5 min resulted in maximal [ 3H]physostigmine
incorporation with minimum protein damage (as judged by aggrega-
tion); for [ 3H]galanthamine, photolysis at 312 for 10 min was optimal.
Photodecomposition of physostigmine at 312 nm produces rubreserine,
a chemically reactive o-quinone that can cross-link proteins (Savory and
Turnbull, 1985), whereas phototolysis of galanthamine does not produce
similar reactive intermediates (Marques et al., 2011). Consistent with the
formation of rubreserine, we found in control experiments with nonra-
dioactive physostigmine in Torpedo physiological saline that irradiation
at 312 nm resulted in the formation of a red reaction product with an
absorption peak at 500 nm (t1/2 �5 min). We also found by SDS-PAGE
analysis that irradiation of nAChR-rich membranes with 1 �M

[ 3H]physostigmine in the presence of nonradioactive physostigmine at
concentrations �0.1 mM, but not in the presence of galanthamine up to
1 mM, resulted in a selective aggregation of rapsyn and a nonspecific
reduction in [ 3H]physostigmine photolabeling in nAChR subunits and
in non-nAChR polypeptides.

Photolabelings on an analytical scale were carried out in duplicate,
with samples resolved in parallel on two acrylamide gels. After stain-
ing with Coomassie Blue R-250, the polypeptide bands were excised
from one gel for 3H quantification by liquid scintillation counting
(Middleton and Cohen, 1991), whereas the second gel was prepared
for fluorography (Amplify, GE Healthcare) and exposed to Kodak
BIOMAX XAR film for 2– 4 weeks at �80°C before excising polypep-
tide bands for 3H quantification.

For preparative scale photolabelings, the � and � subunits were excised
from the stained gel and recovered by passive elution, concentrated to a
final volume of 300 �l by centrifugal filtration (Vivaspin 15 Mr 5000
concentrators, Sartorius Biotech), and then acetone-precipitated (75%
acetone at �20°C overnight) and resuspended in digestion buffer (15 mM

Tris, 0.5 mM EDTA, 0.1% SDS, pH 8.1). The bands containing the
nAChR � and � subunits were excised from the stained gel, soaked in
overlay buffer (5% sucrose, 125 mM Tris-HCl, 0.1% SDS, pH 6.8) for 30
min, and then transferred to the wells of a 15% acrylamide mapping gel
and subjected to in-gel digestion (Blanton and Cohen, 1994) with 100 �g
of Staphylococcus aureus endoproteinase Glu-C (V8 protease, MP Bio-
chemical). The � and � subunit mapping gels were stained with GelCode
Blue (Pierce), and the subunit fragments (�V8 –20, �V8 –18, �V8 –10,
�V8 –14K) (Blanton and Cohen, 1994) were recovered from the gel
bands and resuspended in digestion buffer.

Enzymatic fragmentation. Digestions with Lysobacter enzymogenes en-
doproteinase Lys-C (EndoLys-C) were performed with 1 unit of
EndoLys-C (Roche) for 2 weeks or with 1.25 �g of EndoLys-C (6.3 unit/
mg, Princeton Separations) for 2 d. For digestion with TPCK-treated
trypsin (Worthington Biomedical), samples in digestion buffer were di-
luted with 0.5% Genapol in 50 mM NH4HCO3 buffer, pH 8.1, to reduce
the SDS concentration to 	0.02%; then an equal mass of trypsin was
added in CaCl2 solution (final concentration 0.4 mM) and incubated for
12– 48 h. nAChR subunits were digested with 200 �g V8 protease for
48 h. All enzymatic digestions were performed at room temperature.
EndoLys-C digests of � and � subunits were resolved on small pore
(16.5%T, 6%C) Tricine SDS-PAGE gels (Schagger and von Jagow, 1987),
and subunit fragments eluted from selected gel bands were purified by
reversed-phase high performance liquid chromatography (rpHPLC). All
other digests were fractionated directly by rpHPLC.

rpHPLC purification and sequence analysis. rpHPLC was performed on
an HP 1100 binary system using a Brownlee Aquapore BU-300 column.
Samples were eluted at 0.2 ml/min using increasing concentrations of
0.05% TFA in acetonitrile or 0.05% TFA in 60% acetonitrile/40%
2-propanol. The elution of peptides and 3H was monitored by the absor-
bance at 210 nm and by liquid scintillation counting of a 10% aliquot of
each 0.5 ml fraction.

For sequencing on an Applied Biosystems PROCISE 492 protein Se-
quencer, subunit fragments in digestion buffer and selected rpHPLC
fractions were drop-loaded onto Micro TFA filters at 45°C or diluted
with 0.1% TFA and loaded onto PVDF filters using Prosorb Sample
Preparation Cartridges as described previously (Hamouda et al., 2011).
Filters were treated with Biobrene after sample loading. For some sam-
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ples, sequencing was interrupted at a specific cycle and the filter was
treated with o-phthaladehyde (OPA) before resuming sequencing
(Middleton and Cohen, 1991). OPA reacts efficiently with primary
amines but not with secondary amines (proline), and treatment with
OPA prevents further sequencing of fragments not containing a proline
at that cycle (Brauer et al., 1984). Selected samples were treated with
cyanogen bromide to cleave subunit fragments at the C termini of me-
thionines. The samples on sequencing filters were treated in complete
darkness with 30 �l of 1 M cyanogen bromide in 70% formic acid in water
and then wrapped with a layer of Parafilm to prevent evaporation and a
layer of aluminum foil to avoid light. After 24 h incubation at room
temperature, filters were dried in a Speedvac evaporator and then se-
quenced. For each cycle of Edman degradation, one-sixth was used for
amino acid identification/quantification and five-sixths for 3H counting.
The mass of amino acid detected was quantified from its peak height then
fit using SigmaPlot 11 to the equation f(x) 
 I0Rx, where I0 is the initial
amount of the peptide sequenced (in pmol), R is the repetitive yield, and
f(x) is the pmol detected in cycle x. To simplify figures containing se-
quencing data, the masses and fit (dotted line) of detected PTH-amino
acids are shown for one condition only. The efficiency of amino acid
photolabeling in counts per minute per picomole (cpm/pmol) was cal-
culated by (cpmx � cpm(x � 1))/5IoR x.

Molecular modeling and computational analysis. A model of the extra-
cellular domain of the Torpedo nAChR was constructed from the x-ray
structure of the Carb-bound form of the Lymnaea ACh binding protein
(Celie et al., 2004) (PDB 1UV6) using the Discovery Studio (Accelrys)
software package. Physostigmine was docked in the nAChR extracellular
domain at the �-�, �-�, and �-� subunit interfaces in the absence of Carb
and also at the �-� interface in the presence of Carb using CDOCKER
(Wu et al., 2003), a CHARMm-based (Brooks et al., 2009) molecular
dynamics simulated-annealing program. For each docking experiment,
30 randomly oriented replicas of physostigmine were seeded at the center
of a sphere of radius 25 Å containing all the amino acids at a subunit
interface. At the �-� interface, the sphere was centered at �Tyr-111 for
docking at the entrance to the transmitter binding site and at �Tyr-105
for docking in the vestibule of the ion channel. For each starting seed,
CDOCKER was used to generate 10 ligand conformations using high
temperature molecular dynamics. The 10 lowest energy orientations
were then identified using random rigid-body rotations followed by sim-
ulated annealing and a full potential final minimization step. Docking
results are shown as Connolly surface representations of the ensemble of
the 30 lowest energy docking solutions, with physostigmine shown in
stick format in each binding site in the orientation with lowest
CDOCKER interaction energy.

Results
In initial experiments, we characterized physostigmine or galan-
thamine (Fig. 1A) binding to the nAChR by measuring their effects
on the equilibrium binding of [3H]ACh or of the channel blockers
[3H]tetracaine (in the presence of the competitive antagonist
�-BgTx, which stabilizes the resting state), or [3H]PCP (in the pres-
ence of the agonist Carb, which stabilizes the desensitized state).
Consistent with only low-affinity binding to the agonist sites or
within the ion channel (Sherby et al., 1985; Okonjo et al., 1991),
physostigmine inhibited [3H]ACh, [3H]PCP, or [3H]tetracaine
binding with IC50s of �10, 1, and 5 mM, respectively (Fig. 1B). Gal-
anthamine inhibited [3H]ACh binding with an IC50 of 3 mM,
whereas at 3 mM it inhibited [3H]PCP and [3H]tetracaine binding
by 20 and 10%, respectively (Fig. 1C).

Photolabeling the nAChR with [ 3H]physostigmine
When adult muscle nAChR is exposed to low micromolar con-
centrations of physostigmine or galanthamine, single-channel re-
sponses are observed that appear independent of direct binding
to the classic transmitter sites (Akk et al., 2005; Militante et al.,
2008). Similar �-BgTx-insensitive single-channel responses are
seen for Torpedo nAChR exposed to 1 �M physostigmine (Mael-

icke et al., 1997), whereas galanthamine at 1 �M enhances ACh
responses at submaximal doses (Texidó et al., 2005). Because
physostigmine and galanthamine at higher concentrations in-
hibit nAChR responses, we photolabeled Torpedo nAChR with
[ 3H]physostigmine or [ 3H]galanthamine at �1 �M to favor
identification of binding sites relevant for positive allosteric
modulation.

When Torpedo nAChR-rich membranes were photolabeled
with 1 �M [ 3H]physostigmine and the polypeptides were re-
solved by SDS-PAGE (Fig. 2), [ 3H]physostigmine was photoin-
corporated in the absence of agonist into each nAChR subunit
and into rapsyn, a peripheral protein associating with the cyto-
plasmic aspect of the nAChR. Inclusion of 1 mM nonradioactive
physostigmine, but not Carb or galanthamine, resulted in the
selective aggregation of rapsyn and an apparent nonselective re-
duction of 3H incorporation in all polypeptides, probably as a
result of the formation of rubreserine (see [ 3H]physostgimine
photolabeling, Materials and Methods). Based upon counting of

Figure 1. Physostigmine and galanthamine inhibition of the equilibrium binding of
[ 3H]ACh, [ 3H]tetracaine, and [ 3H]PCP to the Torpedo nAChR. A, The chemical structures of
physostigmine and galanthamine. B, C, The equilibrium binding of [ 3H]ACh (F), [ 3H]tetra-
caine (��-BgTx, ‚), or [ 3H]PCP (�Carb, Œ) was determined using centrifugation assays in
the absence or presence of increasing concentrations of physostigmine (B) or galanthamine (C).
For each competition experiment, the data were normalized to the specific binding in the
absence of competitor. Total binding for [ 3H]ACh was 1313 � 5 cpm, with 88 � 10 cpm
nonspecific (� 1 mM Carb); for [ 3H]tetracaine, 24,400 � 120 cpm, with 5583 � 16 cpm
nonspecific (� 100 �M tetracaine); for [ 3H]PCP, 6854 � 52 cpm, with 437 � 6 cpm nonspe-
cific (� 100 �M Proadifen). Physostigmine inhibited [ 3H]tetracaine and [ 3H]PCP binding with
IC50s of 5 � 1 mM and 0.9 � 0.1 mM, respectively. Galanthamine inhibited [ 3H]ACh binding
with IC50 
 2.8 � 0.1 mM.
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excised gel slices (Fig. 2B), Carb or
�-BgTx reduced photoincorporation into
the nAChR � subunit by 40% and into the
� subunit by 10% and 20%, respectively,
whereas photoincorporation was altered
by 	5% in the nAChR � subunit or in the
Na�/K�-ATPase � subunit (from con-
taminating membrane fragments). Carb
increased and �-BgTx decreased photola-
beling of the nAChR � subunit by �10%. In
the presence of Carb or �-BgTx, nonradio-
active physostigmine at 100 �M decreased
[3H]physostigmine photolabeling in the
nAChR subunits by 25–40% but by 	5%
the Na�/K�-ATPase � subunit (Fig. 2B).
Because of the nonspecific effects of
physostigmine at 1 mM, we did not fur-
ther characterize it as an inhibitor of
[3H]physostigmine photolabeling. In the
presence of Carb, galanthamine at 1 mM re-
duced [3H]physostigmine photoincorpora-
tion into the nAChR subunits to the same
extent as 100 �M physostigmine (data not
shown).

[ 3H]Physostigmine photolabels core
aromatic amino acids of the transmitter
binding site
The Carb and �-BgTx inhibitable photo-
labeling of the nAChR � subunit indicates
that [ 3H]physostigmine probably binds
in the transmitter binding site and photo-
labels one or more of the core aromatic
amino acid side chains (�Tyr-93, �Trp-
149, �Tyr-190, and �Tyr-198) of the �
subunit that coordinate the trimethyl am-
monium group of ACh. To examine that,
[ 3H]physostigmine-photolabeled � sub-
unit was digested in gel with V8 protease,
which produces � subunit fragments with
apparent molecular masses of �20 kDa
(�V8 –20), �18 kDa (�V8 –18), and �10
kDa (�V8 –10) (Blanton and Cohen,
1994). Within the primary structure of the
� subunit, the �V8 –18 fragment begins at
�Thr-52 and contains the agonist binding
site (ABS) segments A (�Tyr-93) and B
(�Trp-149); the �V8 –20 fragment begins at �Ser-173 and con-
tains the ABS segment C (�Tyr-190, �Tyr-198) and the M1-
M2-M3 transmembrane helices; and the �V8 –10 fragment,
which begins at �Asn-338, extends to the C terminus and con-
tains the cytoplasmic MA helix and M4 (Unwin, 2005).

The majority (�80%) of 3H incorporated in the � subunit
was contained in the �V8 –20 fragment, with either Carb or
�-BgTx inhibiting �V8 –20 photolabeling by �75%. Direct
sequencing of [ 3H]physostigmine-photolabeled �V8 –20 (Fig.
3 A, B) revealed major peaks of 3H release in cycles 18, 20, and
26 that established photolabeling of �Tyr-190, �Cys-192, and
�Tyr-198 at 10, 10, and 20 cpm/pmol, respectively. Photola-
beling of those amino acids was inhibited by �85% in the
presence of Carb (Fig. 3A) or �-BgTx (Fig. 3B). Quantification
of photolabeling efficiencies indicated that photolabeling
of �Tyr-190 and �Tyr-198 was at least 10 times greater than

that of any other aromatic residues within that sequence
(Fig. 3C).

[ 3H]Physostigmine photoincorporation within �V8 –18,
which contains �Tyr-93 and �Trp-149, was at 	20% the level of
�V8 –20. 3H incorporation within �V8 –18 was recovered in a
single peak when an EndoLys-C digest of �V8 –18 was fraction-
ated by rpHPLC. Sequence analysis of 3H peak fractions identi-
fied a [ 3H]physostigmine-photolabeled peptide beginning at
�Ile-78 and a peak of 3H release at cycle 16 that established pho-
tolabeling of �Tyr-93 (2 cpm/pmol) that was inhibited by �90%
by Carb (data not shown). Photolabeling of �Trp-149 was not
determined directly. However, the low level of 3H incorporation
within �V8 –18 relative to �V8 –20 indicates that photolabeling
of �Trp-149, if it occurs, will not be higher than the level of
photolabeling of �Tyr-93, i.e., �10% the efficiency of photola-
beling �Tyr-198.

Figure 2. [ 3H]Physostigmine photoincorporation into the Torpedo nAChR. Torpedo nAChR-rich membranes at 2 mg protein/ml
(150 pmol ACh binding site/condition) were photolabeled with 1 �M [ 3H]physostigmine in the absence or presence of cholinergic
ligands, and the membrane polypeptides were resolved on two parallel SDS-PAGE gels. Gels were stained with Coomassie Blue,
and one gel was processed for fluorography. A, Coomassie Blue staining (left) and fluorogram (right, 2 weeks exposure) of a gel
with membranes in lanes 1– 4 photolabeled by [ 3H]physostgimine: (1) in the absence of other drugs; (2)�1 mM Carb; (3)�1 mM

nonradioactive physostigmine; or (4) � 1 mM galanthamine. The electrophoretic mobilities of the �, �, �, and � nAChR subunits,
rapsyn (Rsn), the Na �/K �-ATPase � subunit (�Na/K), and calectrin (37K) are indicated. B, 3H incorporation (average and range)
in the polypeptide bands excised from two gels containing nAChR-rich membranes photolabeled with [ 3H]physostigmine in the
absence or presence of Carb, �-BgTx, or physostigmine.
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[ 3H]Physostigmine photolabels the complementary surface
of the transmitter binding sites in the absence and presence of
Carb or �-BgTx
Amino acids of the � or � subunit that contribute to the trans-
mitter binding sites are located on � strands 2 (ABS Segment D)
and 5/6 (ABS Segment E) that are part of a 4-strand antiparallel �
sheet forming a rigid surface at the entry to the aromatic binding
pocket, and in a stretch of amino acids (ABS Segment F) between
� strands 8 and 9 (Celie et al., 2004; Hansen et al., 2005; Unwin,
2005).

Upon in-gel digestion of [ 3H]physostigmine-photolabeled �
subunit with V8 protease, �90% of 3H was recovered in a 14-kDa
gel band (�V8 –14), known to contain the fragment beginning at
�Val-102 that extends through ABS Segment E (Chiara and Co-
hen, 1997). rpHPLC purification of �V8 –14 resulted in a single,
hydrophilic peak of 3H. Sequence analysis of this peak confirmed
the presence of the fragment beginning at �Val-102 and revealed
a major peak of 3H release at cycle 10 of Edman degradation, with
smaller peaks in cycles 4 and 16 (Fig. 3D), establishing that
[ 3H]physostigmine photolabeled �Tyr-105 (0.5 cpm/pmol),
�Tyr-111 (9 cpm/pmol), and �Tyr-117 (2 cpm/pmol). Photola-
beling of �Tyr-111 and �Tyr-117 was inhibited by 50 – 60% in the
presence of Carb (Fig. 3D) or �-BgTx (Fig. 3E), whereas photo-
labeling of �Tyr-105 was enhanced in the presence of Carb but
unchanged in the presence of �-BgTx (Fig. 3F). In the presence
of Carb, nonradioactive galanthamine at 300 �M inhibited
[ 3H]physostigmine photolabeling of �Tyr-105, �Tyr-111, and
�Tyr-117 by �75% (Fig. 3F).

We also characterized photolabeling within � subunit fragments
beginning at �Glu-47, which contains �Trp-59, the core aromatic
amino acid of ABS Segment D, and �Asp-171, containing amino
acids of ABS Segment F (�Ile-178, �Asp-180, and �Glu-189)

(Czajkowski et al., 1993; Prince and Sine,
1996). The fragment beginning at �Glu-47
was isolated from an Endo Lys-C digest of
[3H]physostigmine-photolabeled � subunit
by Tricine-SDS-PAGE and rpHPLC (Gar-
cia et al., 2007), whereas the fragment begin-
ning �Asp-171 was isolated directly from
the digest by rpHPLC.

Sequencing the fragment beginning at
�Glu-47 (data not shown) revealed pho-
tolabeling of �Trp-57 (0.8 cpm/pmol);
any photolabeling of adjacent aromatic
amino acids (�Trp-64, �Tyr-65), if it oc-
curred, was at 	0.2 cpm/pmol. Sequenc-
ing the fragment beginning at �Asp-171
revealed Carb-independent [ 3H]phys-
ostigmine photolabeling of �Tyr-172 (4
cpm/pmol; Fig. 4A). In contrast, �-BgTx
reduced photolabeling of �Tyr-172 by
70% (Fig. 4B). We did not attempt to
characterize photolabeling in the � sub-
unit ABS Segment E because of the diffi-
culty of achieving the necessary efficient
cleavage at �Asp-97 (Nirthanan et al.,
2005).

[ 3H]Physostigmine photolabels
�Tyr-212 at the �-� subunit
extracellular interface
To determine whether [ 3H]physostig-
mine and galanthamine might bind in the

nAChR extracellular domain at interfaces not containing � sub-
units, we characterized photolabeling in an �10-kDa � subunit
fragment that begins at �Phe-206 and extends through � strand
10 and �M1. This fragment was isolated by SDS-PAGE and
rpHPLC from EndoLys-C digests of photolabeled � subunit
(Garcia et al., 2007). Sequence analysis of this fragment (Fig. 5)
revealed a single peak of 3H release in cycle 7 that established
photolabeling of �Tyr-212, which is located in the � subunit pri-
mary structure at a position equivalent to �Tyr-198 of the ABS
Segment C. The efficiency of photolabeling of �Tyr-212 was dou-
bled in the presence of Carb (Fig. 5A) and reduced by �25% in
the presence of �-BgTx (Fig. 5B). For nAChRs photolabeled in
the presence of Carb, galanthamine inhibited �Tyr-212 photola-
beling by �50% (Fig. 5C). The efficiency of photolabeling of
�Tyr-212 in the presence of Carb (1.5 cpm/pmol) was �10-fold
higher than the photolabeling, if it occurred, of �Tyr-218 or
�Tyr-228, which are contained in the same � subunit fragment, or
of �Tyr-202, which was characterized by sequencing a longer
fragment produced by an alternative cleavage before �Asn-200.
The efficiency of [ 3H]physostigmine labeling at �Tyr-212 in the
absence of agonist was similar to the [ 3H]physostigmine photo-
labeling of �Tyr-439 within the � subunit cytoplasmic MA helix,
the only other photolabeled tyrosine identified within � subunit.
However, the efficiency of photolabeling at �Tyr-439 (1 cpm/
pmol) was changed by 	20% in the presence of Carb, �-BgTx or
galanthamine.

Sites and pharmacology of [ 3H]galanthamine photolabeling
mirrors [ 3H]physostigmine photolabeling
When nAChRs were photolabeled on an analytical scale with 3
�M [ 3H]galanthamine, photolabeling in the � subunit was inhib-
ited by 80% in the presence of Carb. The other subunits were also

Figure 3. [ 3H]Physostigmine photolabeling at the �-� extracellular interface in the presence or absence of Carb or �-BgTx. A,
B, D, E, 3H (E,F,‚) and PTH-amino acids (�) released during sequence analysis of fragments beginning at �Ser-173 (A, B) and
�Val-102 (D, E) isolated from Torpedo nAChR photolabeled with [ 3H]physostigmine in the absence of other drugs (A, B, D, E, E,
�), in the presence of 1 mM Carb (A, D, F), or in the presence of 8 �M �-BgTx (B, E, ‚). C, F, Quantification of [ 3H]physostigmine
photoincorporation (in cpm/pmol) into aromatic amino acid residues within the primary structure of fragment beginning at
�Ser-173 (C) or �Val-102 (F ). For the control and�Carb conditions, the values plotted are the mean� SD from two independent
photolabeling experiments, whereas data for ��-BgTx are from a single experiment. To calculate the efficiency of labeling at
�Cys-192 (cycle 20) from sequencing data shown in A, the background 3H release in cycle 20 originating from the photolabeling
of �Tyr-190 in cycle 18 was estimated by fitting the observed 3H releases in cycles 18, 19, and 25 to an exponential decay. F, Also
included are values from a third [ 3H]physostigmine preparative photolabeling in the presence of Carb or Carb and galanthamine
and the efficiency of photolabeling of �Tyr-172, derived from sequencing data presented in Figure 4.
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photolabeled, but at lower efficiency, with Carb reducing photo-
labeling in � and � by �25% and in � by 	5%. For nAChRs
photolabeled in the presence of Carb, nonradioactive galantham-
ine at 100 �M reduced photolabeling of each nAChR subunit by
�25%, whereas photolabeling of the Na�/K�-ATPase � subunit
was reduced by 	5%.

For nAChRs photolabeled by [ 3H]galanthamine in the ab-
sence or presence of Carb, amino acid sequence analysis of the �
subunit fragment beginning at �Ser-173 established [ 3H]galan-
thamine photolabeling of �Tyr-190 and �Tyr-198 that was in-
hibited by �95% in the presence of Carb (Fig. 6A). We also
characterized [ 3H]galanthamine photolabeling within ABS Seg-
ment E of the � subunit by sequence analysis of the fragment
beginning at �Val-102 (Fig. 6B). The photolabeled amino acids
(�Tyr-105, �Tyr-111, and �Tyr-117) and the effect of Carb on
[ 3H]galanthamine photolabeling (partial inhibition at �Tyr-111
and enhancement at �Tyr-105) were remarkably similar to those
for [ 3H]physostigmine. [ 3H]Galanthamine also photolabeled
�Tyr-172 within � subunit ABS Segment F in the absence and
presence of Carb (Fig. 6C) and �Tyr-212 in the presence of Carb
(Fig. 6D, the only condition examined).

Photolabeling of �Lys-125?
An early characterization of photolabeling of Torpedo nAChR-
rich membranes by 50 �M [ 3H]physostigmine (Schrattenholz et
al., 1993) reported the selective photolabeling of one amino acid,
�Lys-125, which is located in the extracellular domain on �
strand 6 projecting into the vestibule of the ion channel at an
interface with a � or � subunit. Under our conditions of photo-
labeling at 1 �M [ 3H]physostigmine, we found that any photola-
beling of �Lys-125 or the adjacent �Tyr-127, if it occurred, was at
	0.2 and 0.05 cpm/pmol, respectively. This was determined by
sequence analysis of � subunit fragments beginning at �Trp-118/

�Thr-119, which were produced by cyanogen bromide cleavage
of rpHPLC-purified �V8 –18. While we detected photolabeling
only of tyrosines and cysteines, it is likely that different photolysis
conditions will favor the formation of rubreserine, a chemically
reactive o-quinone decomposition product of physostigmine
(Savory and Turnbull, 1985) that reacts efficiently with the pri-
mary amine of lysine. However, because o-quinones do not react
with tyrosines (Pierpoint, 1969), the photolabeled nAChR ty-
rosines that we have identified reflect photolabeling by
[ 3H]physostigmine and not by an o-quinone decomposition
product.

Discussion
In this work, we use the intrinsic photoreactivities of [ 3H]phys-
ostigmine and [ 3H]galanthamine to identify their binding sites in
a muscle-type nAChR. Under our photolabeling conditions, both
drugs photoincorporate primarily into tyrosines. The locations
of the photoabeled residues in a homology model of the Torpedo
nAChR extracellular domain based upon the structure of the
Lymnea ACh binding protein (AChBP) (Celie et al., 2004) (Fig. 7)
and the pharmacological specificity of photolabeling establish
that, in the presence of agonist, each drug binds in the nAChR

Figure 4. [ 3H]Physostigmine photolabels �Tyr-172 in the absence and presence of Carb or
�-BgTx. 3H (E, F, ‚) and PTH-amino acids (�) released during sequence analysis of a �
subunit fragment beginning at �Asp-171 that was isolated from nAChRs photolabeled with
[ 3H]physostigmine in the absence of other drugs (E,�), or presence of 1 mM Carb (F) or 8 �M

�-BgTx (‚). A, B, The peaks of 3H release at cycle 2 indicate photolabeling of �Tyr-172 that
was potentiated in the presence of Carb (A, �/� Carb, 3.4/4.9 cpm/pmol) but inhibited in the
presence of �-BgTx (B, �/� �-BgTx, 5/1.6 cpm/pmol). The subunit fragment beginning at
�Asp-171was isolated by rpHPLC fractionation of an Endo Lys-C digest of � subunit.

Figure 5. [ 3H]Physostigmine photolabels �Tyr-212 at the �-� interface in the nAChR ex-
tracellular domain. A–C, 3H (E,F,‚,Œ) and PTH-amino acids (�) released during sequence
analysis of a fragment beginning at �Phe-206 isolated from nAChRs photolabeled with
[ 3H]physostigmine in the absence of other drugs (A, B, E, �), or in the presence of 1 mM Carb
(A, C, F,), or 8 �M �-BgTx (B, ‚) or 1 mM Carb and 300 �M galanthamine (C, Œ). This
fragment was isolated by rpHPLC purification of polypeptides eluted from a 10 to 14 kDa band
from a Tricine SDS-PAGE fractionation of EndoLys-C digests of the � subunit. The calculated
efficiencies of [ 3H]physostigmine photolabeling of �Tyr-212 (cycle 7) in the different condi-
tions are shown in Table 1. The arrow and OPA at cycle 2 indicate that sequencing was inter-
rupted and the filter was treated with OPA before resuming sequencing (see Materials and
Methods for protein sequencing).
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extracellular domain at two distinct sites
at the canonical �-� interface (Sites I and
II) and to a site at the noncanonical �-�
interface (Site III) in a position equivalent
to the benzodiazepine binding site in
GABAA receptors (Cromer et al., 2002;
Richter et al., 2012). In addition, in the
absence of agonist, each drug binds in the
transmitter binding sites (Site IV) in prox-
imity to the core aromatic side chains. The
efficiencies of amino acid photolabeling
(in cpm/pmol) under the different ex-
perimental conditions are summarized
in Table 1. The results of computational
docking studies predict other amino ac-
ids that contribute to these putative
binding sites.

A binding site in the presence of agonist
or �-Bgtx on the nAChR outer surface
at the entry to the transmitter binding
site
At the �-� agonist-binding interface,
[ 3H]galanthamine and [ 3H]physostig-
mine photolabeled amino acids on the
principal (�Tyr-93/�Tyr-190/�Tyr-198/
�Cys-192) and complementary (�Tyr-
111/�Tyr-117) surfaces of the transmitter
binding site, similar to photolabeling by
agonists (Middleton and Cohen, 1991;
Chiara et al., 1998; Nirthanan et al., 2005)
and competitive antagonists (Chiara and
Cohen, 1997; Chiara et al., 1999, 2003).
However, photolabeling by agonists or
competitive antagonists at both the prin-
cipal and complementary surfaces was in-
hibited completely in the presence of
excess agonist (Carb), consistent with
mutually exclusive binding. In contrast,
whereas [ 3H]physostigmine or [ 3H]gal-
anthamine photolabeling of � subunit
transmitter binding site core aromatics
(�Tyr-93 and �Tyr-190) was inhibited by
�90% in the presence of Carb or �-BgTx,
photolabeling of amino acids on the �
complementary surface (�Tyr-111/�Tyr-
117) was inhibited by only 50 – 60%.
These results provide evidence that, in the
Carb-bound or �-BgTx-bound nAChR,
physostigmine or galanthamine can still
bind to a site on the complementary sur-
face of the transmitter binding site in prox-
imity to �Tyr-111/�Tyr-117 (Fig. 7B).

Our computational docking analysis
(see Materials and Methods) predicted
that, in the presence of Carb, physostig-
mine binds on the outer surface of the re-
ceptor above the entry to the transmitter
binding site (Fig. 7C) in a surface cavity
previously identified as a potential drug
binding site (Luttmann et al., 2009). In its
lowest energy orientation, physostigmine
is predicted to bind with its pyrolidine

Figure 7. The binding sites for physostigmine in the nAChR extracellular domain. A–F, A view from the top (A) and side views
from the exterior (B–D) and from the inside of the channel vestibule (E, F ) of the extracellular domain of the Torpedo nAChR (�,
gold; �, cyan; �, green; and �, brown) from a homology model based on the x-ray structure of the L-AChBP in the presence of Carb
(PDB#1UV6 (Celie et al., 2004)). Physostigmine is shown in stick format (magenta, volume, 197 Å 3) bound in its lowest energy
orientation in four sites, with Connolly surface representations of the ensembles of the 30 lowest energy-docking orientations: in
the presence of Carb at the �-� interface at Site I on the outer surface of the nAChR at the entry to the transmitter binding site (B;
expanded in C; volume, 280 Å 3) and at Site II in the vestibule of the ion channel (E; expanded in F; volume, 390 Å 3), and in the
absence of Carb at Site III at the �-� subunit interface (D, volume, 270 Å 3) and at the �-� interface in the transmitter binding site
(Site IV) (A, volume, 250 Å 3). In the absence of Carb, physostigmine is also predicted to bind in the transmitter binding site at the
�-� interface equivalent to Site IV (data not shown). Binding to Site IV is identified by the photolabeling of �Tyr-93, �Tyr-190,
and �Tyr-198 that is inhibited by �90% in the presence of Carb or �-BgTx. Carb bound at the �-� transmitter binding site is
included in stick format (B, C, E; blue). Amino acids predicted to contribute to each binding site are shown in stick format colored
by elements, except in D where �Tyr-212 is highlighted in red to contrast with the nonphotolabeled �Tyr-202 and �Tyr-218 (in
blue). The amino acids photolabeled in this study are identified in black by single letter code and subunit position. �Lys-125, which
was previously reported to be photolabeled by [ 3H]physostigmine (Schrattenholz et al., 1993; Luttmann et al., 2009), is shown in
blue (E).

Figure 6. [ 3H]Galanthamine photolabels amino acids at the �-�, �-�, and �-� extracellular interfaces in the absence and
presence of agonist. A–D, 3H (�, �) and PTH-amino acids (�) released during sequence analysis of subunit fragments
beginning at �Ser-173 (A), �Val-102 (B), �Asp-171 (C), and �Phe-206 (D) isolated from Torpedo nAChRs photolabeled with
[ 3H]galanthamine in the absence (�) or presence of Carb (�). These fragments were isolated as described in the text and figure
legends for the corresponding [ 3H]physostigmine-photolabeled fragments. The efficiencies of amino acid photolabeling (�Carb/
�Carb, in cpm/pmol) calculated from the peaks of 3H release and the PTH-amino acid mass levels were as follows: A, in cycles 18
and 26, �Tyr-190 (11/0.8) and �Tyr-198 (45/0.1); B, in cycles 5, 10 and 15, �Tyr-105 (0.3/2.1), �Tyr-111 (12.6/5), and �Tyr-117
(1.2/0.2); C, in cycle 2, �Tyr-172 (1.1/1.6 cpm/pmol); D, in cycle 7, �Tyr-212 (�Carb, 0.2 cpm/pmol).
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NCH3
� within 3 Å of �Tyr-111 and �12 Å from �Tyr-190 or

�Tyr-198. In contrast, in the absence of Carb (data not shown),
physostigmine docked in a position overlapping the position of
Carb from the AChBP structure, which positioned the pyrolidine
NCH3

� within 4 Å of the hydroxyl groups of �Tyr-93 and �Tyr-
190/�Tyr-198 (and 10 Å from �Tyr-117).

A binding site in the vestibule of the ion channel
[3H]Physostigmine and [3H]galanthamine also photolabeled �Tyr-
105 (but not �Tyr-104), with photolabeling unchanged by �-BgTx
but increased threefold in the presence of Carb. The selective photo-
labeling of �Tyr-105, but not �Tyr-104, is noteworthy because in the
nAChR structure both side chains are accessible from the vestibule of
the ion channel (Fig. 7E, F). Because the distance between the �Tyr-
105 and �Tyr-111 side chains (�18 Å) exceeds the length of phys-
ostigmine (11 Å), it is unlikely that �Tyr-105 and �Tyr-111
contribute to a common binding site. Rather, the photolabeling of
�Tyr-105 provides experimental evidence of a physostigmine and
galanthamine binding site in the vestibule of the ion channel in prox-
imity to �Tyr-105.

“Blind” computational docking studies using nAChR homol-
ogy models based upon the structure of AChBP predict two
(Luttmann et al., 2009) or three (Iorga et al., 2006) physostig-
mine/galanthamine binding sites in the vestibule of the ion chan-
nel. Two sites are predicted at the �-� interface in proximity to
�Tyr-105, one extending above and the other below the level of
�Tyr-105, with the third site lower in the vestibule near �Lys-125.
When we used computational techniques to dock physostigmine
near the �-� transmitter binding site with bound Carb, a single
site was predicted in the vestibule of the ion channel (Fig. 7E, F),
with the pyrolidine NCH3

� of physostigmine within 6 Å of �Tyr-
105 and �Asp-89 and the carbamate between �Arg-79/�Pro-81
and �Pro-21/�Val-22 (Fig. 7F). Physostigmine access to �Tyr-
104 is predicted to be blocked by �Tyr-105. No fragment contain-
ing �Tyr-151, the only other tyrosine predicted to contribute to
this binding pocket, was identified in this study.

A binding site at the noncanonical �-� interface
Physostigmine and galanthamine also photolabeled �Tyr-212,
located at the �-� interface in a position equivalent to �Tyr-198
(Fig. 7D), and that photolabeling was doubled in the presence of
Carb. The photolabeling of �Tyr-212 in the absence of photola-
beling of �Tyr-202 or �Tyr-218 is significant because in the
nAChR structure the latter residues have higher side chain expo-
sure to solvent than does �Tyr-212. [ 3H]Physostigmine photola-
beling of � subunit residues in proximity to �Tyr-212 is not
expected because there are no tyrosines on that surface. The se-
lective photolabeling of �Tyr-212 provides strong evidence that it
contributes to a physostigmine/galanthamine binding pocket.

Furthermore, our computational docking predicted a most ener-
getically favored physostigmine binding orientation with the py-
rolidine NCH3

� �5 Å from �Tyr-212 and �Leu-111 (and the
indole NCH3

� within 4 Å of �Tyr-212). This binding pocket is in
a position in the nAChR equivalent to the benzodiazepine bind-
ing site in GABAA receptors (Cromer et al., 2002; Richter et al.,
2012).

A galanthamine binding site at non-�-subunit interfaces in
heteromeric nAChRs was predicted from studies of mutant ACh-
BPs (Hansen and Taylor, 2007), and mutational analyses provide
evidence for a similar positive allosteric modulator binding site in
expressed �3�2 nAChRs for morantel (Seo et al., 2009; Cesa et al.,
2012). The identification of a physostigmine binding site at the
�-� interface raises the possibility of analogous sites at the �-� or
�-� subunit interfaces. Although there are no tyrosines from the
� subunit contributing to those interfaces, further studies are
necessary to determine whether [ 3H]physostigmine photolabels
�Tyr-204 and/or �Tyr-195, which are located at positions equiv-
alent to �Tyr-190 and �Tyr-198/�Tyr-212, respectively.

Binding sites for nAChR potentiation or inhibition
Our photolabeling studies identify three distinct nAChR binding
sites for physostigmine and galanthamine in the presence of ag-
onist, but further studies over a range of concentrations will be
necessary to determine drug binding affinity at each site. Based
upon their locations in nAChR structure, each binding site could
contribute to the potentiating action of the drugs. For the homo-
meric �7 nAChR, a galanthamine binding site in the presence of
agonist on the outer surface of the nAChR below the level of the
transmitter binding site was predicted based upon the loss of
galanthamine potentiation for the �7Thr197Ala mutant nAChR
(Ludwig et al., 2010). In the heteromeric muscle-type nAChR,
Torpedo �Thr-202 or �Thr-216 is equivalent to �7Thr-197.
�Thr-202 is located at the �-� interface but distant from the
photolabeled amino acids in the � subunit (�20Å from �Tyr-117
and �30 Å from �Tyr-111) and cannot contribute directly to a
binding site at the upper entry to the transmitter binding site. We
would not expect physostigmine or galanthamine to photolabel
Torpedo �Thr-202, but because �Tyr-203 was not photolabeled
(Fig. 3A), �Thr-202 is unlikely to contribute directly to a phys-
ostigmine binding site. �Thr-216 is located at the �-� interface in
close proximity to the photolabeled �Tyr-212. Further studies are
required to determine whether, in a muscle-type nAChR, substi-
tutions at �Thr-216 affect galanthamine potentiation rather than
substitutions at �Thr-202.

Mutational analyses established that �Asp-89, a position con-
served in Cys-loop receptors, plays an important role in nAChR
gating by interacting with �Thr-150 and affecting the position of
�Trp-149, a core aromatic of the transmitter binding site (Lee

Table 1. Pharmacological specificity of 
3H�physostigmine photoincorporation into residues in the Torpedo nAChR (cpm/pmol of PTH-amino acid)a

Resting state Resting versus desensitized Desensitized state

Putative site Amino acid � �-BgTx ��-BgTx �Carb �Carb �Carb �Gal �Carb �Gal

Site I �Y111 14 7 8.6 3.4 3.8 1.1
�Y117 3 1 1.8 0.6 0.7 0.2

Site II �Y105 0.6 0.6 0.5 1.9 2.8 0.7
Site III �Y212 0.6 0.4 0.9 1.7 0.8 0.5
Site IV (core aromatics) �Y190 13 	0.2 11 0.8 ND ND

�Y198 31 4.8 20.5 3.3 ND ND
�Y93 ND ND 2 	0.2 ND ND

ND, Not determined.
aThe efficiency of photolabeling of a residue in cycle x of Edman degradation (in cpm/pmol) was calculated from the increased release of 3H cpm in cycle x and the initial and repetitive yields of released PTH-amino acids. The locations in the
nAChR structure of Sites I-IV are identified in Fig. 7.
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and Sine, 2004; Cashin et al., 2007). Based upon our results, we
predict that physostigmine binding at the site in the vestibule of
the ion channel in proximity to �Tyr-105 and within 3Å of
�Asp-89 and �Thr-150 (Fig. 7F) will also perturb agonist gating.

Electrophysiological assays have established that physostig-
mine and galanthamine have a multiplicity of effects on muscle-
type nAChRs: (1) direct activation at low efficacy, apparently by
acting at a site distinct from the transmitter binding sites; (2)
potentiation of ACh responses at submaximal concentrations;
and (3) inhibition of ACh responses (Shaw et al., 1985; Akk and
Steinbach, 2005; Texidó et al., 2005; Militante et al., 2008). Al-
though direct binding in the ion channel may account for the
inhibition by these drugs, the absence of tyrosines within the
lumen of the ion channel makes [ 3H]physostigmine/[ 3H]galan-
thamine photolabeling of this site unlikely. In contrast, the broad
distribution of tyrosines throughout the extracellular domain of
the nAChR has allowed us to directly identify by photoaffinity
labeling amino acids contributing to three distinct classes of
physostigmine/galanthamine binding sites, and these results pro-
vide a starting point for mutational analyses to determine the
relative contributions of these different sites to the each drug’s
ability to directly activate the nAChR or to potentiate or inhibit
ACh responses.
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Samochocki M, Höffle A, Fehrenbacher A, Jostock R, Ludwig J, Christner C,
Radina M, Zerlin M, Ullmer C, Pereira EF, Lübbert H, Albuquerque EX,
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