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3-Trifluoromethyl-3-(m-['2°I]liodophenyl)diazirine
(['2*I]TID) has been shown to be a potent noncompeti-
tive antagonist (NCA) of the nicotinic acetylcholine re-
ceptor (AChR). Amino acids that contribute to the bind-
ing site for ['?’IITID in the ion channel have been
identified in both the resting and desensitized state of
the AChR (White, B. H., and Cohen, J. B. (1992) «J. Biol.
Chem. 267, 15770-15783). To characterize further the
structure of the NCA-binding site in the resting state
channel, we have employed structural analogs of TID.
The TID analogs were assessed by the following: 1) their
ability to inhibit ['2°T]TID photoincorporation into the
resting state channel; 2) the pattern, agonist sensitivity,
and NCA inhibition of ['2°I]TID analog photoincorpora-
tion into AChR subunits. The addition of a primary al-
cohol group to TID has no demonstrable effect on the
interaction of the compound with the resting state chan-
nel. However, conversion of the alcohol function to ace-
tate, isobutyl acetate (TIDBIBA), or to trimethyl acetate
leads to rightward shifts in the concentration-response
curves for inhibition of ['2°I]TID photoincorporation
into the AChR channel and a progressive reduction in
the agonist sensitivity of [12°I]TID analog photoincorpo-
ration into AChR subunits. Inhibition of ['2°I]TID ana-
log photoincorporation by NCAs (e.g. tetracaine) as well
as identification of the sites of ['?’IITIDBIBA photoin-
corporation in the M2 segment indicate a common
binding locus for each TID analog. We conclude that
relatively small additions to TID progressively reduce
its ability to interact with the NCA site in the resting
state channel. A model of the NCA site and resting state
channel is presented.

Noncompetitive antagonists (NCAs)® of the nicotinic acetyl-
choline receptor (AChR) are by definition agents that block the
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permeability response of the receptor by binding to sites that
are distinct from the agonist-binding sites (recent reviews in-
clude Refs. 1-3). NCAs of the AChR are a large and structurally
heterogeneous group of compounds that include local anesthet-
ics, long chain alcohols, barbiturates, phencyclidine, ethidium,
substance P, and insecticides (4). Noncompetitive antagonists
used as photoaffinity probes of the AChR were instrumental in
determining that the transmembrane a-helical M2 segment of
each receptor subunit forms the lining of the ion channel pore
(5-9). Under equilibrium binding conditions, the majority of
NCAs interact preferentially with the AChR when acetylcho-
line sites are occupied by agonist, that is they bind preferen-
tially to the desensitized state of the AChR. Photoaffinity la-
beling studies with NCAs have identified several unique
binding loci within the channel of the AChR in the desensitized
state (5-10). Examples of NCAs such as the local anesthetic
tetracaine (11, 12) and the compound diazofluorene (13), which
bind with appreciable (micromolar) affinity to the AChR chan-
nel when agonist is not bound to the receptor, which is in the
resting state, are far less prevalent.

The uncharged, photoreactive compound 3-trifluoromethyl-
3-(m-[*2°1] iodophenyl)diazirine ([**51]TID) is another NCA that
interacts with high affinity with the AChR channel in the
resting state. TID is a potent noncompetitive antagonist of the
AChR, inhibiting agonist-induced ion flux and binding with
micromolar affinity to the channel in both the resting and
desensitized states (14, 15). TID is a unique compound in that
there are two components to its photoincorporation into the
AChR. First, TID is a potent NCA, and one component of
[*25T]TID photoincorporation is localized to the channel-lining
M2 segments of each receptor subunit. [12°I]TID photoincorpo-
ration into the M2 segment of each AChR subunit is inhibited
in a concentration-dependent manner by TID itself as well as
by other noncompetitive antagonists (14, 16, 17). In addition to
“specific” photoincorporation into amino acids in the M2 seg-
ments of each AChR subunit, [*2°I]TID also photoincorporates
into amino acids in the M1, M3, and M4 transmembrane seg-
ments of each receptor subunit. The extent of [*25T]TID photo-
incorporation into residues in the M1, M3, and M4 segments is
not affected by the further addition of an excess of nonradioac-
tive TID or other noncompetitive antagonists, that is the label-
ing is “nonspecific.” Consistent with the hydrophobic nature of
TID, it partitions extremely effectively into the lipid bilayer,
and ['2°I]TID photoincorporation into amino acids in the trans-
membrane segments M1, M3, and M4 is interpreted as indi-
cating that these residues are situated at the lipid-protein
interface of the AChR (18-20).

methoxybenzoic acid 8-(diethylamino) octyl ester; MOPS, 4-morpho-
linepropanesulfonic acid.
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Whereas TID binds with micromolar affinity to the AChR
channel in both the resting and desensitized state (14),
[*25T]TID photoincorporates into amino acids in the M2 seg-
ment of each AChR subunit in the resting state with 10-fold
greater efficiency than in the desensitized state. In the resting
state, [*2°I]TID reacts with homologous aliphatic residues in
each M2 segment that are located 9 and 13 amino acid residues
carboxyl-terminal to the conserved lysine residue at the amino
terminus of the M2 region (e.g. Leu-265 and 6Val-269). These
results provide important information about the NCA-binding
site and suggest that the conserved leucine residues at position
9 (e.g. 8Leu-265) may form a permeability barrier to the pas-
sage of ions in the resting state channel (16).

The work presented here employs analogs of TID to examine
further the molecular determinants of the NCA-binding site in
the AChR channel in the resting state. The interaction of TID
analogs with the NCA-binding site in the resting state channel
were assessed in several ways as follows: 1) the ability of
nonradioactive TID analogs to inhibit [*2°I]TID photoincorpo-
ration into the M2 segments of the resting state channel; 2) the
pattern and agonist sensitivity of [*2°I]TID analog photoincor-
poration into AChR subunits in the resting state, as well as
direct identification of the binding site of the TID analog,
TID-benzylisobutylacetate ([12°I]TIDBIBA); 3) the ability of
NCAs that interact with the resting state channel to inhibit
competitively photoincorporation of ['2°I]TID analogs into
AChR subunits in the resting state. We found that the addition
of a primary alcohol group to TID (position 1 of the benzene
ring; TIDBA) has no significant effect on the interaction of the
compound with the resting state channel. However, conversion
of the alcohol function to acetate, isobutyl acetate, or to tri-
methyl acetate (TIDBAc¢, TIDBIBA, or TIDBTMAc) leads to
rightward shifts (decreased potency) in the [*2°I]TID inhibition
concentration-response curves and a progressive reduction in
the agonist sensitivity of [12°I]TID analog photoincorporation
into AChR subunits. In addition, the ability of NCAs such as
tetracaine to inhibit competitively ['2°I]TID analog photoincor-
poration into AChR subunits as well as the determination that
the sites of [12°TJTIDBIBA photoincorporation within the M2
segment are identical to those of [*2°I]TID indicate that each of
the TID analogs binds to a single site in the resting state
channel. We conclude that relatively small structural additions
to TID result in a progressive reduction in the TID analogs
ability to bind to and photolabel the NCA site in the resting
state channel. The structure-activity studies with TID analogs
and the AChR lead us to suggest a model for the structure of
the resting state channel and the NCA-binding site.

EXPERIMENTAL PROCEDURES

Materials—AChR-rich membranes were isolated from Torpedo cali-
fornica electric organ (21). Reactivials were purchased from Pierce,
silica gel 60 thin layer chromatography (TLC) plates from Merck, and
Na'?*I and [PHITCP (55 Ci/mmol) from NEN Life Science Products.
[*25T]TID (~10 Ci/mmol) was purchased from Amersham Pharmacia
Biotech and stored in 75% ethanol at 4 °C. Organic chemicals including
acetic anhydride, isobutyric anhydride, trimethylacetic anhydride, and
4-(dimethylamino)pyridine (DMAP) were obtained from Aldrich. Amo-
barbital, pentobarbital, tetracaine, 3,4,5-trimethoxybenzoic acid 8-(di-
ethylamino)octyl ester (TMB-8), and a-bungarotoxin were purchased
from Sigma and Research Biochemicals. L-1-Tosylamido-2-phenylethyl
chloromethyl ketone-treated trypsin came from Worthington, Staphy-
lococcus aureus V8 protease from ICN, and Genapol C-100 (10%) from
Calbiochem. Prestained low molecular weight gel standards were pur-
chased from Life Technologies, Inc.

TID Analogs—['**1I]TIDBA and [*?’I]TID-BE (Fig. 1) were prepared
by radioiododestanylation of the tin-based precursors 4'-(3-trifluoro-
methyl-3H-diazirin-3-yl)-2’-tributylstannylbenzyl alcohol (TTDBA) and
4'~(3-trifluoromethyl-3H-diazirin-3-yl)-2’-tributylstannylbenzyl benzo-
ate (TTD-BE), respectively (10, 22, 23). The tin-based precursors were
a generous gift from Dr. Josef Brunner of the Swiss Federal Institute of
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Technology (ETH), Zurich, Switzerland. Briefly, 45 nmol of TTDBA or
TTD-BE in ethanol/toluene (1:1) were added to a 1-ml Reactivial and
dried under nitrogen. The dried material was dissolved in 20 ul of acetic
acid, 2 mCi of Na'?’I was then added, and the iodination reaction
initiated by the further addition of 5 ul of peracetic acid. After 15 min
the reaction was quenched by adding 3 ul of Nal (100 mm) and 200 ul
of sodium bisulfite (10% (w/w)). The radioiodinated compound was
extracted into 400 ul of ethyl acetate (upper phase), which was removed
and dried under nitrogen. The dried material was dissolved in 100 ul of
ethanol/toluene (1:1), applied to a Silica Gel 60 TLC plate (5 X 20 cm),
and developed with ether/hexane (1:9). The positions of [*2°I]TIDBA or
[***IITID-BE were determined by autoradiography. [***IITIDBA (R, =
0.25) and ["*°I|TID-BE (R, = 0.74) were scraped from the TLC plate,
extracted with 1 ml of ethanol, dried under nitrogen, dissolved in 50 ul
of ethanol and stored at —20 °C. Nonradioactive stocks of TIDBA and
TID-BE were made in nearly identical fashion, and the concentrations
were determined spectrophotometrically (€351 ,,, = 450 (22)). The TID
analogs TTDBAc, TTDBIBA, and TTDBTMAc were made by acylation
of the alcohol function of the tin precursor TTDBA (22). Briefly, 20 ul of
TTDBA (1.8 umol) was added to a 300-ul Reactivial, the solvent re-
moved by a stream of N, gas, and 4 umol of 4-(dimethylamino)pyridine
(DMAP) and 100 ul of anhydrous tetrahydrofuran added. Under anhy-
drous conditions, 50 wmol of either acetic anhydride, isobutyric anhy-
dride, or trimethylacetic anhydride were added, and the acylation re-
action was allowed to proceed overnight at room temperature (in the
dark). Following solvent evaporation and resuspension in ethanol, each
of the tin precursors were purified by TLC (ether/hexane, 1:9), TTDBAc
(R = 0.58), TTDBIBA (R, = 0.72), and TTDBTMAc (R, = 0.78). The
concentration of each purified tin precursor was checked spectrophoto-
metrically (€364 nm = 450). [*?°’IITIDBAc, [**IITIDBIBA, and [***I]TID-
BTMACc (Fig. 1) as well as nonradioactive analogs were produced from
the corresponding tin precursor and purified in a fashion identical to
that described above for [*?*T]TIDBA.

Photolabeling of AChR-rich Membranes with [**’I]TID Analogs—For
labeling experiments, Torpedo AChR-rich membranes (1 mg/ml in Ves-
icle Dialysis Buffer (VDB), 10 mm MOPS, 100 mMm NaCl, 0.1 mm EDTA,
and 0.02% NaN,, pH 7.5) were incubated for 2 h at room temperature
with either [2°I]TID, [*2°I]TIDBA, [**I]TIDBAc, [*?*I]TIDBIBA, or
[*2°ITIDBTMAc at a final concentration of ~1.6 uMm (0.4 um for
[*25T]TID) and with or without 400 um carbamylcholine chloride or
drugs at various concentrations (see text). For analytical labeling ex-
periments, approximately 1 mg of AChR membranes were used and 10
mg (per condition) for preparative labelings. Incubations were per-
formed in either glass test tubes or vials and under reduced lighting
conditions. The samples were then irradiated with a 365 nm UV lamp
(Spectroline EN-280L) for 7 min at a distance of less than 1 cm and
centrifuged at 39,000 X g for 1 h. Pellets were solubilized in electro-
phoresis sample buffer and subjected to SDS-PAGE (24).

For analytical labelings 1.0-mm thick SDS-PAGE gels were used
(1.5-mm thick for preparative labeling experiments) containing sepa-
rating gels composed of 8% polyacrylamide, 0.33% bisacrylamide. Fol-
lowing electrophoresis, gels were stained with Coomassie Blue R-250 to
visualize AChR subunit bands. Analytical gels were dried and exposed
to Kodak X-Omat LS film with an intensifying screen at —80 °C (1-3-
day exposure). Preparative gels and analytical gels for which receptor
subunits were to be subjected to proteolytic mapping were soaked in
distilled water overnight, and the bands for a-, B-, y-, and d-subunits
excised from the 8% gels. Proteolytic mapping of the sites of [*2°I]TID
analog photoincorporation within AChR subunits was performed ac-
cording to the method of Cleveland et al. (25) and as described in detail
in Blanton et al. (10). For preparative gels, AChR subunits were eluted
from the excised gel pieces into 15 ml of Elution Buffer (0.1 M
NH,HCO,, 0.1% (w/v) SDS, 1% B-mercaptoethanol, pH 7.8) for 4 days at
room temperature with gentle mixing. The gel suspensions were then
filtered through Whatman No. 1 paper and concentrated using a Cen-
triprep-10 (Amicon). Excess SDS was removed by acetone precipitation
(~85% acetone at —20 °C for 12 h).

For analytical labeling experiments, [*?*I]TID photoincorporation
into AChR subunits was quantified by cutting out the receptor bands
from the dried 8% acrylamide gel and determining the amount of '2°I
cpm present in each band by y-counting in a Packard Cobra II gamma
counter (10 min counting time/band). For [***I]TID analog competition
labeling experiments (Figs. 2 and 4), the data points were determined
according to Equation 1.

% specific ['**’I]TID analog photoincorporation into AChR y-subunit =

(CPMdrug) — CPMearb)/(CPMcontrol — CPMicary) X 100 (Eq. 1)
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The cpmyg,,q is the amount of [**°I]TID analog photoincorporation into
the AChR y-subunit at a given concentration of drug; cpmy,,, is the
amount of [**I]TID analog incorporated into the y-subunit in the pres-
ence of the agonist carbamylcholine, and cpm.y, . is the amount of
[*2T]TID analog incorporated into the y-subunit in the absence of any
other ligand. Subtracting the cpm incorporated into the y-subunit in the
presence of agonist (carbamylcholine) from the data points restricts the
[*25T]TID analog labeling to that which is specifically localized to the
channel-lining M2 segment (14, 16, 17). The concentration-response
data were curve-fitted by nonlinear least squares analysis (one-site
competition) using the graphical curve-fitting program Prism
(Graphpad).

Isolation of [**’I]TIDBIBA-photolabeled M2-containing Fragment of
the AChR 8-Subunit—AChRs were photolabeled with ['?’I]TIDBIBA
(10 mg of AChR-rich membranes per labeling condition) under condi-
tions that favor either the resting state or the desensitized state (i.e. in
the presence of the agonist carbamylcholine). AChR subunits were
resolved on 1.5-mm thick 8% acrylamide gels, and the §-subunit was
isolated as described above. For digestion with trypsin, acetone-precip-
itated 6-subunits were resuspended in approximately 300 ul of 0.1 M
NH,HCO,, 0.02% (w/v) SDS, 0.5% Genapol C-100, pH 7.8 (1-2 mg/ml
protein). Trypsin was added at a 20% (w/w) enzyme to substrate ratio,
and the digestion was allowed to proceed 4-5 days at room tempera-
ture. A small aliquot of each sample was electrophoresed on an analyt-
ical (1.0-mm thick) 16.5% T, 6% C Tricine SDS-PAGE gel with at least
one reference lane containing prestained low molecular weight protein
standards (Life Technologies, Inc). The Tricine gel was stained,
destained, and dried for autoradiography. The bulk of the §-subunit
tryptic digests were solubilized in electrophoresis sample buffer and
submitted to preparative (1.5-mm thick) scale 16.5% T, 6% C Tricine gel
analysis (10, 13, 16). Preparative Tricine gels were stained, destained,
and soaked in water overnight. By using the autoradiograph from the
analytical Tricine gel in conjunction with the prestained protein stand-
ards, an approximately 5-kDa band known to contain the M2 segment
of the 5-subunit (8T-5K (13, 16)) was excised from the gel and eluted
into 4 ml of Elution Buffer for 4 days at room temperature. The §T-5K
fragment was further purified by reverse-phase HPLC using a Brown-
lee Aquapore C, column (100 X 2.1 mm) with Solvent A (0.08% triflu-
oroacetic acid in water) and Solvent B (0.05% trifluoroacetic acid in 60%
acetonitrile, 40% 2-propanol). A nonlinear elution gradient was em-
ployed (25-100% Solvent B in 80 min), and the elution of peptides was
monitored by the absorbance at 210 nm. Collected fractions were
counted for radioactivity, and the peak protein/radioactivity-containing
fractions were pooled, dried by vacuum centrifugation, and resus-
pended in 20 ul of 0.1 M NH,HCO,, 0.1% (w/v) SDS, pH 7.8, for protein
radiosequence analysis.

Sequence Analysis—Amino-terminal sequence analysis was per-
formed on a Beckman Instruments (Porton) model 20/20 protein se-
quencer using gas phase cycles (Texas Tech University Biotechnology
Core Facility). Peptide aliquots (25 ul) were immobilized on chemically
modified glass fiber disks (Beckman Instruments), which were used to
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improve the sequencing yields of hydrophobic peptides. Approximately
20% of the release PTH-derivatives were separated by an on-line PTH-
derivative analyzer, and approximately 80% was collected for determi-
nation of released '2°I cpm by y-counting of each sample for 20 min.
Initial yield (I,) and repetitive yield (R) were calculated by nonlinear
least squares regression of the observed release (M) for each cycle (n):
M = I,R" (PTH-derivatives of Cys and His were omitted from the fit).

RESULTS

TID Analog Inhibition of [*2°I]TID Photoincorporation into
the AChR Channel in the Resting State—In these studies, we
wished to examine the molecular determinants of [*2°I]TID
interaction with the AChR channel in the resting state. Non-
radioactive analogs of TID (Fig. 1) were first constructed, and
their ability to inhibit [*2°I]TID photoincorporation into the
resting state channel was tested. In the absence of agonist
(resting state AChR), the majority (>75%) of [*2’I]TID photo-
incorporation into individual AChR subunits reflects labeling
of amino acid residues in the M2 transmembrane segment,
with the M2 segment of each subunit collectively constituting
the resting state channel (14, 16). Addition of the AChR agonist
carbamylcholine, or NCAs such as tetracaine or TMB-8, re-
duces by greater than 75% the photoincorporation of [*2°I]TID
into receptor subunits (16, 17), reflecting an identical reduction
in the extent of [*2°I]TID photoincorporation into amino acids
in the M2 segment of each receptor subunit.

To assay the effect of each TID analog on [*2°T]TID photoin-
corporation into the resting state channel, AChR-rich mem-
branes were equilibrated in the absence of agonist with
[*2°T]TID and increasing concentrations of a given TID analog.
Following UV irradiation and SDS-PAGE, all four AChR sub-
units are labeled (Fig. 2A4) with the extent of [25T]TID photo-
incorporation into the y-subunit ~4-fold greater than that into
the a-, B-, or 8-subunits (Fig. 24, Ist lane). Addition of agonist
alone (400 uMm carbamylcholine) decreased the extent of
[*25T]TID photoincorporation into each receptor subunit of the
desensitized state AChR by 75% or greater (93% reduction for
vy-subunit; Fig. 24, 8th lane). As shown representatively by the
isobutylacetate analog of TID (TIDBIBA; Fig. 24, 2nd to 7th
lanes), each TID analog tested reduced the extent of [*25T]TID
photoincorporation into receptor subunits in a concentration-
dependent fashion.

The concentration dependence of the reduction of [*25T]TID
photoincorporation into AChR subunits by each TID analog
was quantified by excising the individual AChR subunit bands
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Fic. 2. The effect of TID analogs on the photoincorporation of
[*2*I]TID into AChR-rich membranes. AChR-rich membranes were
equilibrated (2 h) with [*2°I]TID (0.4 uM) in the absence (1st-7th lanes)
and in the presence (8th lane) of 400 uM carbamylcholine (agonist) or in
the presence of increasing concentrations of each of the TID analogs
shown in Fig. 1 (2nd to 7th). AChR-rich membranes were then irradi-
ated at 365 nm for 7 min, and polypeptides were resolved by SDS-
PAGE. A, shown is the corresponding autoradiograph of the gel con-
taining the competition labeling experiment [*2°I]TID versus TIDBIBA
(0, 1, 2.5, 10, 30, 60, 120 uMm). The positions of the AChR subunits are
indicated on the left. B, for each [**’T]TID competition labeling experi-
ment, individual AChR subunit bands were excised from the dried gel,
and the amount of [*?*T]TID incorporated into each subunit was deter-
mined by gamma counting. The data points for [*2°I]TID photoincorpo-
ration into the AChR y-subunit are shown and were calculated as
described under “Experimental Procedures.” The solid lines represent
the nonlinear least-squares fit of each of the binding data sets. The IC;,,
values calculated from these curves are shown in Table I. TIDBA (e ),
TIDBAc (A), TIDBIBA (V), TIDBTMAc (4 ), TID-BE ().

from the dried polyacrylamide gel and determining the amount
of 12T cpm present by 7y-counting. The extent of [Y2°I]TID
photoincorporation into receptor subunits in the presence of
high concentrations of NCAs (including TID itself) compared
with photoincorporation in the presence of carbamylcholine
alone shows no difference (data not shown (14, 17)); therefore,
the amount of [*?*I] TID photoincorporation into subunits of the
desensitized state AChR was used to define the level of non-
specific photoincorporation. The amount of [*2°I]TID photoin-
corporation in the presence of drug (TID analog) was then
calculated as a percentage of the total agonist-inhibitable spe-
cific labeling. Concentration-response curves for each TID an-
alog are shown in Fig. 2B, and the calculated IC;, values are
presented in Table I. The alcohol and acetate analogs of TID
(Fig. 1; TIDBA and TIDBAc) were the most potent inhibitors of
[*25T]TID photoincorporation into AChR subunits in the resting
state with IC;, values approximating that of TID itself. The
addition of either two or three methyl groups to the acetate
function of TIDBAc (yielding TIDBIBA and TIDBTMAc) re-
sulted in 3.5- and 7.3-fold decreases in potency, respectively.
Finally, compared with TIDBA, the analog TID-BE had a
nearly 30-fold reduced potency for inhibition of [*2°I]TID pho-
toincorporation into the resting state channel.

NCA Site in the AChR Ion Channel

TABLE 1
Calculated IC, values for drug blockage of [**’I]TID
photoincorporation into the resting state AChR ~y-subunit

The IC;, values (concentration at which drug reduces [***I]TID pho-
toincorporation into the y-subunit of the AChR by 50% of the maximal
effect) were determined by nonlinear least squares analysis. [**°ITID
labeling of the resting state of the AChR is described under “Experi-
mental Procedures.”

IC5,
TID analog
y-Subunit (aByd Subunit average)

ns
TID 4¢ 4¢
TIDBA 4.8 4.6
TIDBAc 6 5.3
TIDBIBA 21 17.3
TIDBTMAc 44 37
TID-BE 134 123

“ Data for TID taken from Ref. 14.

Characterization of [*2’I]TID Analog Photoincorporation into
AChR Subunits—Initial photolabeling experiments with each
[251]TID analog were designed to characterize the extent of
photoincorporation into AChR subunits (i.e. subunit labeling
pattern), as well as to assess the extent to which the addition of
agonist and conformational change to the desensitized state of
the AChR effects the extent of [2°I]TID analog photoincorpo-
ration into receptor subunits (i.e. agonist sensitivity of
[*25T]TID photoincorporation into AChR subunits). AChR-rich
membranes were equilibrated with a given [*2°I]TID analog
(~1.6 puMm) in the absence and presence of 400 um carbamylcho-
line, exposed to UV light (365 nm), and the membrane suspen-
sions pelleted. The extent of photoincorporation into AChR
subunits was monitored by autoradiography following SDS-
PAGE of the solubilized membrane pellets. As is evident in the
autoradiographs shown in Fig. 3, there is significant photoin-
corporation of each [*2°I]TID analog into the AChR a-, 8-, y-,
and 8-subunits. In the resting state AChR the extent of [*2°I]T1I-
DBA photoincorporation in receptor subunits (Fig. 3A) is indis-
tinguishable from that of [*2°I]TID (18), including a greater
amount of photoincorporation into the y-subunit relative to the
a-, B-, or 5-subunits. Furthermore, addition of agonist leads to
a substantial reduction in the extent of [*2°IJTIDBA photoin-
corporation into each subunit (Fig. 3A, + lane). Next, for the
TID analog [*’T]TIDBIBA, the extent of photoincorporation
into each subunit in the resting state AChR (Fig. 3B, — lane)
appears similar to that of [*25T]TIDBA (Fig. 3A, — lane), and
the addition of agonist (Fig. 3B, + lane) also results in a
significant reduction in the extent ['2*I]TIDBIBA photoincor-
poration into each receptor subunit. However, compared with
['25T]TIDBA (Fig. 3A), for ['?°IITIDBIBA (Fig. 3B) there ap-
pears to be less of a difference in the extent of photoincorpora-
tion into each AChR subunit when the receptor is labeled in the
absence of agonist (Fig. 3B, — lane) compared with the pres-
ence of agonist (Fig. 3B, + lane). Finally, for the TID analog
[*25T]TIDBTMAc, when the photolabeling is done in the ab-
sence of agonist (Fig. 3C, — lane), the extent of photoincorpo-
ration into each AChR subunit is approximately equal, that is
there is not a greater extent of labeling in the y-subunit rela-
tive to the a-, B-, or 8-subunits as observed for TID, TIDBA,
TIDBAc, and TIDBIBA. Furthermore, the extent of photoincor-
poration into each AChR subunit is the same whether the
photolabeling is done in the absence of agonist (Fig. 3C, — lane)
or in the presence of agonist (Fig. 3C, + lane).

Differences in the extent of photoincorporation by TID ana-
logs into AChR subunits were quantified by y-counting of ex-
cised gel bands. In the absence of agonist, the 4-fold greater
magnitude of photoincorporation into the y-subunit relative to
the other AChR subunits by [*?°I]TID is maintained for the
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analogs [2°I]TIDBA, ['?°IITIDBAc, and ['2°IITIDBIBA. For
these same analogs, however, there is a progressive reduction
in the extent of photoincorporation into AChR subunits for
photolabeling experiments done in the absence versus in the
presence of agonist, i.e. reduction in the agonist sensitivity of
subunit labeling (summarized in Table II). Furthermore, for
[*25T]TIDBTMACc and [*?*T]TID-BE, there is actually a reversal
in the agonist sensitivity such that there is a slightly greater
amount of TID analog photoincorporation into each AChR sub-
unit for labeling experiments done in the presence of agonist
compared with the resting state.

The differences in the extent of photoincorporation of
[*25T]TID analogs into AChR subunits for receptors labeled in

A B C

(Pyroea  [PyTDBEBA [ CNTIDBTMAC
- + — T
ONKT ——
o W -
Sl =
o

Fic. 3. Photoincorporation of ['2°I]TIDBA, ['>*I]TIDBIBA, and
[*2*IITIDBTMAc into AChR-rich membranes in the resting and
desensitized state of the AChR. AChR-rich membranes were equil-
ibrated (2-h incubation) with either [?°I]TIDBA, [**I]TIDBIBA or
[*25T]TIDBTMACc (~1.6 uM) in the absence (— lane) and in the presence
(+ lane) of 400 um carbamylcholine (agonist) and then irradiated at 365
nm (Spectroline EN-280L) for 7 min (at a distance of <1 cm). Polypep-
tides were resolved by SDS-PAGE (1.0-mm thick, 8% polyacrylamide
gel), visualized by Coomassie Blue R-250 staining, and subjected to
autoradiography (1-2-day exposure with intensifying screen). Labeled
lipid and free photolysis products were electrophoresed from the gel
with the tracking dye. The migration of individual AChR subunits is
indicated on the left. The percent photoincorporation of each [*?°T]TID
analog into each receptor subunit in the resting versus desensitized
state of the AChR is shown in Table II.
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the absence and presence of agonist were further characterized
by proteolytic mapping. For AChRs photolabeled with a given
[*2°T]TID analog, in each case the labeled AChR a-subunit (—
and + carbamylcholine labeling condition) was partially di-
gested using S. aureus V8 protease under Cleveland gel condi-
tions (10, 20, 25). Cleveland gel analysis of the AChR a-subunit
generates four large, non-overlapping fragments of the a-sub-
unit allowing the distribution of 2T cpm within the subunit to
be determined. For each of the ['2°I|TID analogs, photoincor-
poration in the AChR a-subunit was found to be restricted to
two V8 protease fragments, «V8—20 (Ser-173— Glu-338) and
aV8-10 (Asn-339-Gly-437; data not shown). The stretch of the
primary sequence of the a-subunit contained within the V8
protease fragment aV8-20 includes the transmembrane seg-
ments M1, M2, and M3; the fragment aV8-10 contains the
transmembrane segment M4. The extent of ['2°I]TID analog
photoincorporation into the V8 protease fragments aV8-20
and «V8-10 for AChRs labeled in the absence and presence of
agonist is summarized in Table III. Previous studies with
[*25T]TID have shown that, for AChRs labeled in the absence of
agonist, the bulk of the photoincorporation into aV8-20 re-
flects labeling of amino acid residues in the M2 segment (14,
16). Consistent with this, we found that for AChRs photola-
beled with [*2°I]TID in the absence of agonist, that is the
resting state of AChR, approximately 81% of the total [\2°T] TID
photoincorporation into the a-subunit is localized within the V8
protease fragment «V8—20 and 19% is found in «V8-10 (Table
IID). In contrast, for AChRs photolabeled with [*2°I]TID in the
presence of agonist, that is the desensitized state, only 47% of
the total photoincorporation into the a-subunit is in aV8-20
and 53% is in «V8-10. For AChRs photolabeled in the resting
state, 80% of the total photoincorporation into the a-subunit is
localized to aV8—-20 for the TID analog [*?’T|TIDBA, 73% for
[*25T]TIDBIBA, and ~40% for [*2°I]TIDBTMAc and ['2I]TID-
BE (Table III).

When the distribution of '2°T cpm within the a-subunit was
determined for AChRs labeled with each of the [*?I]TID ana-
logs in the desensitized state, photoincorporation into both V8
protease fragments as a percentage of the total are approxi-
mately equivalent (Table III). In addition, although not pre-
sented in Table III, the extent of photoincorporation of each
[*25T]TID analog into the V8 protease fragment aV8—10 was

TABLE II
Percent photoincorporation of [**’ITID analog into each AChR subunit in the resting versus desensitized state of the AChR
The amount of photoincorporation of each [*2°T]TID analog (cpm) into each AChR subunit is expressed as the ratio of photoincorporation observed
when the labeling was conducted under conditions that favor the resting versus desensitized state of the AChR (see “Experimental Procedures”).
For TIDBTMACc and TID-BE the upward-pointing arrows indicate a greater amount of photoincorporation in the desensitized state compared with
that determined in the resting state of the AChR (n = 8).

[*25]TID [*?5T]TIDBA [*25T)TIDBAc [*?>TITIDBIBA [*25T] TIDBTMAc [*?*T]TID-BE
a 75 41 34 25 141 101
B 88 40 28 23 201 301
v 95 82 74 72 31 31
B 80 30 18 13 181 131

TaBLE IIT

Percent photoincorporation of [*?’I]TID analog into the S. aureus V8 protease cleavage fragments of the AChR a-subunit («V8-20/aV8-10)

[*#*T]TID analog photoincorporation into each V8 fragment was determined in the resting state and in the desensitized state of the AChR. For
each [*?I]TID analog, the AChR a-subunit was isolated under photolabeling conditions that favor either the resting or desensitized state of the
AChR. The isolated a-subunit was proteolytically digested with S. aureus V8 protease under Cleveland gel conditions (10, 25). For each [*2°T]TID
analog photoincorporation was restricted to two V8 protease fragments: aV8-20 (Ser-173—-Glu-338) and aV8-10 (Asn-339-Gly-437) and which
contain the membrane-spanning segments M1-M3 and M4, respectively. «V8-20 contains the channel-lining M2 segment, and «V8—-10 contains
the M4 segment which is situated at the lipid-protein interface (10, 20). The amount of [***I]TID analog photoincorporation into each fragment was
determined, and the data are presented as the percent photoincorporation into aV8-20 compared with aV8-10 (i.e. 81/19).

2T TID [>T TIDBA [***TITIDBIBA [*?*TITIDBTMAc [*?5T]TID-BE
Resting state 81/19 80/20 73/27 41/59 40/60
Desensitized state 47/53 47/53 47/53 46/54 46/54
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nearly identical for AChRs labeled in the absence and in the
presence of agonist. Previous work has established that the
majority of photoincorporation of [*2°I]TID and [*2°I]TID-BE
into the fragment «V8-20 (in desensitized state AChR) and
into «V8-10 (labeled in the resting and desensitized state of
the AChR) reflects labeling of amino acids in the transmem-
brane segments M1, M3, and M4 (10, 19, 20). For the fragment
aV8-20, there is photoincorporation into amino acids in the
transmembrane segments M1 and M3, and for «V8-10, photo-
incorporation into amino acids within M4. It was further con-
cluded that these amino acids are in contact with lipid, with the
AChR transmembrane segments M1, M3, and M4 comprising
the lipid-protein interface of the receptor. The simplest inter-
pretation of the a-subunit mapping results for each [*2°T]TID
analog is as follows: 1) that agonist-sensitive photoincorpora-
tion within the V8 fragment «V8-20 reflects labeling of amino
acids in the aM2 segment; 2) that photoincorporation into the
V8 fragment «V8-10 and the bulk of photoincorporation into
aV8-20 for desensitized state AChRs reflects labeling of amino
acid residues in the transmembrane segments M1, M3, and M4
that are in contact with lipid.

Inhibition of [*2°IJTID Analog Photoincorporation into the
AChR Channel in the Resting State by the Noncompetitive
Antagonists TMB-8 and Tetracaine—To confirm that the dif-
ferences in the agonist sensitivity of [*2°I]TID analog photoin-
corporation into AChR subunits is truly a reflection of differ-
ences in the extent of photoincorporation into the resting state
channel, we tested the ability of NCAs that bind to the AChR
channel in the resting state to inhibit [*2°I]TID analog photo-
incorporation into receptor subunits.2 The local anesthetic tet-
racaine binds with high affinity (K., = 0.3 um) to a single site
in the resting state AChR, and this site has been localized by
photoaffinity labeling to the M2 segment of each receptor sub-
unit that together comprise the resting state channel (11, 12).
TMB-8 (3,4,5-trimethoxybenzoic acid 8-(diethylamino) octyl es-
ter) binds with equal affinity to the AChR channel in both its
resting and desensitized states and has been shown to inhibit
competitively [*2°T]TID photoincorporation into AChR subunits
in the resting state (IC;, = 3.1 pum (10)).

As shown in Fig. 4A, [*?*TITIDBIBA photoincorporation into
each AChR subunit in the resting state is reduced in a concen-
tration-dependent fashion by co-equilibration with TMB-8. At
50 um TMB-8 (Fig. 4, 7th lane), the level of ['2°I]TIDBIBA
photoincorporation into AChR subunits is reduced nearly to
that observed in the presence of agonist (Fig. 4, 8th lane). The
concentration-response curve for TMB-8 and [25T]TIDBIBA is
shown in Fig. 4B and overlaps that for [12°I]TID resulting in
very similar IC; values (3.6 and 3.1 uM respectively; Table IV).
Similar IC,, values were also calculated for TMB-8 inhibition
of [Y2°IITIDBA and [**°I]TIDBAc photoincorporation into
AChR subunits in the resting state (Table IV). In contrast,
whereas 50 um TMB-8 reduced [*2°T|TIDBIBA photoincorpora-
tion into the y-subunit by greater than 98%, it had no effect
(less than 5% reduction) on the extent of photoincorporation of
[*25T]TIDBTMAc into the y-subunit (Fig. 4B; Table IV). TMB-8
eliminates the majority of photoincorporation into AChR sub-
units for the [*2°I]TID analogs TID, TIDBA, TIDBAc, and TID-
BIBA but not for TIDBTMAc and TID-BE. These results fur-
ther substantiate the conclusion that the agonist-sensitive

2 In addition to the NCAs listed in Table IV, the following compounds
were also tested as inhibitors of [*2°I]TID photoincorporation into the
resting state AChR (IC,, values in micromolar are in parentheses):
propofol (48); adiphenine (2.1); amobarbital (7.8); pentobarbital (143);
secobarbital (123); phenobarbital (362); butalbarbital (516), and barbi-
tal (1800). In contrast the dissociative anesthetic ketamine produced a
52% increase in the extent of ['2°I]TID photoincorporation into the
resting state AChR (EC;, = 16 um).
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Fic. 4. The effect of the noncompetitive antagonist TMB-8 on
the photoincorporation of ['>*I]TIDBIBA into AChR-rich mem-
branes. AChR-rich membranes were equilibrated (2 h) with [*?°I]TID-
BIBA (~1.6 uM) in the absence (Ist to 7th lanes) and in the presence (8th
lane) of 400 um carbamylcholine (agonist) or in the presence of increas-
ing concentrations of the AChR noncompetitive antagonist TMB-8 (2nd
to 7th lanes). AChR-rich membranes were then irradiated at 365 nm for
7 min, and polypeptides were resolved by SDS-PAGE. A, shown is the
corresponding autoradiograph of the gel containing the competition
labeling experiment [*?’T|TIDBIBA versus TMB-8. The positions of the
AChR subunits are indicated on the left. B, for each [***I]TID analog
versus TMB-8 competition labeling experiment, individual AChR sub-
unit bands were excised from the dried gel, and the amount of [*?°T]TID
analog photoincorporated into each subunit determined by gamma
counting. The data points for [*?’ITIDBIBA (e), [***IITID (O), and
[*2°TITIDBTMAc (M) photoincorporation into the AChR y-subunit are
shown and were calculated as described under “Experimental Proce-
dures.” For ['?*I]TIDBIBA and ['?’IITID the solid and dashed lines
represent, respectively, the nonlinear least squares fit of each of the
binding data sets. The IC;, values calculated from these curves are
shown in Table IV. For [*°I]TIDBTMAc, photoincorporation into the
y-subunit was expressed simply as a percentage of the amount of
photoincorporation determined in the absence of any other drug. No
significant (>10%) difference in the extent of [***ITIDBTMAc photoin-
corporation into the y-subunit was detected at any concentration of
TMB-8.

(TMB-8 inhibitable) photoincorporation of the [*25T)TID ana-
logs (TID, TIDBA, TIDBAc, and TIDBIBA) into AChR subunits
represents photoincorporation into the resting state channel at
a single or overlapping binding site(s). The results of tetracaine
inhibition of [*2°I]TID analog photoincorporation into the rest-
ing state AChR also support this conclusion. Tetracaine and
[25T]TID bind to the resting state channel in a mutually exclu-
sive manner, and the sites of [?H]tetracaine and ['2°I]TID
photoincorporation in the M2 segments of each subunit overlap
(11, 12). As shown in Table IV, tetracaine completely elimi-
nates agonist-inhibitable photoincorporation into AChR sub-
units in the resting state for the [*?’I]TID analogs TIDBA and
TIDBIBA with IC;, values (0.89, 1.1 um). These IC;,, values are
very similar to the values determined for inhibition of [X25T]TID
photoincorporation into AChR subunits (1.02 um (17)).
Identification of the Sites of [F2°IITIDBIBA Photoincorpora-
tion into 6-M2—Previous results demonstrate that the agonist-
inhibitable, NCA-displaceable [*?*I]TID analog photoincorpo-
ration into subunits of the resting state AChR is localized to the
channel. These results, however, leave open the possibility that
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TABLE IV
Calculated ICy, values for drug blockage of [**’I]TID analog photoincorporation into the resting state AChR vy-subunit

The IC;, values (concentration at which drug reduces [*°I]TID analog photoincorporation into the y-subunit of the AChR by 50% of the maximal
effect) were determined by nonlinear least squares analysis. ['2’I]TID analog labeling of the resting state of the AChR is described under

“Experimental Procedures.”

IC5,
D
e 121 TID [1%5T] TIDBA 12T TIDBAc [125T] TIDBIBA 25T TIDBTMACc [T TID-BE
M
TMB-8 3.1 2.75 2.67 3.6 No effect No effect
Tetracaine 1.02 0.89 1.1 No effect
the [°I|TID and the [*2°T]TID analogs bind to unique but
overlapping sites in the resting channel. Indirect evidence of a + 100 T
common binding locus comes from the pattern of photoincorpo- e 4
ration into subunits in the resting state AChR. In the resting g 75 o
state AChR, [*2°I]TID photoincorporates into the y-subunit at a < £
4-fold greater level than into the «-, B-, or 8-subunits. The % 50 9
increased photoincorporation into the y-subunit by [*25I]TID is g ©
a consequence of highly efficient photoincorporation into a sin- - 25 {‘2
gle amino acid, Ile-264 (position 13) of the yM2 segment (16). o ES

The 4-fold greater labeling of the y-subunit compared with the
other AChR subunits is maintained for photoincorporation of
[*25T]TIDBA, [*2°IITIDBAc, and ['?’I]TIDBIBA into receptor
subunits. This indicates that Ile-264 is also the primary site of
photoincorporation in yM2 for each of these TID analogs, and it
further suggests a common binding locus in the resting state
channel. However, in order to resolve this issue more com-
pletely, we wished to determine the amino acids that are pho-
tolabeled by [12°I]TIDBIBA in the M2 segment of the 8-subunit.
We chose to determine the site(s) of [*2’T/TIDBIBA photoincor-
poration into 8M2 for several reasons as follows: (a) because
[251]TID photoincorporates into dLeu-265 and 6Val-269 within
S8M2 to an approximately equal extent (16); (b) technically 6M2
is the easiest M2 segment to isolate, yM2 being the most
difficult to isolate and is prone to irreversible aggregation (13);
(c) because the amino acids photolabeled by [*25T]TID-BE in the
6M2 segment have also been determined. AChR-rich mem-
branes (10 mg per condition) were labeled with [12°I]TIDBIBA
(3 uM) in the absence and presence of carbamylcholine. The
d-subunits isolated from each condition were digested with 20%
(w/w) trypsin for 4 days. The digests were resolved by Tricine
SDS-PAGE, and a 5-kDa fragment (6T-5K) known to contain
the M2-M3 region (16, 13) was isolated from the gel as de-
scribed under “Experimental Procedures.” The 6T-5K fragment
was further purified by reversed-phase HPLC (Fig. 5A), and for
each labeling condition the majority of '2°I cpm eluted in a peak
centered at 98% solvent B. HPLC fractions 36-39, for 6T-5K
isolated from resting state AChRs (Fig. 5A, e ), were pooled and
subjected to amino-terminal amino acid sequence analysis (Fig.
5B). Sequence analysis revealed the presence of a single se-
quence, present at a 10-fold or greater level than any secondary
sequence, beginning at 8Met-257 at the amino terminus of
8M2. The primary site of 12°I release occurred in cycle 13 with
a small amount of release also present in cycle 9 (Fig. 5B, o).
These results indicate that within the sM2 segment and in the
resting state AChR, ['?’I]TIDBIBA photoincorporates into
dLeu-265 (0.71 cpm/pmol) and §Val-269 (5.2 cpm/pmol). These
same two residues are also the primary sites of ['°ITID pho-
toincorporation into M2 in the resting state AChR (16).
Whereas both compounds photoincorporate into the same two
8M2 residues, [*2°T]TID photoincorporates into §Val-269 at ~2-
fold greater efficiency than into 8Leu-265, whereas [2°T]TID-
BIBA photoincorporates into §Val-269 at ~7-fold greater effi-
ciency than into O6Leu-265. These results establish that
[*25T]TID and [2°I]TIDBIBA share the same binding locus in
the resting state channel; as for the differences in efficiency of
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Fic. 5. Reverse-phase HPLC purification and sequential Ed-
man degradation of a ['**I]TIDBIBA-labeled fragment contain-
ing 6M2. The ['2°I]TIDBIBA-labeled AChR §-subunit isolated from
AChRs labeled in the resting state (e ) and desensitized state (O) were
further digested in solution with trypsin, and an approximately 5-kDa
(8T-5K) fragment was isolated from a 1.5-mm thick 16.5% T, 6% C
Tricine gel (see “Experimental Procedures”). The labeled material was
further purified by reverse-phase HPLC (A) on a Brownlee Aquapore C,
column (100 X 2.1 mm) as described under “Experimental Procedures.”
The elution of peptides was monitored by absorbance at 210 nm (solid
line) and elution of '?°I by y-counting of each 500 ul fraction (e , O). For
each condition, HPLC fractions 36—-39 were pooled and subjected to
automated sequential Edman degradation. B, shown is the radiose-
quencing profile for the 8T-5K fragment that contains the M2 segment
of the &-subunit isolated from AChRs labeled in the resting state.
Eighty percent of each cycle of Edman degradation was analyzed for
released '*°I (o) and 20% for released PTH-derivatives ((J) with the
dashed line corresponding to the exponential decay fit of the amount of
detected PTH-derivatives. A primary peptide was detected beginning at
Met-257 of the §-subunit (initial yield, 130 pmol; repetitive yield, 89.9%;
15,495 cpm loaded on sequencing filter; 6,477 cpm remaining after 20
cycles). The amino acid sequence of the peptide is shown above B with
the solid line indicating the limits of the M2 region.

photoincorporation into amino acids in the M2 segment, one
interpretation is that the binding of ['2°I]TIDBIBA is more
restricted (i.e. reduced mobility and/or orientation) compared
with that of ['2°I]TID. 6Val-269 being the principal site of
[*25T]TIDBIBA photoincorporation in the M2 segment is then
a result of TIDBIBA adopting a preferred orientation in the
resting state channel.

HPLC fractions 36—39 for 6T-5K isolated from desensitized
state AChRs (Fig. 5A, O) were also pooled and subjected to
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Fic. 6. Radioactivity and mass release upon amino-terminal
sequence analysis of a ['**I]TIDBIBA-labeled fragment contain-
ing 6M2 isolated from desensitized state AChRs. The ['**I]TID-
BIBA-photolabeled AChR 8-subunit isolated from desensitized state
AChRs was further digested in solution with trypsin, and an approxi-
mately 5-kDa (8T-5K) fragment was isolated from a 1.5-mm thick 16.5%
T, 6% C Tricine gel and further purified by reverse-phase HPLC (Fig.
5A). HPLC fractions 36—39 for 8T-5K isolated from desensitized state
AChRs (Fig. 54, O) were pooled and subjected to automated sequential
Edman degradation. Shown is the radiosequencing profile for the §T-5K
fragment that contains the M2 segment of the §-subunit isolated from
desensitized state AChRs. Eighty percent of each cycle of Edman deg-
radation was analyzed for released ?°I (e ) and 20% for released PTH-
derivatives ((J) with the dashed line corresponding to the exponential
decay fit of the amount of detected PTH-derivatives. A primary peptide
was detected beginning at Met-257 of the d-subunit (initial yield, 112
pmol; repetitive yield, 92.6%; 8,417 cpm loaded on sequencing filter;
2,805 cpm remaining after 20 cycles). The amino acid sequence of the
peptide is shown above the panel with the solid line indicating the
limits of the M2 region.

amino-terminal amino acid sequence analysis (Fig. 6). As with
0T-5K isolated from resting state AChRs, sequence analysis
revealed the presence of a single sequence, present at a ~10-
fold greater level than any secondary sequence. The primary
sequence began at dMet-257, the amino terminus of the SM2
segment. The '?°I cpm release profile was somewhat complex
but indicated a small amount of release occurring in cycles 6, 9,
13, and possibly cycle 18 (Fig. 6, @ ). Release in these cycles
corresponds to [125T]TIDBIBA photoincorporation into 6Ser-262
(0.11 cpm/pmol), 6Leu-265 (0.21 cpm/pmol), 6§Val-269 (0.19
cpm/pmol), and 8Thr-265 (0.10 cpm/pmol). These same amino
acids were determined to be the primary sites of [*25T]TID
photoincorporation into SM2 in the desensitized state AChR
(16), indicating that TID and TIDBIBA bind to the same locus
in the desensitized state channel. In contrast, based upon
[*25T]TID-BE photoincorporation into BLeu-257, BVal-261, and
BLeu-264 in the BM2 segment, it was concluded that compared
with TID, TID-BE binds to a unique but overlapping site in the
desensitized state channel. The binding locus for TID-BE ap-
pears to be located slightly higher in the channel, toward the
extracellular side of the membrane (10).

Finally, the interaction of TIDBIBA with the AChR channel
in the desensitized state was further assessed by examining
the effect of TIDBIBA on the binding of [*H]thienyl-cyclohex-
ylpiperidine ([*H]TCP) to AChR membranes. [*H]TCP binds
with high affinity to the AChR channel in the desensitized
state (26), and binding assays were done exactly as in Ref. 13.
TIDBIBA was found to inhibit [PH]TCP binding to the desen-
sitized state AChR with an ICg, value of 9 um (nyg = 0.92).
TIDBTMAc also inhibited [PH]TCP binding to the desensitized
state AChR but with a weaker potency (IC;, = 17 um; ny =
0.87). TCP is a close structural analog of phencyclidine (PCP),
and the binding of [’H]TCP and [*H]PCP to the desensitized
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state AChR is virtually indistinguishable (26).> TID was pre-
viously shown to inhibit [*H]PCP binding to the desensitized
state AChR with a K; of 2 um (14).

DISCUSSION

The goal of this work was to gain insight into the molecular
determinants of NCA binding to the channel of the AChR in the
resting state. Our strategy for achieving this goal involved
employing a series of analogs of the potent AChR NCA,
[*25T]TID. The binding site for TID in the AChR channel in the
resting state has been well characterized. TID binds with uni-
tary stoichiometry and micromolar affinity to the resting state
channel, photoincorporating into homologous aliphatic resi-
dues at positions 9 and 13 (e.g. BLeu-257 and BVal-261) of each
M2 segment (14—16). We assessed the ability of analogs of TID
(Fig. 1) to interact with the NCA-binding site in several ways as
follows: 1) the ability of a nonradioactive TID analog to inhibit
competitively [*2°I]TID photoincorporation into AChR subunits
in the resting state; 2) the pattern and agonist sensitivity of
[251]TID analog photoincorporation into AChR subunits; 3) the
ability of NCAs that are known to interact with the resting
state channel to inhibit competitively photoincorporation of a
given [*2°I]TID analog into subunits of the AChR in the resting
state. The first TID analog we tested, TIDBA (Fig. 1), has a
primary alcohol group attached to the TID benzene ring (posi-
tion 1) and provided a critical test as to what effect even a small
addition to the TID molecule would have upon its interaction
with the NCA site. As judged by the criteria established above,
the interaction of TIDBA with the NCA site in the resting state
channel is nearly indistinguishable from that of TID itself.
TIDBA inhibits [*?I]TID photoincorporation into AChR sub-
units in the resting state in a concentration-dependent fashion.
A concentration of 50 um TIDBA inhibited [*2°I]TID photoin-
corporation into the y-subunit by greater than 98%, and from
the entire concentration range that was tested an IC;, value of
4.8 uMm was calculated. This value is nearly identical to that of
nonradioactive TID inhibition of [*2°I]TID photoincorporation
(Fig. 2 and Table I). Next, the extent of [*2’I]TIDBA photoin-
corporation into each AChR subunit (subunit labeling pattern)
and the effect of the addition of agonist on the extent of pho-
toincorporation into receptor subunits (agonist sensitivity) for
[*25T]TIDBA are nearly identical to that of [*2°I]TID (Fig. 3A
and Table II). Finally, the NCAs tetracaine and TMB-8 that
bind to the (TID) NCA site in the resting state channel com-
pletely displace specific [*2°ITIDBA photoincorporation into
the AChR subunits in the resting state with nearly identical
ICy, values compared with [*2°I]TID (Table IV).

We next converted the alcohol function of TIDBA into either
an acetate, isobutyl acetate, or trimethyl acetate group (TID-
BAc, TIDBIBA, or TIDBTMAc, respectively; Fig. 1). For these
TID analogs there was a progressive rightward shift in the
concentration-response curves for inhibition of [251]TID pho-
toincorporation into AChR subunits in the resting state, result-
ing in 1.5-, 5.25-, and 11-fold decreases in potencies (Table I).
This decrease in the ability of a given concentration of TID
analog to inhibit [*2°I]TID photoincorporation into the resting
state channel parallels a decrease in the agonist sensitivity of
[*25T]TID analog photoincorporation into AChR subunits (Fig. 3
and Table II). For [*2°I]TID, the addition of agonist (desensi-
tized state of AChR) results in an ~95% decrease in the extent
of photoincorporation into the y-subunit. This decrease in pho-
toincorporation into the y-subunit (as well as the a-, 8-, and
8-subunits) is a result of decreased efficiency of [12°I]TID pho-
toincorporation into amino acids in the M2 segment that re-
sults from an agonist-induced change in the structure of the

3 M. P. Blanton, unpublished data.
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channel and the NCA site (16). For the analog ['2°I]TIDBIBA,
addition of agonist results in only a 72% reduction in photoin-
corporation into the y-subunit, and for [25T]TIDBTMACc there
is actually a very small increase in the extent of photoincorpo-
ration in the presence of agonist (Table II). The simplest inter-
pretation of these results is that there is a progressive reduc-
tion in the ability of each TID analog as cited to interact with
the NCA site in the resting state channel. In other words, each
consecutive TID analog has a reduced affinity for binding to the
resting state channel and a reduced ability to photoincorporate
efficiently into amino acids within the NCA site. There are
several lines of evidence that support this interpretation. First,
there is both direct and indirect evidence that the TID analogs
are binding to a common site within the resting state channel.
In resting state AChR, ['?°I]TID photoincorporates into the
v-subunit at a 4-fold greater level than into the «-, 8-, or
d-subunits. The greater extent of photoincorporation of
[*25T]TID into the y-subunit relative to the a-, 8-, or -subunits
is a consequence of highly efficient photoincorporation into a
single amino acid, Ile-264 (position 13) of the yM2 segment
(16). This 4-fold greater photoincorporation into the y-subunit
is maintained for photoincorporation into the AChR subunits
by ['2°I]TIDBA, ['2°I]TIDBAc, and ['?’I]TIDBIBA. The sim-
plest interpretation of these results is that ylle-264 is also the
primary site of photoincorporation in the yM2 segment for each
of these [12°I]TID analogs and that they share a common bind-
ing site in the resting state channel. Direct evidence of a com-
mon binding site comes from the determination that the sites of
[*25T]TIDBIBA photoincorporation in the channel-lining §M2
segment (8Leu-265, 6Val-269) are identical to those previously
determined for [*2°I]TID (Fig. 5B (16)). Next, previous work
has established that the addition of AChR agonist (carbamyl-
choline) or NCAs such as tetracaine or TMB-8 reduces by
greater than 75% the photoincorporation of ['2°I]TID into re-
ceptor subunits (16, 17). Furthermore, the inhibition of
[*25T]TID photoincorporation into AChR subunits by either
NCAs or addition of agonist has been shown to reflect identical
reductions in the extent of [*2’I]TID photoincorporation into
amino acids in the M2 segment of each receptor subunit (14, 16,
17). Nearly identical IC,, values are obtained from the concen-
tration-response curves for TMB-8 inhibition of [125T]TID,
[125T]TIDBA, ['?’I]TIDBAc, and ['2°I]TIDBIBA photoincorpo-
ration into AChR subunits, and the same is true for tetracaine
(Table IV). These results suggest a common binding site for
each of the TID analogs and for tetracaine and TMB-8 in the
AChR channel in the resting state.

Focusing on the TID analogs [*25T]TIDBIBA and [*2°1]TID-
BTMAc, it is evident that the additional methyl group of TID-
BTMAc (Fig. 1) results in the following: 1) a 2-fold further
reduction in the potency by which TIDBTMAc inhibits
[*25T]TID photoincorporation into AChR subunits in the resting
state, compared with TIDBIBA, and 2) a complete loss of ago-
nist-sensitive, NCA-inhibitable photoincorporation into AChR
subunits. Comparison of the CPK structures of TIDBIBA and
TIDBTMAc (not shown) indicate that the additional methyl
group of TIDBTMAc appears to contribute only a very small
amount of additional mass. Nevertheless, this additional bulk
results in a 2-fold decrease in the binding affinity to the NCA
site in the resting state channel and a complete loss of any
detectable photoincorporation into the resting state channel. If
TIDBIBA or TIDBTMACc are placed in the resting state channel
(27) with the photoreactive diazirine group positioned adjacent
to 6Val-269 (the primary site of [12°I]TIDBIBA photoincorpo-
ration in 8M2), the additional bulk of TIDBTMAc is then in
approximate register with 8Leu-265, located one turn of the
OM2 «a-helix lower in the channel. Structural studies of the
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AChR suggest that in the resting state channel dLeu-265 as
well as the leucine residue at this position (position 9) in the
M2 segment in each of the other subunits are in close proximity
to one another and together form a restriction, or gate, to ion
permeation (16, 28, 29). Whereas the channel-lining M2 seg-
ments are predominantly a-helical, structural studies (28, 29)
suggest that each M2 helix has a central kink around position
9 (e.g. 6Leu-265). The kink in the M2 helix results in a narrow-
ing of the channel at this position, bringing the side chains of
each conserved leucine residue in close apposition to one an-
other (27). The narrowing of the channel at this position and
the close apposition of the aliphatic side chains of each leucine
residue in all likelihood provides an ideal binding site for un-
charged NCAs such as TID as well as diazofluorene (13). On the
other hand, the restriction in the lumen of the channel is also
likely to present a progressively greater amount of steric hin-
drance to the binding of each of the TID analogs, TIDBA,
TIDBAc, TIDBIBA, TIDBTMAc¢, and TID-BE, in which an in-
creasingly bulkier substituent has been added to the TID par-
ent compound. For TIDBTMAc and TID-BE the affinity for the
NCA site in the resting state channel and the efficiency of
photoincorporation into M2 residues are so reduced that label-
ing of the resting state channel is not apparent at the level of
the intact subunit. However, close examination of the sites of
[*25T]TID-BE photoincorporation into AChR subunits in the
absence of agonist (see Fig. 6 in Ref. 10)? reveals a very small
amount of photoincorporation into gVal-261 (0.48 cpm/pmol) in
BM2 and into 8§Val-269 (0.55 cpm/pmol) in sM2. The extent of
[*25T]TID-BE photoincorporation into 8Val-269 is, however,
one-tenth that of [2’I]TIDBIBA (5.2 cpm/pmol, under very
similar labeling conditions). These results are consistent with a
model of the NCA site in the resting state channel in which the
restriction in the lumen of the channel (at position 9 of each M2
helix) presents substantial steric hindrance to the binding of
the more bulky TID analogs (e.g. TIDBTMAc and TID-BE).

Finally, a recent study (12) determining the sites of [*H]tet-
racaine photoincorporation in the M2 segments of the AChR in
the resting state suggest that the restriction in the lumen of the
channel (at position 9 of each M2 segment) is somewhat flexi-
ble. [*H]Tetracaine photoincorporates into Ile-247 (position 5),
Leu-251 (position 9), and Val-255 (position 13) in the aM2
segment. [*H]Tetracaine photoincorporation into Ile-247 in
aM2 places at least a portion of the tetracaine molecule below
the apparent restriction in the lumen of the channel at position
9. This fact and that the kinetics of tetracaine binding to the
resting state AChR are characterized by a very low association
rate constant led the authors (Gallagher and Cohen (12)) to
conclude that the restriction in the pore of the resting state
channel relaxes somewhat in order to accommodate the binding
of tetracaine. The authors further suggest that the dimethyl-
amino group of tetracaine interacts with Ser-248 (position 6) in
aM2 providing energetic stability to tetracaine binding to the
resting state channel. Synthesis of additional TID analogs,
including analogs that contain a dimethylamino substituent, as
well molecular modeling studies will undoubtedly yield a more
complete picture of the NCA site in the resting state channel
and of the molecular determinants of NCA binding.
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