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Conductance Mutations of the Nicotinic Acetylcholine Receptor Do Not
Act by a Simple Electrostatic Mechanism

Paul Kienker,* Gordon Tomaselli, Mark Jurman,* and Gary Yellen*

Howard Hughes Medical Institute and the Departments of Neuroscience, Biophysics, and Medicine, The Johns Hopkins University School
of Medicine, Baltimore, Maryland 21205 USA

ABSTRACT Fixed negative charges in many cation channels raise the single-channel conductance, apparently by an elec-
trostatic mechanism: their effects are accentuated in solutions of low ionic strength and attenuated at high ionic strength. The
charges of specific amino acids near the ends of the proposed pore-lining M2 segment of the nicotinic acetylcholine receptor,
termed the extracellular and cytoplasmic rings, have recently been shown to influence the single-channel K+ conductance
(Imoto, K., C. Busch, B. Sakmann, M. Mishina, T. Konno, J. Nakai, H. Bujo, Y. Mori, K. Fukuda and S. Numa. 1988. Nature
335:645-648). We examined whether these charges might act by a direct electrostatic effect on the energy of ions in the pore,
rather than indirectly by inducing a structural change. To this end, we measured the conductances of charge mutants over a
range of K* concentrations (ionic strengths). As expected, we found that negative charge mutations raise the conductance, and
positive charge mutations lower it. The effects of cytoplasmic-ring mutations are accentuated at low ionic strength, but they are
not completely attenuated at high ionic strength. The effects of extracellular-ring mutations are independent of ionic strength.
These results are inconsistent with the simplest electrostatic model. We suggest a modified model that qualitatively accounts

for the data.

INTRODUCTION

The unitary conductances of many ion channels are affected
by fixed charges (Green and Andersen, 1991). This has been
demonstrated by several approaches: screening of charge
with high ionic strength or divalent cations, changing pH,
changing lipid charge in reconstitution experiments, and
changing the fixed charge on the channel by chemical modi-
fication or site-directed mutagenesis. In most cases a fixed
negative charge increases the cation conductance, whether
the charge resides on the channel (Apell et al., 1977,
Sigworth and Spalding, 1980; Adams, 1983; Reinhardt et al.,
1986; Worley et al., 1986; MacKinnon et al., 1989; Roeske
et al., 1989) or on the membrane lipids (Apell et al., 1979;
Bell and Miller, 1984; Moczydlowski et al., 1985; Coronado
and Affolter, 1986). An exception is the hemocyanin model
channel, for which negative lipid charge decreases the
cation current (Cecchi et al., 1981). For almost all cases
studied, the effect of fixed charges on conductance is more
pronounced at low ionic strength and is attenuated at high
ionic strength (Apell et al., 1977, 1979; Bell and Miller,
1984; Moczydlowski et al., 1985; Coronado and Affolter,
1986; MacKinnon et al., 1989; Roeske et al., 1989), sug-
gesting a through-space electrostatic effect. In one proposed
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mechanism, negative charges raise conductance by raising
the local concentration of permeant cations in the mouth of
the pore.

The location of the modified charges in the primary amino-
acid sequence is unknown in the examples cited above, ex-
cept in the studies of carboxyl-terminal charged analogues of
the model channel gramicidin A. The first identification of
specific residues whose charge affected the conductance of
an ion-channel protein came from mutagenesis of the nico-
tinic acetylcholine receptor (AChR) (Imoto et al., 1988). It
was suggested that AChR charge mutations might act by an
electrostatic mechanism (Imoto et al., 1986; Konno et al.,
1991), consistent with other evidence that a negative local
potential affects AChR conductance (Lewis and Stevens,
1979; Dani and Eisenman, 1987). In the only study of the
ionic-strength dependence of a charge-modified AChR, it
was found that neutralization of exposed carboxyl groups by
extracellularly applied trimethyloxonium reduced AChR
single-channel conductance equally at 15 and 177 mM ex-
tracellular ionic strength (Pappone and Barchfeld, 1990).
This surprising independence from ionic strength appears to
rule out a simple electrostatic mechanism.

We have measured the ionic-strength dependence of
AChR single-channel conductance changes caused by site-
directed charge mutations, and compared these data with the
predictions of an electrostatic model. Our goals were first, to
test whether the effects of the mutations identified by Imoto
et al. (1988) were more pronounced at low ionic strength and
attenuated at high ionic strength; and second, to look for
effects of a mutation more distant from the pore by using
solutions of low ionic strength. In addition, we wished to
determine whether any electrostatic mechanism could ex-
plain ionic-strength-independent conductance changes.



326 Biophysical Journal

THEORY

We relate AChR conductance to ion concentration and sur-
face charge using a combination of a rate-theory permeation
model and a Gouy-Chapman surface-potential model; this
theoretical framework has been used previously for the
AChR (Lewis and Stevens, 1979; Villarroel and Sakmann,
1992) and other ion channels (Green and Andersen, 1991).
Rather than attempting to specify the parameters of a detailed
rate-theory model, we limit our analysis to general features
of this class of models. Single-ion occupancy rate-theory
permeation models predict that the single-channel chord con-
ductance g (current/voltage) should depend on the permeant-
ion concentration C according to the formula

8 = 8ma/(1 + K, /C), M

where gn.x is the maximum conductance and K, is the ion
concentration at which the conductance is half-maximal
(Lauger, 1973). Both gp., and K, are functions of the trans-
membrane voltage and the energy barriers to ion permeation,
so different values may apply for inward and outward con-
ductances. Equation 1 does not fit the AChR conductance-
concentration relation (Dani and Eisenman, 1987). A com-
mon solution is to postulate that the AChR carries a negative
surface potential, which raises the local permeant-cation con-
centration C, at the pore mouth relative to its bulk concen-
tration, thereby raising the ion entry rate into the channel.
Then the concentration C in Eq. 1 is replaced by

Co = Cexp(—2x$oFIRT), )]

where zk is the permeant-ion valence and ¢, is the local
potential at the pore mouth; F, R, and T are the Faraday
constant, gas constant, and absolute temperature. Combining
Egs. 1 and 2 gives the formula

8 = 8mar/1 + (K, /Cexp(z & F/RT)]. ©)

According to this model, changes in channel charge can alter
an ion’s apparent affinity for the channel, but do not affect
the maximum conductance.

The potential ¢, depends on the geometry of the fixed
charges, channel, and membrane, and on the ionic strength
I of the electrolyte. The Gouy-Chapman double-layer theory
treats a simplified geometry, with a uniform fixed surface-
charge density o on an infinite planar membrane, bathed on

238 241

alpha Thr Asp Ser Gly --- Glu Lys Met Thr Leu Ser Ile Ser
272 275

beta Pro Asp Ala Gly --- Glu Lys Met Gly Leu Ser Ile Phe
246 250

gamma Ala Lys Ala Gly Gly Gln Lys Cys Thr Val Ala Thr Asn
252 255

delta Gly Asp Cys Gly --- Glu Lys Thr Ser Val Ala Ile Ser
CR IR

M1 ] [-——————mm e
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one side by electrolyte; the surface potential ¢ in a 1:1
electrolyte is given by

o = (2RT/F)sinh ~'[o(8€,RTI) "] @)

(McLaughlin, 1989). Here ¢ is the dielectric constant of the
electrolyte and g is the permittivity of free space. In a 1:1
electrolyte I equals the bulk salt concentration C. To describe
the effect of a charge mutation on the surface-charge density,
we divide the change in charge valence Az by an effective
area A:

0 = Opative

+ eAz/A, )

where e is the elementary charge.

As the ionic strength decreases, the magnitude of the sur-
face potential increases, so a charge mutation should have a
greater effect on the conductance. As the ionic strength in-
creases, the surface potential becomes smaller, so a charge
mutation should have little effect on the conductance. The
surface-charge densities oy, in the cytoplasmic mouth and
Oyt in the extracellular mouth of the pore may differ; in this
model o, affects the outward conductance and o, affects
the inward conductance.

METHODS
Mutagenesis and RNA transcription

The murine (BC3H-1) AChR «, B, v, and 8-subunit DNAs
were generously provided by Dr. J. Boulter of the Salk In-
stitute. Mutations were made using dut™ and ung~ selection,
cDNAs were sequenced and in vitro RNA transcription was
performed as previously described, with minor modifications
(Tomaselli et al., 1991). The cytoplasmic-ring mutations are
«a-D238K and 8-D252K, where a-D238K means D at residue
238 of the a subunit is replaced by K (Fig. 1). The
extracellular-ring mutations are «-E262Q, vy-K271Q,
8-K276Q, 8-K276E, and combinations of these. The muta-
tion in the proposed M2-M3 loop is §-R277E.

Preparation of oocytes

Xenopus laevis oocytes were prepared and injected with
AChHR subunit RNAs mixed in a ratio of 2a:1B:1y:18 as
described (Tomaselli et al., 1991). Oocytes were kept at 18°C

262

Val Leu Leu Ser Leu Thr Val Phe Leu Leu Val Ile Val Glu Leu Ile

296

Ala Leu Leu Thr Leu Thr Val Phe Leu Leu Leu Leu Ala Asp Lys Val

271

Val Leu Leu Ala Gln Thr Val Phe Leu Phe Leu Val Ala Lys Lys Val

276 2717

Val Leu Leu Ala Gln Ser Val Phe Leu Leu Leu Ile Ser Lys Arg Leu

ER

FIGURE 1 Aligned mouse AChR subunit amino-acid sequences surrounding the proposed M2 segment. Mutated residues are underlined. Residues
corresponding to the cytoplasmic, intermediate, and extracellular rings identified in the Torpedo AChR by Imoto et al. (1988) are denoted by CR, IR, and
ER, respectively. References for sequences: a, Boulter et al. (1985); 8, Buonanno et al. (1986); v, Yu et al. (1986); 8, LaPolla et al. (1984).



Kienker et al.

for 1-10 days before patch recording. No systematic depen-
dence of single-channel conductance on oocyte age was
detected.

Electrophysiology

Selected oocytes were screened for acetylcholine (ACh)-
induced current by two-microelectrode voltage clamp and
oocytes were prepared for patch-clamp recording as de-
scribed (Tomaselli et al., 1991). Excised outside-out patches
were obtained in symmetric pipette and bath solutions. The
K" recording solutions contained a variable amount of
KCl (J. T. Baker, Phillipsburg, NJ) with 4 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
0.2 mM EDTA, sorbitol to raise the osmolarity to 211 mM
(Sigma Chemical Co., St. Louis, MO), and KOH (J. T.
Baker) to pH 7.5. Solutions are named by the total cation
concentration. For some experiments (see Tables 3 and 4)
EGTA was used in place of EDTA; there was no apparent
effect on conductance. For other experiments (noted in the
text) 0.1 or 1 mM MgCl, was added to EGTA-containing
solutions. For the 500 mM K™ experiments, patches were
formed with 500 mM K™ in the pipette solution and 200 mM
K™ in the bath solution; after patch excision the bath was
perfused with at least 5 volumes of 500 mM K™ before re-
cording. A salt bridge containing 500 mM K* and 1% aga-
rose (BRL, Gaithersburg, MD) was used with the bath elec-
trode in those experiments. The dimethylammonium
(DMA™) recording solution was made from 200 mM di-
methylamine (from 40% aqueous solution, Aldrich Chemical
Co., Milwaukee, WI), 10 mM HEPES, 1 mM EDTA, and
HCI (J. T. Baker) to pH 7.5. Patches were inserted into the
perfusion inlet and alternately perfused with control and
ACh-containing solutions (0.1-5 uM in K*, 5-20 uM in
DMA™), using a T-valve to switch between the two. Channel
activity was correlated with ACh application. In the DMA™*
solution there was a low level of activity without ACh ap-
plication, as previously reported for other alkyl amines
(Sanchez et al., 1986); these channels had a current-voltage
relation identical to those activated by ACh. Currents were
recorded with a List EPC-7 (List-electronic, Darmstadt, Ger-
many) or an Axopatch 1-D (Axon Instruments, Foster City,
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CA) patch-clamp amplifier, lowpass filtered at 1-5 kHz
(8-pole Bessel, -3 dB; Frequency Devices, Haverhill, MA),
digitized at 10-33 kHz on a Cheshire Data interface (Indec,
Sunnyvale, CA), and stored on computer disk. The single-
channel current-voltage relations were obtained using
rampwise or steady-state voltage changes, controlled
through the Indec interface. All recordings were done at
room temperature, 20-25°C.

Data analysis

Unitary-current amplitudes were fit by eye using a computer-
analysis program. Only well-resolved openings were mea-
sured (Fig. 2). Subconductance levels were excluded; mul-
tiple conductance levels were most commonly observed at
voltages more negative than —-100 mV. The inward (-100 to
-10 mV) and outward (10 to 100 mV) segments of the
current-voltage relation were fit separately by straight lines
with a least-squares algorithm; the slope is reported as the
conductance. Typically 100 to 1000 channel events con-
tributed to each conductance determination. We apply the
theoretical chord-conductance equations directly to the
slope-conductance data. Theoretical functions were fit to
the conductance data using the programs KaleidaGraph
(Synergy Software, Reading, PA), and MLAB (Civilized
Software, Bethesda, MD). In all but a few cases each patch
came from a different oocyte (see Tables 1 and 5).

We assume throughout our analysis that the amino-acid
side chains have the charge valence expected at neutral pH:
Asp and Glu, -1; Gln, 0; Arg and Lys, 1.

RESULTS

Effects of extracellular-ring mutations at constant
ionic strength

We first attempted to replicate in our system the result Imoto
et al. (1988) found for the Torpedo AChR: that increasing the
net positive charge of the extracellular ring decreases the
inward conductance in 100 mM K*. Single-channel current
traces in 100 mM K*, at -100 mV, for native AChR and the
mutant «-E262Q are shown in Fig. 2; as expected, the posi-
tive charge mutation lowers the current amplitude. From the

native

a-E262Q

5pAl

20 msec

FIGURE 2 Single-channel current versus time at —100 mV holding potential, in 100 mM K*. The solid line marks the baseline current level, while the
dashed line marks the open-channel current level. Left, native AChR; right, extracellular-ring mutant «-E262Q.
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TABLE 1 Inward and outward conductances (pS) of native
AChR and extracellular-ring mutants in 100 mM K* or
200 mM DMA*

aBys  zer & (K*) Bou (K*) &in (DMA®)
EDQE -4 1072 (7) 95 *1 (2) 495 £ 05 (2)*
EDQQ =3 1031 (3) 877 (2) ND#
EDKE -3 1021 (8) 912 (5) 452 (2)
EDKQ -2 952 (3) 842 (3) ND
EDQK -2 W0+1 (5 81+3 (3) 502 (2)
QDKE -1 89.0*05(2) 825*05(2) ND
EDKK -1 795*09(4) 76+2 (4) 408 +0.5(4)
QDKQ 0 74+2 (2) ND ND
QDQK 0 655 (2 ND ND
QDKK 1 45+05(6) 525%05(Q) ND

afyd: extracellular-ring amino acids in single-letter code: D, Asp; E, Glu;
K, Lys; Q, Gln; R, Arg. zgr: net extracellular-ring valence. g;, and gou:
inward and outward single-channel conductances, presented as mean and
standard error, with the number of patches in parentheses.

* Both patches came from a single oocyte.

*ND, not determined.

full current-voltage relations we can see that this mutation
decreases both inward and outward conductance, while the
negative charge mutation 8-K276E increases the conduc-
tance (Fig. 3 A). All the mutants we have studied either raise
or lower both the inward and outward conductances together.
Using mutants with net extracellular-ring charge from -4 to
1 (native mouse AChR = -1; Torpedo = -3), we reproduced
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£ 0 A2228° 74
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t AAQG a-E262Q
3 AASHQ
22
3-K276E
-10
-100 0 100

Potential (mV)

FIGURE 3 Single-channel current-voltage relations for native AChR
(circles) and the extracellular-ring mutants a-E262Q (triangles) and
8-K276E (squares). (A) 100 mM K*; (B) 15 mM K*.
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the earlier results (Fig. 4, Table 1). The data are well fit by
the simple electrostatic model of Egs. 3—-5 (Table 2). The
outward conductance has a similar dependence on the
extracellular-ring charge (Table 1); these data are also well
fit by the simple electrostatic model (Table 2).

The mutation a-E262Q increases the open-channel life-
time substantially (Fig. 2), as does the mutation 5-K276E
(data not shown). Because mutations of opposite polarity
have similar effects, the change in open lifetime cannot be
due to a simple electrostatic mechanism.

To test whether the effects of the mutations depend on
the size of the permeant ion, we also measured inward
conductance in 200 mM DMA™* (Fig. 4 and Table 1).
These data can be fit by the same parameters as for K*,
except with g, = 55 pS.

lonic-strength dependence of extracellular-ring
mutations

We next measured the ionic-strength dependence of
extracellular-ring mutations. The currents of the native
AChHR and the mutants a-E262Q and 8-K276E are smaller
in 15 mM K™ than in 100 mM K™, but all the currents de-
crease by about the same proportion (Fig. 3 B). The in-
ward conductance (Fig. 5 A and Table 3) and the mutant/
native inward-conductance ratio (Fig. 5 B) are plotted
against [K™); the conductance ratios show no clear ionic-
strength dependence between 15 and 500 mM K™*. The
simple electrostatic model of Eqs. 3 and 4 requires that
mutations do not change the maximum conductance gp,y.
This model does not fit the native and mutant data well;
the best fit under this constraint is shown in Fig. 5 (dashed
lines). Of course the fits can be improved if the mutations
are allowed to change gax-

The increase in outward conductance produced by the mu-
tation 8-K276E also persists at high [K*]: the outward-
conductance ratio is 1.20 in 100 mM K* and 1.18 in 500 mM
K* (Table 4).

120 pr— T T T T
(’D\ i B =h 0 0]
2100 | e e K —
@ o o
2 80 EDCK 0 o
g EDKK g
3 | -
T 60 oy K K
Q A~ — 00— & K h
0 40 - M ~—aA QDKK_
e
g DMA*
£ 20+ .
o 1 | 1 1
-4 -3 -2 -1 0 1

Net Extracellular-Ring Charge

FIGURE 4 Single-channel AChR inward conductance in 100 mM K*
(squares) and 200 mM DMA™ (triangles), plotted against net extracellular-
ring charge. The four-letter code indicates the extracellular-ring amino acids
in the a, B, v, and 8 subunits, respectively. The curves represent the best
fits of the simple electrostatic model of Egs. 3-5.
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TABLE 2 Best-fit parameters of simple electrostatic model
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Inward conduction

Outward conduction

Parameter g(A2) g(K) 8(Az) &(K)
fr,,,ﬁvfp(eian) -0.16 -0.16 -0.05 -0.05
A (nm?) 12 NA* 16 NA
NA 151 (Az = -2) 45 (Az = 0) 38 (Az = 0)
K. (mM) { 130 (Az = 0) 297 (Az = 0) NA 61 (Az = 2)
" NA 914 (Az =2) NA 144 (Az = 4)

g(Az): Fit of conductance-charge data. Opave is taken from the g(K) fit, as it is impractical to determine K, and 0a1ive independently at constant ionic strength.
g(K): Fit of conductance-concentration data. If the mutations are allowed to change o, but o is required to change in the same direction as the polarity of
the mutation, the fit produces equal o values. Parameters are from Eqs. 3-5. The native AChR and each mutant (identified by Az) has its own Ky, in the

conductance-concentration fit.
* NA, not applicable.
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FIGURE 5 (A) Inward conductance of native AChR (circles) and
extracellular-ring mutants 8-K276E (squares) and a-E262Q (triangles),
plotted against [K*]. (B) Mutant/native inward-conductance ratio versus
[K*]. The data in both figures are fit using the simple electrostatic model
of Eqs. 3 and 4 (dashed lines) and the concentration-saturation model of
Eq. 8 (solid lines).

lonic-strength dependence of cytoplasmic-ring
mutations

We then studied the ionic-strength dependence of
cytoplasmic-ring mutations. The outward conductance

(Fig. 6 A and Table 4) and the mutant/native outward-
conductance ratio (Fig. 6 B) for the native AChR and the
mutations 8-D252K and «-D238K are plotted against [K*].
In contrast to the extracellular-ring results, both cytoplasmic-
ring mutations reduce the conductance more at lower ionic
strength, as expected for an electrostatic mechanism. Like the
extracellular-ring mutants, however, their effects are not
completely attenuated at high ionic strength. Thus the simple
electrostatic model cannot fit all the curves well; the best fit
using a common g,.x (Table 2) is shown in Fig. 6 (dashed
lines).

Effect of magnesium on an extracellular-ring
mutation

We investigated whether Mg?* reduces the effect of an
extracellular-ring mutation, where 500 mM K* had no effect.
The extracellular-ring mutation a-E262K has been shown to
diminish Mg?* block of inward conductance in the Torpedo
ACHR (Imoto et al., 1988). We find that as [Mg?*] increases,
the 8-K276E/native conductance ratio decreases toward 1
(Table 5). The effect of increasing [Mg?*] is qualitatively
what we had expected from increasing the ionic strength.
Although 1 mM Mg?* contributes much less to the ionic
strength than 500 mM K, the ionic strength may underes-
timate the screening ability of divalent ions at a highly
charged membrane surface, due to the nonlinearity of the
Gouy-Chapman potential and specific ion binding to fixed
charges (McLaughlin et al., 1971).

A more distant mutation

The double-layer theory predicts that the potential produced
by a charge extends further at lower ionic strength. We stud-
ied a mutation in the proposed M2-M3 loop which had been
reported not to affect the conductance in 100 mM K* (Imoto
et al., 1988) to see if it became effective at lower ionic
strength. The mutation 8-R277E is just beyond the extra-
cellular ring in the primary sequence. This mutation causes
a slight increase in the inward conductance, but there is no
clear ionic-strength dependence between 15 and 500 mM K*
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TABLE 3 Inward conductances (pS) of native AChR and mutants at various K* concentrations

Channel Group 5.4 mM 15 mM 30 mM 100 mM 200 mM 500 mM
Native 41.7 + 0.7(3)* 55+1 (4) 71+1 (4) 79.5 * 0.9 (4) 82+1 (10)* 9% +1 (2
aD238K CR ND ND ND 65.5*0.5(2) 22 (2 ND
8D252K CR ND 552 (4) 59+4 (2 772 (3) 82+3 (2 N2+2 (2
aE262Q ER ND 28+3 (3) 320 *05(4) 45.0 *+ 0.5 (6) ND 56.3 + 0.9 (3)
8K276E ER ND 66+2 (5)* 85+3 (2)* 102+1 (8) 106.5 * 0.5 (2)* 1172 (2)
8R277E M2-M3 ND 61.7 = 0.8 (6)* 702 (2) 782 (6)* 88+3 (4* 106 (1)

CR, cytoplasmic ring; ER, extracellular ring; M2-M3, M2-M3 loop. Conductances are presented as mean and standard error, with the number of patches
in parentheses. ND, not determined. Averages which include one or more experiments using EGTA-containing solutions are marked with an asterisk (*).

TABLE 4 Outward conductances (pS) of native AChR and mutants at various K* concentrations

Channel Group 15 mM 30 mM 100 mM 200 mM 500 mM
Native 48.0 = 0.5(2) 54.7*+09(3) 76 £2(4) 782 (4)* 91.7 £ 0.5 (3)
aD238K CR 221 (2) 301 (2 52+1(2) 562 (2) 66 +3 (2)
8D252K CR 315+ 05(2) 46*+2 (3) 70 = 3(3) 76.7 = 0.5 (3) 842 (3)
8K276E ER ND ND 91 £ 2(5) ND 1082 (2)
S8R277E M2-M3 49*2 (2) ND ND 825 (3)* ND

CR, cytoplasmic ring; ER, extracellular ring; M2-M3, M2-M3 loop. Conductances are presented as mean and standard error, with number of patches in
parentheses. ND, not determined. Averages which include one or more experiments using EGTA-containing solutions are marked with an asterisk (*).

TABLE 5 Inward conductances (pS) of native and mutant
AChHR in K* solutions with added Mg**
[K*] [Mg2+] Native 5K276E
mM mM
5.4 0.1 10 = 1(2) ND
15 0.1 28+2(2) ND
50 0.1 58 +2(4) 60.0 * 0.5(2)
100 0.1 68 +3(2) 83+2 (2
200 0.1 78 +1(4) 97+3 (2
30 1 2+1(Q2) ND
50 1 34+3(3) 30x2 (2
100 1 49 +1(3) 55.5 + 0.5 (2)*
200 1 ND 761 (2)

Conductances are presented as mean and standard error, with number of
patches in parentheses. ND, not determined.
* Both patches came from a single oocyte.

(Table 3). This could be related to the ionic-strength inde-
pendence of the extracellular-ring mutants.

DISCUSSION

We have confirmed that the AChR K* conductance decreases
with increasing net positive charge of the extracellular and
cytoplasmic-ring residues identified by Imoto et al. (1988).
The charge dependence we observe in the mouse AChR con-
ductance matches well the earlier data from the Torpedo
AChR, in both the steepness of the conductance-charge re-
lation and in the net charge at which the conductance is half-
maximal. Pappone and Barchfeld (1990) measured a 20%
conductance reduction after extracellular trimethyloxonium
treatment of AChRs in BC3H-1 cells. A +1 charge change
in the extracellular ring would be sufficient to cause this
reduction, if their result can be compared directly with our
Fig. 4. A single trimethyloxonium treatment does not always
modify all exposed acid groups (MacKinnon and Miller,
1989); it was not reported whether the AChRs were fully
reacted. The 47% conductance reduction reported from tri-
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FIGURE 6 (A) Outward conductance of native AChR (circles) and
cytoplasmic-ring mutants 8-D252K (squares) and a-D238K (triangles),
plotted against [K*]. (B) Mutant/native outward-conductance ratios versus
[K*]. The data in both figures are fit using the simple electrostatic model
of Egs. 3 and 4 (dashed lines) and the concentration-saturation model of Eq.
8 (solid lines).
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methyloxonium treatment of frog muscle AChRs (Adams,
1983) may indicate that more residues were modified in those
experiments.

We found that the changes in conductance produced by
extracellular-ring mutations are essentially independent of
ionic strength. This is consistent with previous results on
chemical modification of the AChR from the extracellular
side (Pappone and Barchfeld, 1990). The mutation §-K276E
raises (and the mutation a-E262Q lowers) the inward con-
ductance by a constant factor over a range of [K*] from 15
to 500 mM. In contrast, increasing [Mg?*] from 0 to 1 mM
does attenuate the effect of the mutation 8-K276E.

The effects of the cytoplasmic-ring mutations 8-D252K
and a-D238K become more pronounced as the ionic strength
is lowered below 100 mM, as expected for an electrostatic
mechanism. The effects are not completely attenuated at high
ionic strength, however.

The ionic-strength independence of the extracellular-ring
mutations cannot be explained by the simple electrostatic
model of Egs. 3 and 4. Even the cytoplasmic-ring mutations,
which show some effect at low ionic strength, are still in-
consistent with the simple model. These failures raise the
question of what makes the AChR different from other chan-
nels, which have been successfully described by electrostatic
models. One possible explanation is that the charge muta-
tions could induce a global change in pore structure. Alter-
natively, we consider some modifications which might sal-
vage the electrostatic model: first, there could be an upper
limit on the ion concentration in the pore mouth; and second,
the charge mutations could affect the ionic energy in the
narrow region of the pore, rather than merely altering su-
perficial ion concentrations.

Concentration saturation at the pore mouth

Suppose that there is an upper limit to the concentration of
permeant ions at the pore mouth. For instance, cations bound
to sites on the channel could partially occlude the pore, as in
the model of Dani (1986); or ion-ion repulsion within the
channel vestibule could limit the ion concentration. We pos-
tulate that fixed negative charges in the pore mouth form
cation binding sites, and that a cation must bind to a site
before it can enter the single-ion occupancy region. Then the
concentration of cations C bound to a site has the form

C,=S/1 + K,/C,), 6)

where S is the effective concentration of binding sites, K
reflects the binding affinity of a cation to a site, and C, is
from Eq. 2. We also modify the surface-charge density in Eq.
4 to account for neutralization of fixed charge by bound ions,
with the same binding affinity K; as in Eq. 6:

o, = o/ + C,/K,). 0)

We suppose that a negative charge mutation creates bind-
ing sites, and hence increases S. Substituting C, for C in
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equation 1 gives

- e ®)
8= 1+ (K./S)1 + (K./C) explzg b, FIRT)]"

Equation 8 simplifies to the form of Eq. 3, with the new
parameters

8max = Bmax/(1 + K /S) (%)
K =K/1 + SIK,). (9b)

In this model a positive charge mutation in either mouth of
the channel decreases the apparent maximum conductance
8.ax DY decreasing the concentration of binding sites S rela-
tive to the intrinsic K,;,, the ion concentration which would
produce half-maximal conductance if there were no binding
sites in the vestibule; the reverse holds for a negative charge
mutation. The apparent binding affinity is

K., = K, xp(zg &, F/RT). (10)

A positive charge mutation can weaken the apparent affin-
ity in two ways: it can raise K by decreasing S/K,, and it
can make the surface potential ¢ more positive. The ap-
parent affinity K,,, can be determined from the
conductance-concentration relation, as the concentration
producing half-maximal conductance; the mutant value of
K.pp also equals the concentration at which the mutant/
native conductance ratio is midway between its high and
low-concentration limits.

We fit the inward and outward conductance-concentration
relations separately; for simplicity we use a common g,
o, and K for native and mutant channels, forcing S/K,, to
account for the effects of the mutations (Table 6). The fitted
conductances and conductance ratios are shown in Figs. 5
and 6 (solid curves). These parameter values are intended to
illustrate the model; they are not uniquely determined by the
data. The fits replicate the changes in maximum conductance
and differences in apparent binding affinity between extra-
cellular and cytoplasmic-ring mutants, although they do not
fit the data precisely. Consistent with our expectation, S/K,
is larger for more negative mutants and smaller for more
positive mutants. The inward and outward K| values
(calculated from Eq. 9b and Table 6) decrease by roughly
twofold for each decrease of four positive charges in the

TABLE 6 Best-fit parameters of concentration-saturation
model

Parameter Inward Outward
8max (PS) 224 111
o (e/nm?) -0.04 -0.02
K, (mM) 38 183
1.1 (Az=-2) 5.7 (Az=0)
SIK,, { 0.8 (Az=0) 4.0 (Az=2)
0.3 (Az=2) 2.1 (Az=4)

Fits of conductance-concentration data. Parameters are from Egs. 4, 7,
and 8. The native AChR and each mutant (identified by Az) has its own
S/Km. The data can be fit almost as well using a common K, for inward
and outward conduction.
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appropriate ring. Thus similar mechanisms could control the
ionic-strength dependence of extracellular and cytoplasmic-
ring mutations, despite their apparent difference.

Electrostatic effect on ionic-energy barriers

Another possibility is that the charge mutations alter the
ionic-energy profile in the narrow part of the pore, rather
than changing only the local permeant-ion concentration in
the pore mouth, as assumed in the model of Eq. 3 (al-
though the local-concentration model can be treated for-
mally as a change in the height of the energy barrier to ion
entry). However, if the mutations act by an electrostatic
mechanism, there are constraints on how they can affect
the inward and outward maximum conductances, since the
maximum conductance reflects the difference between
peaks and wells in the ionic-energy profile. The extracellu-
lar ring is thought to be near the extracellular pore mouth,
far from the selective region of the pore. Then assuming
that the potential produced by a mutated charge decays
monotonically with distance from the charge along the
pore axis, a negative charge mutation in the extracellular
pore mouth should tilt the ionic-energy profile toward the
extracellular side (Fig. 7 A), increasing the outward maxi-
mum conductance and decreasing the inward maximum
conductance. This constraint applies only to the maximum
conductance; at low permeant-ion concentration the muta-
tion can also increase the inward conductance by increas-
ing the local ion concentration in the extracellular pore
mouth (MacKinnon et al., 1989). In most channels electro-
static effects are attenuated at high ion concentrations, so
the predicted asymmetry in charge effects on inward and
outward maximum conductances has not been previously
studied. All the mutations we have examined have similar
effects on inward and outward maximum conductances, ei-
ther increasing both or decreasing both. This suggests that the
major effect of the ring charge mutations is in the middle of
the ionic-energy profile, rather than at one end. This appears
to be inconsistent with the supposed location of the extra-
cellular ring, far from the major energy barriers.
However, this apparent inconsistency could reflect the in-
adequacy of the Gouy-Chapman formalism for describing
the potential inside an ion channel. The electric field pro-
duced by a charge near a dielectric interface depends on the
shape of the interface (Zauhar and Morgan, 1985). A
continuum-dielectric model of the enzyme superoxide dis-
mutase, accounting for electrolyte screening and the detailed
shape of the enzyme, indicates that the potential field pro-
duced by a charge is focussed toward the low-dielectric,
electrolyte-inaccessible protein interior (Klapper et al.,
1986). A similar calculation for the AChR, applying the pro-
gram DelPhi (Gilson et al., 1988) to a simplified version of
the AChR-membrane structure (based on Toyoshima and
Unwin, 1988), indicates that focussing of the potential might
also occur in the AChR; the calculated potential produced by
a charge located away from the pore axis (for instance, lining
a wide vestibule, or on the exterior surface of the protein) is
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FIGURE 7 Schematic permeant-ion energy profiles for native AChR and
a negatively charged extracellular-ring mutant. The position of the mutated
charge, indicated by a star, is the same in A and B. The number of energy
peaks and wells drawn is arbitrary. (A) If the potential produced by the
mutated charge decays monotonically with axial distance from the charge,
then the energy profile tilts to the right. (B) If the potential produced by the
mutated charge is focussed toward the center of the membrane, then the
energy peak is lowered more than either of the energy wells.

focussed toward the center of the membrane (G. Yellen, un-
published). In this way a negative charge mutation in the
extracellular ring could lower a central ionic-energy peak
more than the surrounding energy wells (Fig. 7 B), and hence
increase both inward and outward maximum conductances,
consistent with observation. These calculations also suggest
another possible component of the unusual ionic-strength
dependence of the conductance ratios: the calculated poten-
tial is relatively insensitive to electrolyte screening, even if
the vestibules are completely accessible to electrolyte. Such
effects of channel geometry could also explain the results of
Konno et al. (1991): their AChR permeation model requires
that a positive charge mutation in the extracellular ring raise
a central ionic-energy barrier more than a nearer energy well.

Structural change

A third possibility is that a charge mutation induces a global
change in the channel structure; for instance, it could change
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the diameter of the narrow, selective region of the pore. This
could alter the maximum conductance, perhaps with an un-
usual ionic-strength dependence. Charge-neutral mutations
in the AChR at a residue corresponding to a-Thr244 are
hypothesized to act through localized changes in pore di-
ameter; the mutant/native conductance ratios differ for ions
as close in diameter as K* (2.66 A) and Rb* (2.96 A)
(Villarroel and Sakmann, 1992). Thus we expect that ions
with such different dimensions as DMA* (3.8 X 4.2 X 6.1
A (Sanchez et al., 1986)) and K* would reveal a change in
pore diameter even more clearly, with the mutations affect-
ing the conductance of the larger ion DMA* more than K*
conductance. The relations between inward conductance and
extracellular-ring charge (Fig. 4) show no conspicuous dif-
ference between DMA* and K*, except for a uniform re-
duction in DMA™ conductance relative to K* conductance.
While our results do not indicate a global change in pore
diameter, we cannot rule out some other sort of structural
change.

Alternatives

It is possible that the saturation of conductance with increas-
ingly negative extracellular-ring charge (Fig. 4) is due in part
to incomplete ionization of the acidic side chains in the ring;
such a mechanism has been suggested by Dani and Eisenman
(1987). For an acidic side chain to be ionized less than 90%
of the time requires (pH — pK) < 1; at first this appears
unlikely given the experimental conditions (pH = 7.5 and pK
~ 4.5). However, the local H* concentration at the surface
of a negatively charged membrane is elevated relative to its
bulk concentration; the surface pH at moderate ionic strength
can be lowered by 1.6 units (Menestrina et al., 1989; van der
Goot et al., 1991). (At 100 mM ionic strength a Gouy-
Chapman surface-charge density of 0.7 e/nm? would lower
the local pH by 1.6 units.) Although the potential produced
by lipid charges has not been shown to affect AChR con-
ductance, charges on the channel protein could have a similar
effect on the local pH. It is also possible that the pK of an
acidic side chain is higher than its intrinsic value; deviations
in pK of up to 1.7 units have been observed for ionizable
residues in water-soluble proteins (Matthew, 1985). It has not
been established whether electrostatic interactions alone are
responsible for the pK shifts.

Our models have assumed that the major permeation bar-
riers lie in a single-ion occupancy region. Streaming-
potential measurements indicate that the narrow region of the
AChR pore is too short to hold more than one ion at a time,
supporting the use of such models (Dani, 1989). Multiple-ion
occupancy models may nonetheless provide alternative ex-
planations for our results; Konno et al. (1991) used a double-
occupancy model to fit their results.

The use of a charged, impermeant open-channel blocker
such as QX-222 (Charnet et al., 1990) may be useful to fur-
ther test electrostatic models for the effects of extracellular
charge mutations. Its association and dissociation rates can
be measured directly, avoiding some of the uncertainties of
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interpreting permeant-ion transport rates. In addition, it
blocks at sufficiently low concentrations that it would not
have much effect on the ionic strength, and might avoid the
concentration saturation in the vestibule discussed above.
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