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ABSTRACT. The substituted cysteine accessibility method (SCAM) was applied to the first membrane-
spanning segment (M1) of the mouse-muscle acetylcholine (ACh) recémobunit. One at a time,

each residue fronffR219 tosP247, excepfC233, was mutated to Cys, and the mutérsubunits were
expressed together with wild-type v, andd in Xenopusoocytes. All 28 mutants yielded functional
receptors. The accessibility of the substituted Cys to the methanethiosulfonate (MTS) derivatives, MTS
ethylammonium (MTSEA), MTS ethyltrimethylammonium (MTSET), and MTS ethylsulfonate (MTSES),
added extracellularly in the absence or the presence of ACh, was inferred from their irreversible effects
on ACh-induced current. Three consecutive residues close to the extracellular end gFRPUC,
PY225C, andL226C, reacted both in the absence and presence of ACh, and one deeper fA220€;
reacted only in the presence of ACBV229C also reacted with 2-aminoethyl-2-aminoethanethiosulfonate
(AEAETS) and with 2-hydroxyethyl MTS (MTSEH). The rate constants for the reactiof8/2829C

with MTSEA, which permeates the open channel, and with MTSEH, which is uncharged, were independent
of membrane potential. The rate constant for the reaction of the doubly positively charged AEAETS,
however, was dependent on membrane potential, consistent with the expogl¥22%C in the open
channel. The N-terminal third M1, like that of aM1, contributes to the lining of the channel and
undergoes structural changes during gating.

The nicotinic acetylcholine (ACR)receptor contains a N
high-conductance, cation-selective channel, which opens
when the receptor binds ACh. The conductance, selectivity,
and the opening and closing of the channel should be largely
explainable in terms of the nature and arrangement of the
amino acid residues lining the channel. These residues are
contributed by each of the five subunits of the receptor, which C
surround the channel(2). In the muscle-type receptors,
the subunit composition is3yd, and the four types of
subunits have similar sequences and identical topologjes (

The N-terminal half of each subunit is extracellular; the 4
C-terminal half consists of three membrane-spanning seg-

ments (M1, M2, and M3), a large cytoplasmic loop, a fourth

membrane-spanning segment (M4), and a short, extracellular

tail (Figure 1). The channel is formed among the twenty

membrane-spanning segments contributed by the five sub- t

units. Ficure 1: Schematic representation of the common topology of

. . the subunits of the ACh receptor. The approximate locations relative
The M2 segments play a major role in the structure and to the membrane of the firs{yR219) and last fP247) of the
function of the channel. The mutations of several residues consecutivg8M1 residues mutated to cysteine are indicated.

in M2 of different subunits altered channel conductance,

selectivity, or binding of channel blockers, and some of these identified as lining the channel of the mouse-muscle ACh
same residues were photolabeled by channel blocKers (  receptor by the substituted cysteine accessibility method
8). Mostly in agreement with the results of mutagenesis and (SCAM) (9).

photolabeling, 10 of 22 residues in and flankinly!2 were In SCAM, continuous stretches of residues are mutated
one at a time to Cys, and the accessibility of the substituted
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(NS07065), from the Muscular Dystrophy Association, and from the by the irreversible effects of these reagents on the function
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channel lining is a water-accessible surface in the membrane-currents were described previoush0f. Unless otherwise

spanning domain of the receptdr3j.
The M1 segments also line the channel. Specifically, in

noted, currents were recorded at a holding potentiat4®
mV. The oocytes were perfused at 5 mL/min with nominally

the open state of the receptor, residues at the extracellularcalcium-free frog Ringer’s solution (CFFR: 115 mM NacCl,

end of aM1 were photolabeled by an azido derivative of
the noncompetitive inhibitor, quinacring4), and mutations
in aM1 alter the binding of quinacrinelf). Quinacrine,
like other noncompetitive inhibitors of the ACh receptor, may

25 mM KCI, 1.8 mM MgC}, 1 uM atropine, 10 mM
HEPES, adjusted to pH 7.3 with NaOH), at-225 °C.

We tested the susceptibility of wild-type and mutant ACh
receptors to the MTS reagents applied in the absence and

bind both to a site within the channel and to sites at the presence of ACh. The sequence of applications to the oocyte

receptot-lipid interface (6, 17).
The application of SCAM to fifteen consecutive residues
of aM1, starting at its extracellular end, resulted in the

was test concentration of ACh for £@0 s, CFFR for 3 min,
test ACh for 10-20 s, CFFR for 3 min, MTS reagent in
CFFR in the absence or the presence of ACh (at a

identification of seven residues that are exposed in the concentration at least 5 times its &f; CFFR for 5 min,

channel 18). The channel widens toward its extracellular
end (), where it is likely to be encompassed by the
extracellular ends of M1 and M2, a pair from each subunit
(9, 13, 18.

The reactivities of some substituted Cys toward the
extracellular end obtM1 and throughouttM2 were very
different in the presence and absence of AGh@. These
differences are likely to reflect conformational differences

test ACh for 16-20 s, CFFR for 3 min, test ACh for 20

s. All mutants were tested at two concentrations of ACh,

higher than the E& for the mutant being tested (20M or

at least three times the £ and at the EG. The average

of the peaks of the current elicited by the two test ACh

applications before the MTS reagent was compared with the
average of the two peaks of the currents elicited by ACh
after the MTS reagent. The effect of the MTS reagent was

in these segments between the open state and closed staf@ken as

of the receptor rather than differences in accessibility

controlled by the gate. From the reactivities in the closed
state of substituted Cys deep in the channel, we inferred that

the gate is close to the cytoplasmic end of the charf)éF(
Although the sequences of M1 and M2 in the different

(1)

MTSEA, MTSET, and MTSES were applied at concentra-
tions of 2.5, 1, and 10 mM, respectively. The different
concentrations compensated for the different rates of reaction

[(IACh,aﬁe/IACh,beforQ - 1]

subunits of the muscle-type ACh receptor are very similar of the MTS reagents with simple thiols in solutiatd). The

(19 and the complex is roughly 5-fold symmetrical in the
membrane-spanning domaith)( the different subunits do
not make identical contributions to channel functi@f,(21).

In this paper, we explore whether the M1 segment inthe
subunit makes a contribution to the channel lining similar
to the M1 segment in the subunit. The singl@ subunit is
not directly involved in ACh binding but is critical for
functional expression of the recept@2(-25). We mutated
28 consecutive residues in and flankjfigl1, one at a time,

MTS reagents were synthesized by the procedures of Stauffer
and Karlin (L1) and were purchased from Toronto Research
Chemicals. The syntheses of MTSEH (HOLHL,SSQ-
CHg) and AEAETS tHgNCHzCstSQCHZCHZN H3+) will
appear elsewhere.

We used the SPSS/RC(SPSS, Inc.) statistical software
to analyze the effects of MTS reagents by one-way ANOVA,
applying the Dunnett test for significance of differences
between the effects of MTS reagents on a mutant from the

to Cys and tested the accessibility of these substituted-Cysgffects on wild type P < 0.05).

residues to polar methanethiosulfonate derivatives.
found thatfM1 lines the cation-conducting pathway of the
ACh receptor similarly, but not identically, @M1. As with
oM1, the exposure gfM1 is different in the presence and
absence of ACh.

EXPERIMENTAL PROCEDURES

We e determined the rate constants for the reactions of

MTSEA, MTSEH, and AEAETS witlVV229C by repeated
20—30-s applications of reagent. To minimize hydrolysis,
the half-times of which are about 10 min at room temperature
and neutral pH, stocks of the reagents were dissolved in
unbuffered water, kept on ice, and diluted 100 times in CFFR
just before each application. If S is the number of unreacted

cDNAs for the mouse-muscle ACh receptor subunits were substituted Cys aftetr seconds of reaction with reagent X,

a gift from Dr. Toni Claudio. Residues were substituted by

cysteine, one at a time, in and flanking the M1 segment of

the S subunit with the Altered Sites Mutagenesis Kit

then

g5,=¢e 2)

(Promega). Following mutagenesis, we excised a cassette

defined by the restriction enzym&gnl and Xhd and ligated
it into wild-type in the pSP64T plasmid cut with the same

enzymes. The entire cassette was sequenced to confirm the

wherek is the second-order rate constant. We assume that

(1= 1)~ o) =55 (3)

mutation and to ensure that there were no other mutations.,yhere| is the current elicited by ACh after cumulative time
Mutants are named as (subunit)(wild-type residue)(residue; uf reaction with X, and the subscripts refer to zero time

number)(mutant residue), in which the residues are desig-an infinite time (i.e. complete reaction). Since the reagent

nated in the single-letter code. S was present in excess, we determined the pseudo-first-order
The in vitro MRNA transcription, oocyte injection, and rate constantk() by fitting

two-electrode voltage clamp recording of ACh-induced

Mo=1+ @ — 1]l e™ (4)

lo was the initial ACh-induced current, ahgwas the

2 pascual and Karlin, unpublished.

3 Wilson and Karlin, unpublished. tol.
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ACh-induced current obtained the end of the experiment,
after applying a high concentration of reagent (2.5 mM
MTSEA, 8 mM MTSEH, and 4 mM AEAETS) for 1 min.
The second-order rate constantg (vere calculated by
dividing the pseudo-first-order rate constants by the con-
centration of the applied reagent.

We fit the equation

k =k, exp(-zFdy,/RT) (5)

where z is the algebraic charge on the reagdntjs the
Faraday,R is the gas constant, andl is the absolute
temperature, to the second-order rate constéptaé a
function of the holding potentiakf{u). ¢ in the equation is
the electrical distance of the charge on the reagent during
the reaction of the reagent with the substituted Cys. The fit
yields estimates fok,, the rate constant aty = 0, and for

the productzd.

RESULTS
Expression of Cys-Substitution Mutants

We inferred that an engineered Cys reacted with a MTS
reagent if the reagent irreversibly altered the ACh-induced
current of oocytes expressing the mutant. We required,
therefore, that the Cys-substitution mutants be functional.
We found that Cys-substitution was very well tolerated. Of
the 28 Cys-substitution mutants, 26 responded robustly to
ACh, with maximum ACh-induced current ranging from 1.8
+ 0.7 uA for R220C to 6.2+ 0.8 uA for L238C, similar to
the maximum ACh-induced current of wild type (3t00.2
uA). Two mutants yielded only modest maximum cur-
rents: Y225C gave 0.2 0.1 4A, and P247C gave 0.&
0.1uA. For 25 of the mutants, the ratios of Efamu/ECsowt
were in the range from 0.3 (L226C) to 9 (Y225C). Three
other mutations had greater than 20-fold effects onroEC
for R220C, P232C, and P247C the ratios ofsE&{ECsowt
were 23, 31, and 43, respectively (Figure 2).

Reaction of the Mutants with MTSEA
To determine whether or not the reagents reacted with the
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Ficure 2: Mean concentration of ACh eliciting a half-maximal
response (E§) for the mutants relative to the mean &@or the
wild-type receptor. EG was determined from the fit dfl o =

1/(1 + (EGs¢/[ACh])™ to the currents elicited by five or six different
concentrations of ACh, each applied twice. The standard error of
the ratio is shown. The number of independent determinations of
ECs, for each mutant is at least three. Thesgfor wild type was

1.6 £ 0.2uM (n = 13). P222 to P247 are predicted to be in the
membrane-spanning M1 segment.

10 100

increase the effects, indicating that the reactions had gone
to completion in 1 min (Figure 3B). These effects, potentia-
tion of fF224C and inhibition offL226C, were seen by
testing at the E& for ACh; the responses to 2eM ACh,

substituted Cys, we recorded the ACh-induced current beforel4 @nd 50 times the Egfor these two mutants, were not
and after exposure to the reagents. In the absence of reagengignificantly altered by the reaction.

the ACh-induced currents were relatively stable. In wild-
type receptor, the mean run-down over 40 min in the currents
elicited by ACh at its Egy was 4%+ 1% (n = 10). In the

In the presence of ACh, when the channels were conduct-
ing microamps of current, a 1-min application of MTSEA
had statistically significant effects ¢t+224C,3L226C, and

mutants, the change in the response over 40 min ranged fronf?V229C (Figure 3C). fV229C was reactive only in the

5% potentiation to 8% inhibition. MTSEA (in the absence

of ACh) and MTSET, but not MTSES, caused about a 15%
irreversible inhibition of wild-type receptor when tested at

the EGo (Figures 3 and 4) but not when tested at saturating
concentrations of ACh.

presence of ACh. We tested whether the lack of an effect
on BV229C of MTSEA in the absence of ACh was due to
the lack of reaction or to the lack of a functional effect of
the reaction. We exposgt¥/229C to 2.5 mM MTSEA for

5 min in the absence of ACh; this failed to block the SH

The test responses before and after reagent were elicite?®€Cause subsequent exposure to 2.5 mM MTSEA in the

with 20 uM ACh, as previously ), and also with ACh at
the EGo. Mostly the reactions caused changes in thgeC
for ACh and not in the maximum current elicited by
saturating concentrations of ACh. Thus, we tested for effects
at the EGo for ACh, which was not only more sensitive than
testing at 2Q:M ACh, but it also provided a more consistent
basis for the comparison of different mutants.

In the absence of ACh, in the closed state of the channel
a 1-min application of 2.5 mM MTSEA had statistically
significant effects only oF224C an@3L226C (Figure 3A).
A 5-min application of MTSEA to these mutants did not

presence of ACh for 1 min still resulted in irreversible
potentiation (data not shown). The potentiatiorfu229C
was seen when the test concentration of ACh was at thg EC
but not at 20uM (14 times the E&y), consistent with the
reaction causing a shift of the deseesponse curve to lower
concentrations without a change in the maximum current at
saturating concentration of ACh.

Reactions with MTSET

MTSET is a permanently charged quaternary ammonium
derivative and is bulkier and more rigid than MTSEA. We
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Ficure 3: Irreversible effects of MTSEA on Cys-substitutganutants. ACh-induced currents were recorded in oocytes expressing either
all wild-type subunits or wild-typey, y, andd, and cysteine-substitutgtisubunits. The effects are calculated dsdfate/! achpeford — 1]

x 100. MTSEA was applied at 2.5 mM for the times shown above the panels. MTSEA was applied with ACh (at a concenfration
EGCsg) in the experiments in the right panel. The test concentrations of ACh were at thddEG@he particular mutant. The means and

SEMs are shown. For each mutant and condition, at least three oocytes, from two independently injected batches, were tested. A black bar

indicates that the effect was significantly greater for the mutant than for the wild type at the Ié¥ed 605 by ANOVA (Dunnett test).
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Ficure 4: Irreversible effects of MTSES on tiflemutants. MTSES

at 10 mM was applied for 1 min either in the absence or in the
presence of ACh at a concentratia® x ECs. The effects were
calculated and represented as in Figure 3.

tested the susceptibility to MTSET only of those mutants
that reacted with MTSEA. Since MTSET acts as a low-
affinity agonist of wild-type and mutant receptor®),(10

uM d-tubocurarine (dTC) was added with MTSET to inhibit
its binding to the ACh binding site. In the presence of dTC,
a 1-min application of 1 MM MTSET had a significant effect

only onF224C, the response of which was potentiated 40%
+ 11% (= 4). Inthe presence of ACh, a 1-min application
of 1 mM MTSET had significant effects ofF224C
(potentiation of 31%+ 7%, n = 3) and onL226C
(inhibition of 25%+ 5%,n = 6). Again, these effects were
significant only when the ACh test concentration was the
EGCso. fV229C, which reacted with MTSEA in the presence
of ACh, was not significantly affected by MTSET in the
presence of ACh. The lack of an effect of MTSET plus
ACh was due to a lack of reaction, because MTSEA plus
ACh added subsequently to MTSET still caused a large
potentiation.

Reactions with MTSES

The negatively charged MTSES, added either in the
absence or in the presence of ACh, significantly potentiated
both fF224C andfY225C, tested at the Eg(Figure 4).
The reaction of MTSES witY225C was surprising because
MTSEA did not react with this mutant. In all other Cys-
substitution mutants i and in, MTSEA had an effect if
any other reagent had an effect. The lack of the effect of
MTSEA onpgY225C was in fact due to the lack of reaction,
because MTSES added after MTSEA still had a significant
effect (data not shown).

Voltage Dependence of the Reaction-Rate Constants at
pV229C

The electrostatic potential drop through the channel from
the extracellular to the intracellular side is the voltage clamp
holding potential {»v). As a further test of the location of
a substituted Cys in the ion-conducting pathway and to
estimate the electrical distance to the Cys, we determined
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Ficure 5: Kinetics of AEAETS and of MTSEH effects g#iv229C in the presence of ACh. (A) Application oft@ ACh for 15-20 s

(dot above current trace) alternated with the application of 1 mM AEAETS plud\2B.Ch for 20 s (line above current trace), except the

last time 5 mM AEAETS plus 2@M ACh was added for 1 min. Between each application, the oocyte was superfused with Ringer’s
solution for 3 min after the test responses and for 7 min after application of AEAETS plus ACh. (B) The protocol was the same as in A,
except that 2 mM MTSEH plus 20M ACh was applied for 20 s three times and finally 8 mM MTSEH plusu®0 ACh was added for

45 s. The wash after MTSEH plus ACh was for 5 min. (C) The potentiation of the test responses as a function of the cumulative exposure
to AEAETS, except the last point is plotted at the equivalent timafb mMMAEAETS concentration (i.e., & 60 + 40 s). The data, taken

from A, are represented as filled circles, and the line is the fit of the first-order kinetic equation. (D) The potentiation of the test responses
as a function of the cumulative exposure to MTSEH. The last point is plotted at the equivalentrtiar2 ieM MTSEH concentration (i.e.,

4 x 45+ 60 s). The data, taken from B, were fit by the first-order kinetic equation. The holding potential in these experimentwas

mV. The data in A and C, and in B and D, are from single representative experiments.

as a function ofyu the rates of reaction gfvV229C with of ym (Figure 6). For AEAETS, but not for MTSEA and
the positively charged MTSEA and AEAETS and with the MTSEH, the rate constants were significantly dependent on
neutral MTSEH. MTSEA is predominantly positively 1nm. The slopes of lod) versus holding potential yields an
charged at neutral pH and permeates through the openestimate for the charge of the reagent times the electrical
channel 9). AEAETS is a larger, diamino derivative, which  distance to its site of reactionzy) (see Experimental
should have a mean charge close+@ at neutral pH. Procedures). The least-square fits yiefdvalues of 0.26
MTSEH is polar but neutral and should not be affected + 0.01 for AEAETS, 0.09+ 0.06 for MTSEA, and—0.05
directly by . + 0.02 for MTSEH.
Each of these reagents, when added in the presence of
ACh, had a large, irreversible, potentiating effecjy229C. DISCUSSION
The maximum increase in current was 7Q%6% (N = 7)
for MTSEA, 72%+ 7% (n = 5) for AEAETS, and 76%t Probing Cys-Substitution Mutants
6% (n = 5) for MTSEH. The size of these effects made the
determination of the rates of reaction feasible. Inthe absence As we and others have observed previously (for example,
of ACh, neither MTSEA (2.5 mM for 5 min; Figure 3), ref 26), Cys is a highly tolerated substitute for other residues.
MTSEH (10 mM for 1 min), nor AEAETS (2 mM for 1 In the ACh receptor, all 28 consecutive Cys substitutions in
min) had a significant effect oAV229C. and aroungBM1 resulted in subunits that formed functional
The responses to test pulses of ACh increased with thereceptors when expressed with wild-type y, and 6
cumulative time of exposure to reagent, as illustrated for subunits. There were relatively small changes in thgoEC
AEAETS (Figure 5A) and for MTSEH (Figure 5B). These and Iy of most mutants (Figure 2). The small effects of
currents could be fitted by a first-order kinetic equation (see the substitution of Cys on function indicate that the position
Experimental Procedures), as illustrated for individual ex- of the substituted Cys residues were likely to be guite similar
periments in Figure 5C and 5D. In these experiments, at to the position of the replaced wild-type residues. The largest
y¥m = —40 mV, the second-order rate constants were 15 andchanges resulted from the mutations3&220,3P232, and
10 Mt st for AEAETS (Figure 5C) and for MTSEH  AP247, which align witha. residues that did not tolerate
(Figure 5D), respectively. mutation 6, 15. The more drastic effects of these mutations
The log of the mean rate constants for the reactions of in a than ing are probably due to the double representation
MTSEA, AEAETS, and MTSEH were plotted as a function of the a subunit in the receptor complex.
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Ficure 6: Dependence of the rate constants for the reactions of Ezgzg
AEAETS, MTSEA, and MSTEH withfV229C on membrane L239C

potential. Second-order rate constarkswWere determined from
experiments such as those shown in Figure 5, at different holding Az40¢
potentials. At each holding potential, two to seven independently I241C
determinedk were averaged. The log(meak) for MTSEA F242¢
(triangles), MTSEH (squares), and AEAETS (circles) are plotted v243c
as a function of the holding potentiaby. The lines were from the F244c
fit of log(k) = log(ko) — 2.30%5Fyu/RT to the data points. Y245C
L246C
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We probed each of the mutants for its reactivity with MTS _ = )
reagents. We infer that a substituted Cys reacted with a MTSFiGURE 7: Comparison of the susceptibilities of the cysteine-

: : ; _substituted M1 segments of tikeand subunits to reaction with
reagent if the reagent had an irreversible effect on the ACh the MTS reagents in the presence and absence of ACh. The portion

induced current that was statistically significantly greater than of g M1 that was tested, aniM1, tested in this paper, are aligned.
the effect on the wild-type receptor. We use concentrations In each sequence, the mutants that were susceptible to the MTS
and times of application of the reagents that in the past havereagents are represented by filled circles and those not susceptible,
given maximum effects on susceptible residues. oMl géﬁig fﬁg'g&&ﬁ”&;&?ﬁ;‘ﬁe&?ttr?:;ergu"’tgﬁ‘g\‘/vce?giggig'g?s
andaM2, these effects were most!y inhibitory, but in only 20 uM ACh. aP221C did not give a functional channasy.

one mutantpT244C, was the ACh-induced current blocked

completely. Furthermore, in some mutants the reactions of ACh, andV229C gave no detectable reaction in the
resulted in a potentiation of the response to ACh, which could presence of dTC or of ACh8V229C did, however, react
be ascribed to a decrease in thesgfor ACh. There are  with two other reagents, the neutral MTSEH and the doubly
two uncertainties. One is that we cannot rule out silent positively charged AEAETS, but only in the presence of
reactions that appear to have no functional consequencesaCh.
and, therefore, we must be cautious in our interpretation of We conclude thg8F224C,3Y225C,3L226C, ang3V229C,
apparently unreactive residues. (It would be surprising, for are exposed in the channel in at least one of its functional
example, if BR219C, fR220C, andK221C were all  states. We base these conclusions on certain assumptions
inaccessible, since the wild-type side chains, albeit longer about the reactions of the substituted Cys with the MTS
than the Cys side chain, are likely to be exposed to water.) reagentsq). The SH of the substituted Cys are in one of
Another is that in comparing significant and insignificant three protein environments: at the water-accessible surface,
effects, we are comparing rates of reaction qualitatively. In buried in the protein interior, or at the lipid-exposed surface.
most cases, however, we do not know the actual rates, whichwe assume that in the membrane-spanning domain of the
for small effects would be difficult to determine. receptor, the lining of the channel is likely to be the only
Of the 28 mutants tested, only three reacted with water-accessible surface. We assume also that the meth-
MTSEA: F224C ang3L226C, in both the absence and the anethiosulfonate derivatives, which are highly polar and
presence of ACh, anfvV229C, only in the presence of ACh  prefer a high-dielectric, agueous environment, will be present
(Figure 3 and 7). The negatively charged MTSES reacted at much higher concentration in the vicinity of the water-
with SF224C andfY225C, in both the absence and the accessible Cys than elsewhere. Nevertheless, MTSEA,
presence of ACh. The three residues that reacted with presumably as a neutral, deprotonated amine, can enter and
MTSEA were also tested for reaction with the quaternary permeate the lipid bilayer2f), and the neutral MTSEH
ammonium MTSET, in the presence of dTC, to suppress the probably can permeate the lipid bilayer as well. MTSET
low-affinity agonist activity of MTSET, and in the presence and MTSES, which are fully charged, are much less lipid
of ACh. pF224C reacted both in the presence of dTC and permeant than MTSEA. Even if the MTS reagents are
in the presence of ACIiL226C reacted only in the presence present at low concentration in the lipid bilayer, their reaction
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there will be much slower than in an aqueous environment, « LY. T ©
because methanethiosulfonates react 9 orders of magnitude ok S e T
faster with ionized-S~ than with un-ionized SH12), and s

ionization is suppressed in nonpolar environments. Thus,
we assume that the MTS reagents react much faster with
Cys at the water-accessible surface than with Cys either in SX

the protein interior or in contact with lipid. Xex is the reagent in the extracellular mediumu Xin

_ The MTS reagents are small enough to access Cys exposeghe intracellular medium, andsXin the channel at the site
in the channel. MTSEA, MTSET and MTSES, each canfit f reaction. ky, k-, ks, and k_, are the first-order rate
into a cylinder approximately 10 Along di6 Aindiameter.  constants for the movements of X, from the extracellular
Also, as measured by reversal potentials, MTSEA and medium to S, from S to the extracellular medium, from S to
MTSET are permeant through the open ACh receptor channelig jntracellular medium, and from the intracellular medium
(9). In addition, we used two new compounds, AEAETS 4 5 respectively.ks is the second-order rate constant for

and MTSEH. The first is a diamino compound, which ha reaction of X and S. The solution of the differential
should have a net charge close#@ at neutral pH. In its equations for eq 6 yields

fully extended configuration, it is longer than the other

thiosulfonates, fitting into a cylinder approximately 6> 95, = exp{ —(akgb)[t — (1b)(1 — expbt))]} (7)
13 A. lIts reaction with Cys gives the same product as the

reaction of MTSEA, i.e.-NHCH(CO")CH,S—SCH.CH,- wheres = [S], x = [X], a = kiXex + k-o2xin, andb = k-1 +
NHs*. MTSEH is the same size as MTSEA and should have k.. We consider only conditions in whichy = 0 and,

similar access to residues in the channel. It ad@&CH,- therefore, in whicha = kixex, andk-, does not enter the
CH,OH to the Cys SH. All of these reagents react very equations.
rapidly with small thiols in solution¥1).2 We approximate eq 7 with the simpler exponential decay

Differences in size and flexibility of these reagents is €dquation
reflected in differences in their rates of reaction. At zero _ -
membrane potential, the rate constant for the reaction of 5% = exp(kxext) (8)

MTSEA with fV229C is 3.3 times the rate constant for the \yherexc is the fixed extracellular concentration of reagent
reaction of the larger AEAETS, whereas MTSEA redéds  5nqix s the effective second-order rate constant, given by
as fast as AEAETS with 2-mercaptoethanol in solufion.

Also, MTSET, which is bulkier and more rigid than MTSEA, k* = kgk,/(k_; + k) 9)
does not detectably react wiflV229C. Hence, it appears
that access of the bulkier reagents is restricted. It should beThe error in this approximation is less thigkixex/(k-1 +
noted also that the rate constants for all of the reagents arekz)?, and is smaller the lower the concentraticax. The
3 orders of magnitude smaller for reaction wit¥1229C than error is small when the concentration of X at the site reaches
for reaction with 2-mercaptoethanol in solution. For MT- a steady state before much reaction of X with S occurs.
SEA, the rate constants are 50 Ms ! with AV229C and The dependence df on yy, the electrostatic potential
70 000 M1 st with 2—mercaptoethanol. For comparison, difference across the membrane, intracellular minus extra-
the rate constants for the reaction of MTSEA in the presencecellular, is given by
of ACh with exposed residues imM2 range from 8 M? 0 0 0
s L with aS248C (slower than witfV229C) to 12 000 M* k* = Ksky exp(=zBoy)/[k_; + kK, exp(=zB8yy/2)]
st with aT244C2 The SH of fV229C appears to be (10)
sterically hindered but nevertheless accessible.
wherek,®, k_,°, andky? are the rate constants @, = 0, z
Voltage Dependence of the Reaction Rates #itB29C is the algebraic charge on ®,= F/RT, and¢ is the electrical
distance from the extracellular side to S.

The dependence on membrane potential of the reaction The slope of Ink*) as a function ofyy is given by
of a charged reagent with a substituted Cys would be strong
evidence that the Cys was in the channel. Such voltaged In(k*)/d v, =

dependence was observed in the channel of the cystic fibrosis — 2806 — (YKL + Kk .0 ex /2 11
transmembrane conductance regulag8).( We tested this P (1)1l -1 expEfyy/2)l} (1)
on V229C, which was the substituted Cys/iM1 farthest From eq 11, we see that the slope is both constant and

from the extracellular side that was affected by MTSEA. equal to—2z36 only whenkX’ = 0; i.e., when X can jump
Also, the effect onBV229C was large enough to allow us to  from the extracellular medium to S but not from S to the
follow the kinetics of the reaction with some precision. intracellular medium, when X is impermeant. For a per-
Neither the rate constant for the reaction with the positively meant, positively charged X, which, for an example, could
charged MTSEA nor the rate constant for the reaction with |eave S at the same rate to either side of the membiahe (
the neutral MTSEH was significantly voltage dependent = k_,0), the slope would be small and negative or even
(Figure 6). The rate constant for the reaction with the doubly positive g5 < 0) for large, negativeyy and larger and
charged AEAETS, however, was significantly voltage de- negative £ > 0) only for large, positivapy. A constant
pendent. slope equal te-z3(6 — %») is characteristic of the condition,

These results can be analyzed in terms of a two-barrier, kx° > k_;% i.e., a jump from S to the intracellular medium
one-well model 29) for the kinetics of the reaction of a Cys  would be much more probable than a jump to the extracel-
within a channel as follow3: lular medium.
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Experimentally, §/sy is estimated from the current, assign a regular secondary structure to the upper efitfl bf
elicited by ACh, before and after the reaction with X, as  (Figure 7). InaM1, three residues in a row also reacted,
but these do not align exactly with thosedM1. Also, the
g5 = (I, — D/, — 1p) (12) pattern of exposure imM1 was not consistent with an
a-helix. The pattern of labeling by a hydrophobic photo-
wherel,, is the current after reaction of all channels dpd  activated reagent aiM1 betweenaC222 andalL228 was
is the current before any reaction. also inconsistent with a regular secondary struct@g. (n
Another contribution to the dependencekdbn yy could comparing the pattern of reaction M1 to that inaM1
arise from the dependence of the transitions between(Figure 7), we note that the pattern im could be a
functional states of the channel gm, in conjunction with combination of the patterns of the two-subunits, which
differences in the rate constants for the reaction in the might not have identical three-dimensional structures. Nev-
different functional states. In the muscle-type ACh receptor, ertheless, the differences in the reactivities of aligned residues
for example, the closing rate constant is voltage dependentin qoM1 and AM1 indicate that these segments are not

(30, 3). Such a mechanism for voltage dependence, completely symmetrically disposed around the channel.
however, should affect the reaction rates of neutral reagents, .
As in the other segments that have been scanned, there

such as MTSEH, as well as the reaction rates of charged i in th ivity of substituted C '
reagents, and is ruled out if there is no voltage dependenceWere Ifferences in the reactivity of substituted Cys residues

of the reaction rate of a neutral reagent. The same argument” the presence and absence of ACh. AM1, the most
applies to possible voltage dependent changes in the ioniza2PVious difference was in the rates of reactionfpi229C
tion of the target SH. with MTSEA in the presence and absence of ACh. No
Thus, the absence of voltage dependence of the reactiorignificant reaction could be detected in the absence of ACh
of MTSEA (for y < 0) is consistent with the finite with 2.5 mM MTSEA applied for 5 min. Furthermore, the
permeability of this reagent9). The significant voltage  absence of an effect was not due to a silent reaction, because
dependence of the reaction of the doubly positively charged MTSEA applied in the absence of ACh did not reduce the
AEAETS is consistent with3V229C being within the effect of MTSEA applied subsequently in the presence of
electrical field established when the channel is conducting ACh. Assuming that the largest undetectable effect of
ions and with the relative impermeability of AEAETS (i.e., MTSEA in the absence of ACh would be a 10% potentiation,
ko close to 0). The voltage dependence of AEAETS is not we can estimate an upper bound for the rate constant for the
due to voltage dependence of the gating transitions, becauseeaction in the absence of ACh of 0.1 Ms™1. We compare
such a mechanism would also affect the reactions of MTSEH this to the rate constant for the reaction in the presence of
and of MTSEA, neither of which is voltage dependent. It ACh of 50 M1 s7%; i.e., the rate constant increased at least
also is unlikely that the voltage dependent reaction of 500 times in the presence of ACh. ACh induces large
AEAETS is occurring in the desensitized receptors, present cyrrents (microamps) through the mutant receptors but also
together with the open receptors. In the desensitized gjgnificant desensitization. We argued above that the voltage
receptors, the channels are closed and in a closed c_hann ependence of the reaction of AEAETS and the voltage-
the reaction of MTSEA should be voltage dependent if the independence of the reactions of MTSEA and MTSEH are

reaction of AEAETS is. : : . L
_ L more readily reconciled with reaction in the open state of
For AEAETS anq8V229C,zé = 0.26, which is the sum the channel. Hence, we conclude tfat229C is far more
of the electrical distances of the two charges of AEAETS. L .
reactive in the open state than in the closed statexMd,

The reactive atom of AEAETS, the divalent sulfur, is in the : . : :
middle of the molecule, roughl5 A from each of the two the substituted Cystv218C, which aligns with§v229C,

charged nitrogens. Thus, the SHA229C is likely to be also reacted with MTSEA much faster in the presence than
at a smaller electrical distance than 0.26. For comparison, ! the absence of ACHB), and this reaction also resulted in

20 measured fonS248C with AEAETS was 0.20. a large potentiation in the response to ACh.
) In AM1, the reactions of three residug§;224C 5Y225C,
Charge Selectity and fV229C, caused a potentiation of the subsequent

The negatively charged MTSES reacted Wifi224C and ~ eésponses to ACh (Figures-3). This potentiation was due
BY225C. In aM1, MTSES reacted withaY213C and to a shift in the EG, for ACh to a lower concentration (data
aP211C, which align withF224C and the unreactive Not shown). In these cases, adding a polar group to a Cys
BP222C, respectively (Figure 7). Also, MTSES reacted with side chain stabilized the open state of the channel relative
aE262C and withV255C, toward the extracellular end of  to its closed state. Of these three, 0fij229C appears to
aM2. The third of the channel closest to the extracellular be buried in the closed state and exposed in the open state,
side of the membrane admits anions as well as cations; thuswhich would correspond to a movement of this side chain
cation selectivity begins below this region. The preference from a less polar to a more polar environment. The aligned
of BY225C for the anionic reagent MTSES over the cationic residue inaM1, ovV218C, andolL251C, oV255C, and
MTSEA is a surprising subtlety that may indicate a proximity oL258C in aM2 also appeared to be more exposed in the
in the folded structure to one or more of the positively open state than in the closed staB (For these residues,
charged side chains $R219,R220, orK221 (Figure 7). the increased reactivity in the presence of ACh probably
reflects conformational changes rather than the opening of
the gateper sg because the gate is closer to the cytoplasmic

Given the limited number of residues that appear to be end of the channel than any of these residues, which are
exposed and the irregular pattern of exposure, we can notcloser to the extracellular eng,(9).23

Structure of the Segment
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