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Abstract. We studied the functional effects of single
amino acid substitutions in the postulated M4 transmem-
brane domains ofTorpedo californicanicotinic ace-
tylcholine receptors (nAChRs) expressed inXenopus
oocytes at the single-channel level. At low ACh concen-
trations and cold temperatures, the replacement of wild-
type a418Cys residues with the large, hydrophobic
amino acids tryptophan or phenylalanine increased mean
open times 26-fold and 3-fold, respectively. The mu-
tation of a homologous cysteine in theb subunit
(b447Trp) had similar but smaller effects on mean open
time. Coexpression ofa418Trp andb447Trp had the
largest effect on channel open time, increasing mean
open time 58-fold. No changes in conductance or ion
selectivity were detected for any of the single subunit
amino acid substitutions tested. However, the coexpres-
sion of thea418Trp andb447Trp mutated subunits also
produced channels with at least two additional conduc-
tance levels. Block by acetylcholine was apparent in the
current records froma418Trp mutants. Burst analysis of
the a418Trp mutations showed an increase in the chan-
nel open probability, due to a decrease in the apparent
channel closing rate and a probable increase in the ef-
fective opening rate. Our results show that modifications
in the primary structure of thea- and b subunit M4
domain, which are postulated to be at the lipid-protein
interface, can significantly alter channel gating, and that
mutations in multiple subunits act additively to increase
channel open time.
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Introduction

The nicotinic acetylcholine receptor (nAChR) has been
extensively studied using biochemical, pharmacological,
biophysical and molecular genetic techniques, making it
one of the best characterized of the physiologically im-
portant ion channels (for reviewssee Ochoa, Chat-
topadhyay & McNamee, 1989; Galzi et al., 1991; Chan-
geux et al., 1992; Pradier & McNamee, 1992; Unwin,
1993; Karlin & Akabas, 1995). Although the primary
structures of the channels from many different species
have been known for many years (seeChangeux et al.,
1992), it is not yet possible to predict the relationships
among the chemical, structural and functional features of
the channel with confidence. Indirect approaches must
still be used to understand how structural areas of the
channel determine its ion transporting and kinetic prop-
erties.

Nicotinic acetylcholine receptors are complex post-
synaptic transmembrane glycoproteins formed by ho-
mologous subunits arranged around an axial channel
pore. In tissues like theTorpedo californicafish electric
organ and mammalian skeletal muscle, the receptor’s
four subunits are assembled in a stoichiometry of
(a)2bg(or e)d. In most neuronal tissues the nAChR is
composed of only one or two distinct subunits believed
to be arranged in a pentameric structure with a stoichi-
ometry (a)5 or (a)2 (b)3 (Cooper, Couturier & Ballivet,
1991; Anand et al., 1991). Hydropathy profiles of the
protein sequences reveal that each of the receptor sub-
units has four homologous but topographically distinct
transmembrane domains, called M1, M2, M3 and M4
(Noda et al., 1983; Devillers-Thiery et al., 1983).
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Selective chemical modification of purified nAChR
from fish electric organs has been used over the past
twenty years to probe structure-function relationships.
Photoaffinity labeling and mutagenesis experiments
point strongly toward an M2 contribution to the walls of
the ion channel (Hucho, Oberthur & Lottspeich, 1986;
Imoto et al., 1986, 1988; Giraudat et al., 1989). The
specific functions of the other hydrophobic domains are
not as well-characterized, although there is evidence
based on chemical labeling studies to indicate that M4 is
located at the protein-lipid interface of the membrane
(Giraudat et al., 1985; Blanton & Cohen, 1992). Recent
work on lipid composition and anesthetic effects has
shown that the protein-lipid interface of the nAChR
channel is more sensitive than expected to perturbations
in the receptor environment, which can lead to substan-
tial alterations in channel activity (Earnest et al., 1986;
Fong & McNamee, 1986, 1987; Sunshine & McNamee,
1992, 1994).

Several previous modification studies have focused

on cysteine residues since free sulfhydryl groups have
been shown in chemical modification studies to have a
significant functional role in receptor activity (Yee, Cor-
ley & McNamee, 1986; Clarke & Martinez-Carrion,
1986; Walker, Richardson & McNamee, 1984; Kao et
al., 1984; Huganir & Racker, 1982). Site-directed mu-
tagenesis (Li et al., 1990) showed that mutations at
g451Cys to Phe or Ser in the M4 domain substantially
inhibited the channel activity as measured from voltage
clamp whole cell currents inXenopus laevisoocytes ex-
pressingTorpedonAChR. There are six amino acid po-
sitions within the M4 domain of thea subunit that are
evolutionarily very conserved among different tissues
and species as shown in Fig. 1. Mutation ofa418Cys to
Trp produced a dramatic increase in the macroscopic
current response to acetylcholine (ACh) (Li et al., 1992).
A series of amino acid substitutions at this position and
at the homologous 447Cys of theb subunit were exam-
ined in an effort to correlate channel activity with a par-
ticular structural property conferred by the substituted
amino acids (Lee et al., 1994). Some of the mutations
increased the ACh-induced macroscopic currents and
their desensitization rates and increased channel mean
open times. Based on that study, a kinetic model was
proposed in which decreased channel closing rates were
sufficient to explain the increases in mutant nAChR mac-
roscopic currents. In the present work, we extend our
previous analysis of theaC418 M4 position (Lee et al.,
1994) to include an equivalent position of theb subunit
and we present a more detailed characterization of these
mutations using single-channel analysis. Changes in the
mean open time and steady-state open probability (P0),
mainly due to changes in the channel effective closing
rates and/or possible changes in channel opening and
binding rates, are interpreted in terms of allosteric inter-
actions linking the lipid-protein interface with the ion
channel domain of the receptor.

Materials and Methods

RECOMBINANT DNA MANIPULATIONS

Site-directed mutagenesis was carried out following the procedure de-
scribed by Lee et al. (1994). In general, point mutations were gener-
ated by mismatch amplification using two sequential polymerase chain
reactions (PCR) (Horton & Pease, 1991). These mutagenic fragments
were fused to generate a single fragment containing the mutation and
then amplified a second time by PCR reaction. Once the mutagenic
fragments were purified, they were digested at unique restriction sites
with specific nucleases (in our case BgII & EcoRI) able to generate
complementary ends in the fragment as well as in the plasmid
(pGEM3Z(−)) (Promega, Madison, WI) used as the vector. After the
plasmid and the mutagenic fragment were ligated with T4 ligase, com-
petentaDH5 E. coli cells were transformed. The transformed cells
were grown in agar plates containing 100mg/ml of ampicillin for 24 hr.
DNA from the colonies was used to sequence the whole plasmid insert

Fig. 1. Amino acid sequences of the M4 transmembrane domain of
neuronala subunit and muscle-typea andb subunits of the nAChR.
Bold letters indicate residues that are conserved across different tissues
and species. Arrow indicates theTorpedoa418Cys position within the
M4 amino acid sequence.
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to insure that the desired mutation was present and no other changes
had occurred (Sequenase, Version 2.0, United States Biochemical,
Cleveland, OH).

RNA TRANSCRIPTION AND EXPRESSION INTO

X. LAEVISOOCYTES

DNA from the transformedE. coli cells was used to generate RNA
transcripts byin vitro transcription using SP6 polymerase (Lee et al.,
1994). The transcripts of the mutated subunit were purified and then
mixed with RNA transcripts for the other nAChR subunits (seePradier,
Yee & McNamee, 1989 for a description of the cDNA templates used)
in a ratio of 2 × a, 1 × b, 1 × g, 1 × d. For the coexpression of
a418Trp/b447Trp, mRNA coding for both mutated subunits was
mixed in the same ratio as described. Fifty nanoliters (at a concentra-
tion of 1 ng/nl) of the mRNA mixture was microinjected into stage V
and VI oocytes that had been extracted, cleaned and defolliculated in
Ca++-free OR2 buffer (Wallace et al., 1973) by collagenase (Type 1A,
Sigma, St. Louis, MO) and manual dissection. Oocytes were kept at
18°C in L-15 media (Gibco, Gaithersburg, MD) supplemented with
0.4% BSA and 1× antibiotic-antimycotic solution (cat[ 600-5245AE,
Gibco). They were used between day 3 and day 6 after injection.
Apart from the common variations from patch-to-patch, no significant
differences in single channel characteristics were seen within any chan-
nel type.

ELECTROPHYSIOLOGY

Oocytes expressing theTorpedo californicaAChR were transferred to
a hypertonic solution composed of (in mM): 150 NaCl, 2 KCl, 5 HEPES
and 3% (w/v) sucrose (pH 7.6) for 15 to 30 min to allow them to shrink.
The vitelline membrane was removed manually and the oocytes were
transferred to the recording chamber and washed with 5 to 10 volumes
of a bath solution consisting of (in mM): 100 KCl, 1 MgCl2, 10 HEPES
(pH 7.2). Single-channel currents were recorded at 10 KHz using the
patch-clamp techniques described by Hamill et al. (1981) in the on-cell
and outside-out configurations using a L/M-EPC 7 patch-clamp ampli-
fier interfaced by a Cheshire Data Interface to a DEC LSI 11/73 com-
puter system (INDEC Systems, Sunnyvale, CA) or a Dagan 3900 am-
plifier interfaced by a TL-1 DMA (Axon Instruments, Foster City, CA)
to an IBM-compatible computer. Patch pipettes were made of thick-
walled borosilicate glass (Sutter Instruments, Novato, CA) displaying
resistances of 6 to 11MV. The pipette (external) solution was com-
posed of (in mM): 100 KCl, 10 HEPES, 10 EGTA (pH 7.2) and 1 to 50
mM ACh. Following the gigaohm seal formation (>10 GV), the cham-
ber was cooled to a desired temperature by adjusting the flow of an iced
water circulation line enclosing the recording bath chamber. The tem-
perature was monitored with a thermocouple (400 Series Probe, YSI,
Yellow Springs, OH) placed inside the bath chamber. All the tempera-
tures reported here have an error of ±1°C. The data generated in this
way were recorded on VHS tapes for later analysis using a modified
digital audio processor (VR-10B and VR-10C, Instrutech, Mineola,
NY).

ANALYSIS

With the exception of burst analysis, pCLAMP software (AXON In-
struments) was used for the construction and the statistical analysis of
the data files. The data traces were played back, low-pass filtered at 4
to 20 kHz using an 8-pole Bessel filter (Frequency Devices, Haverhill,
MA) and digitized at rates varying from 20ms to 100ms depending on

the mutation being tested and the temperature used during the experi-
ment. The data reduction step was performed using the IPROC3 soft-
ware programs (Sachs, Neil & Barkakati, 1982) also distributed by
Axon Instruments. Mean amplitude values were used in establishing a
window of detection for each file so that all the events falling within the
mean plus or minus a variable amplitude were accepted and added into
a list of events that was then tested statistically using the pCLAMP
software. The window limits were in general 1 pA above and below
the mean amplitude value but they were modified when other channels
were present in the patch in order to exclude them from the analysis.
To study subconductance levels, a wide window including all channel
amplitudes was used initially. The different levels were differentiated
using an amplitude distribution histogram and reanalyzed using a nar-
rower window able to discriminate between them. The mean open time
values reported in the Table for thea418Trp/b447Trp mutants were
obtained by setting the window of detection to accept only the major
conductance levels. Although the changes in conductance within the
same channel opening were not frequent, they were present occasion-
ally, so some transitions to the small 40 pS subconductance level were
treated as closings. The mean open time reported is then a conservative
one, probably smaller than the value that could be obtained if all
subconductance values were accepted within the same opening.

For burst analysis, the list of events generated by IPROC3 was
analyzed using LPROC software (Neil, Xiang & Auerbach, 1991).
A homogeneous list of bursts was created with this program, as de-
scribed below, and fitted statistically to calculate mean open times,
closed times, and rate constants. The term burst will be used indis-
criminately in this paper to refer to groups of channel openings at low
as well as at higher ACh concentrations, even though they describe
different mechanisms in terms of channel opening (Sakmann et al.,
1980; Colquhoun & Sakmann, 1981; Colquhoun & Hawkes, 1981).

Closed intervals within the record were fitted by the sum of two
to five exponentials, depending on the ACh concentration. At low
concentrations, the fast component was assumed to reflect reopenings
of singly or doubly-liganded channels, and the slow component was
assumed to represent periods between activations of different channels.
For ACh concentrationsù10 mM bursts were defined by a burst ter-
minator (BTERM), a time 3 to 5 times longer than the slowest maxi-
mum time a channel stays closed while it is bursting. This closed time
duration is normally represented by the presence of a slower compo-
nent that accounts for more than 70% of the total closed intervals in the
record. Setting the burst terminator factor (BTERM) to be 3 to 5 times
this value (normally around 3.5 in our case) allowed us to include
around 95 to 99% of all the intraburst closures in the kinetic analysis
(Auerbach & Lingle, 1986). Once BTERM was established, a list of
bursts was generated and a subset of bursts was selected for further
analysis. The purpose of burst selection is to eliminate the contribution
of currents from dissimilar conductance and uncommon kinetic forms
of AChR. Bursts were selected based on several criteria, including the
mean open channel current amplitude, mean open interval duration, and
probability of being open. The ranges used for each of these param-
eters were determined after examining the means and variances for
bursts in the entire record. The minimum number of openings within
the bursts was set to 4 to reduce the scatter in open probabilities (Po).
Once a subset of bursts was finally selected, a list of the durations of
open and closed intervals within those bursts was made and their re-
spective distributions fitted by a nonlinear least squares algorithm in
which the integral of the exponential probability density function was
evaluated over each bin (for detailsseeSachs & Auerbach, 1983).

Because at intermediate concentrations of ACh the identification
of the different closed time components is difficult, we made use ofPos
and the channel closing rates (a1 anda2) to corroborate the identity of
the components being analyzed. Even thoughPo values can be the
product of the two possible activation pathways, onlyPos anda2 values
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showed effective opening rates (b8) values close to the ones shown by
the major slow components in the closed-time distributions.

Some patches were also analyzed with pCLAMP6 software
(Axon Instruments). Open and closed time duration distributions were
constructed from the IPROC3 generated files and fitted by a Marquardt
or simplex least squares routine in PSTAT. The relative areas for each
component were calculated as a function of the number of events
forming each component.

To estimate EC50s, Hill coefficients, or maximum values from the
different dose-response curves, we used the Hill equation:

Y 4 B/[1 + (k[A])H] (1)

whereY is the response value (i.e.,Po) calculated at a particular con-
centration of agonistA; B is the maximum value reached during satu-
ration;k is the agonist concentration at whichY 4 B/2 (EC50); andH
is the Hill coefficient.

A single open-closed kinetic model was assumed when the ap-
parent open and closed time constants were corrected for missed events
(Colquhoun & Sigworth, 1983) although this model does not describe
our data in full. The duration of the minimum detected event was 20
msec. Since our apparent mean open times are much larger than the
minimum detected events, we are assuming that most of the openings
are detected and only the fast closures (or gaps) within an opening were
missed (Colquhoun & Sigworth, 1983). For the mean open time cor-
rections we used the corrected mean closed time values belonging to
the fastest component in the closed time distributions.

Results

CHANNEL OPEN TIME

Representative single-channel currents recorded from
cell-attached patches onXenopus laevisoocytes express-
ing WT or mutantTorpedo californicanAChRs at posi-
tion 418 on thea subunit or the homologous 447 position
on theb subunit are shown in Fig. 2. Continuous records
from each patch, recorded between day 3 and 4 after
mRNA injection, are shown in the presence of 4mM ACh
at a potential of −80 mV. This ACh concentration was
low enough to avoid a deep desensitization of the chan-
nel, but high enough to have a sizable population of
openings to study. In previous two-microelectrode volt-
age-clamp studies, this concentration was able to induce
∼8% of the maximal current in oocytes expressing WT
channels and∼14% in those expressinga418Trp (Lee et
al., 1994). Mutations of thea418 Cys to Gly, Ala, or Ser
had no obvious effects on single channel currents, but
substantial increases in open time are clearly seen for the
Phe and Trp mutations.

Open time distributions for all the AChRs examined
showed two components (seeFig. 5). Exponential fits of
the open times indicate that changes from the WT cys-
teine to small, nonpolar amino acids likea418Gly and
a418Ala or to the more polar small amino acid serine
had no significant effect on either of the fast and slow
open time components. However, replacing cysteine
with large aromatic amino acids in theb447Trp,
a418Phe,a418Trp anda418Trp/b447Trp mutants (see
Fig. 3) greatly increased the slow component open time
(to,2), while the fast open time componentto,1 remains
unchanged (see Fig. 5A and B, left panels). The fast
component was recorded at our system resolution limit
so there is the possibility that the absence of differences
between mutants and/or WT channels might be a product
of our recording limitations. Furthermore, it was par-
ticularly hard to separate the components at high ACh
concentrations. The Table shows mean open time values
from the slower open component (to,2) for all the recep-
tor types examined. These open times were longer for all
the Cys→ Trp mutants, and increased in duration when
more subunits carried the mutation. Assuming equiva-
lence between botha-subunits, these changes in mean
open times corresponded to comparable increments in
free energy for the closing transition with increments in
the number of mutated subunits in the receptor. Thus,
the single subunit substitution,b447Trp, increasedto,2

twofold (DU 4 0.39 kcal/mol), the double subunit
a418Trp mutation increasedto,2 26-fold (DU 4 1.86
kcal/mol), and the coexpression ofa418Trp and
b447Trp mutants showed the largest change in open
time, increasingto,2 58-fold (DU 4 2.31 kcal/mol) com-
pared to WT. Substitution with the smaller aromatic
amino acid phenylalanine ata418 had qualitatively simi-

Fig. 2. Single-channel currents from all mutations recorded from on-
cell patches. Openings are downward deflections, zero current level is
denoted by the horizontal dash. The bottom record shows the three
subconductance levels detected in some of the patches expressing the
a418Trp/b447Trp mutant. The holding potential was −80 mV, 4mM

ACh. The bath temperature was 13 ± 1°C for all records with the
exception ofa418Ala (16°C) anda418Trp/b447Trp (21°C). Sampled
at 100msec and filtered at 4–5 kHz.
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lar but lesser effects than Trp on open time. Thus, hy-
drophobicity, and size of the substituted residue and
number of substitutions per receptor appear to be salient
determinants in the mutation effects on open time.

No significant differences were detected between
WT and mutant channels in theQ10 for slow open time
component measured between 12° and 22°C, as shown in
the Table. TheQ10 values for mean open time (3.3 to
3.8) are higher than reported for on-cell patches (2.1 to
2.9) in BC3H-1 cells (Dilger et al., 1991) and are similar
to the values for outside-out patches in the same report
(3.0 to 4.2). However, our estimation of the temperature
dependence of mean open times is around 4 times
smaller than reported by Sine et al. (1990) forTorpedo
channels expressed in fibroblasts. Differences in expres-
sion systems may account for the discrepancies between
Q10 values. Recently, Zanello et al. (1996) found that
mouse AChR expressed in different cell lines showed
noticeable differences in channel closing rates. The dif-
ference was postulated to be the result of receptor expo-
sition to dissimilar cell membrane environments.

CHANNEL CLOSED TIMES

To determine whether thea418Trp substitution also af-
fects channel opening kinetics, bursts of channel open-
ings were analyzed and mutant channels compared to
WT. The burst analysis allows the estimation of channel
closed times, based on the assumption that each burst
represents a single channel that is oscillating between
open and closed states (Sakmann, Patlak & Neher, 1980).
The temperature for these experiments was 18 ± 1°C to
increase overall channel activity. Different concentra-

tions of ACh were used, ranging from 4mM to 100mM

for the WT channels, and from 4mM to 50 mM for the
a418Trp mutant. Bursts were more difficult to study at
both ends of the concentration range because of desen-
sitization and channel block by ACh, or extremely low
channel activity.

Figure 4A shows the bursting behavior expressed by
WT anda418Trp channels on a slow time scale. Figure
4B shows records of individual bursts at three different
ACh concentrations for WT (left) anda418Trp (right).
Note that qualitatively the durations of the closed inter-
vals within the bursts are reduced as the ACh concen-
tration was increased in both channel types. Also the
duration of the open intervals within the burst in the
a418Trp mutant decreased with increasing ACh concen-
trations, probably because of channel flickering behavior
induced by agonist block. This behavior can be seen
quantitatively in the open and closed time distributions
presented in Fig. 5 for both WT and mutant channels.
Figure 5A andB (left panels) show the mean open time
distributions for both receptor types at 4mM and 50mM,
respectively. Changes in mean closed times and their
respective areas can be seen in Figure 5A and B (right
panels) between both receptor types. Those changes and
their interpretation in terms of a kinetic scheme are dis-
cussed below. The following sequential scheme is used
to describe the channel behavior based on our data:

2A + R ⇀↽
k−1

k+1

A + AR ⇀↽
k−2

k+2

A2R⇀↽
a2

b2

A2R* + B ⇀↽
k−b

k+b@A#

A2R*B

scheme 1

/
a

1 /
b

1

AR*

Fig. 3. Mutations alter channel open time. Mean
open time distributions for all the receptor types
containing tryptophan substitutions showing the
slower open time componentto,2 only. The
distributions were constructed from single
cell-attached patches for WT (36095 events),
b447Trp (3417 events), anda418Trp/b447Trp
(207 events). Two patches from the same oocyte
were used to construct the distribution ofa418Trp
(574 events). Recording conditions were: potential
−100 mV; temperature 14°C; ACh 4mM except
for a418Trp, which was 1mM. Sampling was set
to 50 msec for WT andb447Trp; 100msec for
a418Trp anda418Trp/b447Trp.
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whereR is the receptor,A is ACh,A2R is the bi-liganded
species,AR* and A2R* are the monoligated and bili-
ganded open state of the receptor-ligand complex,B is
the blocker molecule (in this case ACh), andA2R*B is
the blocked state of the complex,k+1 and k+2 are the
binding rate constants andk−1 and k−2 are the first and
second dissociation rate constant for the first and second
binding sites (respectively),a1 and a2 are the fast and
slow closing rate constants,b1 and b2 are the fast and
slow opening rates,k+b is the blocking rate, andk−b is the
rate of opening from the blocked state.

The resulting increase in thea418Trp open prob-
ability distribution can be seen in Fig. 6A for bursts re-
corded in the presence of 50mM ACh. Occasional bursts
with significantly higher or lowerPo than the mean open
probability value could be seen for both channel types in
most patches, presumably reflecting a different state or
activation pathway of the channel. However, these ac-
counted for a small percentage (∼3%) of the openings,
and were not included in the analysis. Figure 6B
presents the burst mean open probability,Po, as a func-
tion of ACh concentration. WT channels showed signifi-
cantly smallerPos from a418Trp channels at all the con-
centrations examined. Even at 100mM, the highest con-
centration tested for WT, thePo values were significantly
lower than those measured fora418Trp even at 4mM

ACh. Although increasing the ACh concentration had a
bigger effect on thePo of the mutant channels than on the
WT, the relative EC50s obtained from fits to Eq. 1 of
both channel data sets remained similar to the values
previously calculated from voltage-clamp data (Lee et
al., 1994). Using a Hill coefficient of 1.8, the calculated
EC50 values were 35 ± 5mM (range of 21 to 50mM) for
WT channels and 10 ± 1mM (range of 8 to 12mM) for
a418Trp. In contrast to our previous calculations from
whole-cell recordings, the EC50 values from both chan-
nel types are significantly different from each other.
These differences in EC50s between mutant and WT
channels are most likely a consequence of the changes in
channel isomerization rates (a andb), although possible
changes in the effective binding properties of the mu-
tated channels cannot be ruled out.

At limiting low agonist concentrations, fast closures
have been interpreted to represent channel activation
rates. We did not use limiting low ACh concentrations
in this study because the expression level was too low to
record enough single channel events to compare both
channel types. Fast closures at 1 and 4mM ACh showed
a mean duration of 0.03 msec for both mutant and WT
channels (seeFig. 5). At these agonist concentrations
the contamination by channel block in the WT channel is
minimal (ki for block has been calculated∼0.9 mM for

Table. Summary of Channel Properties

Receptor
type

g (pS)a Reversal
potential
(mV)a

to,2(msec)b g − Qc
10 to − Q10

c

Wt 65 ± 4 −3 0.6 ± 0.2 (11) 1.5 ± 0.4 (6) 3.7 ± 0.6 (9)
(9;4)

a418Ala 68 ± 5 −1 0.4 ± 0.1 (8) 1.3 ± 0.2 (3) 3.4 ± 0.6 (2)
(8;2)

a418Gly 69 ± 5 −0.5 0.5 ± 0.1 (8) 1.1 ± 0.1 (7) 2.5 ± 0.4 (7)
(7;2)

a418Ser 61 ± 8 −5 0.8 ± 0.3 (3) 1.2 ± 0.2 (2) 2.4 ± 0.5 (2)
(2;1)

b447Trp 68 ± 4 −5 1.2 ± 0.6 (10) 1.3 ± 0.2 (3) 3.8 ± 0.5 (3)
(6;3)

a418Phe 69 ± 5 −3 1.7 ± 0.5 (12) 1.4 ± 0.4 (2) 3.3 ± 0.4 (2)
(7;3)

a418Trp 66 ± 2 3 15.8 ± 5.2 (6) 1.2 ± 0.4 (2) 3.5 ± 0.5 (2)
(7;3)

a418Trp + 65 ± 2 0d 34.9 ± 5.9 (2) 1.7 ± 0.3 (2)d 2.5 ± 0.3 (2)d

b447Trp 55 ± 3
40 ± 4
(9;4)

All ± values areSD from the mean values except as otherwise indicated. (a) Mean conductance values and reversal potentials were calculated from
regression lines (±SE) fitted to current-voltage curves containing all the points from individual patches pooled together for each receptor type.
Recorded at potentials between −120 and −40 mV. The temperature was 13 ± 1°C with the exception ofaAla-418 that was recorded at 16 ± 1°C.
The numbers in parentheses are: number of oocytes; number of oocyte batches used. Sampled at 100msec. (b) Average of all the patches recorded
at −80 mV and 13°C for each mutation with the exception ofaAla-418 that was recorded at 16°C. Numbers in parentheses correspond to the number
of patches. (c) Calculated from equationQ10 4 exp(10/DT ln K1/K2), whereK1 andK2 are mean values ofg or to at each temperature. The number
of patches are shown in parentheses. All the measurements were done at a holding potential of −80 mV and at temperatures between 12°C and 22°C.
(d) Calculated from patches containing the high and intermediate conductance openings.
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Torpedochannels expressed in fibroblasts by Sine et al.
(1990);∼2.7 mM in BC3H-1 cells by Sine and Steinbach
(1984); and∼1.3 mM in muscle by Ogden and Colquhoun
(1985), so we believe this component is providing infor-
mation about channel activation rates. Furthermore, this
component does not change in weight or in value until
ACh concentrations higher than 25mM are reached. In
mutant channels, on the other hand, fast closures due to
channel block (as estimated from Fig. 9), can contribute
significantly to this component even at 4mM ACh, which
makes any association of these values to activation pro-
cesses untenable.

The major, slow component of the intraburst closed
interval distributions that depended on ACh concentra-
tion (seeFig. 5) reflects channel activation characteris-
tics, even though it bears no clear relationship to any of
the microscopic rate constants in the activation scheme at
the concentration range used for these experiments. The
inverse of the mean closed time duration of this compo-
nent will be called the effective opening rate,b8. Figure
7 showsb8 values calculated at different ACh concen-
trations for both WT anda418Trp receptors. At all con-
centrations tested,b8 values froma418Trp channels
were significantly larger than for WT channels. At
higher concentrations this difference became more
marked going form a 3-fold change at 4mM (2.5 sec−1 for
WT and 8 sec−1 for a418Trp), to a 5-fold change at 50
mM (160 sec−1 for WT and 725 sec−1 for a418Trp). To

calculate the maximum opening rate,b, independently
from the low agonist concentration measurements, satu-
rating ACh concentrations at whichb8 reaches the ago-
nist-independent isomerization rates would have been
necessary (Auerbach, 1993). That level of saturation
could not be achieved at the concentration range used for
these experiments. Furthermore, the effect of channel
block by ACh at high concentrations also interferes with
the calculation ofb. However, even though we were not
able to calculate channel opening rates of either channel,
there seem to be clear differences between their effective
opening rates. These differences inb8 are most likely a
reflection of changes in the reaction rates along the ac-
tivation pathway (i.e., agonist binding steps and/or open-
ing rate) of the mutant channels.

EFFECTS ONPORE PROPERTIES

Channel Conductance

Figure 8 shows current amplitude histograms for WT,
a418Trp, anda418Trp/b447Trp measured at −100 mV.
All three distributions have peaks near 6 pA. None of
the single amino acid substitutions in either thea or b
subunit alone showed any significant change in single-
channel conductance or the temperature dependence of
conductance compared to WT channels, as shown in the
Table. Q10 values for the conductance are consistent
with the temperature coefficient for diffusion of ions in
solution (Dilger et al., 1991; Hille, 1992). There was
also no apparent change in selectivity since there were no
appreciable changes in the reversal potentials given in
the Table for any of the mutations.

In contrast to the single amino acid mutations,
patches containing thea418Trp/b447Trp mutant showed
up to three discernible conductance levels, as shown in
Figs. 2, 8, and the Table. The subconductances were
present normally with a low frequency in around 30% of
all the patches expressing thea418Trp/b447Trp mutant
channels and their appearance was not dependent on any
particular voltage. The amplitude of the 40 pS subcon-
ductance level was too close to the amplitude of stretch-
activated channels, endogenous in the oocyte mem-
branes, to be differentiated at potentials less negative
than −60 mV. To reduce the probability of having
stretch-activated openings, the outside-out configuration
was used (Methfessel et al., 1986). These outside-out
patches showed events similar in appearance, amplitude
and frequency of openings as the ones seen in the on-cell
patches for thea418Trp/b447Trp.

Open Channel Block by ACh

Figure 9 shows the dependence on agonist concentration
of the apparent closing rate constants,a1 anda2, for WT

Fig. 4. Records of bursts from WT (left) anda418Trp (right) channels.
(A) Compressed records from both receptor types showing bursts clus-
tering over a∼20 second period. The ACh concentration was 50mM in
both cases. (B) Bursts at three different ACh concentrations for each
receptor type show qualitatively the changes in the intraburst closed
and open intervals as the agonist concentration is increased.
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and a418Trp channels calculated from the inverse of
corrected mean open times. There is essentially no
change ina1 between both channel types. Linear regres-
sions fitted individually to both data groups up to 50mM

showed slopes not significantly different from zero.
Mean values fora1 were obtained from the intercept in
the ordinate axis of each regression line. Those were
47,000 ± 8200 sec−1 for WT and 50,000 ± 9700 sec−1 for
a418Trp. Changes in the apparent slow closing rate,a2

with agonist concentration were not significant for WT
channels up to 100mM ACh. However, a slight constant
increment (though uncertain) was detected at moderately
high concentrations for these channels. An apparent
slow closing rate (a2) of 4152 ± 53 sec−1 was obtained
from the fit of a regression line to the WT data from

concentrations below 25mM. When data acquired at
concentrations higher than 25mM were fitted by a re-
gression line, a small increase in the slope (blocking rate)
of 12 ± 2mMsec−1 was obtained. The mutant channel, on
the other hand, exhibits a significant increase in the ap-
parent closing rate,a2, that is not associated with any
decrease in its conductance (seeFig. 4). Assuming that
the increase in the measured closing rate,a2, was caused
by a component due to ACh blocking events, the rate of
block,k+b[ACh], and the value of the closing rate,a2,real,
independent of block can be calculated from the
a418Trp data, using the relation

a2 4 a2,real + k+b[ACh] (2)

An estimation of the blocking rate,k+b[ACh], was ob-

Fig. 5. Open and closed time distributions for WT
anda418Trp channels at (A) 4 mM and (B) 50 mM

ACh. Distributions were constructed from single
representative patches using IPROC3 and fitted by
PSTAT6 software. Open-time distributions were
fitted by the sum of two exponentials for both
channel types. At 4mM ACh, the fast components
showed mean open times (to,1) of 0.06 ± 0.03
msec (fractional area,f 4 0.45) and 0.03 ± 0.02
msec (f 4 0.29) for WT and mutant channels
respectively. The slower component (to,2) showed
values of 0.21 ± 0.07 msec (f 4 0.55) for WT
and 4.54 ± 0.6 msec (f 4 0.71) for a418Trp
channels. At 50mM ACh, to,1 were equal to 0.04
± 0.03 msec (f 4 0.35) and 0.03 ± 0.02 msec (f
4 0.32) for WT and mutant channels respectively.
to,2 were equal to 0.27 ± 0.04 msec (f 4 0.65) for
WT and 0.90 ± 0.1 msec (f 4 0.68) for a418Trp
channels. The closed time distributions were fitted
by the sum of two to four exponentials. At 4mM

ACh, the fast component (tc,1) showed a mean
closed time equal to 0.033 ± 0.013 msec (f 4

0.12) for WT and 0.045 ± 0.020 (f 4 0.32) for
a418Trp channels. At 50mM ACh, tc,1) was equal
to 0.030 ± 0.02 msec (f 4 0.20) and 0.032 ± 0.02
msec (f 4 0.89) for WT and mutant channels
respectively. The slower envelope of closings was
fitted by two to three exponentials. The WT
closed time distribution at 4mM was best fitted by
the sum of two exponentials: 2.50 ± 0.9 msec (f
4 0.02) and 96.30 ± 3.1 msec (f 4 0.75). At the
same ACh concentration, the mutant channels
closings were best fitted by the sum of three
components: 0.56 ± 0.05 ms (f 4 0.015), 67.79 ±
1.60 msec (f 4 0.64), and 376.66 ± 8.10 msec (f
4 0.02). At 50mM ACh, WT channels closed
time distributions showed two components with
mean values equal to 2.88 ± 0.7 msec (f 4 0.02)
and 22.58 ± 0.8 msec (0.78). At the same ACh
concentration, the mutant channels also showed
two components with mean values of 0.93 ± 0.21
msec (f 4 0.10) and 4.96 ± 0.3 msec (f 4 0.01).
The data was filtered at 10 kHz and sampled at 20
ms per point.
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tained initially by fitting thea418Trp data. This value
was calculated to be 58.7 ± 0.1mM

−1sec−1. The best fit
to the data (seethe dotted curve in Fig. 9) was obtained
with a slope of 55mM

−1sec−1 and an intercept in the
ordinate axis of 120 sec−1. Thea2,real derived from this
fit is not significantly different from the value obtained
for a2 at ACh concentrations of 1mM (198 ± 10 sec−1).

The short duration closed times component that is
assumed to represent activation of channels in the A2R
state at limiting low concentrations showed a substantial
increase in its weight at higher ACh concentrations in the
mutant channels. This increase, which is sensitive to
membrane hyperpolarization (not shown), can be ac-
counted for most readily if it is assumed to represent

channel blocking events (Sine & Steinbach, 1984). If we
assume that a channel in the A2R* state can only go to
the blocked state or to the close state A2R, then, at high
agonist concentrations, where the blocking rate >>>
closing rate (a2), this component should be composed
preferentially of blocking events. For WT channels,
concentrations in excess of 350mM must be reached in
order for the blocking rate to exceed the channel closing
rate. In thea418Trp mutant, only 3mM ACh is suffi-
cient to make both rate constants equal, a more than
100-fold difference. At 50mM ACh, mutant channels in
the A2R* state will tend to go∼24 times more often to
the blocked state than to the closed state. Based on the
above discussion, this rate should mostly reflect the un-
blocking rate of the channel (k−b). The inverse of the fast
closed time constant was calculated to be 71,429 ±
15,000 sec−1. This value is similar to the unblocking rate
for Torpedochannels expressed in fibroblasts, calculated
to be∼80,000 sec−1 by Sine et al. (1990). From the ratio
of k+b/k−b, the dissociation constant for the blocking site
in the mutant channels should be then∼1.3 mM, which is
close to the 0.9 mM value reported by Sine and collabo-
rators (1990). The calculation ofk−b, again, is limited by
our system resolution as it is reflected by the higher error
obtained on its calculation. WT channels were less sen-
sitive to channel block at all the concentrations tested.
The difference in sensitivity to channel block between
WT and mutant channels could be a consequence of their
differences in open durations, although changes in the
structure of the pore or vestibule producing a greater
accessibility for the ligand to the blocking site of the
receptor are also possible.

Fig. 6. Burst open probability is significantly different for WT and
a418Trp receptors. (A) Open probability distribution for WT and
a418Trp at 50mM ACh, −100 mV and 18°C. The number of events in
the ordinate refers to the number of bursts. Each histogram was con-
structed from a single patch. (B) Open probability dependence on ACh
concentration for WT (D) and a418Trp (*) channels. Every point
comes from the meanPo value ± SE of one to three representative
patches like the ones shown in sectionA. The errors are within the
range of the symbol size used for those points not showing error bars.

Fig. 7. Effective opening rate (b8) dependence on ACh concentration
for WT (m) anda418Trp (*) channels.b8 was calculated as the inverse
of the major slow component in the closed time distributions (seethe
text for further details aboutb8 estimation). Data comes from the same
patches used in thePo calculations presented in Fig. 6.
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Discussion

The highly hydrophobic M4 transmembrane domain of
the nAChR is the least evolutionary conserved of the
four domains composing the acetylcholine receptor
(Devillers-Thiery et al., 1983; Noda et al., 1983). Its
preferential labeling by nonspecific lipophilic probes
made it the most likely candidate to be placed at the
protein-lipid interface in receptor topology models
(Blanton & Cohen, 1992). We have previously shown
that single amino acid substitutions in this domain can

alter the activity of ACh induced macroscopic currents in
Xenopusoocytes (Lee et al., 1994). In the current work,
we present a more detailed single-channel data analysis
of the mutations in thea418Cys position and extend our
analysis to include the M4 domain in theb-subunit. Of
the five different amino acids we tested as replacements
for the wild typea418Cys, only phenylalanine and tryp-
tophan substitutions significantly affected channel open
times. Replacing thea418Cys with tryptophan resulted
in a substantial increase in the channel open probability,
due to increases (up to thirtyfold) in their mean open
times and up to a tenfold increase in their effective open-
ing rates. Thea418Phe mutation or replacement of the
homologousb447Cys with tryptophan increased channel
open times two to threefold. The changes seen in chan-

Fig. 8. Amplitude distribution histograms from single patches contain-
ing WT, a418Trp and from two patches expressing thea418Trp/
b447Trp receptors. The current values used to fit the histograms were:
6.2 pA for WT (300 events), 6.4 pA fora418Trp (167 events), and 4.3,
5.9 and 6.5 pA as the small, intermediate and high conductance values
for a418Trp/b447Trp mutant (316 events). The predominant compo-
nent ina418Trp/b447Trp amplitude distributions varied from patch to
patch between the high and intermediate amplitude. In most patches,
though, only one or two of the three amplitude levels were present at
the same time. The files used in generating these distributions were
from on-cell patches maintained at 13°C, filtered at 4 kHZ and sampled
at 100msec. The ACh concentration was 1mM for the triple-mutant,
and 4 mM for the other two distributions; the holding potential was
−100 mV in all the cases.

Fig. 9. Agonist dependence of fast (a1, open symbols) and slow (a2,
filled symbols) closing rates. Shown are measured closing rate values
obtained from the inverse of mean open times inside a burst for con-
centrationsù10 mM and total mean open times at concentrationsø4
mM. Contrary to WT (m) channels, the slow closing rate fora418Trp
(d) increased significantly with ACh concentrations higher than 4mM.
The dashed line on the WT is a linear regression fit to the data in
between 10 and 50mM. This line has a slope of 12.2 ± 1.8mM−1s−1 and
intercepts the ordinate axis at 4,152 sec−1 ± 52.7 sec−1 (two tailed,P 4

.02). For thea418Trp data, the points between 10 and 50mM were
fitted also by a linear regression which gave a slope of 58.7 ± 0.1
mM−1s−1 and an ordinate intercept of 10 ± 3.5 sec−1. The dotted curve
was constructed from equation (2) using the valuesa2,real4 120 sec−1

and k+b[A] 4 55 mM−1s−1. No significant differences were seen be-
tween WT (n) anda418Trp (s) fast closing rates. Linear regression
fits to both data sets showed slopes not significantly different from 0.
The intercept in the ordinate axis was 47,054 ± 8190 sec−1 for WT
channels and 49,951 ± 9,690 sec−1 for the mutant channels. Every point
corresponds to a single patch exposed to identical recording conditions.
In this case the temperature was 18 ± 1°C. The number of bursts used
in these calculations were for WT: at 4, 10, 25, 50 and 100mM; 6, 273,
77, 163, and 31 respectively. Fora418Trp: at 4, 10, 25, and 50mM; the
number of bursts were 207, 131, 34 and 526 respectively.
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nel gating properties for thea418Trp receptor are suffi-
cient to account for the threefold increase in maximal
ACh response seen for this mutation in our previous
whole-oocyte measurements (Lee et al., 1994). The fact
that we did not see larger changes in the ACh-induced
macroscopic currents carried by mutant channels is prob-
ably due to a higher incidence of open channel block
and/or an increase in their rate of desensitization.

In our previous paper we had proposed that the
changes in the closing rate constant of the mutated chan-
nels were of enough magnitude to totally account for the
changes seen at the macroscopic level. The present ex-
periments with high ACh concentrations and the study of
burst kinetics for WT anda418Trp channels allowed us
to expand our previous model. Scheme 1 incorporates
the presence of two possible activation pathways and
channel block into the kinetic model.

The preference of the mutated channels to stay in the
open conformation compared to WT channels makes the
block by ACh more visible in them. This open channel
block, together with the occurrence of subconductance
states in thea418Trp/b447Trp mutant are two detected
changes in the properties of the pore. Also, even though
we did not look at the binding properties in this study,
there are two factors suggesting that some changes in
these binding properties might have happened. First, we
found significant differences in the EC50s calculated
from the open time probabilities between the mutant and
WT channels, in contrast to our previous EC50 calcula-
tions from macroscopic currents. Second, even though
the b/a ratio is changing in the mutant channels respect
to WT channels (∼40 times), that difference did not par-
allel the change in EC50s of ∼3.5 times between both
channels types. Thus, since EC50s are dependent on
channel gating as well as on channel binding (Colquhoun
& Ogden, 1988), some changes in the binding properties
could account for this divergence. Considering that the

place we are mutating is not in close proximity to the M2
membrane spanning region, lining the channel pore
(Hucho et al., 1986; Imoto et al., 1986, 1988), or close to
the ligand binding site, we have to postulate that the
gating properties being modified by our amino acid sub-
stitutions must be controlled by allosteric interactions
between different structural components of the channel
protein. This sort of long range interaction in channel
gating had been postulated long ago between the binding
site and the ion pore (Monod, Changeux & Jacob, 1963;
Hertz, Johnson & Taylor, 1989;seereview by Lena &
Changeux, 1993).

Rather than a generalized disruption of channel
structure, the alterations we observe in channel gating are
likely due to localized or specific effects on channel
conformation since other permeability properties did not
change in the mutant channels. None of the mutations
studied showed any apparent change in selectivity or in
the magnitude of the main conductance state. Also, mu-
tations of nearby residues in M4 (a412Cys and
a421Gly) to tryptophan had a minor or no effect on
channel open times (Lasalde et al., 1996).

Other amino acid substitutions at conserved and
lipid exposed positions in M4 are in progress that will
allow us to describe the mechanism of action by which
these substitutions modify channel kinetics. However,
we can postulate some possibilities that are consistent
with our current data.

Hydrophobic interactions between the side chain
and membrane lipids might be expected to be important
for the function of thea418Cys residue, which is ex-
posed to the lipid environment based on labeling studies
(Blanton & Cohen, 1992, 1994) (seeFig. 10). Figure
11A shows a positive correlation between the changes in
relative hydrophobicity and the changes in (to,2) ex-
pressed by all the different amino acid substitution made.
However, hydrophobicity does not seem to be the only

Fig. 10. Topological representation ofa418Cys
andb447Cys positions within the nicotinic
acetylcholine receptor and in relation to their
surrounding lipid bilayer. Underlined residues are
labeled by125I-TID.
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determinant of the changes in channel gating. Although
changes to more hydrophobic residues like tryptophan
and phenylalanine induced the biggest effects in open
times, changes to more hydrophilic residues like alanine
or glycine did not affect them (seeFig. 11C). No clear
correlation was seen between the relative changes in hy-
drophilicity and channel open times. Also the effect in
to,2 is not exclusively or linearly correlated to the hydro-
phobic properties of the substituted amino acid since Phe
hydrophobicity is closer to the Trp hydrophobicity that
what we would expect from its effect in open time. Fi-
nally, the polarity of the residue ata418 does not seem
to be critical in determining channel gating properties
since mutations of the cysteine to a more polar residue

(Ser) or a less polar residue (Ala) had no effect on open
times (not shown).

A strong positive correlation between changes into,2

and changes in size or volume of the substituted residues
at positiona418 andb447 can be seen in Fig. 11B. The
changes in the side chain volume, relative to cysteine,
correlated qualitatively with the relative changes in mean
open times for the different residues tested (seeTable).
This relation which is more apparent for changes to the
bigger aromatic residues, extends to include the number
of subunits modified during the process of amino acid
substitutions. The increase in channel open time that the
tryptophan replacements caused in one (b), two (a) or
three (2a + b) subunits suggest that botha andb sub-
units participate during channel closing. Furthermore,
assuming that the effect on open time is equally caused
by both mutateda subunits, the changes in free energy
that all the Trp mutations showed respect to WT chan-
nels suggest that each subunit contributes independently
and additively to the process of channel closing. Re-
cently, two other studies have demonstrated that each of
the Leu 98 residues on the M2 domain participate inde-
pendently and symmetrically in a key step during the
structural transition(s) between the closed and open state
of the channel (Labarca et al., 1995; Filatov & White,
1995). In an analogous study, Lo, Pinkham & Stevens,
(1991) found a similar pattern of dependence on the size
of the substituted residue for an M1 site normally occu-
pied by a cysteine on murine AChRs. These authors also
found a significant contribution of theg subunit to the
control of channel closure.

The importance of channel regulation through lipid-
protein interactions has been recognized for a long time.

<

Fig. 11. Correlation between some amino acid properties (relative to
cysteine), and the absolute change in mean open time for all the sub-
stitutions at positiona418Cys andb447Cys. Every mutation is repre-
sented by a different symbol as follows: (l) a418Trp; (L) a418Phe;
(X) a418Ser; (s) a418Gly; (h) a418Ala; (d) b447Trp; and (>)
a418Trp/b447Trp. The changes in mean open time were calculated
from the values shown in the Table. (A) Correlation between the
change in side chain relative hydrophobicity and the absolute change in
mean open time. The hydrophobicities of the side chains were mea-
sured by their distribution between a nonpolar environment: either
ethanol or dioxane and water. The value for cysteine was calculated
from its surface area and corrected for the fraction of nonionized form
present at pH7. (B) Correlation between the change in side chain vol-
ume and the absolute change in mean open time. (C) Correlation be-
tween the change in side chain relative hydrophilicity and the absolute
change in mean open time. Hydrophilicities were defined as RT in
(Keq/a), where Keq is the distribution coefficient between H2O and
vapor for a small molecule representing the side chain of the amino
acid, anda is the fraction the nonionized form of the amino acid at
pH7. All hydrophilicities were expressed relative to that of glycine.
Hydrophilicity and relative hydrophobicity values for the side chain
groups were obtained from Creighton (1983). The side chain volumes
were obtained from Chothia (1975).
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Noncompetitive blockers have been shown to bind to
several low affinity sites per molecule of nAChR, en-
hancing the affinity of the receptor for its ligands and
accelerating their desensitization (Cohen, Weber &
Changeux, 1974; Oswald, Heidmann & Changeux,
1983). These low affinity sites are thought to lie at the
receptor-membrane interface since the ligands are gen-
erally lipophilic and the number of sites are dependent on
the lipid-to-protein ratio in reconstitution experiments
(Heidmann, Oswald & Changeux, 1983). Other mol-
ecules like general anesthetics, some local anesthetics,
phospholipases, detergents and fatty acids are able to
enhance both the rate of desensitization and the affinity
of the receptor for its ligands (reviewedin Ochoa et al.,
1989; Lena & Changeux, 1993). Lipids and lipid-
perturbing agents have been also shown to block the
ACh induced activity in reconstituted microsacs (Criado,
Eibl, & Barrantes, 1982; Anholt et al., 1982; McNamee
& Ochoa, 1982; Earnest & McNamee, 1984; Fong &
McNamee, 1986) and modify the channel activity in
myocytes (Lasalde et al., 1995). The results of our sub-
stitution experiments in the transmembrane M4 domain
of the nicotinic acetylcholine receptor further support the
notion that the lipid environment may well be regulating
the properties of these receptors through indirect modi-
fications of conformational transitions between its dif-
ferent states.
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