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Abstract

The Torpedo nicotinic acetylcholine receptor (nNAChR) is the only member of the Cys-loop
superfamily of ligand gated ion channels (LGIC) that is available in high abundance in a native
membrane preparation. To study the structure of the other LGICs using biochemical/biophysical
techniques, detergent-solubilization, purification, and lipid-reconstitution are usually required. To
assess the effects of purification on receptor structure, we used the hydrophobic photoreactive probe
3-trifluoromethyl-3-(m-[12%I]iodophenyl)diazirine ([12°1]TID) to compare the state-dependent
photolabeling of Torpedo nAChR before and after purification and reincorporation into lipid. For
purified nAChR, the agonist-sensitive photolabeling within the M2 ion channel domain of positions
M2-6, M2-9 and M2-13, the agonist-enhanced labeling of 6Thr274 (6M2-18) within the & subunit
helix bundle, and the labeling at the lipid-protein interface (aM4) were the same as for nAChR in
native membranes. However, addition of agonist did not enhance [12°1]TID photolabeling of 511288
within the 3M2-M3 loop. These results indicate that after purification and reconstitution of
Torpedo nAChR, the difference in structure between the resting and desensitized states within the
M2 ion channel domain was preserved, but not the agonist-dependent change of structure of the
3M2-M3 loop. To further characterize the pharmacology of [2°1]TID binding sites in the NAChR in
the desensitized state, we examined the effect of phencyclidine (PCP) on [1221]TID photolabeling.
PCP inhibited [*2°1]TID labeling of amino acids at the cytoplasmic end of the ion channel (M2-2
and M2-6), while potentiating labeling at M2-9 and M2-13 and allosterically modulating the labeling
of amino acids within the & subunit helix bundle.

The Cys-loop family of ligand gated ion channels (LGIC) includes the nicotinic acetylcholine
receptors (NAChR), GABA type A receptor, serotonin type 3 receptor and the glycine receptor.
The Torpedo (muscle-type) nAChR has been studied extensively (1) because of its availability
in large quantities in native Torpedo membrane preparations, and it is the only eukaryotic LGIC
for which there is a three dimensional structure (2;3). Four homologous subunits (2a, B, y and
8) assemble pseudosymetrically to form the Torpedo nAChR pentamer. The membrane
spanning domain of each nAChR subunit consists of a four helix bundle (M1-M4), with the
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M2 helices from each subunit associating at the central axis to line the lumen of the ion channel
and the M1, M3 and M4 helices forming a lipid-exposed outer ring (2).

Due to the low abundance of LGIC receptors in their natural sources (other than the Torpedo
nAChR), detergent-solubilization, purification and lipid-reconstitution are necessary to obtain
receptor preparations for structural studies using many biophysical and biochemical techniques
(4). The type of detergent used to disrupt the native membrane and the composition of the lipid
mixture in which the nAChR is reincorporated determine the function of the purified NAChR
(5). Solubilization of Torpedo nAChR-rich membranes in cholate, but not other detergents
such as octyl glucoside, Triton X-100, or Tween 20, stabilizes NAChR in the resting state (6).
While nAChRs reconstituted in lipid vesicles composed of dioleoylphosphatidylcholine
(DOPC) were stabilized in the desensitized state, purification of nAChRs in the presence of
DOPC, dioleoylphosphatidic acid (DOPA), and cholesterol (CH) has been shown to retain ion-
gating activity (7) and agonist-induced state transitions from the resting to the desensitized
state, as determined by Fourier Transform Infrared (FTIR) spectroscopy and hydrophobic
photolabeling (8;9).

Since its introduction (10), 3-trifluoromethyl-3-(m-[*251]iodophenyl) diazirine ([12°1]TID) has
been used to study the lipid interface of many membrane proteins (11). As a hydrophobic probe,
[12511TID photolabels amino acids at the nAChR lipid-protein interface (12), within the ion
channel, and in the delta subunit helix bundle (13;14). [251]TID photolabeling within the ion
channel reveals changes in nAChR structure between the resting and desensitized states (13),
while photolabeling within the & subunit helix bundle reveals changes in structure between the
resting, open, and desensitized states (14).

In this report we use [12°1]TID photolabeling to define the structure of Torpedo nAChR after
cholate-solubilization, affinity-purification and reconstitution into a lipid environment that
preserves nAChR state transitions (purified nAChR hereafter) relative to its structure in its
native membrane environment (native NAChR hereafter). While FTIR spectroscopy studies
have established that purified and lipid reconstituted Torpedo nAChRs retain similar secondary
structure compositions and agonist-induced structural changes (15;16), [121]TID
photolabeling is able to assess at higher resolution the potential differences in structure in the
transmembrane domain. To further define [122I]TID as a structural probe of the NAChR in the
desensitized state, we use phencyclidine (PCP), an aromatic amine non-competitive antagonist
that binds with high affinity to a single site in the NAChR ion channel (Keq = 1 uM, desensitized
state) and to additional lower affinity sites (17) to characterize the pharmacological specificity
of the [1251]TID binding sites.

EXPERIMENTAL PROCEDURES

Materials

Torpedo californica and their frozen electric organs were obtained from Aquatic Research
Consultants (San Pedro, CA). Synthetic lipids and cholesterol were from Avanti Polar Lipids,
Inc. (Alabaster, AL). [1251]TID (~10 Ci/mmol) was obtained from Amersham Biosciences
(Piscataway, NJ) and stored in ethanol at —4°C. Staphylococcus aureus glutamyl endopeptidase
Glu-C (V8 protease) was from ICN Biomedical, and endoproteinase Lys-C (EndoLys-C) was
from Roche Applied Sciences. Sodium cholate was from USB Corporation (Cleveland, OH).

Torpedo NnAChR Purification and Reconstitution

Torpedo nAChR-rich membranes for affinity purification, isolated from frozen electric organs,
and membranes for direct [12°1]TID photolabeling, isolated from freshly dissected T.
californica electric organs, were prepared, as described previously (18). Torpedo nAChR-rich
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membranes at 1 mg/ml were solubilized in 1% sodium cholate in vesicle dialysis buffer (VDB,
100 mM NaCl, 0.1 mM EDTA, 0.02% NaNs3, 10 mM MOPS, pH 7.5), and the nAChR was

affinity-purified on a bromoacetylcholine bromide-derivatized Affi-Gel 10 column (Bio-Rad)
and then reconstituted into lipid vesicles composed of DOPC, DOPA, and CH at a molar ratio
of 3:1:1, as described (7;9). The lipid to nAChR ratio was adjusted to a molar ratio of 400:1.
Based upon SDS-PAGE, the purified nAChR comprised more than 90% of the protein in the
preparation. Both the nAChR-rich membranes and the purified nAChR were stored at —80°C.

[1251]TID Photolabeling

Twenty milligrams of Torpedo nAChR-rich membranes (1.5 nmol [3H]Acetylcholine binding
sites/mg protein) or 5 mg of purified Torpedo NAChR were incubated with ~250 uCi of [12°[]
TID (~ 2.5 uM) in 10 ml of Torpedo physiological saline (TPS: 250 mM NaCl, 5 mM KCI, 3
mM CaCls,, 2 mM MgCl,, and 5 mM sodium phosphate, pH 7.0) and divided into 5 ml aliquots
in round bottom flasks. TPS or drug(s) was added to the membrane suspensions, which were
stirred for 40 min, then irradiated with a 365 nm UV lamp (Model EN-16, Spectrotonics,
Westbury, NY) for 20 minutes at a distance of less than 1 cm. For purified nAChR, labeling
was carried out in the absence or presence of 200 uM Carb. For nAChR-rich membranes,
labeling was carried out under three different labeling conditions: 1. resting state labeling (no
drug added), 2. desensitized state labeling (in the presence of 200 uM Carb); 3. labeling in the
presence of 200 uM Carb and 100 uM PCP.

SDS-Polyacrylamide Gel Electrophoresis

[1251]TID-labeled nAChRs were resuspended in electrophoresis sample buffer (12.5 mM Tris-
HCL, 2% SDS, 8% sucrose, 1% glycerol, 0.01% bromophenol blue, pH 6.8), and the
polypeptides were resolved on 1.5 mm thick gels, with 8% polyacrylamide/0.32% bis-
acrylamide in the separating gel (19;20). Following electrophoresis, gels were stained with Gel
Code Blue® stain reagent (Pierce), and processed for phosphor imaging to track 1251 subunit
incorporation, and the stained a, B, y and 6 nAChR subunit bands were excised.

To isolate fragments containing the aM2 or aM4 segments, the a subunit bands were soaked
in overlay buffer (5% sucrose, 125 mM Tris-HCI, 0.1% SDS, pH 6.8) for 20 min, transferred
to the wells of a 15% acrylamide mapping gel, and overlaid with 200 ug of V8 protease (~1000
u/mg; MP Biomedicals, Solon, OH) in overlay buffer for *“in gel”” digestion (20;21). This
digestion reproducibly generates four non-overlapping peptides, aVV8-4 (beginning at aSer1),
aV8-18 (aThr52), aV8-20 (aSer173) and aVV8-10 (aAsn339) (20). Based on the phosphor
image of the mapping gel, the bands were excised that contained the labeled subunit proteolytic
fragments a\V8-20, which includes the M1, M2 and M3 transmembrane segments, and a\V8-10,
which includes the M4 segment,.

Alpha subunit fragments and intact B, y and & subunits were recovered from gel pieces by
passive elution. Eluates were concentrated by centrifugal filtration to a final volume of 300
ul (Vivaspin 15 Mr 5000 concentrators; Vivascience, Stonehouse, UK) and then acetone
precipitated (75% acetone at —20°C overnight) to remove SDS. Subunits or subunit fragments
were then resuspended in resuspension buffer (15 mM Tris, 0.5 mM EDTA, 0.1% SDS, pH
8.1) for proteolytic digestion.

Isolation of Transmembrane segments

The aM4 segment was generated by digestion of a\VV8-10 with trypsin. Four volumes of 0.5%
Genapol in 50 MM NH4HCO3 buffer (pH 8.1) were added to 1 volume of subunit fragments
to dilute the SDS content, and trypsin (1:1 protein to enzyme ratio) in 0.1 volume of 20 mM
CaCl, was added and the digestion was allowed to proceed for 2 days at room temperature
(22). The digests were purified by reversed-phase HPLC (rpHPLC, see below), with the
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fragments containing M4 eluting as a broad hydrophobic peak. The fragment beginning near
the N-terminal of aM2 was generated from endoproteinase Lys-C (EndoLys-C, Roche
Diagnostics, Indianapolis, IN) digests of aVV8-20. The aVV8-20 fragment in 100 pl of
resuspension buffer was incubated for 2 weeks with 0.5 unit of EndoLys-C, and the digests
were then fractionated by rpHPLC and the 1251 peak was pooled for amino acid sequencing.

To isolate fragments beginning near the N-terminal of the pM2, M1 and M2 segments, 8
and & subunits were digested with trypsin (12-16 h) and EndoLys-C (2 weeks), respectively.
The digests were resolved on a 1.5 mm thick, small pore (16.5%T, 6%C) Tricine SDS-PAGE
gel (23). For the B subunit digest, the M2 segment was isolated by rpHPLC purification of
the major radioactive band in the Tricine gel which runs with an apparent molecular mass of
8 kDa (13). The fragments beginning near the N-terminal of the M1 and M2 were isolated
by rpHPLC fractionation of material eluted from the gel band with apparent molecular mass
of 10-14 kDa (14).

The fragment beginning near the N-terminal of the M2-M3 loop and extending through the
dM3 was generated by digestion of the 6 subunit with V8 protease in solution (22). Delta subunit
in resuspension buffer was incubated with 200 pg of V8 protease for 1-2 days at room
temperature, and the digest was then fractionated by rpHPLC. While this fractionation does
not resolve the M3 fragment from the other transmembrane segments, the 1251 incorporated
within the 8M2-M3 loop was determined from amino acid sequencing by the use of o-
phthalaldehyde as described below.

Reversed-Phase HPLC Purification and Sequence Analysis

rpHPLC was performed on an HP 1100 binary system using a Brownlee Aquapore BU-300
column (70y, 100 x 2.1mm; PerkinElmer #0711-0064) and Brownlee Newguard RP-2 guard
column at 40 °C. Solvent A was 0.08% trifluoroacetic acid (TFA) in water, and Solvent B was
0.05% TFA in 60% acetonitrile/40% 2-propanol. A nonlinear elution gradient at 0.2 mL/min
was employed (25% to 100% Solvent B in 75 min, shown as dotted line in figures), and fractions
were collected every 2.5 min (36 fractions/run). The elution of peptides was monitored by the
absorbance at 215 nm, and the 125] in each fraction was determined by y-counting.

For sequence analysis, the rpHPLC fractions containing the aM4 and M1 segments were
loaded onto PVDF filters using Prosorb® Sample Preparation Cartridges (Applied Biosystems
#401959) and the filters were treated with Biobrene as recommended by the manufacturer. For
other samples, rpHPLC fractions were drop-loaded onto Biobrene-treated Micro TFA filters
(Applied Biosystems #401111) at 45°C. Amino acid sequencing was performed on an Applied
Biosystems PROCISE 492 protein sequencer. One-sixth of the eluate of each Edman
degradation cycle was used for amino acid identification/quantification, and five-sixths were
collected for 1251 counting. For each peptide detected, the amount of amino acid (f(x), in pmol)
in cycle x, determined from the peak heightx) — peak height(,_1), was fit to the equation f(x)
= IgRX to determine the initial amount of the peptide (lg) and the sequencing repetitive yield
(R). Ser, His, Trp, and Cys were not included in the fits due to known problems with their
quantification. For some samples, sequencing was interrupted at a specific cycle and the filter
was treated with o-phthalaldehyde (OPA) before resuming sequencing (indicated by an arrow
in figures). OPA reacts efficiently with primary amino acids but not secondary amines
(proline), and treatment with OPA prevents further sequencing of fragment not containing a
proline at that cycle (24;25). The efficiency of amino acid photolabeling (cpm/pmol) was
calculated as (cpmy—cpmx—1))/51,R*.
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RESULTS and DISCUSSION
[125]]TID labeling of purified Torpedo nAChR
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[1251]TID photolabeling of affinity purified Torpedo nAChR reconstituted into DOPC, DOPA,
and CH was characterized by the same relative incorporation into subunits in the absence of
agonist as seen for Torpedo nAChR in its native membrane and by the same ~90% reduction
in subunit photolabeling upon desensitization by agonist (6;8). To extend these studies, we
photolabeled purified and native Torpedo nAChRs on a preparative scale and isolated for
sequence analysis the 8 subunit fragments containing M1, 8M2 and M2-M3 loop/3M3
(Supplementary Figures S1 and S2). As reported previously (13), for native NAChR in the
absence of agonist (resting state), within M2 (Figure 1A) [12°1]TID photolabeled two amino
acids in the middle of the ion channel domain: 8M2-9 (8Leu265, 40 cpm/pmol) and 6M2-13
(8Val269, 130 cpm/pmol). In the presence of agonist (desensitized state) (Figure 1A and B),
dM2-18 (8Thr274), which projects into the pocket formed by the & subunit helix bundle (see
summary Figure 6), was the most efficiently labeled amino acid (15 cpm/pmol), and the
labeling at 5SM2-9 and 8M2-13 was reduced by >95%. 6M2-6 (5Ser262), near the cytoplasmic
end of the ion channel, and 8M2-22 (5Leu278), which projects into the & subunit helix bundle,
were also labeled in the presence of agonist. Similar state-dependent photolabeling of amino
acids was found within M2 segments isolated from [12°1]TID-labeled purified nAChR
(Figures 1C and D). In the presence of agonist, the major peak of 125] release was associated
with 8M2-18 (5 cpm/pmol), and labeling at 5M2-9 and 8M2-13, which was predominant in
the absence of agonist (17 cpm/pmol and 44 cpm/pmol, respectively), was reduced to less than
1 cpm/pmol. In addition, M2-6 was labeled at ~ 1 cpm/pmol (Table 1). While in the absence
of agonist in the native nAChR there was no detectable labeling of 8M2-6 or 5M2-18, in the
purified nAChR those positions were labeled at ~30% the efficiency seen in the presence of
agonist. This labeling of 5M2-6 and 5M2-18 in the absence of agonist provides evidence that
a higher fraction of the purified NAChRs are in the desensitized state than in the native
membranes (~20 % (26)).

To further characterize the structure of the & subunit transmembrane domain in the purified
nAChR, subunit fragments beginning at 6Phe209, containing 3M1, and at Thr281, containing
the 3M2-M3 loop and extending through 8M3, were isolated from [12%1]TID-labeled native
and purified nAChRs and sequenced (Figure 2). For native nNAChRs, [121]TID labeled
dPhe232 (5 cpm/pmol) and 6Cys236 (42 cpm/pmol) within 8M1 (Figure 2A) and 511288 (7
cpm/pmol) in the sM2-M3 loop (Figure 2B) only in the presence of agonist (desensitized state).
For purified nAChR, [12%1]TID photolabeled 8Phe232 and 8Cys236 within the sM1 (Figure
2C) in the absence (1 and 2 cpm/pmol, respectively) and the presence of agonist (2 and 5 cpm/
pmol, respectively). The efficiency of [122]TID photoincorporation into 5116288 within the
dM2-M3 loop was 1 cpm/pmol in the absence or presence of agonist (Figure 2D).

Since the agonist-sensitivity of [1221]TID photolabeling within the ion channel was similar for
the purified nNAChR as for the native Torpedo nAChR, these results indicate that the orientation
of the M2 helices in the closed state is retained after purification as well as the differences in
structure between the resting (closed channel) and desensitized states. [12°1]TID photolabeling
also provided evidence of state-dependent changes in the structure of the 5 subunit helix bundle
after purification, but not in the 5M2-M3 loop. In contrast to the native nAChR, [122I]TID
photolabeled 6Phe232 and 6Cys236 within M1 in the purified nAChR in the absence of
agonist, consistent with a higher fraction of purified nAChRs in the desensitized state, as was
also evidenced by the labeling of 6M2-6 and 6M2-18. The lack of agonist-enhanced
photolabeling of 3116288, which in the purified nAChR in the absence (or presence) of agonist
is labeled at the same low level as in the native nAChR in the absence of agonist, indicates that
either the structure of the 5M2-M3 loop was perturbed after solubilization, purification and
reconstitution or that its structure was retained but not its orientation in the desensitized state
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relative to the & subunit helix bundle. Further studies are required to distinguish between these
two possibilities.

Another structural component that might be affected by detergent-solubilization and
reconstitution is the lipid-protein interface. To test this, we examined the [*251]TID labeling
within aM4. For both native and purified nAChR (Figure 3A and B, respectively), [12°1]TID
photoincorporated mainly at aCys412 within aM4, with similar labeling efficiency in the
absence and presence of agonist. Thus the surface of the aM4 helix most exposed to lipid
remains the same in the purified nAChR as in the native nAChR. Amino acids within each M3
segment are also positioned at the lipid interface (12), but we were unable to identifying the
photolabeled amino acids within M3 in native (Figure 2B) or purified nAChRs (Figure 2D)
because of the increasing background 12°] release seen beyond sequencing cycle 10, which
probably originated from 12°] release due to random internal cleavage of other labeled
fragments blocked by OPA. Successful identification of the amino acids within the M3 helices
photolabeled by [*2°I]TID in the native nAChR required sequence analysis, without OPA
block, of highly purified M3 fragments (12).

Table 1 compares the efficiencies of [122]TID photolabeling of amino acids (cpm/pmol) in
the & subunit transmembrane domain and in aM4 for native and purified NAChRs in the absence
and presence of agonist. For the native nAChR in the desensitized state, comparison of the
results for two independent labeling experiments establishes that the efficiency of labeling at
an individual position within the & subunit can vary by 30% from the average value, but the
relative efficiencies of photolabeling of individual amino acids within each experiment is quite
reproducible (for example, the ratios of labeling at 6Thr274 to 611e288 and 6 Thr274 to 6Ph232
were 2.2+0.1 and 2.9+0.1, respectively). Comparison of labeling efficiencies of positions in
the native and purified nAChRs reveals that the most striking difference is the enhanced
labeling of the purified nNAChR at the lipid interface (aCys412) relative to the protein interior
(ion channel or helix bundle). In the native nAChR in the resting state, the ratio of labeling of
aCys412 to 6M2-13 was 0.06, while it was 2.2 for the purified nAChR. For native nAChR in
the desensitized state, the ratio of labeling of aCys412 to 8M2-18 was ~1.3, while it was 16
for the purified nAChR. This difference results both from an increase in the labeling efficiency
at the lipid interface and a reduced labeling efficiency in the protein interior. Although the 400
to 1 molar ratio of lipid to purified nAChR is similar to the average value in the Torpedo
nAChR-rich membrane preparation, neither the specific lipid compaosition nor the bilayer
asymmetry of the Torpedo membranes (5;27) is maintained, which will likely contribute to
differences in TID partitioning between bulk lipid and the nAChR in the two environments
(28). In addition, the highly unsaturated fatty acids in the Torpedo lipids (27) may function as
a scavenger competing for photoactivated TID at the nAChR-lipid interface. While differential
partitioning may account for the relatively reduced labeling within the protein interior (ion
channel, & helix bundle), it can not account for the difference we observe in the state dependence
of TID labeling in the M2-M3 loop.

The effects of PCP on [12%1]TID photolabeling of nAChR in the desensitized state

FornAChR in the desensitized state, PCP binds to a single high affinity binding site per receptor
which is assumed to be within the ion channel (29). To examine the effect of PCP on [12°]]
TID photolabeling within the ion channel and the & subunit helix bundle of Torpedo nAChR
in the desensitized state, transmembrane fragments were isolated and sequenced from
Torpedo nAChR-rich membranes photolabeled with [2251]TID in the presence of agonist or
agonist and PCP. Within the ion channel, PCP completely inhibited [*251]TID
photoincorporation into aM2-6, BM2-2, pM2-6, and 3M2-6, but it enhanced photolabeling at
BM2-13, 6M2-9 and 8M2-13 (Figure 4). Within the & subunit helix bundle, PCP reduced by
~30% the efficiency of labeling of 8M2-18 (Figure 4C) and by ~50% the labeling 6Phe232 and
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dCys236 within M1 segment (Figure 5A) or 511e288 in the M2-M3 loop (Figure 5B). At the
lipid-protein interface PCP did not inhibit labeling of aCys412 within aM4 (Table 1).

For nAChRs in the desensitized state, sequence analysis provided no evidence of [1251]TID
photolabeling of aM2-18 (alle260) or pM2-18 (BLeu266) (Figures 4A and B), in contrast to
the labeling of M2-18 (§Thr274). However, aliphatic side chains have lower intrinsic
reactivity with TID than a threonine (30). We also found no evidence of [1251]TID
photolabeling of Bl1e280, the position corresponding to 611e288, or of other amino acids in the
BM2-M3 loop or within BM1 (i.e., labeling, if it occurred was at <15% the efficiency of the
labeling of 511288 or 6Phe232). Similarly, we found no evidence of labeling within the yM2-
M3 loop in nAChRs in the desensitized state. (data not shown). Thus for nAChRs in the
desensitized state, [12°1]TID appears to bind selectively within the pocket formed by the &
subunit helix bundle and not in the pockets formed by transmembrane helices of the o, B, or
vy subunit transmembrane domains.

For nAChRs in the resting state, TID binding in the ion channel at the level of M2-9 and -13
is inhibited competitively by tetracaine, a closed channel blocker, and allosterically by PCP
(31-33). For nAChRs in the desensitized state, our results, along with the fact that PCP
inhibited [3H]chlorpromazine photolabeling at positions M2-6 (and -2 or -9, depending on the
subunit) (34), indicate that PCP and [122I]TID bind in a mutually exclusive manner at the
cytoplasmic end of the ion channel in the desensitized state, and that PCP binding at that site
may cause a subtle perturbation of the structure of the & subunit helix bundle as evidenced by
the reduced efficiency of labeling. Since [122I]TID photolabeling of M2-9 and M2-13 in the
nAChRs equilibrated with agonist was less than 5% of that for nAChR in the resting state,
further studies are required to determine whether the labeling of those positions in the presence
of agonist results from a small fraction of NAChRs remaining in the resting state, which would
be consistent with the observed effects of PCP on the labeling.

CONCLUSIONS

In this report, we used hydrophobic photolabeling with [122I]TID to assess the effect of
detergent solubilization, affinity-purification and lipid-reconstitution on the structure of the
well-characterized Torpedo nAChR. In the nAChR transmembrane segments, the amino acids
photolabeled by [122I]TID are shown in Figure 6 in views of the transmembrane domain from
the base of the extracellular domain (Figure 6A) and from the lumen of the channel toward -
d-a (Figure 6B). We found that after cholate-solubilization and purification in the presence of
DOPC, DOPA and CH, the structure of the nAChR ion channel domain in the resting state and
the change in structure of the ion channel domain between the resting and desensitized states
were retained. However, the loss of agonist-enhanced labeling in the 3M2-M3 loop indicates
that this region in the purified nAChR at the interface between the extracellular and
transmembrane domains does not undergo the expected change in structure between the resting
and desensitized states. Since [12°1]TID photolabels in the & helix bundle and 5M2-M3 at least
ten times more efficiently in the open state than in the equilibrium desensitized state (14), it
will be important in future studies to use [12°1]TID photolabeling in conjunction with rapid-
mixing and freeze-quench techniques to probe the structure of that pocket and the 6M2-M3
loop in the purified nAChR after transient exposure to agonist. We have characterized the
purified nAChR after reconstitution in a PC/PA/CH environment that supports channel gating
and receptor state transitions. In the future it will be important to examine the effect of CH on
the structure of the nAChR transmembrane domain, since CH has been shown to be essential
for nAChR gating, while the transition from the open to fast desensitized state is independent
of CH concentration (7;35;36). When the human o432 nAChR was purified by the same
protocol (37), [1221]TID photolabeling established that the amino acids exposed at the lipid
interface were consistent with homology models based upon the Torpedo nAChR structure.

Biochemistry. Author manuscript; available in PMC 2010 May 19.
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Based upon our studies of the purified, reconstituted Torpedo nAChR, it is likely that other
structural features of the transmembrane domains in purified neuronal nAChRs will be the
same as in their native membrane environment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The effect of affinity-purification and lipid-reconstitution on [125I]TID
photoincorporation into 8M2 in nAChRs in the resting and desensitized states

125 (0, @) and PTH-amino acids (o, m) released during sequence analysis through M2 from
native (A and B) or purified (C and D) nAChRs. Native Torpedo nAChR-rich membranes or
affinity-purified and lipid-reconstituted nAChR were photolabeled with [*251]TID in the
absence (o, o) or presence (e, m) of Carb, and EndoLys-C digests of & subunits were
fractionated by Tricine SDS-PAGE and by rpHPLC (Supplemental Figure S1) to isolate
fragments beginning at 5Met257. The primary sequence began at 6Met257 for native NAChR
(A and B, lo, control (o), 31 pmol,+ Carb (m), 37 pmol) and for purified NAChR (C and D,
lo, —Carb (o), 35 pmol, +Carb (m), 30 pmol), with a fragment beginning at 8Asn437 present
at ~ 1 pmol in all samples. For both the native and purified nAChRs, in the absence of Carb
the peaks of 1251 release in cycles 9 and 13 reflected labeling of 5Leu265 and 8Val269, which
was reduced by >95% for the +Carb samples which had the major peak of 12°] release in cycle
18, consistent with labeling of 8Thr-274, and in cycles 6 (Ser262). B and D, 1251 release
profiles from panels A and C are replotted on an expanded scale to show clearly the peaks of
release for the +Carb samples. The amino acid sequence quantified is shown above each panel,
with the solid bar indicating the span of the M2.
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Figure 2. The effect of affinity-purification and lipid-reconstitution on [125I]TID
photoincorporation in 8M1 (A and C) and in the §M2-6M3 loop (B and D) in the absence or presence
of agonist

125 (o, @) and PTH-amino acids (o, m) released during sequencing of fragments isolated from
EndoLys-C digests (A and C) and V8 protease digests (B and D) of & subunits isolated from
[1251]1TID-labeled native (A, B) or purified Torpedo nAChR (C, D) as described in
“Experimental Procedures” and in Supplemental Figures S1 and S2. During sequencing the
filters were treated with OPA at cycle 20 to chemically isolate M1 (A & C) or in cycle 6 to
chemically isolate M3 (B & D) by preventing further sequencing of fragments not containing
a proline in those cycles. A & C, Before treatment with OPA the primary amino acid sequence
began at 5Phe206 for native (A, lo, 4 pmol, —and +Carb) and purified nAChRs (B, lo, 14 pmol,
—and +Carb), and sequencing of that fragment continued after OPA treatment. For the native
membranes, before OPA treatment the fragment beginning at 5Met257 was present as a
secondary sequence (+Carb (4), 1o, 2 pmol; —Carb, 1 pmol (not shown)), and it is this fragment
that is the source of the peaks of 125] release in cycles 9 and 13 (—Carb, o) and in cycle 18 (e,
+Carb). After treatment with OPA in cycle 20, for the native nAChR there were peaks of 129|
release in cycles 27 (8Phe232), and 31 (5Cys236) +Carb, with no detectable 1251 release in the
—Carb sample. For the purified nAChR, there were peaks of 12%] release in cycles 27 and 31
in the absence and presence of Carb. B & D, Before OPA treatment in cycle 6, fragments were
present beginning at 511e192, 6Val443, and 8Thr281, each at ~ 12 pmol (B), while after OPA
treatment, sequencing continued only for the 8Thr281 fragment from native (B, lo, 12 pmol —
or +Carb) and purified NnAChRs (D, lo, 8 pmol — or +Carb). The amino acid sequence quantified
is shown above each panel, with the solid bar indicating the span of the M1 (A &C) and M3
(B & D) segments.
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Figure 3. Affinity-purification and lipid-reconstitution has no effect on [125I]TID photolabeling
within aM4

125] (o, @) and PTH-amino acids (o, m) released during sequence analysis of the fragment
beginning at aTyr401, which was isolated by rpHPLC from trypsin digests of a\VV8-10 from
[1251]TID-labeled native (A) or purified nAChR (B) photolabeled with [1251]TID in the absence
(o, o) or presence of Carb (m, ®). In each condition, the primary amino acid sequence began
at oTyr401 (A, lo, 15 pmol, — or +Carb; B, 3 pmol — or +Carb) and the major peak of 125]
release was in cycle 12 (aCys412). The amino acid sequence detected is shown above the panel,
with the solid bar indicating the span of the M4 segment.
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Figure 4. For nAChRs in the desensitized state, PCP inhibits [125I]TID photoincorporation into
amino acids only at the cytoplasmic end of the M2 segments

125| (e, A) and PTH-amino acids (m, ) released during sequence analysis of the fragments
beginning at the N-termini of aM2 (A), BM2 (B), and M2 (C) that were isolated from native
Torpedo NAChR labeled with [1251]TID in the presence of Carb (e, m) or Carb and PCP (A,
<>). A, The primary amino acid sequence began at aMet243 (lo, 4 pmol each condition). The
major peak of 12] release in cycle 6 +Carb (a:Ser248, 90 cpm) was reduced to 10 cpm +Carb
+PCP. B, The primary amino acid sequence began at pMet249 (l,, +Carb, 20 pmol; +Carb
+PCP, 16 pmol) with a secondary sequence beginning at pLys216 (I,, <1 pmol). In the presence
of PCP, the peaks of 12°] release in cycles 2 (BSer250) and 6 (BSer254) were reduced by >90%,
the release in cycle 9 (BLeu257) was reduced by <15%, and the release in cycle 13 (BVal261)
was increased by 200%. C, The primary amino acid sequence began at 6Met257 (lo, 16 pmol,
both conditions). In the presence of Carb, the major peak of release in cycle 18 indicated
labeling of 8Thr274 at 22 cpm/pmol which was reduced by 30% in the presence of PCP. The
peaks of 12] release in cycles 2 and 6 indicated labeling of Ser258 and 6Ser262 at 0.4 and
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1.7 cpm/pmol which was reduced by 90% +PCP. 6Leu265 (cycle 9) and 56Val269 (cycle 13)

were labeled at 2.5 and 3.3 cpm/pmol (+Carb), and that labeling was increased by 100% and
20%, respectively, in the presence of PCP.
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Figure 5. [125I]TID photoincorporation within 8M1 and the 8M2-M3 loop in the presence of PCP
125| (e, A) and PTH-amino acids (m, ) released during sequence analysis of the fragments
beginning at 5Phe206 before M1 (A) and 8Thr281 in the 5M2-M3 loop (B) that were isolated
from native Torpedo nAChR labeled with [1251]TID in the presence of Carb (e, m) or Carb and
PCP (A, ) as described under the Experimental Procedures and the legend of Figure 2.
During sequencing the filters treated with OPA before cycle 20 (A) or 6 (B) to prevent
sequencing of fragments not containing a proline in those cycles. A, The primary amino acid
sequence began at 5Phe206 (+Carb (m), 1g, 7 pmol; +Carb + PCP (<>), 10 pmol). In the presence
of Carb, the peaks of 1291 release in cycles 27 and 31 indicated labeling of 5Phe232 and
dCys236 at 8 and 38 cpm/pmol, respectively, which was reduced by 50% in the presence of
PCP. B, The fragment beginning at Thr281 was present at 20 pmol (both conditions). In the
presence of Carb, the major peak of 1251 release in cycle 8 indicated labeling of 511e288 at 11
cpm/pmol, which was reduced to 6 cpm/pmol in the presence of PCP. The amino acid sequences
of the fragments are shown above each panel, with solid bars indicating the span of the sM1
(A) and 6M3 (B) segments.
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Membrane ——|

Figure 6. Residues photolabeled by [}251]TID within the transmembrane domain of native and
reconstituted nAChRs

Views of the membrane-spanning helices (shown as cylinders) of the Torpedo nAChR structure
(PDB # 2BG9): A, looking down the channel from the base of the extracellular domain; and
B, (A) looking parallel to the membrane with 2 subunits removed for clarity, rotated 90° from
(A). Subunits are color-coded: o, gold; B blue; y, green; and 8, magenta. Residues photolabeled
by TID are included in stick format, color coded by domain and conformation: ion channel,
resting state (red); ion channel, desensitized state (PCP inhibitable) (yellow); & subunit helix
bundle, desensitized state (cyan); lipid-protein interface (green). A Connolly surface model of
TID is included in A for scale.
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