
Neuropharmacology 43 (2002) 65–73
www.elsevier.com/locate/neuropharm

Identification of threonine 422 in transmembrane domainαM4 of
the nicotinic acetylcholine receptor as a possible site of interaction

with hydrocortisone

Ingrid Garbus, Ana M. Roccamo, Francisco J. Barrantes∗

UNESCO Chair of Biophysics & Molecular Neurobiology and lnstituto de lnvestigaciones Bioquı́micas, Universidad National del
Sur-CONICET, C.C. 857, F8000FWB Bahı́a Blanca, Argentina

Received 21 February 2002; received in revised form 17 April 2002; accepted 23 April 2002

Abstract

The modulatory effects exerted by the glucocorticoid hydrocortisone (HC) on the nicotinic acetylcholine receptor (AChR) were
studied in mutants of theα subunit M4 transmembrane region. Based on the photoaffinity labeling ofαM4 412 with the steroid
promegestone this position was mutated to different residues to explore the properties of side-chain volume, hydrophobicity, and
charge on AChR–steroid interactions. All mutants showed channel kinetics indistinguishable from those of the wild-type AChR,
both in the absence and presence of HC (200 and 400µM), in single-channel recordings at different acetylcholine (ACh) concen-
trations. An alanine-substituted quadruple mutant of four putative lipid-exposed residues inαM4 (L411, M415, C418 and T422)
exhibited less inhibition by HC than that observed in wild-type AChR. When we dissected the quadruple mutant into four individual
alanine-substituted receptors, we found that the T422 mutant AChR behaved like the quadruple mutant, whereas the other three
were indistinguishable from the wild-type. We conclude that T422, a residue close to the extracellular-facing membrane hemilayer
in αM4, has direct bearing on the changes in HC sensitivity and propose its involvement in the steroid-AChR interaction site.
2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The nicotinic acetylcholine receptor (AChR) is the
prototype member of the superfamily of ligand gated ion
channels, which also comprises the 5-HT3, GABAA and
glycine receptors (for a review see Barrantes, 1998). The
embryonic muscle AChR is a transmembrane pentameric
protein composed of four different homologous subunits
arranged in stoichiometryα2βγδ, whereas in the adult
theγ subunit is replaced byε. Each subunit is composed
of an extracellular N-terminal domain, four helical trans-
membrane segments (called M1–M4) and a short extra-
cellular C-terminal tail. The agonist binding sites, two
per receptor molecule, are formed at the interfaces
between the extracellular domains of theα–ε and α–δ
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subunits. There is consensus on the view that the M2
segment of all subunits delimits the pore region of the
cation-selective channel (Giraudat et al., 1986, 1987,
1989). The function of the other transmembrane seg-
ments is not so well understood. M1 and M3 are partially
in contact with the membrane and are most likely
involved in ion conduction. M4 has always been con-
sidered the firmest candidate to be in contact with the
lipid bilayer since it is the most hydrophobic segment
and is extensively labeled by photoaffinity reagents such
as TID, phosphatidylserine derivatives and other hydro-
phobic probes (Blanton and Wang, 1991; Blanton and
Cohen, 1992, 1994). These characteristics make this seg-
ment the most likely one through which hydrophobic
molecules modify channel kinetics.

Lipids and other hydrophobic molecules modulate
AChR activity (for reviews, see Barrantes, 1993; Barr-
antes et al., 2000a). Among lipids, sterols are of parti-
cular physiological significance. Their presence in the
AChR microenvironment was demonstrated in early
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experiments (Marsh and Barrantes, 1978; Marsh et al.,
1981). Sterols were also shown to modulate the agonist-
induced receptor state transitions and the kinetics of the
agonist-induced permeability changes in vitro (Criado et
al., 1982, 1984). Subsequent work from our laboratory
demonstrated that synthetic glucocorticoids exert non-
competitive inhibitory effects on the muscle-type AChR
(Bouzat et al., 1993a,b, 2000). Thus, dexamethasone
produces a diminution in the AChR channel mean open
time without modifying its ion conductance, through an
alteration in channel kinetics that was interpreted as
resulting from channel blockage in the closed state.
Similar results were obtained with hydrocortisone (HC)
or 11-deoxycortisone (Bouzat and Barrantes, 1993b).
We further suggested that HC interacted with transmem-
brane regions of the AChR protein different from those
that form the walls of the channel proper (Bouzat and
Barrantes, 1996). More recently, we carried out a more
systematic study of the steroid effect and found that dif-
ferent steroids affect AChR channel kinetics in a quali-
tatively similar manner, albeit to different extents
(Garbus et al., 2001). We described an inverse relation-
ship between the lipophilicity of some steroids and their
inhibitory effect (Garbus et al., 2001). One general con-
clusion from our studies on steroids is that these com-
pounds do not affect the membrane in a global and
unspecific manner, but rather that the effect exerted by
each depends on the degree of access to sites at the
AchR–lipid interface (Barrantes et al., 2000a).

Photoaffinity labeling experiments with hydrophobic
probes such as, TID (Blanton and Cohen, 1994), the
cholesterol analog azido-cholesterol (Corbin et al., 1998)
the steroid derivative promegestone (Blanton et al.,
1999) and a phosphatidylserine arylazido derivative
(Blanton and Wang, 1991), all support the view that the
transmembrane segment M4 is in contact with mem-
brane lipids. In Torpedo AChR all these probes labeled
amino acid residues in all four subunits, principally in
transmembrane domains M1, M3 and M4 (Blanton and
Cohen, 1994; Blanton et al., 1999; Corbin et al., 1998).
The periodicity of the labeling in αM4 suggests an α-
helical secondary structure (Blanton and Cohen, 1992,
1994). More recent fluorescent spectroscopy studies
from our laboratory are compatible with an α-helical
structure in αM4 and γM4, whereas αM1 and possibly
γM1 possess non-helical structure (Barrantes et al.,
2000b).

In a photoaffinity study with a synthetic progestin,
17,21-dimethyl-19-nor-pregn-4,9-diene-3,20-dione
(Promegestone) probe, labeling was observed in some of
the Torpedo AChR residues labeled with TID, predomi-
nantly in C412 (Blanton et al., 1999). Given the steroidal
nature of the probe, these results suggested that C412
could be involved in the steroid–AChR interaction in
general. Following this reasoning, in the recent study we
focused our attention on the αM4 412 position, which

in murine AChR corresponds to a glycine residue. We
set out to substitute G412 for tyrosine, tryptophan, cyst-
eine, serine and asparagine, to explore the effects of side
chain volume, hydrophobicity, and charge on AChR–
steroid interactions.

We first studied the effect of various mutations in the
αM4 transmembrane regions of the AChR on the phar-
macological response to steroids. We subsequently mea-
sured single-channel activity in wild-type and mutated
AChRs in the presence of low (1 µM) and high (30 µM)
concentrations of ACh, in the absence and presence of
a high dose of HC (200 µM). Finally, we undertook an
alanine scanning mutagenesis study of the other relevant
residues in αM4, namely L411, M415, C418, and T422
and found that the sensitivity of the corticoid effect
changed upon mutation of T422 only.

2. Methods

2.1. Construction of mutant a subunits

Point mutations were carried out on the cDNA of the
mouse AChR α subunit subcloned into the pBRG4 cyto-
megalovirus-based expression vector (Sine, 1993). Basi-
cally, we used the naturally occurring restriction sites for
BspM I, BstX I and Spe I to obtain two fragments of
1900 and 3600 bp. The plasmid was reconstructed by
ligating these two fragments with a synthetic double-
stranded oligonucleotide carrying the desired mutation
through the action of the enzyme T4 ligase. The E. coli
strain DH5αF� was transformed with the reconstituted
plasmid. Plasmid DNA was isolated from bacteria and
sequenced by the dideoxynucleotide technique using
polyacrylamide gels in order to confirm the correctness
of the constructs. Those strains carrying the correct plas-
mid were amplified and the cDNA purified on a large
scale.

2.2. Expression of mutated AChR in HEK-293 cells

Mouse AChR cDNAs corresponding to the α (mutated
or wild-type), β, ε and δ subunits, subcloned into the
cytomegalovirus-based expression vector pRBG4, were
transfected into HEK-293 cells using the calcium phos-
phate precipitation technique at a subunit ratio of 2:1:1:1,
respectively. Cells at 40–50% confluence were incubated
for 8–12 h at 37 °C with calcium phosphate containing
the cDNAs in DMEM supplemented with 10% fetal bov-
ine serum. Cells were used for single-channel measure-
ments 1–2 days after transfection.

2.3. Patch-clamp recording

Recordings were obtained in the cell-attached con-
figuration (Hamill et al., 1981) at a membrane potential



67I. Garbus et al. / Neuropharmacology 43 (2002) 65–73

of �70 mV and at 20 °C. The bath and pipette solutions
contained 142 mM KCI, 5.4 mM NaCI, 1.8 mM CaCl2,
1.7 mM MgCl2 and 10 mM HEPES (pH 7.4). Patch pip-
ettes were pulled from Kimax-51 capillary tubes
(Kimble Products, Vineland, NJ), coated with Coat D
(M-Line accessories, Measurements Group, Raleigh,
NC), and fire-polished. Pipette resistances ranged from
5 to 7 M�. Acetylcholine at a final concentration of 1
or 30 µM was present in the pipette solution. Hydrocorti-
sone (200 or 400 µM) was incorporated in the pipette
solution by dissolving it in the bath solution.

Single-channel currents were recorded at a membrane
potential of �70 mV and 20 °C using an Axopatch 200B
patch-clamp amplifier (Axon Instruments, Inc., Union
City, CA), digitized at 94 kHz with an ITC-16 interface
(Instrutech Corporation, Long Island, NY) and trans-
ferred to a computer using the program Acquire
(Bruxton Corporation, Seattle, WA). Detection of single-
channel events using the program TAC followed the
half-amplitude threshold criterion (Bruxton Corporation)
at a bandwidth of 5 kHz. Open- and closed-time histo-
grams were plotted using a logarithmic abscissa and a
square root ordinate (Sigworth and Sine, 1987) and fitted
to the sum of exponential functions by the maximum
likelihood criterion using the program TACFit (Bruxton
Corporation). Bursts were defined as a group of opening
events separated by closed times briefer than a specified
time given by the intersection between the first compo-
nent and the following component of the closed-time his-
tograms. In recordings at 1 µM agonist, the time was set
as 1 ms; in the recordings at 30 µM ACh the value was
obtained each time from the histograms. With values
always close to 5 pA, none of the mutants showed differ-
ences in channel amplitude with respect to wild-type
AChR either in the absence or presence of the steroid.

2.4. Statistical analysis

Differences in mean open time were analyzed using
the Student’s t-test. When results were expressed as the
ratio of mean open time in the presence and the absence
of the steroid HC, the following algorithm was used to
obtain the standard deviation (SD) of the above quotient:
SD (X1/X2) = (X1/X2)∗ [(SD1/X1)2 + (SD2/X2)2]1/2

(Johnson and Kotz, 1969). The Student’s t-test was not
applicable in such cases because each value was
obtained as the ratio between numerical media of a dif-
ferent number of observations. We thus analyzed the sig-
nificance of the differences in terms of superposition of
confidence intervals.

3. Results

We employed two different strategies to identify the
site of action of the steroid hydrocortisone (HC) on the

AChR: (a) Given the predominant labeling of C412 with
the synthetic progestin, promegestone in Torpedo AChR
(Blanton et al., 1999), the candidate residue was
explored initially in more detail, and replaced by amino
acid residues of different physicochemical character-
istics; (b) several other positions in M4 were submitted
to alanine scanning mutagenesis. In both cases the
effects of the mutations were examined by single-chan-
nel patch-clamp recording.

3.1. Effect of mutations of aG412 by W, Y, S and C
on HC–AChR interactions at low agonist
concentration

The amino acid C412, possibly located in the inner
leaflet of the membrane in αM4 (Ortells et al., 1998) has
been labeled with the progestin derivative promegestone
(Blanton et al., 1999). In mouse AChR, position 412 cor-
responds to a glycine residue. To evaluate the influence
of the amino acid side chain substitution at this position
on the well-known inhibitory effect of the steroid HC
on the AChR (Uki et al., 1999; Bouzat and Barrantes,
1993, 1996; Kindler et al., 2000), electrophysiological
recordings of wild-type and mutant AChRs activated by
low (1 µM) ACh were made in the absence and presence
of HC at two different steroid concentrations. The analy-
sis of the results showed that in normal AChRs the pres-
ence of HC (200 and 400 µM) causes a diminution in
the channel mean open time (topen) of about 50 and 70%,
respectively. Analysis of the HC effect on AChR chan-
nel mean burst time (tburst) yielded similar results (Table
1). Recordings done on mutated AChRs showed neither
quantitative nor qualitative differences in single-channel
kinetics with respect to the wild-type AChR, as meas-
ured by topen or tburst in G412 mutated to tryptophan,
serine, tyrosine and cysteine (Table 1).

3.2. Effect of aG412 by W, Y, N and C mutations on
HC–AChR interactions at high agonist concentration

At this point, we can already surmise that the effect
of HC on mutant AChR does not differ from that on
willd-type AChR. Before definitely discarding the possi-
bility that αG412 is involved in HC–AChR interactions,
we performed further experiments using high (30 µM)
ACh doses, because this concentration regime has desen-
sitizing effects on the AChR, and under such conditions
bursts of single-channel events group into clusters. Clus-
ters, in turn, reflect the opening and closing events of a
single channel (Sakmann et al., 1980). Clusters are sep-
arated by a minimum closed interval equivalent to the
intersection between the main component of the closed
time distribution (c1) and the following component.
Cluster analysis was used in order to gain more insight
into the behavior of the mutant AChRs, given the fact
that the high agonist concentration regime permits one
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Table 1
Channel mean open timea,b at two HC concentrations in wild-type and G412 mutated AChRs at low (1 µM) agonist concentration

topen mut/topen c topen mut HC 200/topen c topen mut HC 400/topen c

control 1.00±0.11 (n=14)c 0.48±0.03 (n=19) 0.30±0.02 (n=12)
G412S 1.23±0.12 (n=5) 0.42±0.07 (n=5) 0.27±0.08 (n=3)
G412C 1.08±0.22 (n=3) 0.41±0.11 (n=5) 0.26±0.01 (n=2)
G412W 1.09±0.09 (n=11) 0.55±0.03 (n=7) 0.28±0.03 (n=4)
G412Y 0.92±0.19 (n=3) 0.64±0.06 (n=4) 0.38±0.01 (n=4)

a The mean open time was normalized in all cases with respect to that of the control, wild-type AchR (topen c) and expressed as the ratio between
the dwell time of the mutated AChR in the absence (topen mut/topen c, left column) and presence of 200 (middle column) and 400 µM (right column)
HC, respectively.

b Recordings were obtained at 1 µM ACh, at a temperature of 20–22 °C and at a membrane potential of �70 mV.
c The number of individual recordings is indicated in parenthesis.

to explore whether mutations affected mean burst time
(tburst) and number of events per burst.

As observed at low agonist concentration, topen dimin-
ished in wild-type receptors opened by high ACh con-
centrations by about 50% in the presence of 200 µM HC
(1.03±0.15 and 0.53±0.07 ms in the absence and pres-
ence of the steroid, respectively). The inhibitory effect
of HC over tburst and the number of events per burst
reached �90% (see Table 2). In wild-type channels,
closed time histograms are well fitted by the sum of three
components with durations of 2±0.8 (n=15, area=0.83)
1522±672 (0.07) and 27±16 ms (0.07), whereas in the
presence of HC, a new component of 167±118 ms (n=8,
area=0.14) in the closed time distribution is observed
(Fig. 1). This observation is in agreement with previous
data from our laboratory (Bouzat and Barrantes, 1996)
and is likely due to the transition of the AChR to the
blocked state induced by HC, since the steroid inhibits
the AChR from switching between closed and open
states.

When we analyzed the HC effect in G412 mutants, we
found no significant differences in any of the parameters
previously analyzed for wild-type AChRs, either in the
absence or presence of HC (Table 2).

Table 2
Normalized mean open time, mean burst time and number of events per burst for G412 mutant AChRs at high (30 µM) agonist concentrationa

topen HC/topen tburst HC/tburst Events per burst HC/events c1 HC/c1
per burst in control

WT 0.49±0.07 0.12±0.07 0.15±0.07 1.50±0.53
G412W 0.43±0.06 0.14±0.07 0.14±0.03 1.10±0.52
G412N 0.54±0.06 0.08±0.03 0.17±0.08 1.03±0.10
G412C 0.43±0.05 0.11±0.04 0.14±0.07 1.28±0.17
G412Y 0.51±0.08 0.20±0.08 0.21±0.07 1.05±0.17

a Results show the ratio of the mean open time (topen), mean burst time (tburst) and number of events per burst in the presence and the absence
of HC (200 µM), either in wild type (first row) or mutant (following rows) AChRs. Each ratio was obtained as the quotient between media of at
least three independent observations for each condition. SDs were obtained as described in Section 2. The analysis in terms of confidence intervals
showed no significant differences in the normalized data for mutant and wild-type receptors.

3.3. Effect of other M4 mutants

Once it was established that position αM4412
appeared to have no influence on the steroid–AChR
interaction, we studied the effect of HC on AChRs
mutated in other residues along the αM4 segment. In
view of the labeling pattern with lipophilic photoaffinity
reagents, it has been proposed that M4 is an α-helix in
which residues C412, M415, C418, T422 and V425 all
lie on the same, lipid-exposed face of the helix (Blanton
and Cohen, 1992, 1994). We therefore considered the
possibility that these lipid-exposed residues could be
involved in the steroid binding site, and consequently
single-channel recordings were obtained using AChRs
mutated in these residues. Previous work from our lab-
oratory demonstrated that residues C418 and T422 sig-
nificantly affect the AChR channel gating kinetics when
replaced by alanine (Bouzat et al., 1998), whereas C412
and M415 mutants did not. Results from position C412
mutants were described in a previous section (Tables 1
and 2).

We first evaluated the kinetics of a quadruple mutant
AChR in which residues L411, M415, C418 and T422
were all substituted by alanine. We resorted to this
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Fig. 1. Effect of HC on wild-type AChR. Open (left), burst (middle) and closed (right) time histograms obtained from single-channel recordings
in the presence of 30 µM ACh in the absence (top row) or presence (bottom row) of 200 µM HC. Crude traces are shown below the histograms.

mutant AChR previously obtained in our laboratory
(Bouzat et al., 1998) because it constitutes a useful
model of lipid-exposed residues in αM4 (Blanton and
Wang, 1991; Blanton and Cohen, 1992, 1994). Further-
more, as demonstrated in the previous section, neither
L411 nor the αG412 mutant has any effect on steroid
modulation. When activated by 30 µM ACh, the quad-
ruple mutant channel opened in clusters with durations
(395±93 ms, n=4) longer than those observed with the
wild-type AChR (66.7±18 ms, n=9) (Fig. 2). The intra-
cluster closed time interval was noticeably different:
1.95±0.05 and 18±1 ms for wild-type and mutant chan-
nel, respectively (Fig. 2).

In the presence of HC, cluster duration diminished by
�90% for wild-type AChR. In the mutant channel this
diminution was about fivefold (Fig. 2). The intra-cluster
duration was not affected by the presence of steroid in
neither wild-type nor mutant channels. The intra-cluster
open probability showed no variation in the presence of

the steroid. When activated by 30 µM ACh, the mean
open time of the mutant channel was 0.26±0.01 ms (n=3)
whereas in the presence of 200 µM HC this parameter
diminished to 0.19±0.02 ms (n=3, p�0.01) (Fig. 3 and
Table 3). In order to compare these results with data
obtained with wild-type AChR, the variation was nor-
malized by expressing it as the ratio between the mean
open time in the absence and presence of HC. The ratios
obtained were 0.50±0.07 and 0.73±0.08 for wild-type
and mutant AChRs, respectively, thus indicating that the
inhibition produced by HC is lower in the quadruple
mutant AChR (Fig. 4).

In order to further refine the search for the residue(s)
responsible for the differences in corticoid action, we
dissected the quadruple mutation into four different
mutant AChRs. Two of them, L411A and M415A, with
a mean open time similar to that of the wild-type AChR,
were evaluated at 1 µM ACh. C418A and T422A, with
open time durations, varying considerably from that of
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Fig. 2. Effect of mutations on HC response. Representative crude single-channel recordings of wild-type and quadruple (QM), C418A and T422A
mutant AChRs at high (30 µM) ACh (left column). The right column shows the effect of 200 µM HC. The time scale was chosen to optimize
observation of differences in burst duration rather than single-channel events.

Fig. 3. Open time histograms of wild-type (left column) and mutant AChR channels opened by 30 µM ACh in the absence (upper row) and
presence (lower row) of 200 µM HC. The schematic helices above the columns depict the lipid-exposed residues (black circles); mutations to
alanine are shown as empty circles, e.g. four alanine substitutions are shown in the quadruple mutant (second column). Membrane potential: �70 mV.

the wild-type AChR, were evaluated at 30 µM ACh. In
the L411A mutant AChR the mean open time did not
differ from that of the wild-type AChR in the absence
(1.08±0.013 ms, n=3) or presence (0.49±0.09 ms, n=3)
of HC.

The main component in channel mean open time for
M415A mutant AChR was 1.08±0.12 ms (n=4) as
against 1.07±0.12 ms (n=4) for the wild-type with a
mean burst time of 1.24 and 1.23±0.015 ms, respectively
at 1 µM ACh. In the presence of 200 µM HC, topen for

wild-type and M415A AChRs yielded values of
0.47±0.08 ms and 0.49±0.09 ms (n=3), respectively (data
not shown). There were no significant differences in the
effect caused by HC on this mutant and on the wild-type
receptor (Fig. 4).

Fig. 2 further shows that the C418A mutant AChR
channel opens in clusters longer than wild-type ones.
Wild-type AChR and the C418A mutant AChR have
similar intra-cluster closed durations, thus differing from
that of the quadruple mutant channel. The burst duration
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Table 3
topen, tburst and number of events per burst for wild-type and mutant AChRs at high (30 µM) agonist concentrationa

topen (ms) tburst (ms) Number of events per burst
�HC +HC �HC +HC �HC +HC

WT 1.03±0.15 0.53±0.07 67±18 6.6±2.0 24±5 3.7±0.4
(n=4) (n=12)

Quadruple 0.26±0.01 0.19±0.02 395±92 77±16 36±11 6.4±0.7
(n=3) (n=3)

C418A 0.45±0.03 0.25±0.03 162±64 16±4.6 55±20 6±1
(n=5) (n=4)

T422A 0.15±0.02 0.11±0.01 82±11 76±12 11.4±1.9 8.8±0.6
(n=4) (n=3)

a topen, tburst and number of events per burst at 30 µM ACh for wild-type and mutant channels having mean open statistically different from
those of wild-type AChR. The first column indicate the type of channel studied, and the next three columns list topen, tburst and number of events
per burst, in the absence (left) and presence (right) of HC (200 µM).

Fig. 4. Normalized effect of HC on the mean open time of wild-type
and mutant AChR channels activated by 30 µM ACh. Values are the
ratio between the mean open time in the presence and absence of HC.
The symbol “∗” above the bar indicates statistically significant differ-
ences in the confidence interval of the quadruple (QM) and T422A
mutants with respect to wild-type (WT) AChR.

in the C418A mutant diminished by 90% in the presence
of HC (Table 3). The mean open time of the C418A
mutation yielded a value of 0.45±0.03 ms (n=5) and
0.25±0.03 ms (n=4) in the absence and presence of HC,
respectively (see histograms in Fig. 3). Here again, we
expressed the mean net effect of HC as the ratio between
the mean open time obtained in the presence and the
absence of the drug. The ratio 0.55±0.07 was not differ-
ent from that of the wild-type AChR (Fig. 4).

The T422A mutant exhibited clusters with mean dur-
ations shorter than those of the other mutants (82±11
ms) and intra-cluster closed durations remarkably similar
to those of the quadruple mutant (Table 3). The mean
burst duration and the number of events per burst were

both found to decrease only slightly as a consequence
of HC treatment. The mean open time obtained at 30
µM ACh was 0.15±0.02 ms (n=4) and 0.11±0.01 ms in
the absence and the presence of 200 µM HC, respect-
ively. The ratio between the topen in the absence and
presence of HC was 0.76±0.11, which differs from that
obtained for wild-type AChR, but is indistinguishable
from that of the quadruple mutant (Fig. 4).

In order to normalize the results obtained with the five
mutants, we further recorded the activity of the L411A
and M415A mutants at 30 µM ACh and observed that
the magnitude of the effect caused by HC on these
mutants does not differ significantly from the effect on
the wild-type receptor (Fig. 4).

4. Discussion

The fact that the M4 segment is the most likely
domain of the AChR to be in contact with the lipid also
makes it the strongest candidate for modulation by the
membrane microenvironment and hydrophobic mol-
ecules (see review in Barrantes et al., 2000a). Our lab-
oratory has a long-standing interest in elucidating the
possible site and mechanism through which the steroids
interact with, and modulate, the AChR protein. The pro-
cess by which such modulation occurs is unlikely to
result from a mere disturbance of the bulk membrane
bilayer, since the effect can be reproduced in different
cell lines having different membrane lipid compositions
(see review in Barrantes, 2001). In the case of glucocort-
icoids, the alteration in AChR channel kinetics can be
interpreted in terms of a blocking mechanism, probably
allosteric in nature.

Work from our laboratory established that acute
exposure of the AChR to HC induced a dose-dependent
reduction in the single-channel mean open time and burst
duration, and an increase in the closed time, with no
changes in channel amplitude (Bouzat and Barrantes,
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1993b). Subsequently we determined (Bouzat and Barr-
antes, 1996) that HC acts as a noncompetitive inhibitor
of adult and embryonic AChRs. Other authors also stud-
ied the effect of this steroid on macroscopic currents.
Kindler et al. (2000) for instance, expressed functional
fetal and adult AChRs in Xenopus laevis oocytes and
studied them with the two-electrode voltage-clamp tech-
nique. They found that both forms of the muscle-type
AChR were potently inhibited by HC; 50% inhibition
was found in the 1–2 mM range. In acutely dissociated
superior cervical ganglion neurons, HC reversibly sup-
pressed both the peak and steady-state nicotine-induced
currents at a concentration of �10 µM (Uki et al., 1999).

Experimental evidence supports the notion that resi-
dues located in M4 play a key role in channel gating
kinetics (Li et al., 1990; Bouzat et al., 1994; Lasalde et
al., 1996). In the light of our current results, and in
agreement with electrophysiological experiments using
macroscopic current recordings of Torpedo AChR chan-
nels heterologously expressed in Xenopus laevis oocytes
(Lasalde et al., 1996) position 412 in αM4 does not
appear to be involved in AChR channel gating. When
αG412 mutant AChRs were exposed to HC (Tables 1
and 2) we found no significant differences in the extent
of steroid inhibition as compared with that seen in wild-
type AChR. Initially, we also planned to evaluate the
influence of changes in αC412 side-chain physical
properties on HC–AChR interactions, given the pre-
dominant photoaffinity labeling of this residue with the
synthetic progestin, promegestone in Torpedo AChR
(Blanton et al., 1999). The lack of effect of varying side-
chain at this position reinforces the view that αG412 is
not involved in HC–receptor interactions in the case of
murine skeletal muscle AChR.

We studied next a quadruple mutant in which those
residues putatively in contact with membrane lipid
(Blanton and Cohen, 1994) were all substituted by ala-
nine. At high agonist concentration this quadruple
mutant channel opened in longer clusters, with remark-
ably longer intra-cluster closed time intervals than those
of the wild-type AChR, whereas the mean open time was
about four times shorter than that of the wild-type AChR
(Figs. 2 and 3; Table 3). In the presence of HC the kin-
etics of the quadruple mutant channel changed, but the
extent of the decrease did not reach the level observed
with wild-type AChR. The ratios between mean open
time in the presence and absence of HC differed in terms
of confidence intervals for wild-type AChR and the
quadruple mutant (0.50±0.07 and 0.73±0.08,
respectively).

When we dissected the quadruple mutant into four sin-
gle mutant AChRs we observed that in three of them,
L411A, M415A and C418A, the magnitude of the HC
effect was equal to that of the wild-type AChR. The ratio
between the mean open time in the presence and absence
of HC was 0.45±0.08, 0.45±0.01 and 0.55±0.07, respect-

ively (Fig. 4). The mutant T422A showed briefer single-
channel openings in the presence of the steroid, but the
magnitude of the diminution was �30% instead of the
�50% typically observed in the presence of this gluco-
corticoid with the wild-type AChR (here the ratio was
0.73±0.10). Thus the alanine substitution in this residue
appears to mimic the effect observed in the quadruple
mutant, providing evidence to account for the steroid
sensitivity so far found only with this residue. Such out-
come is not totally unexpected, in the light of previous
findings from our laboratory showing that T422 plays a
key role in channel gating kinetics, probably due to its
ability to form hydrogen bonds (Bouzat et al., 2000).

Cholesterol and its analogues locate in the membrane
with their hydrophobic tail deeply buried in the bilayer,
and their head at the level of the phospholipid polar head
region (Franks, 1981; Villalain, 1996). Steroids adopt a
similar location in the membrane, but differences in ring
substituents lead to different degrees of penetration in
the bilayer (Garbus et al., 2001). It will be of interest to
investigate whether T422 is also important for the inter-
action of other steroids with the AChR, and whether
other residues play a role in the interaction with further
steroids, given their different penetration in the mem-
brane.
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