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 Conformational Changes in the Nicotinic Acetylcholine Receptor during Gating and Desensitization† Jonathan B. Cohen, and Keith W. Miller*,‡,§
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 Received September 4, 2009; Revised Manuscript Received December 3, 2009 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-hydroxytryptamine 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 modulating 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 A˚ distant in the † This research was supported by a grant from the National Institutes of Health (GM-58448), by the Department of Anesthesia and Critical Care, Massachusetts General Hospital, and by an award to the Harvard Medical School from the Howard Hughes Biomedical Research Support Program. *To whom correspondence should be addressed: Department of Anesthesia, Critical Care and Pain Medicine, Massachusetts General Hospital, 32 Fruit St., Boston, MA 02114. Telephone: (617) 726-8985. Fax: (617) 724-8644. E-mail: [email protected]. 1 Abbreviations: Carbachol, carbamylcholine; EndoLys-C, endoproteinase Lys-C; HPLC, high-pressure liquid chromatography; LBD, ligand-binding domain; nAChR, nicotinic acetylcholine receptor; OPA, o-phthalaldehyde; PAGE, polyacrylamide gel electrophoresis; PTH, phenylthiohydantoin; SDS, sodium dodecyl sulfate; TID, 3-(trifluoromethyl)-3-(m-iodophenyl)diazirine; TMD, transmembrane domain; TPS, Torpedo physiological saline; V8 protease, Staphylococcus aureus endopeptidase Glu-C.
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 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 the Torpedo acetylcholine receptor in the absence of agonist in the resting, closed state (5). Promisingly, two homologous prokaryotic 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). An underlying problem with studying desensitized states is that they are nonconducting, and electrophysiological experiments infer their existence indirectly from the kinetics of the disappearance and reappearance of conducting states. The muscle type r 2009 American Chemical Society
 
 Article nAChR occurs in such abundance in Torpedo 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 agonistinduced conformational changes using agonist site and noncompetitive 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 resolution in the millisecond range, well suited to probing conformational changes as the receptor progresses from the open state through the desensitized states. We have used time-resolved photolabeling with the hydrophobic photolabel 3-(trifluoromethyl)-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 desensitization 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-(Trifluoromethyl)-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 carbamylcholine (carbachol). The contents of the loops were forced through the mixer by a pneumatic ram, and after a designated
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 incubation time, the mixed samples were expelled onto a rotating stainless steel disk (60 rpm) precooled in liquid nitrogen, where they were instantaneously (12 h at -20 C). The precipitates were resuspended overnight in 200 μL of resuspension 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 described (30). After the electrophoresis, the mapping gels were stained with GelCode Blue stain (Pierce) and proteolytic fragments of 20 kDa (RV8-20), beginning at RSer-173 and containing 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 2 weeks at room temperature. The RV8-20 digests were fractionated using reversed phase HPLC. The δ-subunit digests were fractionated by Tricine SDSPAGE (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 (pH 8.1)] followed after 10 min by 0.1 volume of trypsin in 20 mM 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 purifications 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% trifluoroacetic 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 RM4 or δM1 were absorbed onto a PVDF filter using the ProSorb absorption system (Applied Biosystems, Foster City, CA) following the manufacturer’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-sixth was 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 peptides were determined by a nonlinear least-squares fit (Sigma Plot, Jandel Scientific) of the equation f(x) = I0Rx, where f(x) is the number of picomoles of the amino acid in cycle x. Because of known problems with quantifying their PTH derivatives, 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  I0Rx. 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 preferentially over secondary amines (i.e., proline) and may be used at any sequencing cycle to block Edman degradation of peptides not containing an N-terminal proline. The counts per minute detected 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 are many 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
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