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 [3H]Benzophenone Photolabeling Identifies State-Dependent Changes in Nicotinic Acetylcholine Receptor Structure† Galo Garcia, III, David C. Chiara, Selvanayagam Nirthanan, Ayman K. Hamouda, Deirdre S. Stewart, and Jonathan B. Cohen* Department of Neurobiology, HarVard Medical School, Boston, Massachusetts 02115 ReceiVed April 30, 2007; ReVised Manuscript ReceiVed June 25, 2007
 
 ABSTRACT: Interactions of benzophenone (BP) with the Torpedo nicotinic acetylcholine receptor (nAChR) were characterized by electrophysiological analyses, radioligand binding assays, and photolabeling of nAChR-rich membranes with [3H]BP to identify the amino acids contributing to its binding sites. BP acted as a low potency noncompetitive antagonist, reversibly inhibiting the ACh responses of nAChRs expressed in Xenopus oocytes (IC50 ) 600 µM) and the binding of the noncompetitive antagonist [3H]tetracaine to nAChR-rich membranes (IC50 ) 150 µM). UV irradiation at 365 nm resulted in covalent incorporation of [3H]BP into the nAChR subunits (δ > R ∼ β > γ), with photoincorporation limited to the nAChR transmembrane domain. Comparison of nAChR photolabeling in the closed state (absence of agonist) and desensitized state (equilibrated with agonist) revealed selective desensitized state labeling in the δ subunit of δPhe-232 in δM1 and δPro-286/δIle-288 near the beginning of δM3 that are within a pocket at the interface between the transmembrane and extracellular domains. There was labeling in the closed state within the ion channel at position M2-13 (RVal-255, βVal-261, and δVal-269) that was reduced by 90% upon desensitization and labeling in the transmembrane M3 helices of the β and γ subunits (βMet-285, βMet-288, and γMet-291) that was reduced by 50-80% in the desensitized state. Labeling at the lipid interface (RMet-415 in RM4) was unaffected by agonist. These results provide a further definition of the regions in the nAChR transmembrane domain that differ in structure between the closed and desensitized states.
 
 The nicotinic acetylcholine receptor (nAChR)1 is a member of a superfamily of neurotransmitter-gated ion channels that also includes the serotonin 5-HT3, GABAA, and glycine receptors (1-3). Each receptor is composed of a pentamer of homologous subunits that associate at a central axis that is the ion channel. Information about the three-dimensional structure of these receptors is based primarily upon the crystal structures of soluble molluscan acetylcholine binding proteins, which are homologous to the extracellular domain of a homopentameric nAChR (4-6), and a model of the muscle-type nAChR (7, 8), built from 4 Å resolution electron density maps derived from cryoelectron microscope images of the Torpedo nAChR. Each receptor contains two transmitter binding sites located in the extracellular domain at subunit interfaces (R-γ and R-δ for the Torpedo † This research was supported in part by U.S. Public Health Service Grant GM-58448 and by an award to Harvard Medical School from the Howard Hughes Biomedical Research Support Program for Medical Schools. G.G. was supported in part by a Merck Summer Undergraduate Research Fellowship, and S.N. was supported by a Brooks Foundation Fellowship in Neurobiology. * To whom correspondence should be addressed. Tel: 617-432-1728. Fax: 617-734-7557. E-mail: [email protected]. 1 Abbreviations: nAChR, nicotinic acetylcholine receptor; Carb, carbamylcholine chloride; BP, benzophenone; V8 protease, Staphylococcus aureus endopeptidase Glu-C; EndoLys-C, endoproteinase LysC; OPA, o-phthalaldehyde; PCP, phencyclidine; TFA, trifluoroacetic acid; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; HPLC, high-pressure liquid chromatography; TPS, Torpedo physiological saline.
 
 nAChR with an R2βγδ subunit stoichiometry). The Nterminal half of each subunit contributes to the extracellular domain, and each subunit’s transmembrane domain is made up of a loose bundle of four R helices (M1-M4), with M2 from each subunit forming the wall of the ion channel and M4 located most peripheral and in greatest contact with lipid. In addition to the direct primary structure link between the extracellular domain and M1 (preM1), within each subunit contact between the extracellular (ligand binding) and transmembrane (ion channel) domains is limited to a few amino acids in three loops at the base of the extracellular domain and approximately four amino acids between the C-terminus of M2 and the N-terminus of M3 (M2-M3 loop). In the absence of agonist, nAChRs exist predominately in a resting, closed channel, conformation with low affinity for ACh. Agonist binding induces a series of conformational transitions leading transiently to an open channel state and then to a desensitized state that has the highest affinity for agonist and a nonconducting ion channel. Mutational analyses have identified state-dependent changes in structure in the ion channel (9) and interactions between amino acids at the base of the extracellular domain, pre-M1, and the M2M3 loop that are important for agonist gating of the ion channel (10-13). Analyses of rate-equilibrium free energy relations for nAChR with single amino acid substitutions at positions in the extracellular or transmembrane domains suggest that gating occurs as a “conformational wave”
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 propagating from the transmitter binding site to the ion channel (14, 15). Photolabeling the nAChR with uncharged, hydrophobic probes has provided an alternative method to identify changes in structure of the ion channel between closed and desensitized states (16, 17) and, by photolabeling nAChRs frozen in the open state, to identify a structural change in the δ subunit transmembrane helix bundle that occurs upon channel opening (18) (see ref 19 for review). In addition, these probes identified nAChR amino acids at the lipid interface and provided evidence of the R-helical secondary structure of the M3 and M4 segments from the periodicity of labeling (17, 20). The probes initially used, 3-(trifluoromethyl)-3(m-iodophenyl)diazirine ([125I]TID) and [3H]diazofluorene, incorporate via carbene intermediates that react efficiently with water as well as amino acid side chains, which could limit their usefulness as structural probes in the presence of water. In this report we characterize photolabeling of nAChRs in the closed and desensitized states with another hydrophobic photoprobe, [3H]benzophenone (BP). In contrast to TID and diazofluorene, BP reacts via a ketyl diradical that will not react with water but can insert into C-H bonds with broad side-chain reactivity (reviewed in refs 21-23), although reaction with methionine often dominates (24-26). That it does not react with water may make BP well-suited to probe the nAChR structure at the interface between the extracellular and transmembrane domains, a region likely to include both hydrophobic surfaces and water. Recently, when nAChRs expressed in Xenopus oocytes were photolabeled with BP (and hydrophobic derivatives of TID), LC/ MS analyses indicated state-dependent labeling in the nAChR extracellular domain (27). We report here that when [3H]BP photolabels Torpedo nAChR-rich membranes, photolabeling is restricted to the transmembrane domain, with statedependent labeling in the ion channel, in the δ subunit fourhelix bundle, and at the β-R and γ-R subunit interfaces, as well as state-independent labeling at the lipid interface in RM4.
 
 voltage clamp as described (29). BP was prepared at 0.2 M in methanol and diluted into low-calcium ND96 recording solution (96 mM NaCl, 2 mM KCl, 0.3 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES, pH 7.6) containing 1 µM atropine. Radioligand Binding Assays. A centrifugation assay (30) was used to determine the equilibrium binding of [3H]ACh, [3H]tetracaine, or [3H]PCP, in the absence or presence of 1 mM Carb, to nAChR-rich membranes in phosphate-buffered Torpedo physiological saline (TPS: 250 mM NaCl, 5 mM KCl, 3 mM CaCl2, 2 mM MgCl2, and 5 mM sodium phosphate, pH 7.0). For [3H]tetracaine (9 nM) and [3H]PCP (6 nM), 0.2 mL aliquots at 0.7 mg of protein/mL (∼500 nM ACh binding sites) were incubated with the drugs for 2 h before centrifugation at 15000 rpm in a microcentrifuge for 40 min. For [3H]ACh, membrane suspensions were pretreated with diisopropyl phosphofluoridate (∼0.5 mM) to inhibit acetylcholinesterase activity; then [3H]ACh (15 nM) and drugs were equilibrated with dilute membrane suspensions (1 mL, 40 nM ACh binding sites, ∼80 µg of protein/mL) for 30 min before centrifugation. Nonspecific binding was determined in the presence of 1 mM Carb for [3H]ACh, 0.2 mM tetracaine for [3H]tetracaine, and for [3H]PCP in the presence of 1 mM proadifen (+Carb) or 1 mM tetracaine (-Carb). The averages of duplicate determinations were normalized to the binding determined in the absence of BP. With BP prepared as a 200 mM stock solution in methanol, at the highest concentration tested, the final concentration of methanol was 0.5% (v/v). Control experiments established 0.5% methanol altered by 60% organic (Supporting Information Figure S1). On the basis of this analysis, less than 2% of [3H]BP photoincorporation into the R or δ subunit photoincorporation was within RV8-18 or δEKC-21, the fragments containing large portions of each subunit’s extracellular domain. Agonist-Inhibitable [3H]BP Photolabeling in the M2 Ion Channel Domain. To identify the amino acids labeled in δM2, δEKC-10/14 was isolated by Tricine SDS-PAGE from EndoLys-C digests of labeled δ subunits (Figure 4A) and then further fractionated by reversed-phase HPLC (Figure 4B). For each labeling condition, the major peak of 3H eluted at 65-70% organic, where the fragment beginning at δMet-257 elutes (18), and for the +Carb sample, there was a minor 3H peak eluting at 55% organic (fraction 23),
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 FIGURE 3: Mapping [3H]BP incorporation into large fragments of the nAChR R and δ subunits. nAChR-rich membranes (10 mg of protein at 2 mg/mL) were photolabeled with 0.3 µM [3H]BP without other drugs (control), with 2 mM Carb, or with 2 mM Carb and 0.1 mM proadifen. After photolabeling, the membranes were subjected to SDS-PAGE, and the nAChR subunits were excised from the stained gel. Indicated in the diagrams above are the nAChR R subunit (upper) and δ subunit (lower) proteolytic fragments produced by digestion with V8 protease (31) and EndoLys-C (18), respectively. (A) The stained gel strips corresponding to the R subunits were transferred to the wells of a 15% acrylamide “mapping” gel and digested in gel with V8 protease. After electrophoresis and staining, the 3H and polypeptides were eluted from the bands containing RV8-10, RV8-18, and RV8-20. When the material eluted from the gel band containing RV8-18 was further purified by reversed-phase HPLC, ∼10% of 3H was recovered in the fractions containing RV8-18 with the remainder eluting in a hydrophobic peak, consistent with elution properties of RV8-20 (Supporting Information Figure S1A). (B) The δ subunits were excised, eluted and concentrated, and then digested with EndoLysC, and the digests were fractionated by Tricine gel SDS-PAGE. After electrophoresis the gel was cut into 1 cm bands and material eluted (Figure 4A). The peak of 3H was in band 12, corresponding to δEKC-10/14. δEKC-21, which was identified by Coomassie blue stain, was in band 15 (Supporting Information Figure S1B). The 3H eluted from the gel slices of a single experiment is plotted in (A) and (B). Upon the basis of the intensity of the Coomassie blue stain of the bands in the gel, there were similar amounts of each subunit fragment in the three labeling conditions.
 
 where the fragment beginning at δPhe-206 elutes. The 3H peaks were larger for the sample from nAChRs labeled in the desensitized state than in the closed state. Sequence analysis of the major peak (Figure 4C) established the presence of a single fragment beginning at δMet-257 with 3H release in cycle 13 (-Carb, 1800 cpm), which was reduced by 80% in the +Carb sample (330 cpm) and by ∼95% in the sample labeled in the presence of Carb and proadifen (70 cpm). On the basis of the levels of the δM2 fragment in each sample, the observed 3H releases indicated labeling of δM2-13 (δVal-269) at 90 cpm/pmol (-Carb), 20 cpm/pmol (+Carb), and 4 cpm/pmol (+Carb/+proadifen). To further characterize the pharmacological specificity of [3H]BP photoincorporation in the ion channel in the closed state, the fragment beginning at δMet-257 was also isolated from nAChRs labeled in the absence and presence of tetracaine. Sequence analysis revealed labeling of δM2-13 that was reduced by ∼95% in the presence of tetracaine, as well as tetracaine-inhibitable labeling of δM2-9 (δLeu-265) at about 5% the efficiency of δM2-13 (δVal-269, Figure 4D). The incorporation of [3H]BP in RM2 and βM2 was also determined for nAChRs labeled in the absence and presence of Carb. The fragment beginning at RMet-243 at the
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 FIGURE 4: State-dependent [3H]BP photolabeling in the δM2 ion channel domain. δ subunits, isolated from nAChRs photolabeled with 0.3 µM [3H]BP in the absence of other drugs (O), in the presence of Carb (b), or in the presence of Carb and proadifen (4), were digested with EndoLys-C, and the digests were fractionated by Tricine gel SDS-PAGE. After electrophoresis, the gel lanes were cut into 1 cm bands, and material was eluted. (A) Distribution of 3H eluted from gel bands (cpm loaded: control, 73000 cpm; +Carb, 111000 cpm; +Carb + Pro, 65000 cpm). (B) 3H elution profile (O, b, 4) when the material from gel band 12 was purified by reversed-phase HPLC. Also plotted is the percent solvent B (- -). (C) 3H (O, b, 4) and PTH-amino acids released (0) when the HPLC peak of 3H (fractions 26 and 27) was sequenced. A single sequence was detected beginning at δMet-257, the N-terminus of δM2, with any other sequence at 95%. The releases of 3H in cycles 6 (420 cpm) and 8 (180 cpm) in the +Carb sample indicated labeling of δPro286 and δIle-288 at 6 and 3 cpm/pmol, with labeling at those positions in the resting state (-Carb) at
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