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ABSTRACT. We have applied the substituted-cysteine-accessibility method (SCAM) to the M2 segment
and the M1-M2 loop of the acetylcholine (ACh) recepfosubunit. Each residue froffP248 tosD273

was mutated one at a time to Cys, and the myfastibunits were expressed together with wild-type

B, ando subunits inXenopusocytes. For each of the mutants, the ACh-induced current was near wild-
type. The accessibility of the substituted Cys was inferred from the irreversible inhibition or potentiation
of ACh-induced current by methanethiosulfonate (MTS) derivatives added extracellularly. Inhibition by
MTSethylammonium offG255C, in the narrow part of the channel, was mainly due to a reduction in the
single-channel conductance. Conversely, potentiation by MTSethylammoni@v2&6C, in a wider

part of the channel, was mainly due to an increase in channel open-time. Two substituted Cys at the
intracellular end of M2 and three at the extracellular end were accessible to MTSethylammonium in the
absence of ACh. Three additional Cys in the middle of M2 and three in the M1-M2 loop were accessible
in the presence of ACh. In the presence of ACh, the secondary structGk42o a-helical frompG255

to fV266 and extended fronfL268 to fD273. The accessible residues M2 are remarkably
hydrophobic, while the accessible residues in the M1-M2 loop are chaged, like aM2, aM1, and

BML1, undergoes widespread structural changes concomitant with gating, but the gate itself is close to the
intracellular end of the channel. Many aligned residues in the M2 segmeatarad are not identically
accessible, indicating that the two subunits contribute differently to the channel lining.

The nicotinic acetylcholine (ACh) receptors are a family and by affinity labeling in the M1 segmer)(and the M2
of neurotransmitter-gated, cation-selective ion channels. Thesegment {—11) of the different subunits. From the effects
family contains muscle-typel( 2) and neuronal-type3( 4) of mutations of charged residues bracketing M2 on rectifica-
receptors. The nicotinic receptor family is a member of a tion and on the sidedness of channel block by?Mghe
superfamily of homologous neurotransmitter-gated ion chan- N-terminal end of M2 was shown to be intracellular and its
nels, including serotonin;-aminobutyric acid, and glycine  C-terminal end, extracellula®).
receptors. Using the substituted-cysteine-accessibility method (SCAM),

The five subunits,ayfyd, of the muscle-type ACh  in which each residue in and flanking M2 was mutated to
receptors surround the central channel quasi-symmetricallyCys and probed with small, charged, sulfhydryl-specific
(1, 2,5. The N-terminal half of each subunit is extracellular, reagents, Akabas et all2) identified 10 residues in and
and the C-terminal half forms three membrane-spanning flanking the M2 segment of the mouse ACh receptor
segments (M1, M2, and M3), a large cytoplasmic loop, a subunit as channel-lining residues. Also, five residues at
fourth membrane-spanning segment (M4), and a short, the extracellular end ofdM1 (13) and four residues at the
extracellular tail. The two ACh-binding sites are formed in extracellular end ofM1 (14) were found to be accessible
the extracellular domain in the interfaces between the in the channel. ImtM1, M1, andaM2, the accessibilities
N-terminal halves of two pairs of subunits, and the channel of several residues were different in the open and closed
through the membrane is formed by the membrane-spanningstates of the channel. It was inferred that the structures of
segments of all of the subunits. these segments changed during gating and that the gate is at

Residues lining the ion-conducting pathway have been the cytoplasmic end of the chann@)(
identified on the basis of the functional effects of mutagenesis The sequences of M1 and M2 in the different subunits of
the muscle-type ACh receptor are highly consends), @nd

* Supported in part by research grants from the National Institutes the complex is approximately 5-fold symmetrical in the
of Health (NS07065), from the Muscular Dystrophy Association, Inc., membrane-spanning domaib)( Nevertheless, M1 and M2

a”forg’whtg‘; ?grfg;%gtnggggg’g]%%gEgdagoér’g':slggsgﬁggg; 512.305.7 the different subunits do not make identical contributions
3973. Fax: 212-305-5594. E-mail: akl2@columbia.edu. to the channel function1@, 16-18). Residues in the

1 Abbreviations: ACh, acetylcholine; CFFR, calcium-free-frog- N-terminal thirds ofoM1 andM1 were found to contribute
Ringer’s solution; dTC, d-tubocurarine; Efagonist concentration to the lining of the channel, but these residues in the two

evoking half-maximal response; MTS, methanethiosulfonate; MTSEA, ; ; ; ;
MTSethylammonium; MTSES, MTSethylsulfonate; MTSET, MTSeth- subunits did not all alignid). The ACh receptor contains

yltrimethylammonium: SCAM, substituted-cysteine-accessibility method; ONly onef subunit.  Althoughg is not directly involved in
WT, wild-type. the formation of the ligand binding site$9), it is required
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elicited by two test ACh applications before the MTS reagent
was compared with the average peak current elicited by two
applications of ACh after the MTS reagent. The effect of

the MTS reagent was taken as

240 250 260
i M2 cemomeeens ex (IACh,afterllACh,beforQ -1
Ficure 1: The sequence of residuesgmutated to Cys, aligned We used the SPSS/RC(SPSS, Inc.) statistical software

with residues ir. The residues predicted to be in M2 are indicated
by a dashed ling3P248 topK253 are predicted to be in the M1- {0 analyze the effects of MTS reagents by one-way ANOVA,
M2 loop. in, intracellular;ex extracellular. applying the Dunnett test for significance of differences

) ) between the effects of MTS reagents on a mutant from the
for the expression of functional receptors at the cell surface gffects on wild-type P < 0.05).

(20-23). We report here on the contribution B2 to the For single-channel experiments, the concentration of
ACh receptor channel and on ACh-induced changes in the ,RNA for microinjection varied from 0.02 to 0.2 ng/nL (50
structure offM2. We applied SCAM to 26 consecutive p) joocyte) in order to obtain a receptor density on the oocyte
residues inM2 and in the loop betweefiM1 andiM2 g,rface which was optimal for patch-clamp recording.
(Figure 1) and identified 1_1 r_e_5|dues_ that are accessible in Experiments were performed-Z days after injection. The
the chanpel. There are significant d|fference_s petween theoocytes were checked by two-electrode voltage clamp and
contributions ofaM2 andiM2 to the channel lining. were used for single-channel experiments only if they gave
maximum ACh-induced currents between 0.5 and.A%at
—40 mV. The oocyte vitelline envelope was removed
cDNAs for the mouse-muscle ACh receptor subunits were manually after the oocytes were shrunken in a hyperosmotic
a gift from Dr. Toni Claudio. Residues in and flankifity2 solution (150 mM NaCl, 2 mM KCI, 88 mM sucrose, and 5
were substituted by cysteine, one at a time, with the Altered mM HEPES, pH 7.3). Patch pipets were constructed of
Sites Mutagenesis Kit (Promega). Following mutagenesis, thick-walled borosilicate glass (World Precision Instruments,
we excised a cassette and ligated it into wild-type in the Inc.) with tip-resistance between 12 and 162V
pSP64T plasmid, cut with the same enzymes. The entire By using thick-walled, narrow tips and the outside-out
cassette was sequenced to confirm the mutation and ensur@atch configuration 25), we found that the incidence of
that there were no other mutations. Mutants are named asspontaneously active mechanosensitive channels found in
(subunit)(wild-type residue)(residue number)(mutant residue), Xenopuocyte membrane was very low. If a channel was
in which the residues are given in the single-letter code. observed whose open probability increased markedly with
The in vitro mRNA transcription, oocytes injection, and depolarization, characteristic of the mechanosensitive channel
two-electrode-voltage-clamp recording of ACh-induced cur- (25—27), the patch was discarded. Also, we recorded from
rents were described previousli). The holding potential  every patch for at least 2 min in the absence of ACh and
was—40 mV. The oocytes were perfused at 5 mL/min with used the patch only if no openings were observed. During
nominally calcium-free frog Ringer’s solution (CFFR; 115 these periods, no spontaneous ACh receptor openings were
mM NacCl, 2.5 mM KCI, 1.8 mM MgCJ, 1 uM atropine, 10 observed.

mM HEPES, adjusted to pH 7.3 with NaOH), at room Single-channel measurements were performed on excised
temperature. outside-out patches from the animal hemisphere of the
The methanethiosulfonate (MTS) derivatives, 2-amino- oocyte. The pipet solution contained 115 mM KCI, 10 mM
ethyl-methanethiosulfonate (MTSEA), 2-trimethylammonio- HEPES, and 0.5 mM EGTA (pH 7.2), and the bath solution

ethyl-methanethiosulfonate (MTSET), and 2-sulfonatoethyl- contained 115 mM KCI, 1mM MgGJ) 1 mM CacC}, and 10
methanthiosulfonate (MTSES) were synthesized as describednM HEPES (pH 7.2). All experiments were performed at
previously @4) and were also purchased from Toronto 204+ 2 °C. Single-channel currents were measured with a
Research Chemicals (North York, Ontario, Canada). MT- HEKA EPC-9 patch-clamp amplifier and filtered at 10 kHz.
SEA, MTSET, and MTSES were applied at concentrations The data were stored on videotape through a PCM-2 A/D
of 2.5, 1, and 10 mM, respectively. The different concentra- VCR recorder adapter (44.1 kHz sampling; Medical Systems
tions compensated for the different rates of reaction of the Corp, Greenvale, NY). Data were played back into a
MTS reagents with simple thiols in solutio24). computer, filtered at 2 or 3 kHz with an 8-pole Bessel filter,
We tested the susceptibility of wild-type and mutant ACh —3dB, through a DIGIDATA 1200 digital interface (Axon
receptors to the MTS reagents applied in the absence andnstruments, Foster City, CA) with a sampling frequency of
presence of ACh. The sequence of applications to the oocyte20 kHz. Data analysis was performed using pCLAMP
was test concentration of ACh for 420 s, CFFR for 3 min,  software (Axon Instruments, Foster City, CA). Single-
test ACh for 10-20 s, CFFR for 3 min, MTS reagent in  channel traces were idealized by using the half-amplitude
CFFR in the absence or the presence of ACh, at a concentrathreshold criterion, and gaps briefer than 180wvere rejected
tion at least 5 times that which gives half-maximal current and adjacent openings concatenated. Open time histograms
(EGs0), CFFR for 5 min, test ACh for 18620 s, CFFR for 3 were plotted using a logarithmic abscissa and a square root
min, and test ACh for 1620 s. The effects of the reagents ordinate 28) and fitted to the sum of one or two exponentials
on all mutants were tested at two concentrations of ACh, by the method of maximum likelihood. Single-channel
higher than the Eg for the mutant being tested (20M or conductance was calculated from the slope of the current
at least three times the B¢ whichever was larger) and at  voltage curves, usually over the range-80 to 80 mV. In
the prereaction E§. The average of the peaks of the current some experiments, the single-channel conductance was

EXPERIMENTAL PROCEDURES
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FiGure 2: The EGy for the Cys-substitution mutants relative to
the EGp for wild-type receptor. The E£ was determined from
the fit of the Hill equation)/lnax = 1/[1 + (ECs¢/[ACh])1, to the
currents elicited by five or six different concentrations of ACh,
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Ficure 3: Irreversible effects of MTSEA on Cys-substitutgd
mutants. ACh-induced currents were recorded in oocytes expressing
either all wild-type subunits or wild-type,, v, andd, and Cys-
substitutedf subunits. The effects are calculated akdafte/
lachpeiord — 1] x 100. The duration of the 2.5 mM MTSEA
(CH3SO,SCH,CH,NH3™) application and the co-application of ACh

(at a concentratiore5 x EGsg) are indicated above the panels.
The test concentration of ACh was 2M (or 3 x ECsq, whichever

was greater) (open bars), or the dgChatched bars), both plotted

each applied twice. The standard error in the ratio is shown. The from zero. The means and SEMs are shown with SEMs away from

number of independent determinations ofsEGr each mutant was
at least 3. The E& for wild-type was 1.6+ 0.2 uM (n = 13).
PM254 to fA272 are predicted to be in the M2 segmeg#i?248 to
BK253 are predicted to be in the intracellular loop between M1
and M2.

calculated by dividing the single-channel current by the
holding potential. All data are expressed as meargem.

RESULTS

Expression of Cys-Substitution Mutanté/e inferred that

zero for hatched bars and toward zero for open bars. For each
mutant and condition, at least three oocytes from two independently
injected batches were tested. An asterisk indicates that the effect
was significantly greater for the mutant than for the wild-type at
the level ofP < 0.05 by ANOVA (Dunnett test).

irreversible inhibition (Figures 3 and 4). These were the
effects tested with ACh at its B¢ The effects on wild-
type were smaller when tested at 2@ ACh. These effects

on wild-type served as controls, and the effect on each mutant
was tested for statistically significant difference from the

an engineered cysteine reacted if the MTS reagent irrevers-effect on wild-type receptor.
ibly altered the ACh-induced current of oocytes expressing The effects of the reagents on each mutant were tested
the mutant. We required, therefore, that the cysteine both on the current induced by ACh at 204 (or at 3 x

substitution mutants be functional. We found that Cys-
substitution was very well tolerated: 25 of the 26 Cys-
substitution mutants responded robustly to ACh, with
maximum ACh-induced current similar to that of WT (3.0
+ 0.2 uA) with a range from 2.6+ 0.6 uA for SE252C to
4.2+ 0.1uA for fD273C. The ratio, E6 mu/EGsow ranged
from 0.15 forL262C to 7.9 forsM254C (Figure 2). The
maximum current 0G251C, 0.43t 0.04uA, was lower
than that of the others, and the &Of this mutant was 23
times larger than E& wr.

Reaction with MTSEA.In the absence of reagent, the
ACh-induced currents were relatively stable over 40 min,
the usual duration of an experiment. In wild-type receptor,
the change over 40 min in the currents elicited by ACh at
its EGowas—4 + 1% (h = 10). In the mutants, the change
over 40 min ranged front6 to —10%. In wild-type
receptor, 2.5 mM MTSEA was applied for 1 min and, in the
absence and presence of ACh, causedt12% (h = 10)
and 10+ 2% (n = 10) inhibition, respectively. MTSET at
1 mM, applied for 1 min, caused 1+ 2% (n = 5)

ECso, whichever was higher), as in previous wofk), and
also on the current induced by ACh at its (prereactiony;EC
In all cases, the change in current due to a reaction was larger
when tested with ACh at the EBgthan with ACh at a
concentration higher than the BC The basis for the larger
effect on the current induced by ACh at thedg®as evident
when the reaction shifted the ACh-desesponse curve
without changing the maximum response. An example is
the reaction of MTSEA with3V266C in the presence of
ACh, which caused a 21-fold decrease in the;E|HEigure
5). In this case, current elicited by ACh at the (prereaction)
EGso was twice as large after the reaction compared to before
the reaction. There was no detectable change in the current
induced by ACh at 2@M, 50 times the prereaction kg
Testing the effects of reactions on the current induced by
ACh at the EGo provided both sensitivity and a consistent
basis for the comparison of mutants.

MTSEA was applied extracellularly to 26 Cys-substitution
mutants, fromB3P248C, in the M1-M2 loop, t#D273C, at
the extracellular end of M2. The effects on ACh-induced
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MTSET, 1 min pM2 MTSET + ACH, 1 min In the presence of AChx(5 x ECsg), when the channels
were conducting microamps of curreatl min application
of 2.5 mM MTSEA had statistically significant effects, tested
at the EG, on SD249C, SE252C, fK253C, fG255C,
PF259C,(L262C,V266C,[F267C,AL268C,5L270C, and
BA272C (Figure 3B). The effects oiE252C, 3G255C,
BF259C,5L262C, andSF267C were also significant when
tested at 2tM ACh. Compared to the effectf a 1 min
application of MTSEA in the absence of ACh (Figure 3A),
the effects ba 1 min application of MTSEA in the presence
of ACh had greater effects gD249C,E252C,5K253C,

in the M1-M2 loop, and ofL262C,5V266C, and3F267C,
from the middle to the extracellular end of M2. (We will
call this region the outer half of M2, and the region from
the middle to the intracellular end the inner half.) The effects
of MTSEA on D249C andfK253C, in the M1-M2 loop,
and onpL262C,5V266C, and3F267C, in the outer half of
M2, were significant only when MTSEA was added in the
presence of ACh. The effects @255C ang3F259C, in

IRREVERSIBLE CHANGE INIpcH (%) the inner half of M2, and the effects ¢i.268C, 5L270C,
FIGURE 4: Irreversible effects of MTSET on thé mutants sus- ~ and fA272C, in the outer half of M2, were not much
ceptible to MTSEA. MTSET (1 mM) [CEBO,SCH,CH;N(CH;z)s*] different in the presence and absence of ACh.

was applied for 1 min either in the absence or in the presence of Reactions with MTSETWe also examined the ability of

ACh. The effects were calculated and represented as in Figure 3. ;
The small black squares next to the bars at G255C and K253C MTSET to react with the mutants that were affected by

indicate that MTSET was added in the presence of /0 MTSEA. Because of the trimethylammonium group, MT-

d-tubocurarine (dTC) to inhibit its binding to the ACh-binding site. SET is slightly larger and more rigid then MTSEA. MTSET

had significant effects only on a subset of the mutants
effected by MTSEA.

In the absence of ACha 1 min application of 1 mM
MTSET had significant effects 0fK253C, G255C, and
BL270C (Figure 4A). The effects of MTSET in the absence
» of ACh are complicated because MTSET acts as a low-
£ affinity agonist of wild-type and of some mutant receptors
= (12). To try to inhibit the binding of MTSET to the ACh-
binding site and its activation of the receptor, we added 10
uM d-tubocurarine (dTC) to 1 mM MTSET in the reactions
with SK253C andsG255C. Although we do not know (and
0.0 ‘ * & cannot determine) the Egfor MTSET acting as an agonist

0001 001 01 1 10 100 on these mutants, 1M dTC was insufficient to block all
[ACh] (M) of the current induced by 1 mM MTSET. The effects of 1

Ficure 5: The effect of MTSEA on the dos&esponse curve for m .MTtSF-I;hWIth and |\_/|\{|t20ut 10#Mt d;I.-C Wefrngp-
ACh. The ACh-induced current at several concentrations of ACh Proximately the same. (Higher concentrations o were

was determined before (circles) and after (squares) application of Not readily reversed by washing.)
2.5 mM MTSEA together with ACh at 1& EGCs for 1 min to MTSET applied for 1 min in the presence of ACh (ak5
ks e oo niled Dmbni and 8v200C (e, ECu), suniicanly afcteqf2S3C, 1G2ESC 250C
of ACh dvided by the peak current ) elicited by the highest ~ B-262C,fV266C, fF267C,L270C, andBL272C (Figure
concentration of ACh obtained before the MTSEA application. 4B)- In the presence of ACh, MTSET reacted with 8 of the
Lines are fits of the Hill equation to the data. 11 mutants that reacted with MTSEA. On#p249C and
BE252C, in the M1-M2 loop, andL268C, in the outer half
current were tested with ACh at the EGFigure 3, striped of M2, did not appear to react. Despite the weak activation
bars) and at 2«M ACh (or 3 x EGCs, whichever was by MTSET alone (or in the presence of dTC), MTSET
greater) (Figure 3, unfilled bars superimposed on the stripedreacted to a greater extent in the presence of ACh. The ACh-
bars; all bars start at zero). Both potentiation and inhibition induced increase in reactivity was mainly in the outer half
of the current were observed. of M2.

In the absence of ACh, in the predominantly closed state A unique consequence of the reaction of MTSET with
of the channel, 2.5 mM MTSEA applied 1 min had BV266C inthe presence of ACh was that the current persisted
statistically significant effects ofG255C,5F259C,5L268C, after the MTSET and ACh were washed out (Figure 6B).
BL270C, and3A272C, over the entire length of M2 (Figure  The current approached the baseline with a half-time of about
3A). The effects onpG255C, fF259C, fL268C, and 10 min compared to about 1 min for this mutant before
BA272C were statistically significant when tested at thgdEC  reaction (Figure 6A). Also, the reaction with MTSET caused
and at 2QuM ACh (Figure 3A). The effect ogL270C was the EGo to decrease from 0.4 to 0.0dM ACh (data not
significant only when tested at the &C shown). The persistence of the activation and the low,EC

0.2 1
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FiGUrRe 6: Persistence of the open state after the reactigivab6C
with MTSET in the presence of ACh. One continuous experiment

is shown with gaps during washes indicated by double slashes. R

CFFR; QX, 2 mM QX-314. The top line (A) shows the current
due to various concentrations of ACh and the block of ACh-induced
current by QX-314, and the bottom line (B) shows the persistent
current following the reaction with MTSET in the presence of ACh
and its block by QX-314.

were likely manifestations of the stabilization of the open
state of the channel by the addition of the thioethyltrimethy-
lammonium group to the cysteine g/266C. Consistent

with current being due to the persistent activation of the
covalently modified receptor, the current was reversibly
blocked by 2 mM QX-314 (Figure 6B), which also blocked
the current due to 4M ACh before MTSET (Figure 6A3.

The cysteine inBV266C was more exposed to the water-

Zhang and Karlin
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FiGUurRe 7: Irreversible effects of MTSES on tifemutants. MTSES
(CH3SO,SCH,CH,S0O;7) at 10 mM was applied for 1 min either
in the absence or in the presence of ACh at a concentratiarbof

x EGCso. The effects were calculated and represented as in Figure
3.

andfV266C, potentiating the ACh-induced current (Figure
7B). MTSEA and MTSET had the same effects on these
mutants. The lack of an effect of MTSES on other mutants
'susceptible to MTSEA was in fact due to the lack of reaction
and not to a reaction without functional consequences,
because after MTSES the application of MTSEA had the
same effect as MTSEA added first (data not shown). Thus,
the rejection of anions by this cation-selective channel occurs
somewhere beloypV266. It is not clear, however, why
MTSES did not react with3F267C or fA272C, which
MTSES must pass in order to get f&&¥266C.

Reactions 0&tM2 with the MTS Reagents Tested with ACh
at Its EGy. Previously the reaction of substituted-Cys in
and flanking theaM2 segment with the MTS reagents was
tested at 20uM ACh (12). Three substituted Cys that
appeared unreactive when tested at 2@ ACh were
significantly reactive when tested at the &5 €@r ACh (Figure

filed channel in the open state than in the closed state, 8). The reactions ofV259C andal260C with MTSEA
because it was more accessible to both MTSEA (Figure 3) aﬁd MTSET, both in the presence and absence of ACh

and MTSET (Figure 4) in the presence of ACh, when the

channel was highly conductive, than in the absence of ACh,

resulted in significant potentiation of their responses to ACh
igure 8). In addition, the reaction afiV261C with

when the channel was closed, and because adding a chargefhrsea in the presence of ACh and with MTSET both in

group to the Cys side chain retarded the closing of the
channel.

Reactions with MTSESIn the absence of AGha 1 min
application of the negatively charged MTSES (10 mM) did
not affect any of the mutants (Figure 7A). Added in the
presence of ACh, 10 mM MTSES reacted with bgtt270C

2The ability of 2 mM QX-314 to block the persistent current
meditated by3V266C modified by MTSET implies that the covalently
attached thioethyltrimethylammonium group does not prevent the
binding of QX-314 at high enough concentration. This is consistent
with the finding thatxV255C, the residue in that aligns with3V266C,

was the outermost residue that was protected by QX-314 against

reaction with MTSEA, but this protection was only partial (J. Pascual
and A. Karlin, manuscript in preparation). Even in the blocked state,
MTSEA could still react withoV255C.

the presence and absence of ACh resulted in significant
inhibition. MTSES, also, reacted in the presence of ACh
with aV259C andol260C. These results imply that five
consecutive residues at the extracellular endd, from
olL258 toaE262, are exposed in the presence of ACh. ltis
possible that not all of these are simultaneously exposed in
a single o subunit, but rather that different residues are
exposed at the extracellular ends of M2 in the twsubunits.
Single-Channel Analysis of Inhibition and of Potentiation
by MTSEA. The MTS reagents had inhibitory effects on
most of the exposed residues located in the inner halves of
oM2 and M2 and potentiating effects on many of the
exposed residues in the outer halves. Given that the modified
residues are in the channel and far from the ACh-binding
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MTSEA, 1 min aM2  MTSEA+ACH, 1 min The mutanf3G255C had a slightly smaller single-channel
L E262C 1 conductance than wild-type, consistent with Cys being larger
[ V2] than Gly and with the location of these residues in the narrow
L v259C part of the channell@, 17, 33, 3% The reaction of 2.5
3338 mM MTSEA with fG255C resulted in 90% inhibition of
L F256C 1 the current elicited by 0.4M ACh (Figure 3). At the single-
[ V255C 1 channel level, this reaction reduced the conductance of
[T BG255C by 73%, from 46 pS to 12 pS, consistent with the
20 40 0 40 80 120 80 40 O 40 80 120 addition of the moiety-SCH,CH,NH3* to the Cys in this
narrow region (Figure 10 and Table 1). The mean open time
may have decreased somewhat, although the change was not

MTSET, 1 min oM2  MTSET+ACH, 1 min

. L msac - statistically significant. The effect of MTSEA on the
* . - V261C { * macroscopic current could be largely explained by the
; ] . decrease in single-channel conductance. The reaction of
Y — - L258C 1 * ] MTSET with aG255C also reduced the single-channel
EE [ L] : conductance by about 70% (data not shown).
] - w— Lvassc | «E— At the single-channel leveV266C channels had a mean
O [ T254C 1 g open time of 13 ms, 6 times the mean open time for wild-
1 F WT 4 ] . . . .
T T T S type receptor (Figure 11 and Table 1). This difference is
80 40 0O 40 80 80 40 O 40 80 . 3 .
consistent with the 3.6-fold decrease in thesgEGf the
MTSES, 1 min oMz  MTSES+ACH, 1 min mutant compar_ed to wild-type. The c_onductance and the
L Breoc I w reversal potential were the same in wild-type and mutant.
L V261C 1 The reaction ofsV266C with MTSEA in the presence of
el o ACh resulted in a 21-fold decrease in the sgGnd,
L L258C - ] consequently, potentiation in the current elicited by ACh at
r L257C + the prereaction E&.
F F256C 4 .
L vassc | «E— ThefV266C channel, modified by MTSEA, had unusual
i TZi;‘,g 5 properties. First, the modified channel had very long open
. " pe 4@0 p times (Figure 12A). Some openings lasted fer2ls. In
o0 the experiment shown, the open-time histogram showed two
IRREVERSIBLE CHANGE IN I, ., (%) characteristic open times, a short component of 5 ms (39%)
0
Ficure 8: Irreversible effects of MTSEA, MTSET, and MTSES and a new, long Compone_nt of 294 ms (.61 %). The average
on Cys-substitution mutants at the extracellular endod2. of the longer component in three experiments was 168 ms,

Reagents were added either in the absence or in the presence o3 times greater than the 13 ms mean open time prior to
ACh. The effects were calculated and represented as in Figure 3.reaction. Corresponding to the large increase in the mean
T et o TS une oot v ececic o 10 0Pen time. the open probilty afir the reaction wit
M d-tubocurarine to inhibit its binding to the ACh-binding site, M TSEA increased about 10-fold, from 0.015 t0 0.15. Even
The effects tested with 20M ACh are from ref12. if the mean single-channel current were reduced-2old
because of the subconductance states, with the 10-fold
sites, the mechanisms for the effects of the modifications increase in open probability, there would still be an overall
likely involve changes in conductance or gating kinetics. We increase in macroscopic current of about 3-fold.
attempted to determine the mechanisms underlying the Second, the+V relationship for the full-conductance state
inhibition of fG255C and the potentiation @/266C by showed a slight outward rectification with a slope conduc-
examining the effects of the reactions on single-channel tance of 54 pS at positive voltages and 41 pS at negative
conductance and kinetics. voltages (Figure 12C). The positive charge introduced on
The addition of 2.5 mM MTSEA in the presence of 20 [V266C by the reaction with MTSEA reduced inward
uM ACh had no effect on the single-channel conductance, conductance but not outward conductance.
reversal potentials, or the mean open time of wild-type Third, in addition to single currents corresponding to the
channels (Figure 9 and Table 1). The single-channel above full conductances, smaller steps of current were fre-
conductances and mean open times before and after MTSEAquently observed. Five subconductance states were distin-
were 52 pS and 2 ms. These values are close to thoseguishable both at positive and negative holding potentials
obtained under similar conditions by otheB9{32). (Figure 12B). The single-channel current stepped between

Table 1: Single-Channel Properties before and after Modification by MTSEA in the Presence df ACh

before reaction after reaction
v (pS) Viev (MV) 7 (ms) v (pS) Viev (MV) 7 (ms)
wild-type 51.84+ 0.3 (6) —2.0+0.8(5) 2.0+ 0.3 (6) 53.1+ 1.4 (4) 0.5+ 0.5 (4) 1.8+ 0.4 (4)
BG255C 45.9+ 1.1 (7) —-1.2+1.0(5) 2.4+ 0.3 (5) 12.4+ 0.8 (7) 1.5+ 0.5 (4) 1.9+ 0.7 (4)
BV266C 56.7+ 1.5 (6) —1.9+1.6(5) 12.9+ 2.7 (6) 41.3+ 0.1 (3)* —0.5+2.2(3) 168+ 74 (3)

aThe open time) was that of the major component (at least 60% of the events). (*) Conductance at negative voltages; the conductance at
positive voltages was 54.0 pS. The numbers in parentheses refer to the numbers of patches.
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Ficure 9: Single-channel recording of wild-type receptor before and after the application of MTSEA in the presence of ACh. (A) Recording
from an outside-out patch in the presence giM ACh at holding potentials of 40 mV ane40 mV. Inward currents are shown as
downward deflections and outward currents as upward deflections. (B) Single-channel-cvottage relationship before (circles) and

after (squares) the application of MTSEA plus ACh. The slope conductance for this recording was 53 pS (before) and 51.4 (after). (C)
Open-time histogram fit by the sum of two exponentials with the following parameters: 2.17 ms, 86% and 0.17 ms, 14% (before) and 2.66
ms, 85% and 0.43 ms, 15% (after). Holding potential wa&® mV. Data for panel C were taken from 604 and 735 events, respectively.

these conductance states in equal steps. The steps were likelgpomponents, one of 2.1 ms (41%) and another of 23 ms
to reflect substates of a single channel rather than the simul-(59%), i.e., both normal and long-lived channels occurred.
taneous openings of five separate channels with reduced conThe reaction also altered the currenbltage relationship,
ductances. The sum of the five steps between the subconwhich became inwardly rectifying, with a slope conductance
ductance levels was equal to the value of the single con-of 58 + 3 pS at positive potentials and 405 pS at negative
ductance in the absence of substates (Figure 12A). Sub-potentials, as after the reaction with MTSEA.
conductances are rarely observed in wild-type receptor, but
these are mostly about 20% of the main conductaBbe- ( DISCUSSION
39). Inthe MTSEA-modified3V266C, the subconductances Expression of Cys-Substitution Mutant8ys is a highly
became dominant. Whether the five steps correspond to thetolerated substitute for other residues (cf., 46f. In this
five subunits, and, if so, by what mechanism, are not clear. and other work 12—14, and unpublished results), we have
We also investigated the mechanism underlining the tested 105 Cys-substitution mutants in M1, M2, and the M1-
persistent current after modification 6¥266C by MTSET M2 loop of both then andg subunits. Of these 105 mutants,
in the presence of ACh. Before the reaction, the probability 103 yielded functional receptors at the cell surface. In the
that the channel would be open in the absence of ACh waspresent study, each of the 26 Cys-substitution mutants yielded
<104 (We estimated this based on the absence of anyfunctional cell-surface receptors when expressed in oocytes
openings during the 120 s recorded before ACh was added;together with wild-typex, v, andd subunits. The functional
if there had been on the average one opening, the operreceptor complex almost certainly contained the mugant
probability would have been the mean open time of 12 ms subunits, because very little ACh-induced current is obtained
divided by the period of 120 s or 1) After the reaction, when wild-type mouse-muscle, y, andd are expressed in
the spontaneous open probability increased to 0.03, a valughe absence gf (22, 23. Overall, the generally modest
comparable to that of the unreacted mutant in the presenceeffects on the function of the receptor of the Cys-substitutions
of 0.1uM ACh. The open-time distribution in the absence in fM2 are consistent with similar structures of the mutants
of ACh of the MTSET-modified channel was fit by two and of wild-type receptor.
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Ficure 10: Single-channel recording frofG255C before and after the application of MTSEA in the presence of ACh. (A) Recording
from an outside-out patch in the presence @f\2 ACh at —60 mV. (B) Single-channel currentoltage relationship before (circles) and

after (squares) the application of MTSEA plus ACh. The slope conductance for this recording was 44 pS (before) and 10 pS (after). (C)
Open-time histogram fit by the sum of two exponentials with the following parameters: 2.1 ms, 74% and 5.7 ms, 26% (before); 1.5 ms,
100% (after). Holding potential was60 mV. Data for panel C were taken from 857 and 646 events, respectively.

Functional States of the ReceptoWWe have determined that reacted faster in the immediate presence of ACh than
whether substituted Cys in the channel react with MTS in the absence of ACh, were found to react no faster after
reagents in the absence and in the presence of ACh. In theprolonged exposure to ACh, when they were desensitized,
absence of ACh, the channel is predominantly closed; thethan they did in the absence of ACHAg, 49. For these
spontaneous open probability is very lowl( 43. Im- mutants, at least, the rates of reaction with receptors in the
mediately upon binding ACh, the receptor undergoes a presence of ACh could be taken as a lower limit on the rates
submillisecond transition from the resting state to the open of reaction with the open state of the receptor.
state. Inthe continued presence of ACh for tens to hundreds Conversely, when the rate of reaction in the absence of
of milliseconds, the receptor enters the fast-desensitizedACh is greater or equal to the rate in the presence of ACh,
state and then, in tens of seconds, the slow-desensitizedhe reaction in the absence of ACh can be associated with
state, both nonconducting state$3{47). The occupied the closed state. During the applications of MTSEA and of
receptor eventually reaches an equilibrium distribution MTSES in the absence of ACh, no increase in leak current
among the different states that favors the slow-desensitizedwas observed. Even if there were some spontaneous opening
state. of the channels in the absence of AGHL.( 42, the fraction

Can we ascribe the reactivities of substituted Cys in the of open channels would be far smaller in the absence of ACh
presence and absence of ACh to the open and closed stateghan in the presence of ACh, and the contribution of the
MTS reagents were added together with a high concentrationreaction in the open state to the overall reaction rate would
of ACh for 1 min. During this time, an unknown fraction also be very small.
of the receptors desensitized. Nevertheless, we customarily MTSET acts as a low-affinity agonist, and small currents
recorded microamps of ACh-induced current during the were induced by this reagent in the absence of ACh. Never-
application, and further desensitization was slow (as in the theless, the effects of MTSET on six of eight susceptible
first response to ACh in Figure 6). Thus, the reagents were mutants were greater in the presence than in the absence of
reacting with some receptors rapidly fluctuating between ACh (Figure 4). In these cases, the more current there was,
open and closed states and with some receptors in thehence more open channels, during the reaction the more
desensitized states. Two mutants;244C andoK242C, reaction.
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Ficure 11: Single-channel recording frofV266C. (A) Recording from an outside-out patch in the presence ofl.IACh at 60 and
—40 mV. (B) Single-channel currentoltage relationship. The slope conductance for this recording was 52 pS. (C) Open-time histogram
fit by a single-exponential of 7.2 ms. Holding potential wa40 mV. Data for panel C were taken from 234 events.

Channel Lining. The assumptions underlying SCAM and for conductance, but each interacts with an open channel
the criteria for judging whether a substituted Cys is accessible blocker (7, 52. The mutation ofxS252 to bulkier residues
have been discussetl, 14, 5). On the basis of the effects  inhibited conductancelg); however, the aligned.T263 is
of a 1 min application of MTSEA in the absence of ACh, not exposed.
five residues ilBM2 are exposed in the channel in the closed  Three residues intM1 (13, and unpublished results) and
state (Figure 13, small triangles). In the presence of ACh, four residues irBM1 (14) are exposed in the open channel,
eight residues in M2 and three in the M1-M2 loop are and each of these is hydrophobic (although the phenolic
exposed in the channel in the open state (Figure 13, large—OH of aY213 is a polar group). If we assume that the
triangles). It is remarkable that seven of the eight side chainscontributions to the channel lining hyandd are similar to
contributed bySM2 to the open-channel lining are very those ofa and g, the hydrophobicity of the lining above
hydrophobic (Figure 13, white and yellow, large triangles); aT244 is remarkable. We do not know, however, the degree
only fG255, aligned with three Thr and a Ser in the other of interaction of the backbone peptide groups with ions and
subunits, is not especially hydrophobic. The exposed sidewater in the channel. These could provide dipolar interac-
chains of /M2 do not provide any obvious sites for tions not evident from the side-chain composition.
interaction with ions or with water. The residues in Torpedo  In contrast to the M1 and M2 segments, the M1-M2 loop,
ACh receptor aligned with mouse-muscle ACh receptor at the cytoplasmic end of the channel, contains charged
pG255,5F259,5L262, and5V266 were previously associ-  residues that are accessible in the open state of the channel
ated with the channel by photolabeling, 8, 5J. (Figure 13). pD249,5E252, angBK253 are accessible from

In aM2, nine residues are exposed in the channel lumen, the extracellular medium in the presence of ACh (Figure 3),
of which six are hydrophobic (Figure 13). One of the three andaD238,0E241, andxK242 are similarly accessibld9).
exposed polar residueaT244, is aligned with3G255 and aE241, fE252, and the aligned GIn i and Glu in¢d
with Thr in y and Ser i), which together contribute to the  constitute the “intermediate ring of charge”, which strongly
selectivity of the channellg, 17, 33, 3% The roles of the interacts with passing cation8,(53. oD238,5D249, and
other two exposed polar residues @M2 are less clear:  the aligned Lys iy and Asp ind (the “cytoplasmic ring of
0S248 is aligned withoF259, neither of which is crucial  charge”) also interact with permeating cations, but less
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Ficure 12: Single-channel recording frofiV266C after application of MTSEA in the presence of ACh. (A) Recording from an outside-

out patch in the presence of M ACh at +40 mV and—40 mV. The dashed line indicates the closed level. (B) Recording showing the
multiple substates (dotted lines) in the presence ofiMIACh at+80 and—80 mV. O, full-conductance level; C, closed state; S, substates.

(C) Single-channel currentvoltage relationship for the full-conductance state. The currents at negative potentials and the currents at positive
potentials were fit separately by straight lines. The mean slope conductances were 54 pS at positive voltages and 41 pS at negative voltages.
(D) Open-time histogram fit by the sum of two exponentials with the following parameters: 294 ms, 61% and 5 ms, 39%. Holding potential
was—40 mV. Data for panel C are taken from 60 events.

strongly. The role of the five aligned Lys, includind<242 of an a-helix (Figure 13). Each substituted Cys from

and K253, is unknown. oV259C to aE262C reacted with MTSEA. These four
The negatively charged MTSES reacted witi266C in residues could form either the exposed last turn of a helix,

BM2, as with the alignedV255C, as well as witl$L270C, an extended structure, or different configurations in the two

closer to the extracellular end of M2 (Figure 7). MTSES a subunits in the complex.

also reacted withpF224C andgY225C in fM1 (14) and Structural Changes.In M1 and M2 of a and 3, the

with Y213C in aM1 (13). These results indicate that reactivities of the substituted Cys are different in the
charge selectivity in this channel begins below the level of predominantly closed state in the absence of ACh and in
aV255C andsV266C. The basis for this charge selectivity the open state (and possibly fast desensitized state) in the
might be the negative intrinsic electrostatic potential in the presence of ACh (Figure 13, triangles at a relative reactivity
channel 48). of 2). ExcludingD249C toK253C, in the M1-M2 loop,

Secondary StructureThe pattern of reactivity of substi-  which we consider at or beyond the gate (see below), three
tuted Cys ingM2 is compatible with the exposure in the of the eight residues ifM2 that reacted in the presence of
channel lumen of a stripe of regular secondary structure (cf., ACh did not react in the absence of ACh. M1, one of
ref12). Inthe presence of ACh, the accessibility36255C, four residues that reacted in the presence of ACh did not
PF259C,[L262C, andBV266C (i.e., every third or fourth  reactin the absence of ACh. There were no residues in these
residue) inBM2 is compatible with three turns of arhelix p segments that were more reactive in the absence of ACh
(Figure 13). In the outer third of M2, the accessibility of than in its presence. By contrast, in thesubunit, there
alternating residuesL268C, fL270C, andA272C, is were residues in M1 and M2 that were more reactive in the
compatible with g-strand. InaM2, the pattern of reaction  absence of ACh and others that were more reactive in the
in the absence of ACh is compatible with an interrupted presence of ACh. In both andg, the changes in reactivity
o-helix (12), while in the presence of ACh the pattern of induced by ACh occur over the length of the membrane-
reaction fromoT244 toalL 258 is compatible with four turns ~ spanning segments.
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Ficure 13: Summary of effects of MTSEA on Cys-substitution mutants in and flanking M1 and M2 of &imel3 subunits. The sequences

of aM1 andfM1 are aligned, and the sequencesxM2 andM2 are aligned. The M1-M2 loop residues are shown at the bottom of M2.

Three residues which flank the extracellular endsdf1 and whose reactivity was tested are shown. Reactivity was determined in the
presence and absence of ACh. Small symbols indicate the effects of reaction in the absence of ACh, and large symbols indicate the effects
of reaction in the presence of ACh. Circles indicate no detectable reaction; triangles pointing upward indicate potentiation; and triangles
pointing downward indicate inhibition. The symbols are plotted at a relative reactivity of O if no reaction was detected (all circles), at a
relative reactivity of 1 if reaction was detected, and at a relative reactivity of 2 if the reaction in one state was greater than the reaction in
the other state. For residues that reacted equally in the presence and absence of ACh, the small symbol is superimposed on the large symbol
at a relative reactivity of 1. If the residue did not react in either state the symbols are superimposed at a relative reactivity of 0. If one
symbol is at a relative reactivity of 2, the other is at 0 or 1. The symbols at a relative reactivity of 2 indicate the residues, the reactivities
of which are different in the presence and absence of ACh. The symbols are color coded for side-chain type: white, aliphatic nonpolar;
yellow, aromatic; green, neutral polar; blue, positively charged; red, negatively charged.

In addition to the changes in reactivity of the substituted more accessible in the presence of ACh than in its absence
Cys, the functional effects, first, of the mutation to Cys and, (Figures 2 and 3ref 12). Furthermore, the reaction of
second, of the covalent reaction with the MTS reagents fV266C with MTSEA resulted in a large increase in the
indicate the changing environment of these side chains duringmean open-channel time (Table 1), and the reaction with
ACh-induced conformational changes. The mutations of MTSET resulted in a large increase in spontaneous open
pL262 to Cys (Figure 2) and of the aligned.251 to Cys probability. The mutation to Cys alone decreased the
(12) resulted in about a 10-fold lower & In both cases,  hydrophobicity of the Val side chain, and the addition of
the substituted Cys was much more accessible in the presencéhe —thioethylammonium moiety to the CysSH further
of ACh than in its absence. One possibility is that these increased the polarity of the side chain. Again, these results
aligned Leu residues stabilize the closed state by hydrophobicare consistent with the Val side chains stabilizing the closed
interactions with other residues in the channel wall, which state by partly buried hydrophobic interactions and moving
make them less accessible to charged reagents; in the opemto the water-filled channel lumen in the open state. This
state, they are more exposed in the water-filled channel open-state conformation is stabilized relative to the closed-
lumen. Their mutation to Cys, less hydrophobic than Leu, state conformation when the Val side chains are substituted
decreases their stabilization of the closed state and resultdy more polar side chains.
in a decrease in the BE (12, 54-57). Similarly, the Examining the effects of the covalent modification of
mutation of the alignedxV255 and V266 to Cys also  substituted Cys in the channel, we see that potentiating effects
resulted in lower Eg, and these substituted Cys were also (upward pointing triangles in Figure 13) were more likely
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to occur in the outer half of the channel, whereas inhibiting
effects (downward pointing arrows) were more likely to
occur in the inner half of the channel. The potentiating
effects were linked to decreases indgQvhich correspond
to changes in gating kinetics. In the wider, outer half of the
channel (e.g., 88V266C), the detectable reactions with MTS

reagents were likely to affect the rates of structural changes
involved in gating more than the conductance.

In the

narrower, inner half of the channel (e.g.,%255C), the

detectable reactions were likely to affect both conductance

and gating kinetics.
The Gate. If the gate is a local obstruction in the

conduction pathway, then access of the MTS reagents to
substituted Cys beyond the closed gate should be blocked.

The effects of MTSEA ofF259C and orfG255C are not

very different in the presence and absence of ACh. We also

know that the spontaneous open probabilitys&255C is
less than 2« 107% (2 ms/120 s). Thus, the gate is not closer
to the extracellular end of the channel tha®255. Simi-
larly, in o, on the basis of the size of the effeci®)and of

the

rate constants18), MTSEA reacts slightly faster with

0S248C and slightly slower withlL245C in the presence

than in the absence of ACh. Furthermore, the reactions of

some charged reagents witfi 244C and witho.S248C are

dependent on the transmembrane electrostatic potential in
the presence of ACh but are independent of transmembrane 25.

potential in the absence of ACAg). These results also are
consistent with a gate closer to the intracellular end of the
channel thamT244. Finally, the rates of reaction a40C,
0E241C,0K242C, andaT244C with MTSEA added in the

presence and absence of ACh, and extracellularly and

intracellularly, indicate that the gate is betwee®240 and
aT244 @49). This is consistent with the greater reactivity
in the presence than in the absence of ACh3KR53C,
BE252C, andpD249C to extracellular MTSEA (Figure

13).
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