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A Mutational Analysis of the Acetylcholine Receptor Channel Transmitter
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ABSTRACT Mutagenesis and single-channel kinetic analysis were used to investigate the roles of four acetylcholine
receptor channel (AChR) residues that are candidates for interacting directly with the agonist. The EC5, of the ACh
dose-response curve was increased following a-subunit mutations YO3F and Y198F and e-subunit mutations D175N and
E184Q. Single-channel kinetic modeling indicates that the increase was caused mainly by a reduced gating equilibrium
constant (0) in «Y198F and eD175N, by an increase in the equilibrium dissociation constant for ACh (Kp) and a reduction in
O in «Y93F, and only by a reduction in K in eE184Q. This mutation altered the affinity of only one of the two binding sites
and was the only mutation that reduced competition by extracellular K*. Additional mutations of eE184 showed that K™
competition was unaltered in eE184D and was virtually eliminated in eE184K, but that neither of these mutations altered the
intrinsic affinity for ACh. Thus there is an apparent electrostatic interaction between the eE184 side chain and K™ (~1.7kgT),
but not ACh™. The results are discussed in terms of multisite and induced-fit models of ligand binding to the AChR.

INTRODUCTION

Nicotinic acetylcholine receptors (AChRs) are ion channelsThis ligand labels both the- and -subunits (Pedersen and
that are activated by cationic ligands such as acetylcholin€ohen, 1990). Further evidence of narsubunit participa-
(ACh) and tetramethylammonium (TMA). In adult muscle tion in agonist binding comes from cross-linking studies
AChRs are pentamers with the subunit compositig8de,  that reveal two acidic residues in tldesubunit (D180 and
and eachx-subunit houses, in part, an agonist binding siteE189) that alter the apparent affinity for ACh and have been
located~30 A above the membrane surface (Unwin, 1993;proposed to interact directly with the quaternary amine
Valenzuela et al., 1994). moiety of ACh (Czajkowski and Karlin, 1991; Czajkowski
Electron crystallographic images ©drpedoAChRs sug- et al., 1993). There is similar evidence that negatively
gest that each putative binding site is surrounded by threeharged residues in the-subunit interact electrostatically
helical segments that twist when the channel opens (Unwinyith the agonist molecule (Martin et al., 1996).
1995). Affinity labeling and functional studies also suggest These studies suggest the transmitter binding sites are
that three regions of the-subunit (residues 86—93, 148— generated by residues in theand the adjacent subunits
153, and 190-198) participate in agonist binding (Devillers{Blount and Merlie, 1989; Pedersen and Cohen, 1990; Sine
Thiery et al., 1993). Certain aromatic amino acids (W86,and Claudio, 1991; Prince and Sine, 1996; Tsigelny et al.,
Y93, W149, Y151, Y190, and Y198) and cysteines (C1921997; for a review see Karlin and Akabas, 1995). This view
and C193) are labeled by the site-directed ligands DDFRs supported by electron microscopic images that reveal
(Dennis et al., 1988; Galzi et al., 1990), nicotine (Middletonsignificant structural differences between the two binding
and Cohen, 1991), or lophotoxin (Abramson et al., 1989)sites of theTorpedoAChR (Unwin, 1996). However, func-
Mutations of a-subunit tyrosines at positions 93, 90, andtional studies ofa,38e mouse AChR show that the equi-
198 reduce the affinity of the AChR for agonists (O’Leary librium dissociation constant for small agonists such as ACh
and White, 1992; Tomaselli et al., 1991; Sine et al., 1994are similar at the two binding sites (Akk and Auerbach,
Nowak et al., 1995; Chen et al., 1995), whereas a G-t0-9996; Wang et al., 1997; Salamone et al., manuscript sub-
mutation ofa-subunit residue 153 slows the agonist disso-mitted for publication); thus the relative influences of short-
ciation rate constant and causes a slow channel congenitednge versus long-range interactions between daogsi-

myasthenic syndrome (Sine et al., 1995). dues and the ligand at its docking site remain to be
There is substantial evidence that the binding pockets argetermined.
not confined to thex-subunits. InTorpedq the two sites The binding of transmitter is not a simple diffusional

have distinct affinities foro-tubocurarine, a competitive process because the association rate constant for TMA is
antagonist of nicotinic receptors (Sine and Taylor, 1980)>10 times slower than for larger molecules such as ACh
and carbamylcholine (Zhang et al., 1995). In GAB#fe-
Received for publication 20 February 1998 and in final form 17 SeptemberCGptor Channels'.sma"er agonists also associate more.S|0WIy
1998, than larger agonists (Jones et al., 1998). One explanation for
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physical Sciences, SUNY-Buffalo, 118 Cary Hall, Buffalo, NY 14214, Structure (Unwin, 1993) and that an agonist experiences
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required to stabilize the ligand at the docking site, and theS, we estimate that the membrane potential was typieall0 mV. The
rate constants for this “induced fit,” rather than diffusion, temperature was 22°C.

. P Details of the recording and analysis are described by Akk et al. (1996).
determine the apparent association rate constant. Briefly, clusters were elicited by using high concentrations of ACh (Sak-

Another salient feature of agonist association in AChR 1Smann et al., 1980). Open and closed intervals within clusters were detected
that inorganic cations such as Nand K" compete with using a half-amplitude threshold crossing criterion (Sachs, 1983). Histo-
ACh for access to the agonist binding site (Akk and Auer-grams of closed and open interval durations were fitted by sums of
bach, 1996). Because of this competition, in 150 mM NacC/exponentials. Usually the predominant component of the closed interval

o . . duration histogram represented the slowest intracluster component. Clus-
the apparent ACh association rate constant is about half i ers were defined as groups of openings separated by gaps that were shorter

\{alue In pure water. This ra'se_s .the p055|b|I|ty that mUta'thanacriticaIduration.This duration was at least four times longer than the
tions that alter the apparent affinity of the AChR do so bytime constant of the predominant component of intracluster closed intervals

interfering with ion competition, rather than by altering and was never shorter than 5 ms. Clusters less than 100 ms in duration were
ligand-protein interactions per se. rejected from further analysis. The closed interval durations of intracluster

S . . _ aps were compiled and fitted by sums of exponentials to check the
We have used site-directed mutagenesis and Smgle Cha\i;/ﬂalidity of the cluster definition criterion. The inverse of the predominant

nel kinetic analysis to inveStigate the roles Qf four reSidue%omponent of the open and closed intracluster closed interval distribution
(Y93, aY198, eD175, andeE184), all of which are can- was defined as the effective closing raie’)(and opening rate &),
didates for interacting directly with the bound agonist basedespectively. Clusters were extracted from the original data file for further
on affinity labeling and functional studies. We have dis- Processing.

; ; _ _ The extracted clusters were idealized using the segmental k-means
sected the effect of the mutations on Smgle channel dosealgorithm (Qin et al., 1996a; program SKM) to obtain a list of idealized

r.es'ponse profiles into more fundamental cpmponents: €qUkyrrents. The analysis bandwidth was typically 10 kHz. To determine the
librium and rate constants for AChR activation, and therate constants, interval durations were fitted (using a maximum likelinood
equilibrium inhibition constant and selectivity for monova- procedure) by their corresponding probability density functions, assuming
lent cations. The results suggest that only one of thesd Markoy kinetic scheme_(Qin et a_l., 1996; program MIL). The algorithm
residues,eE184, determines the equilibrium dissociation used a first-order correction for missed events; tr_\e qlead time wass 20

. . . . . One scheme that was used to encode AChR activation was
constant of inorganic cations (but not ACh) via a direct
electrostatic interaction. The results are discussed in terms c Akt AC Ak A Ci AO Model 1
of different physical models for the binding of ligands to the e “o 20 R

AChR transmitter binding site. _ _ _ _ _
whereA is the agonist concentratiok, ; andk, , are the agonist associ-

ation rate constantg, , andk_, are the agonist dissociation rate constants,

B is the channel opening rate constant, anis the channel closing rate
MATERIALS AND METHODS constant. In model 1, when the binding sites are equivalent,= 2k, ,

Mouse AChR subunit cDNA, B, 8, €) was provided by Dr. Steve Sine, and k,z_ = 2k_,, a_nd there are qnly four free parameters. I_n this case the
who obtained the clones (originally from Dr. J. Merlie) from Drs. H. Lester Probability of being open within the clusteP{) is described by an
and N. Davidson. The genes were subcloned into CMV-based expressidfftiliPrium dissociation constank¢ = k_/k.) and a gating equilibrium
vectors pRBG4 (Sine, 1993) or pcDNAIII (Invitrogen, San Diego, CA). constant_(i) = Bla). During the kinetic modeling3 was constrained to be
Mutant clonesaY93W and aY198F were provided by Dr. Sine. The the maximum value op'.
remaining mutantseD175N, eE181Q,eE184Q,eE184K, eE184D) were
created using overlap polymerase chain reaction (Higuchi, 1990). The
“wild-type” a-subunit had a mutation in the M4 segment/433A. This ~ RESULTS
mutation has essentially no effect on the activation rate constants (Salam-_
one et al., manuscript submitted for publication). Single-channel currents and

Human embryonic kidney (HEK) 293 cells were transiently transfecteddose-response curves
by calcium phosphate precipitation (Ausubel et al., 1992). A total 0f:8.6 . . . .
DNA/35-mm culture dish in the ratio 2:1:1:k(8:5:¢) was used. The Fig. 1 shows example clusters and interval duration histo-
medium was changed 24 h after transfection, and electrophysiologicajrams from wild-type and mutant AChR. In all of the
recordings were started 48 h later. mutants, the open-channel lifetimes are shorter and the

Becaus_e some of the mutants we examined were irethigounit, we  ~|gsed-channel lifetimes are longer (at a given ACh con-
also examined the properties of channel formed when onlythg-, and . .
gentration) than the wild type.

8-subunits were expressed (Charnet et al., 1992). The expression levels . .
such “-less” AChR were low, but in some cases single-channel currents DOSe-response curves are shown in Fig. 2, and the pa-
with the conductance properties @35 AChR could be recorded. These rameters are given in Table 1. For all mutants, the &
channels had very long open channel lifetimes and on this basis werghe P, versus concentration curve was larger than the wild
readily distinguishable from theemutant AChR we examined. We con- ; ;

Y g type. ForeD175N andaY93W the maximumP, was sig-

clude that all of the results presented in this study concern AChR having’.,. . .
the full complement of subunits. ghn‘lcantly lower than the wild type. To determine the extent

Electrophysiological recordings were performed using the patch-clamg® Which the P, curves were influenced by changes in
technique in the cell-attached configuration (Hamill et al., 1981). The bathcluster open and closed lifetimes, these parameters are plot-
solution was Dulbecco’s phosphate-buffered saline (in mM): 137 NaCl, 0.%ed as a function of the ACh concentration in FigB2and
CaCl, 2.7 KC, 1.5 KHPO,, 0.5 MgCL, 6.6 NagHPO, (pH 7.3). The ¢ The gpen-channel lifetime did not change with concen-

pipette solution contained (in mM) 142 KCI, 1.8 CaCl.7 MgCl, 5.4 . L
NaCl, 10 HEPES (pH 7.4). In experiments at low ionic strength, only thetratlon and was within a factor of 4 for all AChRs that were

concentration of KCI was varied. The interior of the pipette was held at€Xamined. Thus the changes in fgprofiles arise mainly
+70 mV; assuming a reversal potential of 0 mV and a conductance of 7drom changes in rate constants that influence closed durations.
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FIGURE 1 Single-channel current clusters from adult-type AChR. Open
and closed interval duration histograms are shown to the right. The [ACh] k
was 50 uM, except for aY93W, which was 2 mM ACh (membrane 021 100
potential= —100 mV, 22°C). The open intervals are shorter and the closed j
[}

interval are longer in the mutant AChR. The lower amplitude of the
«Y93W currents is caused by channel block by ACh.
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The effective opening rates() is a complex function that
depends on all of the rate constants of model 1 exeeptd  FIGURE 2 Dose-response curves) (The probability of being open
that approacheg at high agonist concentrations. FigQ2  within a cluster B,,,). (B) The effective closing ratex() is not dependent
shows that the E@ of this parameter varied-100-fold on the [ACh]. C) The eﬁef:tive opening ratg3(). TheP, andp’ cgrves for
between Wild—type and mutant AChRs, and trﬁitwas the‘ mgtan_t AChR are shlﬂgd to the right compared to the Wlld type. The
. . . solid line is fit by Hill equation (see Table 1). Each symbol is one patch.
substantially smaller ireD175N andaY93W than in the
wild type. The results of fitting thg8’ curves are given in
Table 1. Compared to the wild type, there was no detectable
change inB in eE184Q, an approximately threefold reduc- equivalent transmitter binding sites) to a list of idealized
tion in aY198F, a~33-fold reduction ineD175N, and a intracluster interval durations3 was constrained to be
~130-fold reduction inaY93W. the value obtained from fitting th@’ curve (Table 1), orin
Because we could not measure a saturatiorgiinfor ~ the case 0kE184Q, 60,000 S'. The results are shown in
€E184Q, we quantified the limiting value ¢f by using an  Table 2.
agonist that supports a slower opening rate constant, TMA, aY93W causes an almost 100-fold decreasg, inThis,
and a mutant AChRaG153S. This mutation does not along with a 10-fold decrease k., is the basis for the
substantially alter the channel opening rate constant but-10-fold higherKy for ACh in this mutant. However, the
facilitates the measurement gf because agonist dissocia- largest consequence of the Y-to-W mutation is a 130-fold
tion is slowed, and the lifetime and number of sojourns indecrease in3. In contrast,a was essentially unchanged.
the A,C state are increased (Sine et al., 1995pG153S+ Together, these rather dramatic effects on channel opening
€E184Q AChR activated by TMA, we estimgte= 7374+ and ligand binding result in & 70-fold shift in the EG, of
2069 s (mean+ SD; three patches), which is similar to the Popen dose-response curve (Fig.AJ.
the value ofB for wild-type AChRs activated by TMA The Y198F mutation in the--subunit has a much more
(8150 s *; Akk and Auerbach, 1996). If we assume that themodest effect on AChR activation. Both, and k_ are
effects of both mutations are independent of the nature ofeduced approximately twofold, with little net effect &g,
the agonist, then this result suggests thatdB#84Q mu- However, the mutation both reducgsand modestly in-
tation does not significantly alter the channel opening ratecreasesy, thereby lowering the gating equilibrium constant
constant when ACh is the agonist. ~10-fold. Although theal98 site has been proposed by
others (O’Leary and White, 1992; Sine et al., 1994) to
interact directly with ACh in the binding pocket, these
results indicate that the Y-to-F mutation mainly alters gat-
Rate constants governing receptor activation were deteting, and not binding, and is therefore not a good candidate
mined by fitting the parameters of model 1 (i.e., assumingor making direct contact with agonist.

Kinetic modeling: equal binding sites
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TABLE 1 Dose-response parameters of wild-type and mutant receptors

Receptor Po,max ECSO (M‘M) Ny B (Sil) ECSO (HM) Ny n
Wild type 0.96* 0.04 28+ 3 1.8+0.3 60,000* 532+ 79 1.6=0.1 6
aY93wW 0.21+ 0.01 1911+ 103 1.9+0.2 463+ 112 2532+ 805 1.9+ 03 4
aY198F 1.0+ 0.1 219+ 53 1.3+0.3 23400+ 8928 1754+ 846 1.3 0.1 5
eD175N 041+ 0.1 289+ 59 2.1+ 0.6 1775= 805 302+ 156 22+ 0.6 5
eE184Q 0.86+ 0.1 82+ 17 1.9+07 60,000* 785+ 161 15+0.1 5
eE184K 0.67+ 0.03 80+ 7 1.7+0.2 7762+ 1364 190+ 52 1.5+0.1 7
eE184D 0.45*+ 0.03 125+ 22 25*+10 4128+ 1260 214+ 126 1.6+ 0.6 6
eE184] 0.44+ 0.03 119+ 29 2.0+ 0.8 4991+ 635 217+ 68 1.5=03 5
eE184A 0.95+ 0.01 43+ 2 1.8+0.3 60,000* 514+ 84 1.5+0.1 5

Dose-response parameters for AChRs activated by ACh (142 mM KODO mV, 22°C). The probability of being open within a clustBg)(and the
effective opening ratel() versus [ACh] profiles were fitted by the Hill equation= m/(1 + (ECs/[ACh]™), wherex is the responseP( or B'), ny is
the Hill coefficient, andm is the maximum respons@( ., or B). The fitted curves are shown in Figs. 2 and 6. Values-argD.

* Not obtained by fitting theB’ dose-response curvg {n eE184Q, andA were assumed to be the same as in the wild type).

eD175 is homologous to residues in theandsé-subunits  Kinetic modeling: unequal binding sites
that have been proposed to interact directly with the posi-

tively charged nitrogen of ACh (Czajkowski et al., 1993). If the t.rans'mitter binding site's are ggneraiteob&ayanda-ﬁ
Kinetic modeling indicates that the mutati@D175N sig-  SuPUnit pairs, then aasubunit mutation might be expected
nificantly reduces bothk, and k_, with essentially no to alter ACh association and dissociation at only one of the

change inKp. This mutation also has a large effect on two sites. To test this possibilityE184Q cur.rents from four
gating, with a>30-fold decrease i and an approximately Patches (S0uM ACh, —70 mV, 62,228 intervals) were
twofold increase inx. The relatively minor effect on thié, fitted using kinetic schemes_ that allow for ur_1equa| b|nd|ng:
consequent to the loss of charge at this position does ndth€ results are shown in Fig. 3. Note that in these experi-
support the hypothesis that this residue stabilizes the bourfd€nts the membrane potential was 30 mV more depolarized
ACh ligand via a direct electrostatic interaction. Rather, thethan in the previous experiments and that this degree of
kinetic results suggest that this mutation decreases the mélepolarization increases the closing rate constant and re-
bility of ACh between the bulk solution and the transmitter duces the gating equilibrium constant.6-fold (Auerbach
docking site. et al., 1996). As a basis for comparison, for these files the
The eE184Q mutation was also modeled assuming equiv!og likelihood (LL) of the fit by model 1 (i.e., assuming
alent transmitter binding sites and a channel opening ratequal binding sites) an = 60,000 s* was 389,647.
constant of 60,000s. The rate constant estimates (Table First, model 1 was used after removing the constraints of
2) indicate that the mutation modestly increakesanda  equal association and dissociation rate constants. We were
and substantially increasés, with the combined effect of unable to fit the intervals 0kE184Q AChR using this
these alterations being a fourfold increase in thgf€the  scheme (which had five free parameters); the rate constants
P, profile. of the model would not converge. We hypothesize that this

TABLE 2 AChR activation rate constants

ke (uM™s7h Ky (LMTESTY
Receptor (in 142 mM KCI) (in pure water) k. (sh a(s™ 0 (Bla) n
Wild type 111 259 1802a: 422 1321+ 15 45 4
aY93W 1.3 3.0 2010+ 141 1312+ 15 0.35 4
aY198F 44 97 9300 2459 4.5 4
eD175N 8.5 18 1580 67 3141+ 39 0.57 4
eE184Q 260 396 75000* 1906 34 31 3
eE184K 107 109 6057 308 3456= 39 2.2 4
eE184D 41 137 3762 235 4935+ 63 0.8 4
eE1841 — — — 1176= 21 4.0 5
eE184A — — — 1539+ 155 39 4

Rate constants for AChR activated by ACh (142 mM KEL00 mV, 22°C), obtained by fitting model 1 (assuming equivalent binding sites) to intracluster
open and closed interval durations. is the association rate constant in 142 mM K, is the association rate constant in pure water computed from
k, and the equilibrium inhibition constant for *K(see Fig. 7),k_ is the dissociation rate constant,is the closing rate constant (estimate from
single-channel modeling, except feE1841 andeE184A, which are the inverse of the mean open channel lifetime)@aiscthe ratio of the opening rate
constant B; Table 1) andx. Values are=SD. n is the number of patches.

* The rate constant was fixed during the optimization.
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closed open where

. Ak+2 . 67
/\ W‘Ff\ F=Tvkgp @ “=1ipk, @

o1 1ot et When model 2 was used without constraints (four free
parameters), the optimal rates (simultaneous fit to three
patches) werd, ; = 104+ 3 uM " 1s % k_; = 19,924+
2042 st B* =66+ 6 st anda* = 3534+ 26 st
(LL = 389,754, or a log likelihood ratio of 107; the rate
constants for the fit to each patch are given in the legend of
] Fig. 3). From these rate constants we estimatekhat 192
M, which is similar to the wild type (16@M). From Eg.
1, to estimate the remaining rate constants, we need to
o1 1 10 o1 1 estimate the ratigg/k_,. Although we have assumed that
duration (ms) B = 60,000 s, in this analysis we have no information
regarding the value ok_,, other than it is significantly
F|IGU§E 3 Kine_ti(; anald)ésis t(_)feE:]t_?.étQ AChRs. Orr:e clufstetrhand thteh greater tharg.
closed and open Interval auration nistograms are snown 1or tnree patches HH™™ H Tt
(50 uM ACh,p740 mV). The solid Iinesg are drawn from the fitted F;ate Althoth.the e.qUI.“brlu.m dI.SSO(.:Iatlon constants of the
constants £SD) of model 2. Top (43 clusters, 27,435 evenis); = two transmitter l.JII’l.dlng Slte.S in Wllq-type AChRs are the
117+ 6 uMtsL k , = 16,464+ 3107s%, g* =51+ 7s % o =  Same, the association and dissociation rate constants may be
3276 + 32 s°*. Middle (31 clusters, 8774 event®);, = 93 = 8 uM~* ~2.5 times faster at one site (Salamone et al., manuscript
st koy = 13,730+ 3236s %, p* =50 = 85!, a* = 3248= 51s " gybmitted for publication). At the slow site, the association
Bottom (31 clusters 8774eventy: k., = 120 £ 12uM s, k. = a6 constant is-110 uM s %, and the dissociation rate

26,831+ 8766 s, B* = 84+ 285!, of = 3694+ 84 s The rate . 1 o
constantk_, andk_, are the same in bo#E184Q and wild-type AChRs, constant is~17,000 s °. These values are similar k)Fl

suggesting that this mutation increases ACh dissociation (by about five@NdK_; of eE184Q AChR, which suggests that tkisub-
fold) only from one transmitter binding site. unit mutation specifically alters the fast binding site. We

therefore speculate that the properties of the slow binding
] ) ] ) site are determined by the and &-subunits, and the prop-
was because in this mutant, sojourns in theC/state are  griies of the fast binding site are determined by dhand
both rare and brief and are largely undetected. As a consg: g punits.
quence, there were only two closed interval components in The effect of thecE184Q mutation at the fast site can be
the idealized record, and kinetic models with more than Wasstimated if we assume that only the dissociation rate con-
closed states could not be fitted. __ stant is affected. In wild-type AChR, at the fast site is
We approached the problem of estimating the association 3ng,,M 151 (Salamone et al., manuscript submitted for
and dissociation rate constants fe£184Q in wo ways. pypjication). If the e-subunit mutation only changes the
First, US'”leOdel 1, we fixeg (60,000 s7) andk >  gissociation rate constant for this site, then frghand Eq.
(150,000 s7) and allowedk,, k_;, and « to be free 7 \ye calculate that_ at this site incE184Q AChRS is-3.5
parameters. The results were (mearSD): k., = 1285 imes faster than the channel opening rate constant, i.e., it is
pMh s ko = 18,238x 2247 s, k, = 183+ 14 5109000 s,
pM™t s anda = 4784+ 29 s % Allowing the binding  From these considerations we hypothesize that the E-to-Q
sites to have different rate constants greatly improved the fit, tation in thee-subunit has a single effect, to increase the
for the same number of free parameters (EL389,751, or  gissociation rate constant approximately fivefold. As a con-
a log likelihood ratio of 104). This result suggests that in thesequence, we estimate thatdB184Q AChR thek,, of the
€E184Q mutant the equilibrium dissociation constants at the,_s site is ~160 uM, and theKp, of the a-€ site is ~800
two sites are significantly different. From the above rate,;; M. Note that the shape of tiey, ., dose-response curve is
constants we calculate an equilibrium dissociation constariot sensitive to affinity differences of the binding sites, and
for each siteK, = 142 uM andK,, = 819 uM. From this 4 fiyefold difference in the equilibrium dissociation constant

analysis we conclude that the difference in affinity betweeny g id not cause a measurable deviation from the equal
the sites arises mainly from a 14-fold faster dissociation rat%inding site curve.

constant at one site, which is presumably the mutated
site.

We used another approach that did not require constrairEffect of the ionic environment
ing k_, to a specific value. If the AC state is vanishingly
brief, model 1 condenses to

relative counts

3pA
100 ms

T

01 1 10 0.1

>

Na“" and K" compete with ACh for the transmitter binding
sites (Akk and Auerbach, 1996). As a consequencekthe

c Ak AC AB* A.O Model 2 estimates are sensitive to the concentrations of these inor-
S o 2 ode ganic cations in the extracellular solution, as well as to
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mutations that influence the equilibrium constant for inhi- TABLE 3 Equilibrium constants for K™ inhibition and
bition (K,) by these ions. We therefore set out to determinghCh dissociation

the effect of the binding site mutations on tKe for the Kp for ACh (uM) kg for ACh (uM)

predominant extracellular cation, K Receptor K, for K¥ (mM)  (in 142 mM KCl)  (in pure water)
This information is doubly useful. First, it indicates the wild type 92 162 70
extent to which the salient residue interacts with inorganic aY93w 109 1546 649
cations when they are bound to the receptor. Secondthe «Y198F 79 211 75
value can be used to correct the observed association rateP1’>N 157 186 98
. ) €£184Q 486 1011 783
constants measured in 142 mM KCI, thereby allowing a g4k 1600 69 64
more accurate picture of the effect of the mutations with (g184p 88 151 58
regard to the ACh affinity per se. €E184 — 114 88*
Fig. 4 shows the effect of varying the concentration of €E184A - 416 320~

KClin the patch pipette ok, for ACh, estimated by kinetic K, is the equilibrium inhibition constant for K K is the equilibrium
modeling (assuming equal binding sites). As the extraceldissociation constant for AChin 142 mM KCl, andx,, is the equilibrium
lular KCI concentration increasels, decreases becausé K dissociation constant for AChin pure water. The values for wild type,

. . . N aY93W, aY198F, andeD175N were estimated assuming equivalent bind-
and ACh compete for a, site (Or Sltes) in the blndlng path-ing sites (EqQ. 2, Fig. 3); the values for teE184 mutants were computed
way. The results were fitted by assuming distinct affinities for ACh (Eq. 4) and"KEgs. 8 and 9) at the
two sites (see Fig. 8) and pertain only to e transmitter binding site.

* Calculated assuming that these mutations had the same effd€t as

- 1 [KCI] @ €E184Q, i.e. K, = 486 mM.
+ K.

wherek, is the association rate constant for ACh in pureselectivity of the inorganic cation binding site. Fig. 5 shows
water. dose-response curves for both wild-type a&Bd84Q AChR
The fitted values ofK, for the wild-type and mutant N the presence of Na K™, and Cs. In wild-type AChR,
AChRs are shown in Table 3. Of the four positions that were
examined, only theeE184Q mutation had a significant

K+

ki

effect on theK, for K™, which increased by approximately A wild type 16000
threefold. This result suggests that #184 residue inter- 10 P
acts favorably with the inorganic cation binding site(s), %
whereas theD175, «Y93, andaY198 residues do not. 2
In wild-type AChRs, theK, for Cs' is about three times g .. 2'9%
lower than that of K (Akk and Auerbach, 1996). We next o « Na E-’
examined whether theE184Q mutation altered the ion K+ 2 s
a(Cgt E 100
0.0}
10 100 1000 10 100 1000
10 B. eE184Q
= L]
g
a 1.0
§ 0.8 . -~
é o §1000
5 084 g 05 £
g e wild type o s
H o ¢E184Q £
5 04 © =DI75N S 100
= v oY93W ®
v oYi98F 0.0 : ' ' , : '
10 100 1000 10 100 1000
0.2 T T d
1 10 100 1000 [ACh] (uM)
[KCI] (mM)

FIGURE 5 Dose-response curves for wild-type aftd84Q AChRs in
FIGURE 4 The ACh association rate constant versus the extracelluladifferent ionic environmentsA) P, versus [ACh] for wild-type receptors.
concentration of KCI. The association rate constant was estimated byhe EG,depends on the nature of the extracellular cation in the sequence
single-channel kinetic analysis and was normalized to the extrapolatetla® < K* < Cs". This shift is due to differenk,’s for each ion. B) g’
value in pure water. Each symbol is the mean of one to five patches. As theersus [ACh] curve for wild-type AChR.Q) P, versus [ACh] for
[KCI] increases, the ACh association rate decreases because of increaseéf184Q receptors. The shift in ECis decreased, indicating that the
competition. The [KCI] that reduces the ACh association rate constant bynutation has reduced the selectivity between inorganic cations. Each
half is the equilibrium inhibition constant for K(K,) (see Table 3). symbol is one patch.
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the increased Eg values in the presence of these ions isRearranging Eq. 5,

caused by a reduction ik, caused by increased ion com-

petition (Eq. 2). Fig. 8 shows that the dose-response curve b= EGdEC(6 + 1) — Ka]_ )
of the eE184Q mutant AChR is substantially less affected ECo + Ka

byl changes in thei' |on|chcorrr11p05|t|on of the extracellular ginayy we must correct this, andK,, estimates for each
solution. We conclude that the=184Q mutation reduces aich o account for competition between the agonist and

the discrimination between inorganic cations, which is CONeytracellular K. Because thex-8 site is unaltered, we

sistent with the proposal that this residue interacts with assume that the relationship betweénand [KCI] is the
inorganic cation-binding site. same for alle-subunit mutants:

[KCI]
Estimating distinct equilibrium Ka=ra( 1+ Kia

dissociation constants

®)

o _ wherekK, . is the equilibrium inhibition constant for K (92
If the two binding sites (a and b) are independent but havenn) and «, is the equilibrium dissociation constant for

different equilibrium dissociation constant&,(and Ky),  Ach in pure water at the-5 site (70uM; Akk and Auer-
then the following kinetic scheme is appropriate for quan-hach, 1996)K,, like K, will vary with the extracellular K,

titative analysis: but K, ,, and k, may differ for eache-subunit mutation.
K,

a Kb
AC
= Y o Mutations to eE184: ACh and K* affinity
—>
A . AL <«— A0 Model3  Fig. 6 shows dose-response curves of AChRs with E, Q, D,
2 AC % and K side chains at184. Dose-response parameters for |
K, b K

: and A mutants are given in Table 1. Compared to the wild

) _ _ _ type, the D, K, and | substitutions increase the;k@nd
where AC, is a receptor with only site a occupied, and AC
is a receptor with only site b occupied. According to model

31
KKy Ko+ K, 1 1 by
al\b a + b N »
P"_(A26+ A0 +9 1) 3
or
E.’_ 05 ]
K APt — 1) A 4 a Y
b — A+ Ka - ( )
We defineK, to pertain to thex-6 site and assume that this (g
value does not vary with thel84 side chainkK,, values can 00 1 . , —
be calculated for each patch from two experimental param- B 10 100
eters, [ACh] andP,, and two equilibrium constant$)
(which is voltage dependent and is different for different
€184 mutants) an&,, o 10000
K, can also be estimated from the dose-response param- é
eters. From model 3, g oo o E(widtype)
o g m D
I:)0 max— 1 1 n ‘2 ° @
: 1+6 5) 3 a K
5 100 o |
¢ A
Ka+ Ko+ \[(Ka + Kp)? + 4KK(0 + 1) . , ,
EC,= 20+ 1) 10 100 1000

[ACh] (uM)
Note that for wild-type AChRs, where the binding sites have
equa| affinities ((a — Kb) and the gating process greatly FIGURE 6 €E184 mutations and ACh affinityAj P, versus [ACh].

. : Lo All of the mutations increase the EE The maximunP,.,is significantly
favors openlng(/(%) = 1)' Eqg. 5 Slmpllfles to lower in the D, K, and | mutantsB} The effective opening rate versus
[ACh]. The maximum effective opening rate is lower in the K, D, and |
_ Kd mutants. The solid lines are fits by the Hill equation (Table 1). Each
ECso = I (8)  symbol is one patch
o y patch.
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lower the maximum of thé, curve. The effect of varying 3200 300

GLUTAMINE LYSINE
the extracellular [KCI] on the ACh association rate constant K': 486 mM K': 1600 mM
(estimated by single-channel modeling) is shown in Fig. 7. | AchTesM | ACh: G4
To determine the consequence of the mutation on both 1600 . 150
ACh and K" affinity, specifically at thea-e site, for each 1oL i 4 s o0 & o
patchK, values were computed by combining Egs. 4 and 8. o ° ° ’F’e—”‘/ar
The results are plotted as a function of the extracellulars o ——T——T O
[KCI] in Fig. 8. These values were fitted by s 0 g e 20 0 s 160 200
X 80079 o uramare 8007 aspanTate
o= w1+ o) © | | s
hb 150 ~ : 150
The fitted values ofK,,, and «,, for different €184 side U2 °
chains are given in Table 3. I T
First, we consider th¥, ,, values, which reflect the effect 0 — 0 —
of the mutations on the affinity for K. Substitution of a 0 80 020 0 g 10 240
positively charged lysine changed the net charge on the (KC1) (mM)

refldue bﬁZ _and essentla”y ehmmate_d the competition by FIGURE 8 Effect of thee184 side chain on ACh andKaffinities at the
K™. Substitution of a neutral glutamine changed the net, . pinding site. The equilibrium dissociation constant for ACh atdhe
charge by+1 and reduced the affinity of the receptor for site ) is plotted versus the extracellular concentration of KCI. The
K+ by about fivefold. Substitution of a negatively charged values are the equilibrium inhibition constant fof Kand the equilibrium
aspartate did not change the net charge and did not ChangESOCiaﬁo” constant for ACh in pure water obtained from fitting by Eq. 9

e s . . solid ling see Table 3). The affinity for K was roughly equivalent with
the afﬂmty of the receptor for K. This is a Ioglcal pro the acidic D and E side chains, about five times lower with the neutral Q

gression that suggests that te#84 side chain interacts sjge chain, and nearly 20 times lower with the positive K side chain. This
electrostatically with K at a site that competes with ACh. pattern is consistent with a direct electrostatic interaction betwEd84
From theeE184Q mutation we estimate that the strength ofand K*. The affinity for ACh was similar for the E, D, and K side chains,
this interaction is~1.7kBT/e. but was more than 19_ times I_ower_fo_r the Q side chain. This pattern

We next consider theb values, which reflect the effect of ;:Jiggﬁstt)s that the equm_brl_um dlsgouat_lon constant for ACh is not deter-

. P T . . . y an electrostatic interaction wigk184.
the mutation on the intrinsic affinity (i.e., in the absence of
K™ competition) of thex-e binding site for ACh. Recall that
in wild-type AChR, eE184 is a negatively charged gluta-
mate andk, ~ 70 uM. k, values were not measured for eE184l andeE184A mutants. To estimate the intrinsic af-
finity (in pure water) of these mutants for ACh, we assumed
that theK, , value was the same as #184Q. The results
are given in Table 3. Replacement of the negatively charged
E with a neutral Q or A increased the equilibrium dissoci-
ation constant by more than 10-fold. However, replacement
with either a negatively charged D, a positively charged K,
or a neutral | had essentially no effect on the affinity of the
receptor for ACh. This pattern of effects is not consistent
with a simple electrostatic interaction between ¢h84 side
chain and ACh.

The effects of these mutations on gating are shown in
Table 1. The channel opening rate constant was essentially
unaltered by the Q and A substitutions, but was significantly
reduced by K, D, and | mutations.

0.8 4

0.6

Receptor
wild type
E184D
E184Q
E184K

relative association rate constant
(=]
'S
1
pome

DISCUSSION

Mutations of putative binding site residues

0.2 T T !
1 10 100 1000

[KCI] (mM) We have examined mutations of four putative AChR bind-
ing site residuesaY93, «Y198, eD175, andeE184). Pre-
FIGURE 7 €E184 mutations and K affinity. Increasing the extracellu-  vious studies had shown that mutation of these residues (or

lar [KCI] slows the apparent ACh association rate constant, estimated b¥heir homologs) resulted in an increase in the E@f
single-channel modeling, assuming equivalent binding sites. Thedf- >

centration that slows association by twofold is the equilibrium inhibition normalized dose'reSponse or bmdmg Curves. nge we have
constant ) for K* (see Table 3). Substitution of a positively charged attempted to account for the observed changes in the dose-
lysine greatly lowers the affinity of the receptor for'K response curves in terms of more mechanistic properties of
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the AChR, i.e., the equilibrium and/or rate constants forMutations of eE184
ACh binding, channel gating, and competitive inhibition by
extracellular K.

€E184Q specifically lowered the affinity for ACh without
changing the channel gating reaction. Because this mutati
was not in theax-subunit, only one of the two binding sites

Six side chains 0€184 were examined: E, Q, D, K, I, and
A. Receptors with a K, E, D, or | side chain had approxi-
mately the same intrinsic affinity for ACh (i.e., in pure
O\R}ater; Table 3), whereas substitutioha Q or an A in-
creased the ACh equilibrium dissociation constant by about
was affected, presumably the one formed by theand 10 fo/d. The basis for this change in affinity is unclear, but
e-subunits. The~10-fold decrease in affinity (in pure wa- he fact that AChRs with a positive, negative, or neutral side
ter) caused by this mutatlo_n translgtes t_ogdestablllzatlon ®hain ateE184 have the same affinity for ACh strongly
bound ACh by~2.3¢T. This mutation similarly decreased zygues against an electrostatic interaction betweerléé
the affinity of the receptor for extracellular Kby about  gige chain and ACh. With regard to channel gating, the
fivefold (1.7T). €E184 remains a candidate residue for gpening rate constant remained fast with E, Q, and A side
interacting directly with AChR ligands. chains, but was significantly slowed upon substitution of a
eD175N disrupted channel gating, mainly by lowering K, D, or I. Of the residues we examined, only E supported
the channel opening rate constant. The affinities of botthoth a high affinity for ACh and efficient gating.
binding sites were unchanged by this mutation, and the Mutations toe184 had substantial effects on competitive
10-fold increase in the Eg of the dose-response curve was inhibition by extracellular cations (Fig. 8; Table 3). The
completely accounted for by the nearly 80-fold decrease irffinity for K™ decreased-20-fold when the side chain was
the gating equilibrium constant. These results argue againgositive (K) and decreased by about fivefold when the side
the proposal thaéD175 interacts directly with the quater- chain was neutral (Q) compared to when it was negative (E
nary amine moeity of ACh or with bound K It is likely =~ and D). The E-to-Q mutation also reduced the ionic selec-
that the increase in the Egof the normalized binding tivity of the competition between Na K™, and Cs. These
curve consequent to mutation of the homologous residue ifeSults suggests that th&184 side chain determines, in
the y-subunit (Czajkowski et al., 1993) is also attributable toPart, inorganic cation affinity and selectivity via a direct
an effect on gating, rather than binding. electrostatic interaction. From the magnitude of the effects
aY93W and eD175N, and to a lesser extenty198F, We estimate that loss of a negative charge at resel @4

slowed both ACh association and dissociation, i.e., the)ﬂe\‘j’\jab”'zss Ktiraytwlt.rszT.r duct of the char ration
decreased the ability of the agonist to move readily betweegistaiccea a0 2?1 q tr?ee die?ecp'zic(:) cl;%stc:emt) ((farc;:macgcilf)?npt?sa 0
the bulk solution and the transmitter docking site. Inlaw (Hille, 1992):

eD175N andaY198F the effect on association and disso- ' '

ciation was nearly symmetrical, so that tig for ACh was AGy, (in kgT) = 545A7/ed (in A) (20)
essentially unaltered. laY93W there was a significant net . ] .
destabilization of the bound transmitter molecule kg@. ~ WhereAzis the net change in the charge of resid#.84.

All of the mutations had little effect on the channel closing F'oM the E-0-Q mutation we estimate tleat = 320 A it

rate constant, andY93W and eD175N, and to a lesser ahgegg'elthtr'c at thet.surIacteh otf ;protemdetﬂfo (Lt;’:lbt\ti/rge, th
extentaY198F, slowed the opening rate constant. b ), I e? Evlesjs m:jalg . a~8 zs_cle_ﬁgra:j!op cetween the
This constellation of effects—reducing the ACh associa-—aroony! ote an IS - 1TIs distance 1S in

. . o . rough accord with the observation that in barnase there is an
tion and dissociation rate constants, slowing channel open-

ing, and hardly influencing channel closing—is shared byeIectrostatic interaction of-0.7kgT between surface resi-
’ S . . . dues separated by 12 A (Loewenthal et al., 1993).
two other binding site mutationsygD200N (Akk et al., P y ( )

1996) andaY190F (Chen et al., 1995). This pattern is not
what would be expected from specifically disrupting a fa- Physical models of binding

vorable interaction between the mutateq resw_lues and thl?l this section we discuss physical models for equilibrium
bound ACh molecule, where the mutation might be ex'binding of ACh" and K" to the a-e site. Our goal is to

pected to increase. andKp, and to perhaps have relatively ;0o nt for the observation thatkinding is influenced by

little effect onB. Rather, the results suggest that the muta—,, glectrostatic interaction WitkE184, whereas ACh

tions (in particular,aY93W) cause a more delocalized binding is not.

change in the structure of the binding pocket that compro- \ye can reject the simplest model of binding, where both
mises both the mobility of the ligand into and out of its |jgands directly compete for a single spot. In such a static,
docking site and the high speed of channel opening. single-site mechanism, thg, for ACh* and theK, for K*

The mutationgxY93W anda’Y198F also had no measur- are each simply the ratio of the dissociation and association
able effect on competition by extracellular'Kwhich sug-  rate constants for each ligand. Given an electrostatic inter-
gests that these residues probably do not contribute to th&ction with both cationic ligands, we would expect that
cation-binding site(s) or to other structures that influencechanging the charge of thd 84 side chain would alter both
the access of K to this site. equilibrium constants. Whereas this was the case with the Q
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mutation, the K and D mutations only changed the affinityIn this scheme there is only one site for which both ligands
for K*. This simple physical model of binding does not compete. A conformational change induced by the presence
account for the results. of an agonist switches this site between a resting, ultralow

The second physical model we consider is motivated byaffinity conformation K, > 1000uM) to one with a higher
the structure of acetylcholinesterase, which shows that theffinity for agonists K, ~ 100 uM for ACh™). Note that
substrate must traverse a distributed binding domain (#his conformational change is distinct from, but perhaps
“gorge”) on its path from the bulk solution to its docking related to, the conformational change that constitutes chan-
site (Sussman et al., 1991; Radic et al., 1997). In additionnel gating, and that this higher affinity form is distinct from
in this enzyme occupancy of a peripheral anionic site im-the one that accompanies channel opening and desensitiza-
pedes substrate binding to the active center (Radic et altion, whereK, ~ 0.05uM for ACh™ (Sine et al., 1995; see
1994). With regard to AChR, in this model we propose thatAuerbach and Akk, 1998). When the binding site is in the
at each transmitter binding site there are multiple ligandultralow affinity form, the dissociation rate constant of
binding sites in series. Minimally, there would be an outereither K" and ACh' is fast and the ligand can freely
site and a docking site. We assume that the trajectory of axchange with the bulk solution. The ligand only becomes
ligand from the bulk solution to the docking site requires“bound” when the site assumes its higher affinity confor-
single filing. Thus ACH and K" compete even if K mation. ACh" has bonds that rotate freely; thus the agonist,
cannot penetrate to the docking site. In this model the outetoo, may change its conformation as part of the “induced
and docking sites could be physically separated. fit".

If the occupancy of the outer site by AChs brief, the In this model, we propose that'Kcan occupy the site but
apparent rates for the agonist moving between the bulkannot induce the conformational switch. Thus electrostatic
solution and the docking sité&( andk_) and the apparent interactions between thel84 side chain and the site are
equilibrium dissociation constant for an agonist} are indeed manifest as a logical change in tke for K.

. However, for agonists (i.e., ligands that induce the confor-

K=k (1 N km) mation change), the kinetic and equilibrium equations for
* ! ki, this induced-fit model are identical to those for the two-site
model (Eg. 11), assuming that the conformational switching

ko) rates are rapid and with the following changes in definition:
k= k21(1 + klo) (11) ki, is the rate constant for changing from the lower to higher
form, andk,, is the rate constant for the reverse process.
KoiK1o That is, if the charge 0@184 influences only binding and
Ko = KyoKor not the conformational switch, then we would detect the

electrostatic effect on the selectivity and equilibrium con-

wherek,, is the rate constant for moving from the external stant for ionic competition, but not on thié, for the
solution to the outer sitek; 4 is the rate constant for return- agonist.
ing to the solution from the outer sitl,, is the rate constant ~ Another physical model that combines features of the
for moving from the outer site to the docking site, dggis  two-site and induced-fit schemes is the “conformational
the rate constant for moving from the docking site to thegating” mechanism that has been proposed for substrate
outer site. binding to acetylcholinesterase (Zhou et al., 1998). In this

If the €184 side chain interacts electrostatically only with mechanism, to bind to the catalytic site the substrate must
the ligand that resides in the outer site, changing the chargiést pass a barrier that rapidly fluctuates between open and
of this side chain will change the relative magnitudekqf  closed positions. This scheme, like the two-site and in-
and k,,. Thus for competitive inhibitors (like K) that duced-fit models, can be described by a two-barrier, one-
occupy only the outer sit&, = ky,/k;o, and changing the well energy model and can therefore account (via Eqg. 11)
charge onel84 will change affinity in a predictable way, for the observation that the charge on #i£184 side chain
increasing as the side chain becomes more positive. Fatifferentially effects K~ and ACh™ equilibrium binding.
agonists (like ACH) that reach the docking sité, is a Our results do not allow us to distinguish between the
function of the ratio of the altered rate constants, and thetatic, two-site, and induced-fit mechanisms for binding.
effects of changing the charge cancel. Therefore, accordinghere is precedent for both models, and binding may in-
to the static, multisite model, changing the chargeiB4  volve both passage through a distributed pathway as well as
will have no effect on the apparent equilibrium dissociationconformational adjustments. However, certain consider-
constant for ACH. This model accounts for the observation ations lead us to favor the induced-fit hypothesis. First, if
that E, Q, and K side chains have logical effectskqrin outer and docking sites can be occupied simultaneously, the
terms of electrostatics but more erratic effects onkgdor ~ multisite model predicts that the dissociation rate constant
ACh. for ACh* will be slowed by external K. The evidence

A third physical model for ACh and K" binding sites is  indicates that this rate constant is independent of the exter-
derived from the “induced-fit” model of enzymes (Ko- nal K* concentration (Akk and Auerbach, 1996). Second, in
shland, 1970; Bennett and Steitz, 1980; Fersht et al., 1988)he multisite model the protein is static, whereas in the
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induced-fit model there is a conformational change at eaclhuerbach, A. 1993. A statistical analysis of acetylcholine receptor activa-

fa i ; ; _ ; tion in Xenopusmyocytes: stepwise vs. concerted models of gating.
binding site consequent to ligand-protein contact. Such a 3. Physiol. (Lond.)461:339-378,

Conformatlonal.event has previously been proposed to agiuerbach, A., and G. Akk. 1998. Desensitization of mouse nicotinic
count for the different voltage dependences of un-, mono-, acetylcholine receptor channels: a two-gate mecharis@en. Physiol.
and diliganded AChR (Auerbach et al., 1996; see also 112:181-197.

Auerbach 1993)_ Third, the induced-fit model offers aAuerbach, A, W. Sigurdson, J. Chen, and G. Akk. 1996. Different gating

. . charge movements in doubly-, singly-, and unliganded acetylcholine
mechanism to account for the correlation between the ago- recegtors J. Physiol. (Lond.) 4334:155_{70. 9 v

nist association rate constant and the rate constant for chaggsubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman,
nel opening for different agonists (Zhang et al., 1995) and J. A. Smith, and K. Struhl. 1992. Short Protocols in Molecular Biology.
mutants. The conformational change that is the “induced John Wiley and Sons, New York.

1 ; ennett, W. S., Jr., and T. A. Steitz. 1980. Structure of a complex between
fit" may be graded and agonist dependent and may aIsB yeast hexokinase A and glucosk.Mol. Biol. 140:211-230.

have the consequence of changing the nature of the tran%Tount, P., and J. P. Merlie. 1989. Molecular basis of the two nonequiva-
tion state that separates open and closed channel structuregent ligand binding sites of the muscle nicotinic acetylcholine receptor.
Thus a weaker agonist (e.g., TMAmight contribute less ~ Neuron.3:349-357.

indi ; ; Charnet, P., C. Labarca, and H. A. Lester. 1992. Structure of the gamma-
bmdmg energy, Ieadmg not onIy toa hlgHéB but also to less nicotinic acetylcholine receptor: learning from omisshdal. Phar-

a slower channel opening rate constant. The induced-fit yacol.41:708—717.
model offers an explanation for why affinity and efficacy chen, J., v. Zhang, G. Akk, S. Sine, and A. Auerbach. 1995. Activation
are correlated (Post and Ray, 1995). kinetics of recombinant mouse nicotinic acetylcholine receptors: muta-
tions of a-subunit tyrosine 190 affect both binding and gatifjo-
phys. J.69:849-859.
Czajkowski, C., and A. Karlin. 1991. Agonist binding site dérpedo
SUMMARY electric tissue nicotinic acetylcholine receptdr. Biol. Chem.266:

Despite the difficulty of making inferences about structure 22603-22612. _ _
Czajkowski, C., C. Kaufmann, and A. Karlin. 1993. Negatively charged

from Purely functlpngl results, OUIj experiments offer the amino acid residues in the nicotinic receptor delta subunit that contribute
following general insights. Normalized dose-response and to the binding of acetylcholineProc. Natl. Acad. Sci. USA9O0:
binding curves are “macroscopic” in nature, and changes in 6285-6289.

ni indin hannel in nd ion m ition m_Dennis, M., J. Giraudat, F. thzyba—Hibert, M. Goeldner, C. Hirth, J. Y
ago st bind g’ channel gating, a d .0 competitio 'CO Chang, C. Lazure, M. Chretien, and J. P. Changeux. 1988. Amino acids
bine to determine the shape and position of these profiles. A of the Torpedo marmoratacetylcholine receptor a subunit labeled by a

mutation-induced change in the E{Js not sufficient evi- photoaffinity ligand for the acetylcholine binding sitBiochemistry.

dence to conclude that there is a direct interaction between 27:2346-2357.

; ; evillers-Thiery, A., J. L. Galzi, J. L. Eisele, S. Bertrand, D. Bertrand, and
the mutated residue and the agonist molecule. The paran'? J. P. Changeux. 1993. Functional architecture of the nicotinic acetylcho-

eter that provides the clearest measure of the effect of a jine receptor: a prototype of ligand-gated ion channélsembr. Biol.
mutation on agonist affinity per se is the equilibrium disso- 136:97-112.
ciation constant extrapolated to its value in pure waterFersht, A.R., J.W. Knill-Jones, H. Bedouelle, and G. Winter. 1988.

S - Reconstruction by site-directed mutagenesis of the transition state for the
When the AChR is in its closed channel conformation, the activation of tyrosine by the tyrosyl-tRNA synthetase: a mobile loop

transmitter binding site is a delicate structure that is readily envelopes the transition state in an induced-fit mechan&iochemis-
disturbed by a variety of perturbations, including mutations ty- 27:1581-1587.

to residues that may be located at some distance from tH:é'Iatov, G. N., and M. M. White. 1995. The role of conserved leucines in
the M2 domain of the acetylcholine receptor in channel gativigl.
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