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Abstract An aspartate residue in the M2-M3 loop of neuronal
nicotinic receptor KK7 subunits is a major determinant of the
channel functional response. This residue is conserved in most LL4

subunits, e.g. human and rat, but not in others, e.g. bovine. We
have used these differences to examine the mechanism by which
this residue alters the functional properties of KK3LL4 receptors.
Having ruled out an effect on the macroscopic binding ability of
the agonist, the level of receptor expression, or the single channel
conductance, the results suggest that receptors lacking that
residue have a deficient coupling between binding and gating.
z 1998 Federation of European Biochemical Societies.
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1. Introduction

In a previous work [1] we found that an Asp residue located
in the middle of the M2-M3 loop reduced maximal currents in
both homomeric K7 and heteromeric K3L4 receptors. In the
latter case, however, we could not establish the level of ex-
pression of the receptors and the possibility remained open
that, contrasting with K7, the e¡ect of the mutation was pri-
marily on the ability of the cell to express membrane receptors
and not on their function. Even with K7 receptors, the possi-
bility of an e¡ect of the mutations on the elementary conduc-
tance could not be ruled out at that time, since single channel
recordings in oocytes expressing K7 are di¤cult to obtain,
probably because of clustering [2].

Although human and rat L2 and L4 subunits have an Asp
residue in the M2-M3 loop, this is not a conserved feature of
each L-type subunit. For example, bovine L4 subunits have an
Asn residue in the equivalent position [3]. Thus, using mutants
of bovine and rat L4 subunits we have studied both the e¡ect
of removing the Asp, by mutating the rat subunit (D268A
mutation), or adding it, by mutating the bovine subunit
(N268D mutation). In addition, the use of K3L4 receptors
had the advantage over K7 receptors of allowing single chan-
nel recordings in oocytes.

In this work we present data of expression and single chan-

nel recordings of K3L4 receptors expressed in Xenopus oocytes
and composed of bovine K3 and rat or bovine L4 subunits
providing evidence that the residue located at position 268
in the loop M2-M3 of the L4 subunit (L4268) a¡ects gating
in neuronal nicotinic receptors.

2. Materials and methods

2.1. Site-directed mutagenesis and oocyte expression
Point mutations were made by performing two successive PCR

ampli¢cations as described [4,5] and were con¢rmed by sequencing
the cDNA clones. DNAs were inserted into the pSP64T vector [6].
Capped mRNA was synthesized in vitro using SP6 RNA polymerase.
Defolliculated Xenopus oocytes were injected with 5 ng of total RNA
in 50 nl of sterile water. The two subunits, K3 and L4, were injected in
an equimolar ratio. All measurements were made within 3^6 days
after injection.

2.2. Epibatidine binding assays
Oocyte microsomal fraction was obtained as described [7] with mi-

nor modi¢cations. [3H]Epibatidine binding saturation experiments
were performed with the microsomal fraction as described [8]. To
obtain Bmax and Kd parameters, data were analyzed with LIGAND,
a non-linear least squares computer program for ligand binding sys-
tems [9].

To determine oocyte surface [3H]epibatidine binding, oocytes were
preincubated for 2 h at 4³C with either Barth bu¡er (total binding), or
0.5 mM D-tubocurarine in the above bu¡er (internal binding, since
this antagonist cannot permeate the oocyte membrane, as happens
with epibatidine) or 100 nM unlabelled epibatidine (non-speci¢c bind-
ing). At the end of the preincubation period, [3H]epibatidine was
added (2 nM ¢nal concentration) and the oocytes were incubated as
above during 4 h. After that period, unbound epibatidine was elimi-
nated by aspiration and oocytes were washed 4 times in ice-cold Barth
bu¡er. Then, oocytes were homogenized, solubilized and immunopre-
cipitated with mAb35 as described [10]. Radioactivity remaining in the
immunoprecipitate was measured in a liquid scintillation counter.
Oocyte surface [3H]epibatidine binding was calculated by subtracting
the speci¢c cpm obtained for the total and internal binding. The
number of surface [3H]epibatidine binding sites (in pmol/mg protein
of microsomal fraction) was calculated by multiplying Bmax by the
ratio of (surface/total) speci¢c binding.

2.3. Electrophysiological recordings
2.3.1. Macroscopic currents. Two electrode voltage clamp record-

ings were obtained as described [1]. Oocytes were perfused with nor-
mal frog Ringer solution (NFR) containing (in mM): 115 NaCl, 2.5
KCl, 1.8 CaCl2, and 10 HEPES (pH 7.2). Holding potential was 340
mV. At this potential we found no signi¢cant di¡erence when BAPTA
was injected into the oocytes to avoid calcium-activated chloride cur-
rents, and data obtained with or without BAPTA were pooled togeth-
er. Currents were ¢ltered at 50 Hz with a low pass 8 pole Bessel ¢lter
(Frequency Devices, Haverhill, MA), sampled at 500 Hz and stored
on hard disk. Data acquisition and agonist application were con-
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trolled by a DigiData 1200 interface driven by PClamp 6.0.3 software
(Axon Instruments, Foster City, CA).

2.3.2. Single channel currents. Records were obtained in the cell-
attached mode using an Axopatch 200A ampli¢er (Axon Instru-
ments). Previous to patch-clamp recording, oocytes were screened
by two electrode voltage clamp for the presence of nicotine activated
currents. Oocytes were bathed in a modi¢ed NFR where NaCl was
substituted by KCl to clamp the membrane potential close to 0 mV.
Holding potential was 380 mV. Patch pipettes were pulled from
thick-walled borosilicate glass (GC150-15, Clark Electromedical In-
struments), with a resistance of 5^10 M6 when ¢lled with NFR.
Nicotine 1 WM was added to the pipette solution. Initially 10 WM
gadolinium was added to the pipette to block stretch activated chan-
nels [11], but in later experiments gadolinium was not used because
nicotine activated receptors could be recognized by their kinetics and
conductance range. No such channels were observed neither in control
oocytes, nor in injected oocytes when nicotine was not present in the
pipette. Records were low-pass ¢ltered at 1 kHz, sampled at 5 kHz
and stored on hard disk for later analysis.

Single channel recordings were analyzed with the FETCHAN rou-
tine of PClamp 6.0 software. Events less than or equal to 0.2 ms were
ignored. The critical shut time for the de¢nition of bursts was calcu-
lated as described [12]. Corrections for missed events (dead time = 0.2
ms) were applied as in [12].

Data are presented as mean þ standard error. Statistical signi¢cance
was calculated by Student's t-test with P6 0.05.

3. Results

3.1. Macroscopic currents and receptor expression
Fig. 1A shows currents elicited by application of 300 WM

nicotine on oocytes expressing receptors composed of bovine
K3 subunit together with either rat or bovine L4 subunits, and
the corresponding mutations at position L4268. Records are
representative of the mean value observed for each receptor.
Fig. 1C shows the mean current obtained averaging the results
from eight di¡erent donors. For each donor, 20 oocytes were
measured.

The mutation D268A produced a reduction of the current
of approximately 3-fold, and the mutation N268D produced
the reverse e¡ect. Similar changes in the maximal currents
were found for two additional nicotinic agonists (acetylcholine
(ACh) and dimethylphenylpiperazinium (DMPP), data not
shown).

In order to check for a possible e¡ect of mutations on
apparent a¤nity of the receptor for nicotine, macroscopic
dose-response curves in the range between 1 WM and 1 mM
were measured in 4^7 oocytes from 2^3 donors (Fig. 1B). The
data point corresponding to 1 mM usually gave lower than
maximal currents, probably due to self-inhibition [13], and
only data in the range of 1^300 WM were ¢tted to the Hill
equation. The EC50 and Hill coe¤cient did not show signi¢-
cant di¡erences between wild type and mutated receptors. We
previously obtained similar results in rat receptors measured
at 380 mV with nicotine, ACh and DMPP [1].

Furthermore, mutations in L4268 did not a¡ect the appar-
ent a¤nity of desensitized receptors for epibatidine as meas-
ured in saturation experiments, Kd (in nM): rat 0.80 þ 0.14;
D268A 1.45 þ 0.78; bovine 1.80 þ 0.57; N268D 0.54 þ 0.11
(n = 3, statistically non-signi¢cant di¡erences).

The change in macroscopic current produced by the muta-
tions could be due to a change in (a) the expression of recep-
tors, (b) the elementary conductance, or (c) the open proba-
bility of the receptor, or a combination of these. We studied
each of these possibilities.

Di¡erences in expression as determined by [3H]epibatidine

binding for each mutant receptor when compared with its wild
type counterpart (Fig. 1D) do not account for the change in
macroscopic currents, rather they make it larger. When max-
imal currents normalized to receptor expression are consid-
ered (Fig. 1E), the mutation D268A produces a 7.2-fold re-
duction, whereas the mutation N268D produces a 6.7-fold
increase.

3.2. Single channel currents
Fig. 2 shows single channel recordings and their corre-

sponding amplitude histograms. Single channel conductances
were measured from I-V curves in the range between 0 and
3120 mV. For all four types of receptors, the current voltage
relationship was linear in this voltage range.

As found in other studies on K3L4 receptors expressed in
Xenopus oocytes [14,15], there was considerable interpatch
variability in the values of the conductance. At the bottom
of Fig. 2 the main conductance of successive patches is plotted
for the four receptors. The conductance of each receptor was,
in pS: rat: 18.2 þ 0.46 (n = 38), D268A: 17.5 þ 0.94 (n = 11);
bovine: 19.3 þ 0.59 (n = 27), N268D: 20.1 þ 0.81 (n = 20).
Means are not statistically di¡erent. Hence, neither a change
in single channel conductance nor prevalence of a channel
with di¡erent conductance, which could explain the change
in macroscopic currents, was found in mutant receptors.
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Fig. 1. Macroscopic currents and surface expression of K3L4 recep-
tors. A: Current records obtained upon application of 300 WM nico-
tine. B: Dose-response curves for nicotine. Fit parameters (EC50 in
WM, Hill coe¤cient): rat (a) (33 þ 3, 1.5 þ 0.2), D268A (b) (54 þ 2,
2.1 þ 0.1); bovine (E) (53 þ 4, 1.9 þ 0.2), N268D (F) (43 þ 3,
1.6 þ 0.2). C: Mean current for each receptor at 300 WM nicotine.
D: [3H]Epibatidine surface binding for each receptor. E: Current
per receptor surface expression level. Di¡erent axes are used for rat
(white) or bovine (black) receptors.
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3.3. Single channel kinetics
The above results suggested that a change in the maximum

open channel probability (reached at 300 WM nicotine) of
mutated receptors was responsible for the observed e¡ects.

Single channel currents at 1 WM nicotine are shown in Fig.
2, where di¡erences in kinetics between wild type and mutated
receptors could be observed, mainly in the open duration.

Although the open probability is low at 1 WM nicotine (see
amplitude histograms in Fig. 2), it has the advantage of al-
lowing long recordings without desensitization present at 300
WM nicotine. Furthermore, in most kinetic models used to
describe the behavior of nicotinic receptors [16] burst kinetics
are determined by rate constants independent of agonist con-
centration.

Burst analysis of pooled data from each receptor is shown
in Fig. 3. Dwell time histograms of burst duration and gap
lengths within bursts are displayed. These histograms could be
¢tted to a single exponential which give the estimate of the
mean times. In general, bursts duration was longer and gap
duration was shorter in L4D268 containing receptors. A min-

imal kinetic scheme including only the last step before open-
ing and the corresponding gating rate constants is also shown.
Rate constants have been calculated from the data given in
the histograms after correction for missed events [12,16] and
are shown (in s31) at the right of each panel.

4. Discussion

In this report, we have studied the possible mechanisms by
which the presence of an Asp residue at L4268 determines
larger macroscopic currents in K3L4 receptors. Di¡erences in
surface expression or single channel conductance have been
discarded, the latter result was expected for a residue located
far away of the putative pore region [17]. Also, although L
subunits have been shown to contribute to agonist and antag-
onist sensitivities [18^22], macroscopic dose-response curves
did not change signi¢cantly in mutants, suggesting that the
residue present at L4268 did not a¡ect the binding step.

A possible e¡ect of the mutated residue on agonist open
channel block seems unlikely because (1) it would have greatly
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Fig. 3. Dwell time histograms of pooled data of 5^8 patches corre-
sponding to 3^4 donors (5 min recordings per patch). Left: Burst
duration histograms for each receptor. A logarithmic binning mode
and a square root transformation of the number of events is used
in all these histograms. Superimposed is the single exponential ¢t to
the data, and the corresponding time constant. Nb = total number
of bursts in the histogram. Middle: Gaps, or closings within burst,
duration histograms for each receptor. In these histograms the con-
ventional binning mode and a linear scale for the number of events
was used. Superimposed are the single exponential ¢t and the corre-
sponding time constant. Ng = total number of gaps in the histogram.
Right: Minimal kinetic model with gating rate constants in s31.

Fig. 2. Conductance of K3L4 receptors. Left: Sample single channel
recordings for each receptor. The records have been chosen so that
the lengths of the openings (downward de£ections) are close to the
average burst duration for each receptor. Note the di¡erent time
scale for rat and bovine receptors. Right: Amplitude histograms for
the same receptors. A period of 60 s was used. Because of the small
open probability, two di¡erent scales have been used for the base-
line and for the openings. The peaks on the right correspond to the
base line and the calibration bar for these is, rat: 15 000, bovine:
8750. The peaks on the left correspond to the openings and the cali-
bration bar for these is, rat: 500, bovine: 30. The corresponding
gaussian ¢t is superimposed on each histogram. Bottom: Conduc-
tance values of di¡erent patches, displayed sequentially as they were
measured, for each receptor the number of of donors were: rat (a) :
9; D268A (b) : 4; bovine (E) : 5; N268D (F): 5.
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a¡ected the EC50, and (2) agonist open channel block is usu-
ally voltage dependent, and the same extent of change in
currents has been found at 380 mV (data not shown).

Similarly, an e¡ect of mutations on receptor desensitization
also seems unlikely as macroscopic currents of both wild type
and mutants decay with similar kinetics upon stimulation with
high agonist concentrations. Furthermore, a change in desen-
sitization from the open state would also have shifted the
EC50.

The above results suggest that mutations at L4268 should
produce changes in the maximum open probability of the
channel. We could not get direct proof of that e¡ect, because
cell-attached single channel recordings with high concentra-
tions of agonist show desensitization and inside-out patches
run-down. As an alternative approach we have obtained an
indirect estimation of the gating behavior by analyzing bursts
of openings at low concentrations of agonist.

Our results con¢rm that single channel kinetics are strongly
determined by the L4 subunit [14], as burst durations are very
di¡erent for receptors composed of rat or bovine L4 subunits.
More interestingly, the involvement of residue L4268 in chan-
nel gating is evidenced by the increased burst duration and
reduced gap duration in receptors with L4D268, correspond-
ing to a larger opening rate constant L. These results suggest
that the Asp residue at L4268 play a role in the transmission
of the signal from binding to gating as it a¡ects the gating rate
constants in two di¡erent neuronal nicotinic receptors, with-
out a¡ecting agonist binding.

According to the model of gating for the nicotinic receptor
proposed by Unwin [23], we could speculate that receptors
lacking the Asp residue at L4268 would have subunits with
more di¤culty to rotate and open the channel, i.e. decreased
opening rate constant. It has been recently suggested that the
M2-M3 loop of ligand gated ion channels could indirectly
interact with the ligand binding pocket [24]. This possibility
is also supported by experimental data, which suggest the
involvement of residues located at the M2-M3 loop in signal
transduction of glycine receptors [25].

The investigation of the role of the same structure in the K
subunit and its possible interaction with the L subunit would
contribute to establish a more precise molecular basis of the
coupling mechanism between binding and gating.
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