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ABSTRACT: The nicotinic acetylcholine receptor (nAChR) is a member of the important Cys loop ligand-gated
ion channel superfamily that modulates neuronal excitability. After they respond to their agonists, their
actions are terminated either by removal of ligand or by fast and slow desensitization, processes that play an
important role in modulating the duration of conducting states and hence of integrated neuronal behavior.
We monitored structural changes occurring during fast and slow desensitization in the transmembrane
domain of the Torpedo nAChR using time-resolved photolabeling with the hydrophobic probe
3-(trifluoromethyl)-3-(m-iodophenyl)diazirine (TID). After channel opening, TID photolabels a residue on
the δ-subunit’s M2-M3 loop and a cluster of four residues on δM1 and δM2, defining an open state pocket
[Arevalo, E., et al. (2005) J. Biol. Chem. 280, 13631-13640]. We now find that photolabeling of this pocket
persists during the transition to the fast desensitized state, the extent of photoincorporation decreasing only
with the transition to the slow desensitized state. In contrast, the extent of photoincorporation in the channel
lumen at the conserved 90-leucines on the second transmembrane helix (M2-90) decreased successively during
the resting to open and open to fast desensitized state transitions, implying that the local conformation is
different in each state, a conclusion consistent with the hypothesis that there are separate gates for channel
opening and desensitization. Thus, although during fast desensitization there is a conformation change in the
channel lumen at the level of M2-90, there is none in the regions of the δ-subunit’s M2-M3 loop and the
interior of its M1-M4 helix bundle until slow desensitization occurs.

The Cys loop ligand-gated ion channel superfamily, which
includes nicotinic acetylcholine receptors (nAChRs),1 5-hydroxy-
tryptamine type 3 (5-HT3) receptors, γ-aminobutyric acid type A
(GABAA) receptors, and glycine receptors, has been studied
intensively. These channels modulate synaptic and extrasynaptic
neuronal excitability in response to their agonists, and their
actions are terminated either by removal of the ligand or by
desensitization, a process that plays an important role in mod-
ulating the duration of ligand-gated conducting states and hence
of integrated neuronal behavior (1-3). A primary challenge is to
understand not only how agonist binding in the extracellular
ligand-binding domain (LBD) triggers a conformation change
that opens an ion pore at a gate some 50 Å distant in the

transmembrane domain (TMD) but also how the channel then
closes and the receptor is desensitized. Understanding channel
opening has been aided by crystallographic structures of the LBD
from homologous molluscan acetylcholine binding proteins
(reviewed in ref 4) and a cryoelectron microscopy structure of
theTorpedo acetylcholine receptor in the absence of agonist in the
resting, closed state (5). Promisingly, two homologous prokar-
yotic channels have been crystallized recently (6-8), one of which
may be in the open state; however, these channels do not
desensitize, and there is no structure at comparable resolution
of the desensitized state.

In contrast to the progress made in studies of channel
opening (9-13), the structural basis of desensitization is poorly
understood. Auerbach and Akk have proposed a two-gate
model (14) in which there are structurally distinct activation
and desensitization gates, a hypothesis that is supported by other
lines of evidence (15, 16). Others have suggested that each subunit
has only one desensitized structure and that the difference
between fast and slow desensitization is merely in the number
of subunits in the desensitized state (17). The LBD-TMD
interface is implicated in desensitization because mutations
therein affect the open channel lifetime and rate of desensitization
in parallel (18).

Anunderlying problemwith studying desensitized states is that
they are nonconducting, and electrophysiological experiments
infer their existence indirectly from the kinetics of the disappear-
ance and reappearance of conducting states. The muscle type
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nAChR occurs in such abundance inTorpedo electroplaques that
the application of complementary kinetic techniques that are not
dependent on ion conduction has been possible. For example,
fluorescence techniques have been employed to probe agonist-
induced conformational changes using agonist site and noncom-
petitive inhibitor site probes (19, 20). This receptor is particularly
convenient for probing conformational changes because the
rates of opening, fast desensitization, and slow desensitization
ensure that the peak occurrence of each successive state is well
separated in time from the others (21-23); for example, see
Figure 4b in ref 23.

Time-resolved photolabeling has also been used to probe
agonist-induced conformation changes (24-28). It has a resolu-
tion in the millisecond range, well suited to probing conforma-
tional changes as the receptor progresses from the open state
through the desensitized states. We have used time-resolved
photolabeling with the hydrophobic photolabel 3-(trifluoro-
methyl)-3-(m-iodophenyl)diazirine (TID) to systematically probe
structural changes on transient states of the nAChR. Within 1.5
ms of activation by rapid addition of agonist, a novel group of
residues were robustly photolabeled (28). These residues, which
were not detected in the equilibrium resting states, we termed
activation-dependent to distinguish them from those channel
lumen residues that are efficiently photolabeled in both the
resting and open states. The former residues were located both
at the extracellular end of the TMD of the δ-subunit between
transmembrane helices δM1 and δM2 and in the interface
between the TMD and LBD on the extracellular δM2-M3 loop
(Ile-288). This study aims to determine the phase of desensitiza-
tion during which this structural change is reversed and whether
similar conformation changes could be detected on other nAChR
subunits.

EXPERIMENTAL PROCEDURES

Materials. nAChR-enriched membranes were isolated from
Torpedo californica electric organs as described previously (29).
The final membrane suspension was stored at -80 �C in 38%
sucrose and 0.02% NaN3 under argon. The specific activity
of the binding sites was determined using a [3H]acetylcholine
(PerkinElmer Life Sciences) binding assay and estimated to be
0.5-2.1 nmol of acetylcholine sites per milligram of protein
as determined by the micro-BCA assay (Pierce). 3-(Trifluoro-
methyl)-3-(m-[125I]iodophenyl)diazirine ([125I]TID, 10 Ci/mmol)
was obtained from GE Healthcare (Buckinghamshire, U.K.).
Endoproteinase Lys-C (EndoLys-C), a lysine-specific protease,
was obtained from Roche Applied Science, and Staphylococcus
aureus endopeptidase Glu-C (V8 protease), a glutamate-specific
protease, was from MP Biochemicals. TPCK-treated trypsin,
which is specific for lysine and arginine, was from Worthington
Biochemical Corp. (Freehold, NJ). All HPLC solvents were
HPLC grade. Torpedo physiological saline (TPS) contains 250
mM NaCl, 5 mM KCl, 2 mM MgCl2, 5 mM sodium phosphate
(pH 7.0), and 0.02% NaN3.
Time-Resolved Photolabeling of nAChR-Enriched

Membranes. The method used was previously described (27,
28). Briefly, the loop of one of the two six-way sample valves was
filled with 0.5 mL of nAChR-enriched membranes (4 mg of
protein/mL) equilibrated with 7 μM [125I]TID. The other six-way
sample valve’s loop was filled with 0.5 mL of 20 mM carbamyl-
choline (carbachol). The contents of the loops were forced
through the mixer by a pneumatic ram, and after a designated

incubation time, the mixed samples were expelled onto a rotating
stainless steel disk (60 rpm) precooled in liquid nitrogen, where
they were instantaneously (<1 ms) frozen in a thin film.
Incubation times were varied by changing the velocity of the
ram and the lengths of the aging tube. The freeze-quenched
samples were then irradiated (Black-Ray UV lamp, model UVL-
56) for 30 min at 366 nm at a distance of ∼3 cm on the slowly
rotating disk (3 rpm) in contact with liquid nitrogen. For the
equilibrium condition (slow desensitized state), the nAChR-
enriched membranes at 2 mg/mL were equilibrated with 3.5
μM [125I]TID and 10 mMCarbachol and incubated for 1 h. Both
loops of the two six-way valves were filled with 0.5 mL of this
mixture and treated as previously described. To isolate nAChR
subunits on a scale appropriate for the identification of photo-
labeled amino acids by Edman degradation (preparative photo-
labeling), six to eight samples per condition were obtained and
pooled. An aliquot of each freeze-quenched sample was saved for
protein concentration determination and for counting on a
gamma counter.
SDS-PAGE. To evaluate the reproducibility of the subunit

photolabeling in the multiple samples collected for each pre-
parative photolabeling condition, an aliquot of each frozen
sample was thawed in sample buffer and resolved by SDS-
PAGE. The polypeptides from each sample were visualized by
Coomassie blue stain, and the labeled bands of interest were
detected within the wet gel by phosphorimaging (2 h exposure at
25 �C) using a Storm PhosphorImager (Amersham Biosciences).
The samples from each labeling condition were then pooled,
separated by SDS--PAGE, and analyzed with a phosphoimager
as described above. To accommodate the excessive volume
resulting from pooling up to eight freeze-quenching runs, each
containing ∼1 mL, special gels with deep wells (6-8 cm) and
extended stacking gels (4 cm) were used. The resulting phosphoi-
mages were used as a template to excise the subunits of interest.
For the R-subunit, the excised bands were used for an “in gel”
proteolytic digestion (see below). For the other subunits, the
subunit bands were eluted passively for 3 days at room tempera-
ture in 12 mL of elution buffer [100 mMNH4HCO3, 0.1% SDS,
and 2.5 mM dithiothreitol (pH 8.4)], filtered, concentrated in
Vivaspin 15 mL concentrators (Vivascience, Inc., Edgewood,
NY), and precipitated in 75% acetone (>12 h at -20 �C). The
precipitates were resuspended overnight in 200 μL of resuspen-
sion buffer [15 mM tris(hydroxymethyl)aminomethane, 0.5 mM
EDTA, and 0.1% SDS (pH 8.1)] at room temperature.
Proteolytic Digestion. Labeled subunits were digested with

specific endoproteases. For the R-subunits, the excised bands
were digested in gel with the V8 protease as previously de-
scribed (30). After the electrophoresis, the mapping gels were
stained with GelCode Blue stain (Pierce) and proteolytic frag-
ments of 20 kDa (RV8-20), beginning at RSer-173 and contain-
ing the M1, M2, and M3 transmembrane helices, were excised
and recovered as described above. Both RV8-20 and an aliquot
of the recovered δ-subunit were digested with EndoLys-C (0.75
unit) in resuspension buffer for 2weeks at room temperature. The
RV8-20 digests were fractionated using reversed phase HPLC.
The δ-subunit digests were fractionated by Tricine SDS-
PAGE (28), and the 125I band of 10-14 kDa, which was
identified by phosphorimaging, was excised and recovered as
described above. Aliquots of the δ-subunit were also digested for
3 days with V8 protease (100%, w/w), and the digests were
fractionated by reversed phase HPLC. Aliquots of the β-subunit
were digested with trypsin (w/w) via addition of 4 volumes of
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digestion buffer [50 mM NH4HCO3 and 0.5% Genapol C-100
(pH8.1)] followed after 10minby 0.1 volume of trypsin in 20mM
CaCl2.
Reversed Phase HPLC. The proteolytic fragments of the

nAChR subunits were purified on an Agilent series 1100 HPLC
system with an inline degasser and column heater. The purifica-
tions were achieved at 40 �C using a Brownlee Aquapore C-4
column (100 mm � 2.1 mm, 7 μm particle size) with a C-2 guard
column. The aqueous phase (solvent A) was 0.08% trifluoroa-
cetic acid; the organic phase (solvent B) consisted of 60%
acetonitrile, 40% 2-propanol, and 0.05% trifluoroacetic acid,
and the gradients are included in the HPLC plots as dashed lines.
The elution of peptides was monitored by the absorbance at 215
nm (Spectroflow 757, Kratos Analytical). The flow rates were 0.2
mL/min, and fractions of 0.5 mL were collected. All HPLC
solvents were HPLC grade.
Sequence Analysis. Most HPLC fractions of interest were

pooled and drop-loaded onto Biobrene-treated glass fiber filters
at 45 �C. Fractions containing either RM4or δM1were absorbed
onto a PVDF filter using the ProSorb absorption system
(Applied Biosystems, Foster City, CA) following the manufac-
turer’s procedure. N-Terminal sequence analysis of isolated
nAChR subunit fragments was performed using an Applied
Biosystems Procise 492 protein sequencer modified such that
five-sixths of each cycle was collected for gamma counting and
the other one-sixthwas used for amino acid analysis. The number
of picomoles of phenylthiohydantoin (PTH)-derivatized amino
acids in each cycle was determined by chromatographic peak
heights. The initial amount (I0) and the repetitive yield (R) for
detected peptideswere determined by a nonlinear least-squares fit
(Sigma Plot, Jandel Scientific) of the equation f(x) = I0R

x, where
f(x) is the number of picomoles of the amino acid in cycle x.
Because of known problems with quantifying their PTH deriva-
tives, serines, histidines, tryptophans, and cysteines, although
they were plotted, were omitted from the fit. The efficiency of
photoincorporation of [125I]TID into a specific residue in cycle x
was determined by the equation (cpmx - cpmx-1)/5 � I0R

x. For
some samples, sequencing was interrupted and the material on
the filter was treated with o-phthalaldehyde (OPA) as described
previously (31, 32). OPA reacts with primary amines preferen-
tially over secondary amines (i.e., proline) andmaybe used at any
sequencing cycle to block Edman degradation of peptides not
containing an N-terminal proline. The counts per minute de-
tected in each cycle of Edman degradation was back-corrected
for 125I decay to the date of labeling.

Although the output from the Edman analysis in counts per
minute per picomole is quantitative, there aremany variables that
may introduce errors during the time-resolved photolabeling,
digestion, and purification steps. An analysis of errors in this and
our previous time-resolved work, excluding data with <4 cpm/
pmol, shows that the average standard deviation is 28 ( 16%
(SD) of the mean counts per minute per picomole.

RESULTS

Experimental Strategy. We focused on conformation
changes in three domains: the center of the pore around M2-90,
the region contralateral to the pore at the extracellular end ofM2
(180 and 220), and the M2-M3 loop. We chose photolabeling
times to coincide with peaks in the populations of the resting,
open, fast desensitized and slow desensitized states based on
evidence from rapid agonist-induced cation flux and fluorescent

agonist binding in Torpedo acetylcholine receptor rich vesi-
cles (22, 23, 33). When the agonist binds, the resting state
receptors convert to the open state in tens of microseconds (34).
Passage to the fast desensitized state takes place with a time
constant of∼150-300ms and is complete by 1 s, while that to the
slow desensitized state is complete in tens of seconds (23). Our
experiments focused on changes occurring between pairs of states
because at none of the four times points examined will all the
receptors be in a single state. For example, in the absence of
agonist, the resting state is in equilibrium with some 15% of
receptors that are desensitized (19). This desensitized state is
poorly photolabeled by TID, and its population does not change
significantly in the first second after addition of agonist; there-
fore, it may be ignored when considering changes in photolabel-
ing with time. Furthermore, studies with a fluorescent agonist
suggest that TID does not significantly perturb the kinetics of
desensitization (35), and this is confirmed in electrophysiological
studies (28).

We determined the relative change in photoincorporation of
[125I]TID into nAChRs for three agonist-induced conformation
changes: resting to open, open to fast desensitized, and fast
desensitized to slow desensitized. The two conformations asso-
ciated with each state transition were photolabeled on the same
day under the same conditions, except for the time of incubation
with agonist, andwere subsequently processed in parallel. For the
δ-subunit, we were interested in changes during all these transi-
tions, whereas for the other subunits, we concentrated on the first
two because at the subunit level there is no change between the
fast and slow desensitized states (28). Although conformations
may coexist (see above), we use the terms open, fast desensitized,
and slow desensitized to refer to receptors photolabeled after
exposure to 10 mM carbachol for 10-15 ms, 1 s, and 1 h,
respectively. In all cases, the membranes were pre-equilibrated
with TID.

Photolabeling in the δM2 Helix and δM2-δM3 Loop.
For each photolabeling condition, we isolated for sequence
analysis the δ-subunit fragment that begins at δMet-257, the
N-terminus of δM2 (termed δM2-10) and extends through δM3.
The fragment was isolated from an EndoLys-C subunit digest by
Tricine SDS-PAGE and reversed phase HPLC (28). The HPLC
fractionations for the three state transitions are shown in Figure
S1A-C of the Supporting Information (S denoting Supporting
Information), and the sequencing results are given in the three
sections below. For each photolabeling experiment, the efficiency
of [125I]TID photoincorporation at an individual position was
quantified (in counts per minute per picomole) to compare
labeling at other positions within the fragment from the same
sample and from the second labeling condition performed in
parallel.
(i) Resting to Open State Transition. To confirm our

previous data for this state transition (28) and provide a point
of comparison, the peptide isolated byHPLC as shown in Figure
S1A and beginning at δMet-257 was subjected to 25 cycles of
Edman degradation. The major photoincorporation in the pore
region was at δM2-90 Leu-265 (Figure 1A) withminor labeling at
δM2-130 Val-269 and δM2-160 Leu-272. In agreement with our
previous work, the efficiency of incorporation of [125I]TID at
Leu-265 decreased approximately 2-fold between the resting and
open states, from 115 to 68 cpm/pmol.

Upon the transition to the open state, photoincorporation was
observed into two additional residues located contralateral to
the channel lumen (cycles 18 and 22). These residues, δM2-180
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Thr-274 and δM2-220 Leu-278, were labeled with similar effi-
ciencies of 14 and 9 cpm/pmol, respectively, in the open state and
not labeled in the resting state. This confirms our previous
study (28).
(ii) Open to Fast Desensitized State Transition. As

described above, the peptide beginning with δMet-257 was
isolated (Figure S1B) and then subjected to 35 cycles of Edman
degradation (Figure 1B). This state transition caused the extent
of photoincorporation in the channel lumen to decrease 3-fold at
δM2-90 Leu-265, from 39 to 12 cpm/pmol.

In contrast, in the two residues contralateral to the channel
lumen, the transition from the open to the fast desensitized state
resulted in little change in photoincorporation: δM2-180 Thr-274,
7 versus 5 cpm/pmol; and δM2-220 Leu-278, 11 versus 11 cpm/
pmol. The δM2-M3 loop δIle-288 (cycle 32) behaved similarly
(65 vs 48 cpm/pmol). The higher levels of photoincorporation in
the δM2-M3 loop versus δM2 were observed previously in the
open state (28).
(iii) Fast to Slow Desensitized State Transition. Follow-

ing the procedures described above, the peptide beginning with
δMet-257 was isolated (Figure S1C) and sequenced (Figure 1C).
In the two residues contralateral to the channel lumen and the
one in the δM2-M3 loop, the transition from the fast to the slow
desensitized state was accompanied by a marked decrease in the
level of photoincorporation: δM2-180 Thr-274, 19 versus 3 cpm/
pmol; δM2-220 Leu-278, 8 versus 1 cpm/pmol; and δM2-M3
loop δIle-288, 24 versus 2 cpm/pmol. Although the decrease in
the level of photoincorporation is nearly 1 order of magnitude,
the pattern of photoincorporation in the slow desensitized state is
seen to be similar to that in the fast desensitized state when
displayed with an expanded scale (Figure 1D). Thus, the rapid
structural changes that took place in these regions of the nAChR
during channel opening and that remained present in the fast
desensitized state are finally reversed when the slow desensitized
state is attained tens of seconds later, but the pattern is distinct
from that in the resting state.

Within the lumen of the ion channel (δM2-90), the level of
photoincorporation was so low (2 and 1 cpm/pmol for the fast
and slow desensitized states, respectively) that we hesitate to draw
a conclusion. The low level of release at cycle 9 in the fast
desensitized state is likely anomalous (compare to Figure 1B).
Furthermore, release later in the same sequencing run at cycle 32
(δIle-288) was normal and is independently corroborated in
Figure 2C.

Photolabeling in the δM2-δM3 Loop and δM3 Helix.
To provide a more complete characterization of the state
dependence of photolabeling in the δM2-δM3 loop and to
characterize labelingwithinδM3, the δ-subunitwas digestedwith
V8 protease, which cleaves at δGlu-280, and the digest was
fractionated by reversed phase HPLC (36). Although the hydro-
phobic HPLC fractions with photoincorporated 125I (Figure
S2A) include other hydrophobic fragments containing δM1,
δM2, and δM4, these can be N-terminally blocked by being
treatedwithOPA, as described above, after the fifth cycle, leaving
only the δThr-281 fragment, now starting at δPro-286, to be
sequenced (31, 36). The advantage of this strategy is that δIle-288
is assayed as the third residue after the OPA treatment rather
than as the 32nd residue of the sequencing run as in the samples
digested with EndoLys-C (Figure 1). The results are given in the
three following sections.
(i) Resting to Open State Transition. In the open state

sample, there was a single sharp 125I release in the eighth cycle

FIGURE 1: Photoincorporation of [125I]TID into the δM2 helix and
δM2-M3 loop in the resting, open, fast desensitized, and slow
desensitized states ofTorpedo nAChR. nAChR-enrichedmembranes
(4 mg/mL) were equilibrated with 7 mM [125I]TID and then rapidly
mixedwith an equal volumeof buffer (resting) or agonist (Carbachol,
20 mM; 10 mM final concentration) for 15 ms (open state), 1 s (fast
desensitized state), or g1 h (slow desensitized state), then frozen in
<1 ms, and finally photolabeled for 30 min (see Experimental
Procedures). In each case, the fragment beginning at δMet-257 was
isolated from EndoLys-C digests of δ-subunits by SDS-PAGE and
reversed phase HPLC as described in Experimental Procedures
(Figure S1). The panels show 125I (O and b, left axis) and PTH-
amino acids (0 and9, right axis) released during the sequencing of δ-
subunit peptides. The sequence beginning at the N-terminus of δM2
at Met-257 is shown at the top with the M2 transmembrane helix
highlighted with a dark bar. (A) nAChRs were photolabeled in the
resting (O and 0) and open (b and 9) states. For sequencing the
resting and open state samples, 9230 and 16140 cpm of 125I were
loaded onto filters, respectively. The primary sequence began at
δMet-257 (δM2-10) [(0) I0 = 3.7 pmol, and R = 94%; (9) I0 =
5.2 pmol, and R = 95%], with a secondary sequence beginning at
δAsn-437 in both samples at∼0.3 pmol. Peaks of 125I release (O and
b) were detected in the resting state at cycles 9, 13, and 16 and in the
open state at cycles 9, 13, 16, 18, and 22, corresponding to residues
δLeu-265, δVal-269, δLeu-272, δThr-274, and δLeu-278, respec-
tively. (B) nAChRs were photolabeled in the open (b and 9) and
fast desensitized (O and 0) states. For sequencing the open and fast
desensitized state samples, 24021 and 28221 cpm of 125I were loaded
onto filters, respectively. The fragment beginning at δMet-257 was
present [(9) I0 = 4.9 pmol, and R=91%; (0) I0 = 5.0 pmol, and R
= 93%] along with the fragment beginning at δAsn-437 at∼8 pmol
in both samples, which contains the M4 helix beginning at cycle
20. Peaks of 125I release were observed in both samples at cycles 9, 13,
18, 22, and 32. Residues inM4 are labeled inefficiently by TID (δSer-
457 at δMet-467 at <1 cpm/pmol) because they are at the
lipid interface (37) and they do not contribute to the peaks of 125I
release observed here. (C) nAChRs were photolabeled in the fast
(O and 0) and slow desensitized (b and 9) states. For sequencing
the fast desensitized and slow desensitized state samples, 15450
and 2370 cpm of 125I were loaded onto filters, respectively. The
primary sequence began at δMet-257 [(0) I0 = 15 pmol, and
R = 93%; (9) I0 = 3.9 pmol, and R = 93%], with the fragment
beginning at δAsn-437 also present at∼2 pmol in each sample. Peaks
of 125I release occurred in the same cycles as in panel B. (D) The data
from panel C for the slow desensitized state are replotted on an
expanded scale.
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(Figure 2A), consistent with incorporation of [125I]TID into δIle-
288 on the δM2-M3 loop. The large magnitude of the photo-
incorporation (49 cpm/pmol) contrasts with the very weak
labeling in the resting state (1 cpm/pmol), consistent with
previous observations (28).
(ii)Open to Fast Desensitized State Transition. Sequence

analysis (Figure 2B) revealed once again a single peak of 125I
release in the eighth cycle, corresponding to δIle-288, but this
time it was evident in both the open and fast desensitized states.
After correction for the difference in the quantity of peptide being
sequenced, the efficiency of photolabeling was similar in both
states (38 and 53 cpm/pmol, respectively). This suggests that the
structural change in the δM2-M3 loop initiated by opening
remains present when the channel is closed by fast desensitiza-
tion, consistent with the findings depicted in Figure 1B.
(iii) Fast to Slow Desensitized State Transition. The level

of photoincorporation intoδIle-288 decreased dramatically upon
slow desensitization from 43 to 2 cpm/pmol (Figure 2C), a low
level similar to that in the resting state. Because a larger amount
of peptide was sequenced in this run, the relatively inefficient
labeling in cycles 13, 16, and 25 is evident when the data are
replotted with an expanded scale (Figure 2D). Photoincorpora-
tion into these residues in the fast and slow desensitized states
occurred at δMet-293 (0.1 and 0.4 cpm/pmol, respectively),
δMet-296 (1 and 2 cpm/pmol, respectively), and δAsn-305 (4
and 2 cpm/pmol, respectively). The latter residue is also apparent
in Figure 2A at comparable levels (6 and 5 cpm/pmol) for the
resting and open states, respectively. The lack of clear state
dependence is not unexpected because some of these residues
were reported previously to be photolabeled by [125I]TID from
the lipid interface (37).
Comparison of Photolabeling of δM1 in the Fast and

Slow Desensitized States. Our previous work established that
two residues in the δM1 domain, δPhe-232 and δCys-236, were
photolabeled in the open but not the resting state (28). To
determine if these residues behave synchronously with δM2-180

Thr-274, δM2-220 Leu-278, and Ile-288 in the δM2-M3 loop, we
took advantage of the fact that the fragment beginning at δPhe-
206 before δM1 can be isolated from the same HPLC fractiona-
tion (Figure S1C) of the EndoLys-C digest of the δ-subunit that
yielded δM2 (28). A single peptide beginning at δPhe-206 in the
N-terminal domain was sequenced for 19 cycles without 125I
release (Figure 3). Sequencing was stopped before δPro-225, two
residues before the beginning of δM1, for OPA treatment,
followed by 16 additional cycles of Edman degradation. Strong
release of 125I was observed in cycles 27 and 31 in the fast but not
the slow desensitized state sample. The photoincorporation in the
fast and the slow desensitized state occurred at δPhe-232 (29 and
2 cpm/pmol, respectively) and δCys-236 (30 and 7 cpm/pmol,
respectively). In a separate experiment (not shown), we con-
firmed that there is photoincorporation into δPhe-232 in the
open state (24 cpm/pmol), as observed previously (28).
Comparison of Photolabeling of RM2 in the Resting and

Open States. Next we asked whether the R-subunit contained
residues equivalent to those in δM2 that are only labeled after
activation. We therefore isolated for sequence analysis a frag-
ment beginning at the N-terminus of RM2 (RMet-243, RM2-10)
by HPLC fractionation of an EndoLys-C digest of an ∼20 kDa
fragment beginning at RSer-173 that is produced when the R-
subunit is digested with V8 protease (Figure S3) (see Experi-
mental Procedures). Sequencing (Figure 4) revealed a peptide
beginning at RMet-243. Under both labeling conditions, there

FIGURE 2: Photoincorporation of [125I]TID in the δM2-M3 loop
and δM3 helix in the resting, open, fast, and slow desensitized states
of the Torpedo nAChR. Photolabeled nAChRs were from the
experiments described in the legend of Figure 1. The panels show
125I (O and b, left axis) and PTH-amino acids (0 and 9, right axis)
released during the sequencing. The sequence of the δ-subunit
fragment beginning at δThr-281 (δM2-250), near the C-terminus of
δM2 and continuing through the δM2-δM3 loop into δM3
(highlighted with a dark bar), is shown at the top. Aliquots of δ-
subunits were digested in solutionwith V8 protease. The digests were
fractionated by reversed phase HPLC from which fractions contain-
ing the desired peptide were pooled (Figure S2A-C) for sequencing.
To restrict the sequencing to the fragment beginning at δThr-281,
each sequencing filter was treated with OPA after five cycles of
Edman degradation (i.e., when δPro-286was theN-terminal residue)
(V) to block other peptides that do not contain a proline at that cycle.
(A) nAChRs were photolabeled in the resting (O and0) and open (b
and 9) states. For sequencing the resting and open state samples,
4650 and 2750 cpm of 125I were loaded onto filters, respectively. The
fragment beginning at δThr-281 was the only sequence remaining
after the OPA treatment [(0) I0= 3.8 pmol, andR=90%; (9) I0=
1.3 pmol, andR=92%]. A prominent release of 125I was detected in
cycle 8 (δIle-288) only in the open state sample. There were minor
peaks of 125I release in cycles 13 and 25 (δMet-293 and δAsn-305,
respectively). (B) nAChRs were photolabeled in the open (b and 9)
and fast desensitized (O and 0) states. For sequencing the open and
fast desensitized state samples, 6880 and 24263 cpm of 125I were
loaded onto filters, respectively. The fragment beginning at δThr-281
was the only sequence remaining after the OPA treatment [(9) I0 =
1.4, and R= 93%; (0) I0 = 5.2 pmol, and R= 92%]. A prominent
release of 125Iwas detected in cycle 8 (δIleu-288) in the resting and fast
desensitized state, with minor release occurring at cycles 13, 22, and
25 (δMet-293, δVal-302, and δAsn-305, respectively). (C) nAChRs
were photolabeled in the fast (O and0) and slow desensitized (b and
9) states. For sequencing the fast desensitized and slow desensitized
state samples, 23900 and 6850 cpm of 125I were loaded onto filters,
respectively. The fragment beginning at δThr-281 was the only
sequence remaining after the OPA treatment [(0) I0 = 9.1 pmol,
andR=93%; (9) I0= 16 pmol, andR=91%]. The prominent 125I
releases in cycle 8 (δIle-288) in the fast desensitized state fell drama-
tically during slow desensitization. (D) Because the amount of
peptide is higher in panel C than in panels A and B, the low level of
photoincorporation in δM3 (cycles 13, 22, and 25; δMet-293, δVal-
302, and δAsn-305, respectively) is clear when the data are plotted on
an expanded axis.
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was a single robust peak of 125I release at cycle 9 followed by
two smaller ones at cycles 13 and 16, with photoincorpora-
tion efficiencies similar in the resting and open states: RM2-90

Leu-251 (57 and 64 cpm/pmol, respectively), RM2-130 Val-255
(5 and 8 cpm/pmol, respectively), and RM2-160 Leu-258 (4 and

3 cpm/pmol, respectively). Thus, photoincorporation into the
channel lumen of RM2 is not strongly affected by channel opening.
There was no release of 125I at cycle 18 or 22 in either sample.
Comparison of Photolabeling of βM2 in the Resting and

Open States. To identify residues photolabeled by [125I]TID, β-
subunits of nAChRwere digestedwith trypsin and a band of∼10
kDa was isolated and purified by HPLC (Figure S4A). A single
peptide beginning with βMet-249 at the N-terminus of βM2 was
detected with a single peak of 125I release in cycle 9, correspond-
ing to βM2-90 Leu-257. The levels of photoincorporation in this
residuewere 109 and 72 cpm/pmol for the resting andopen states,
respectively (Figure 5A). There was no release at cycle 18 or 22 in
either sample.
Comparison of Photolabeling of βM2 in the Open and

Fast Desensitized States.Using the procedure described in the
preceding paragraph, 125I release was observed in cycles 9 and 13
corresponding to the labeling of residues βM2-90 Leu-257 and
βM2-130 Val-261 (Figure 5B). Photoincorporation efficiencies
for the open versus the fast desensitized state for these two
residues were as follows: 55 versus 19 cpm/pmol, respectively,
and 4 versus 5 cpm/pmol, respectively. There was no release at
cycle 18 or 22 in either sample.

FIGURE 3: Photoincorporation of [125I]TID into the δM1helix in the
fast desensitized and slow desensitized states of nAChR. 125I (O and
b) and PTH-amino acids (0 and9) released during sequencing of the
fragment beginning at δPhe-206 and extending through δM1, which
was isolated by reversed phase HPLC fractionation of the EndoLys-
C digests of the δ-subunit described in the legend of Figure 1 and
Figure S1 from nAChRs photolabeled in the fast desensitized (O and
0) and slow desensitized (b and 9) states. For sequencing the fast
desensitized and slowdesensitized state samples, 7600 and 840 cpmof
125I, respectively, were loaded onto filters. To confirm that the 125I
release after cycle 20 could be attributed to δM1, both samples were
treated with OPA after 19 cycles of Edman degradation (i.e., when
δPro-225 was the N-terminal residue) (V) to prevent further sequen-
cing of any other peptides in the samples not containing an N-
terminal proline at that cycle. Even before the OPA treatment,
however, the only sequence detected began at δPhe-206 [(0) I0 =
4.5 pmol, and R = 97%; (9) I0 = 2.5 pmol, and R = 95%].
Prominent labeling at cycles 27 and 31 was seen only in the fast
desensitized state.

FIGURE 4: Photoincorporation of [125I]TID into theRM2helix in the
resting and open states. 125I (O andb) and PTH-amino acids (0 and
9) released while sequencing the fragment beginning at RMet-243
(RM2-10), whichwas isolated from theR-subunits photolabeled in the
experiment described in the legend of Figure 1A by HPLC purifica-
tion of an EndoLys-C digest (Figure S3) of a 20 kDa fragment
produced by digestion with V8 protease. For sequencing the resting
and open state samples, 2217 and 1874 cpm of 125I, respectively, were
loaded onto filters. Sequencing revealed a single peptide [for the
resting state (0), I0= 1.3 pmol andR=92%; for the open state (9),
I0 = 0.9 pmol and R = 90%]. A major peak of 125I release was
observed in cycle 9 (RLeu-251), with minor peaks at cycles 13 (RVal-
255) and 16 (RLeu-258).

FIGURE 5: Photoincorporation of [125I]TID into the βM2helix in the
resting, open, and fast desensitized states. 125I (O and b) and PTH-
amino acids (0 and 9) released while sequencing the fragment
beginning at βMet-249 (βM2-10), which was isolated from the β-
subunits photolabeled in the experiments described in the legend of
Figure 1A,B by HPLC purification (Figure S4) of an ∼10 kDa
fragment isolated by Tricine SDS-PAGE from trypsin digests. (A)
nAChRs were photolabeled in the resting (O and0) and open (b and
9) states. For sequencing the resting and open state samples, 4252
and 4523 cpm of 125I, respectively, were loaded onto filters. Sequen-
cing revealed a single peptide beginning at βMet-249 [(0) I0 = 2.5
pmol, andR=93%; (9) I0= 3.6 pmol, andR=94%]. There was a
major peak of 125I release in both states at cycle 9, corresponding to
βLeu-257. (B) nAChRs were photolabeled in the open (b and9) and
the fast desensitized (O and 0) states. For sequencing the open and
fast desensitized state samples, 3166 and 1060 cpm of 125I, respec-
tively, were loaded onto filters. Sequencing revealed a single peptide
beginning at βMet-249 [(9) I0 = 3.9 pmol, and R = 92%; (0) I0 =
3.8 pmol, andR=92%].Themajor peakof 125I release in both states
was at cycle 9 (βLeu-257), with minor release at cycles 13 (βVal-261)
and 16 (βLeu-264).
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DISCUSSION

Location of the Photolabeled Residues. Using time-re-
solved photolabeling, we have followed structural changes as the
nAChR passed from the open to the fast desensitized state and
from that state to the slow desensitized state. Combined with our
previous study on changes occurring during agonist-induced
channel opening (28), the work covers a time span from 1.5 ms
to many minutes after rapid addition of agonist. Our results are
summarized in graphical form in Figure 6. TID photolabeling
reported on structural changes in three distinct domains of the
Torpedo nAChR. The first domain is the pseudocentrosymmetric
subunit interface site in the channel lumen, predominantly at the
conserved M2-90 leucines, RLeu-251, βLeu-257, and δLeu-265,
but also more extracellular at M2-130 and M2-160. The photo-
labeling kinetics of the channel lumen residues are summarized in
Figure 6C. The second domain is the interface between the
ligand-binding domain (LBD) and the transmembrane domain.
Here in the δM2-M3 loop, the photolabeled δIle-288 makes
contact with the conserved Cys loop of the LBD at the highly
conserved δPhe-137 and δPro-138 (Figure S5). The third domain
is the extracellular end of the δ-subunit’s transmembrane domain
where we photolabeled two residues one turn apart both on M1
(δPhe-232 and δCys-236) and on M2-180 and M2-220 (δThr-274
and δLeu-278). On one side, these residues are bounded by the
R-subunit-δ-subunit interface and on the other by the space
within the δ-subunit’s four-helix bundle (Figure 6A and Figure
S5). In the seconddomain (δM2-M3 loop), theR-carbonof δIle-
288 is 13-20 Å from those of the residues on M1 and M2.
Although structurally distinct, the photolabeling kinetics of the
residues in the second and third domains were similar

(Figure 6B), and they may be considered together; we have
previously termed them the activation-dependent residues and
predicted that they all contribute to a single TID binding
pocket (28).

An interesting spatiotemporal pattern of agonist-induced struc-
tural changes was observed to occur asynchronously over a wide
time frame (Figure 6B, C). In our previous study, the efficiency of
photoincorporation into the activation-dependent residues on
the δ-subunit was similar at 1.5 and 10 ms following addition of
agonist (28). Here we show that there is no further structural
change during fast desensitization in this region. Thus, after the
initial change detected 1.5ms after addition of agonist, there is no
further change until slow desensitization occurs. In contrast, in
the channel lumen, structural changes were detected both during
opening and during fast desensitization. Thus, during fast
desensitization, structural changes occurring in the center of
the channel lumen at M2-90 are uncoupled from those contral-
ateral to the extracellular end ofM2 and in the δM2-M3 loop in
contact with the LBD (compare panels B and C of Figure 6).
However, upon slow desensitization, a major structural change
occurs in the latter regions, while either modest or no changes are
detected in the channel lumen. Finally, the slow desensitized state
can be distinguished from the resting state, not only, as expected,
in the center of the channel lumen but also in the two more
extracellular domains where the efficiency of photolabeling in the
activation-dependent residues remains higher in the slow desen-
sitized state than in the resting state, a result in agreement with
another recent study (38).

This microscopic pattern of photolabeling is consistent with
that of the intact subunits (28). The δ-subunit is the only one to

FIGURE 6: Location (A) and contrasting state dependence of the activation-dependent (B) and channel lumen (C) groups of residues. (A) A
representation of the transmembrane region of theTorpedo nAChRbased on the 2005 structure [ProteinData Bank entry 2gb9 (5)]. The receptor
is viewed from the extracellular, N-terminal side, and the structure is sliced to show the transmembrane domain (TMD) only. The subunits are
color-coded as follows (yellow forR, red forβ, green forγ, andpurple forδ; theTMDof the secondR-subunit that is situatedbetween theγ- andδ-
subunits is shown only in outline for the sake of clarity). The channel lumen residues are colored dark blue; theM2-90 residues are shown for each
subunit and theM2-130 andM2-160 residues for theδ-subunit. TheδM2-90 Leu-265 is identifiedwith green lettering.For the activation-dependent
residues on the δ-subunit, the carbon atoms are colored corn blue, oxygens red, and nitrogens mid blue; residues are identified with red lettering.
At the top right near δIle-288, a portion of the δ-subunit’s Cys loop from the LBD is shown in ribbon representation. Molecular graphics were
produced using the UCSFChimera package from the Resource for Biocomputing, Visualization, and Informatics at the University of California
(San Francisco, CA) (supported by National Institutes of Health Grant P41 RR-01081) (48). (B and C) Normalized efficiency of photo-
incorporationof [125I]TIDas the nAChRpasses sequentially from the resting through the open and fast desensitized states to the slowdesensitized
state. (B) Biphasic state dependence of photoincorporation into the activation-dependent residues in the δ-subunit. The residues are identified in
the key. The percent change in each pair of experiments was calculated. The data for δM2-180 and δM2-220 (Thr-274 and Leu-278) were grouped
and averaged (two replicates per point). For the δM2-M3 loop residue, Ile-288, there were two replicates for each state transition (Figures 1 and
2). The data were then normalized with error propagation to the open state, which was set to 100. There was no photolabeling in the resting state,
equal degrees of photoincorporation in the open and fast desensitized states, and only modest photolabeling in the slow desensitized state. (C)
State dependence of the efficiency of photoincorporation into the channel lumenM2-90 residues on theR-,β-, andδ-subunits (RM2Leu-251,βM2
Leu-257, and δM2 Leu-265, respectively). The data were analyzed as described for panel B. The percent change in each pair of experiments was
calculated. We assumed 90-leucine photoincorporation was equal in all subunits and averaged the data, which were then normalized with error
propagation to the resting state,whichwas set to 100.For the sakeof comparison, the squares showdata fromourprevious study (28) for themean
of δM2-180 and δM2-220 normalized to the open state (B) and for δM2 Leu-265 normalized to the resting state (C).
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experience an increase in the level of photoincorporation upon
opening because it is the only one with photoincorporation in the
activation-dependent residues and this offsets the decrease in the
channel lumen. During fast desensitization, all subunits experi-
ence a decrease in the extent of photoincorporation originating in
the channel lumen, but the level in the δ-subunit remains higher
than in the other subunits. Finally, during slow desensitization,
only the level of δ-subunit photoincorporation decreases sharply
because photoincorporation in the activation-dependent residues
is lost.
Relevance to Models of Gating and Desensitization. Our

conclusion that the channel lumen’s structure in the center of the
M2 domain is different in the resting, open, and fast desensitized
states is consistent with the two-gate model, which proposes an
activation gate and a separate desensitization gate (14, 16, 28, 39).
In each of the three states we studied, the model predicts a
different arrangement of gates in the conduction pathway. In the
resting state, the desensitization gate is open and the activation
gate is closed. Activation opens the latter gate, and conduction
occurs.During fast desensitization, the desensitization gate closes
while the activation gate remains open.

The uncoupled model proposes that desensitization is not a
concerted process, that each subunit has only one desensitized
structure, and that the difference between fast and slow desensi-
tization is merely in the number of subunits in the desensitized
state (17). Supporting evidence comes from rapid kinetics studies
with a fluorescent agonist that suggests that the agonist site at the
R-subunit-δ-subunit interface desensitizesmore slowly than that
at the R-subunit-γ-subunit interface (40, 41), pointing to a
model in which a conformation change at the R-subunit-
γ-subunit interface accompanies fast desensitization and a similar
one at the R-subunit-δ-subunit interface accompanies slow
desensitization. Our demonstration that the activation-depen-
dent residues on the δ-subunit change only during slow desensi-
tization is consistent with this conclusion. Furthermore, the
conformation at the R-subunit-δ-subunit agonist site and that
at the extracellular end of the transmembrane domain of the δ-
subunit appear to be tightly coupled both across the R-sub-
unit-δ-subunit interface and across the LBD-TMD interface.
At the same time, we observe changes in the centrosymmetric site
in the channel lumen (δM2-90 Leu-265), but it is likely that these
reflect conformation changes in neighboring subunits rather than
changes in the δ-subunit’s conformation, although we cannot
rule out the latter possibility.

Although many studies have demonstrated the importance of
the M2-M3 loop in channel gating, few have considered
desensitization. Recent electrophysiological studies of chimeras
of two receptors with very different desensitization rates, the
nACh R7 receptor and 5HT3AR, show that mutations in the
M2-M3 loop affect the open channel lifetime and rate of
desensitization in parallel (18). This is consistent with our
observations on the δ-subunit. In addition, our results suggest
that structural changes in the δM2-M3 loop are rather rigidly
coupled to those at the top of δM2 and δM1because the levels of
photolabeling of all five activation-dependent residues change in
parallel. Comparison of the two prokaryotic structures suggests
that gating involves a “tilting” ofM2 pivoted on its central region
so that the extracellular end moves counterclockwise around the
pore’s axis (viewed from the LBD) and outward toward M3,
which in turn tilts outward. The tilting of M2 during opening
would move δM2 residues Thr-274 and Leu-278, which are
contralateral to the channel lumen, into the pocket of the

δ-subunit that is bounded by the four-helix bundle and change
the environment around δIle-288 on the δM2-M3 loop. It is
likely that these coupled motions are driven by the interaction of
the Cys loopwith the δM2-M3 loop (see below). One possibility
is that in the open state δIle-288 takes up a position on the surface
of the same helix-bound pocket that has the other activation-
dependent residues lining its surface (28). There are two argu-
ments against this. First, δIle-288 is photolabeledmore efficiently
than the other residues, suggesting, but not proving, that they
may not occupy the same pocket. Second, comparison of the two
prokaryotic structures does not reveal such a rearrangement of
the M2-M3 loop in this direction, although this argument is
complicated by the different lengths of that loop in the two
representative structures. Further discussion must await the
determination of the structure of a single protein in the resting
and open state.

Theoretical modeling provides some insights into the confor-
mational dynamics in the region of the activation-dependent
residues. Thus, a molecular dynamics normal-mode analysis
study of the R7 nAChR suggested a direct coupling between a
twisting motion of the LBD and dynamic changes of M2 (42).
The coupling occurred at the interface between the Cys loop and
the M2-M3 loop. The conserved Phe-135 (δPhe-137 in Torpedo
numbering) is stabilized within a hydrophobic pocket formed by
Leu-270 and Ile-271 (Torpedo δ-subunit numbering being Leu-
287 and Ile-288, respectively; both subunits have a Pro-Leu-Ile
sequence at the M3 end of the M2-M3 loop). The downward
motion of the M2-M3 loop caused the M2 helices to tilt.
However, our results refer to the δ-subunit which does not bind
the agonist and is a so-called complementary subunit, contribut-
ing to agonist action at the R-subunit-δ-subunit interface. A
theoretical study of the R4β2 nAChR is of interest (43) because it
found motions in the LBD-TMD interface similar to those in
the study mentioned above and, in addition, that those in
the complementary β-subunits were greater than those in the
R-subunits.
Implications for Drug Action. This work, together with

our previous study (28), has delineated the behavior of hydro-
phobic pockets through four conformations of the nAChR. It
adds weight to the allosteric hypothesis of general anesthetic
action that requires the existence of general anesthetic binding
sites whose affinity varies with the protein’s conformation.
Furthermore, our work shows that more than one drug
binding pocket can be occupied simultaneously in the nAChR
TMD and that the binding properties of these pockets may
depend on the protein’s conformation in different ways, a
conclusion that is supported by recent studies with TDBzl-
etomidate, a photoreactive analogue of the general anesthetic
etomidate (44).

The kinetic behavior of the δ-subunit’s activation-dependent
residues on M1 and M2 predicts that this four-helix bundle
binding pocket, reminiscent of that hypothesized to be respon-
sible for volatile anesthetic action on GABAA receptors (45), has
a similar structure in the open and fast desensitized states, but two
different structures in the resting state and slowdesensitized state.
Nonetheless, the much smaller general anesthetic, halothane,
does label the resting state at δTyr-228 (46), one helical turn
above the activation-dependent residue δPhe-232, illustrating the
importance of an agent’s size; the smaller halothane has access to
the pocket that is denied to the bulkier TID in this conformation.
Furthermore, consistent with our conclusion that the resting
and slow desensitized states are not equivalent, halothane
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photoincorporation is enhanced relative to the resting state by
slow desensitization (46).

In the channel lumen at the level of theM2-90 residues and in
the hydrophobic patch extracellular to these regions (M2-130

and M2-160), the environment appears to be different in each
of the conformations studied, and an agent binding here might
have a different affinity for each state. On the extracellular side
of the hydrophobic patch in the channel lumen at M2-200

(RGlu-262 and δGln-276), azietomidate, another photoacti-
vatable analogue of the general anesthetic etomidate, labels
∼2-fold more efficiently in the open state than in the slow
desensitized state, suggesting more modest changes in this
region (47).

CONCLUSIONS

We have provided new information about structural changes
that take place during fast desensitization. Specifically, we have
been able to probe a region at the extracellular end of the TMDof
the δ-subunit. The structure here changes when the channel
opens (28). The open state structure persists in the fast desensi-
tized state, only changing again when the slow desensitized state
is attained. At the same time in the channel lumen at the level of
the conserved M2-90 leucines, the structures of the closed, open,
and fast desensitized states are all different. Thus, the structures
of the ion pore in the two nonconducting states (resting and fast
desensitized) connected to the open state are not equivalent.
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