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ABSTRACT To investigate the structural basis of anion selectivity of Drosophila GABA-gated Cl� channels, the permeation
properties of wild-type and mutant channels were studied in Xenopus oocytes. This work focused on asparagine 319, which
by homology is one amino acid away from a putative extracellular ring of charge that regulates cation permeation in nicotinic
receptors. Mutation of this residue to aspartate reduced channel conductance, and mutation to lysine or arginine increased
channel conductance. These results are consistent with an electrostatic interaction between this site and permeating anions.
The lysine mutant, but not the arginine mutant, formed a channel that is permeable to cations, and this cannot be explained
in terms of electrostatics. The lysine mutant had a 25-mV reversal potential in solutions with symmetrical Cl� and asymmet-
rical cations. The permeability ratio of K� to Cl� was determined as 0.33 from reversal potential measurements in KCl
gradients. Experiments with large organic cations and anions showed that cation permeation can only be seen in the presence
of Cl�, but Cl� permeation can be seen in the absence of permeant cations. Measurements of permeability ratios of organic
anions indicated that the lysine mutant has an increased pore size. The cation permeability of the lysine-containing mutant
channel cannot be accounted for by a simple electrostatic interaction with permeating ions. It is likely that lysine substitution
causes a structural change that extends beyond this one residue to influence the positions of other channel-forming residues.
Thus protein conformation plays an important role in enabling ion channels to distinguish between anions and cations.

INTRODUCTION

The nicotinic acetylcholine receptors and GABAA receptors
are structurally homologous proteins that form channels
with different ion selectivities. The homology between
these proteins extends to the regions that form the ion
conductive pore, raising the question of how cations and
anions are distinguished and filtered. In the case of the
nicotinic receptor, the cation conductance is especially sen-
sitive to the presence of negative charge at three locations in
and adjacent to M2 (Imoto et al., 1988; Lester, 1992) (Fig.
1). M2 is the second of four putative membrane-spanning
segments of subunits in the ACh/GABA receptor channel
family, and these segments are thought to surround the
central aqueous channel (Lester, 1992; Karlin and Akabas,
1995). The acidic residues highlighted in Fig. 1 have been
proposed to form negatively charged rings within the pore
(Imoto et al., 1988).

Although these negatively charged rings in the nicotinic
receptor interact with permeating cations, their role in
charge selectivity has been difficult to establish. Mutations
in the intermediate and outer rings of the nicotinic receptor
�7 subunit to neutral amino acids do not result in anion
permeability (Galzi et al., 1992). The anion selective

GABAA receptor does not have basic residues at the posi-
tions homologous to the intracellular and intermediate rings.
(A pileup of 58 aligned sequences of vertebrate GABAA

receptors prepared by Dr. Drew Boileau was examined.) In
fact, the location corresponding to the intracellular ring has
an acidic residue in many GABAA receptor subunits (e.g.,
rat �1 in Fig. 1).

In the present study we focused on the role of a residue
adjacent to the outer, extracellular ring at the C-terminal end
of the M2 segment. The reason for selecting this residue is
that in many GABAA receptor subunits this position is
occupied by a basic amino acid (e.g., arginine in the
GABAA �1 subunit in Fig. 1). The strategic location of this
residue near a ring of charge in the nicotinic receptor raises
the possibility of an electrostatic interaction with permeat-
ing anions. Glycine receptors also contain an arginine at this
position, and the channel conductance was reduced some-
what by replacing this arginine with glutamine or leucine
(Langosch et al., 1994). However, another study suggested
that mutations at this location altered agonist sensitivity
rather than ion selectivity (Rajendra et al., 1994). We ex-
amined the role of this residue, using site-directed mutagen-
esis in a Drosophila GABA receptor encoded by the Rdl
gene (resistance to dieldrin) (ffrench-Constant et al., 1991).
This protein forms a GABA-gated Cl� channel and is
structurally related to vertebrate GABAA and glycine recep-
tors. When mutated at position 302 from alanine to serine
(Fig. 1), the receptor becomes resistant to cyclodiene insec-
ticides (e.g., dieldrin) and the convulsant drug picrotoxin
(ffrench-Constant et al., 1993; Zhang et al., 1994). High
channel activity is achieved in heterologous systems ex-
pressing just the Rdl gene product, indicating that this
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subunit has the capacity to assemble as a homomultimer
(ffrench-Constant et al., 1993; Lee et al., 1993; Zhang et al.,
1995). This channel thus has the advantage that mutations
introduced by site-directed mutagenesis will appear in all of
the subunits. The Rdl protein contains an asparagine (N319)
at the location of interest (Fig. 1). We found in some
instances that charge at this location influenced anion con-
ductance in the expected manner. However, mutations at
this site had a number of additional unexpected conse-
quences that are not easily explained in terms of electro-
statics. These results indicate that N319 contributes to the
maintenance of a conformation that ensures anion selectiv-
ity. These conformational effects determine whether the
channel completely excludes cations or allows the passage
of cations by a complex mechanism that may involve inter-
actions with anions.

MATERIALS AND METHODS

Site-directed mutagenesis

The cloning of the Drosophila Rdl GABA receptor has been described
previously (ffrench-Constant et al., 1991). In the present study, we used
both wild-type Rdl cDNA pNB14.1 (referred to here as RdlS) and cDNA
carrying the A302S mutation responsible for cyclodiene resistance (re-
ferred to here as RdlR). Previous work has shown that this alanine-serine
substitution has a very small effect on the channel conductance of Rdl-
containing receptors in Drosophila neurons (Zhang et al., 1994). The
present study has shown similarly small conductance changes in Rdl
homomultimers expressed in Xenopus oocytes (see Figs. 2 A and 3 A).
Single base-pair substitutions were introduced into the Rdl cDNA via PCR
mediated site-directed mutagenesis, as described by Landt et al. (1990),
with modifications suggested by Kuipers et al. (1991). Mutations were
introduced at position 319 into either the RdlS or RdlR cDNA. Asparagine
319 (N319) was selected for mutation because, as noted in the Introduction,
this residue is adjacent to the site homologous to the extracellular ring of
the nicotinic receptor, where most vertebrate GABAA receptor subunits
have the basic amino acid arginine (Fig. 1). mRNA was synthesized from
the Sp6 promoter in these constructs.

Oocyte expression

Xenopus laevis oocytes were prepared and injected with Rdl mRNAs as
described previously (Zhang et al., 1995). Oocytes were maintained at
18°C for 1–13 days and prepared for single-channel recording by removal
of the vitelline membrane (Stühmer, 1992).

Electrophysiology

Single-channel currents were recorded at room temperature in outside-out
patches excised from oocytes. Patch electrodes were fabricated from bo-
rosilicate glass capillaries (i.d. 1.10 mm, o.d. 1.70 mm; Garner Glass Co.,
Claremont, CA), coated with Sylgard (Dow Corning, Midland, MI), and
filled with the various pipette solutions (as indicated below). Patch elec-
trodes had resistances of �2–6 M� before seal formation. Outside-out
patches were voltage-clamped, and currents were recorded with an EPC-7
patch-clamp amplifier (Instrutech, Elmont, NY). Signals were lowpass
filtered at 1 kHz with an 8-pole Bessel filter (Frequency Devices, Haver-
hill, MA) and digitized at 2 kHz with a TL-1 DMA interface (Axon
Instruments, Foster City, CA). Voltage was corrected for the liquid junc-
tion potential of each set of solutions (Neher, 1992). During recording, the
oocytes were bathed in either Drosophila physiological saline (128 mM
NaCl, 2 mM KCl, 4 mM MgCl2, 1.8 mM CaCl2, 35.5 mM sucrose, 5 mM
HEPES, pH 7.1 titrated with NaOH) or in other solutions, as indicated in
the figure legends. GABA (50 �M) was dissolved in bathing solution and
applied in pulses of 200 ms with a Picospritzer (General Valve Corpora-
tion, Fairfield, NJ) from a 1–2-�m tipped pipette positioned near the patch.
Patch pipettes were filled with 140 mM KCl, 10 mM HEPES, 10 mM
EGTA, and 4 mM Mg-ATP, pH 7.1, or with other solutions, as indicated
in the figure legends. Data were recorded with the computer program
CLAMPEX (Axon Instruments).

Data analysis

Single-channel current records were analyzed with the computer program
CLAMPFIT (Axon Instruments) to obtain average single-channel current
amplitudes for a given voltage. Current-voltage plots were fitted to lines
with the computer program ORIGIN (Mathcal, Northampton, MA). All
measurements of single-channel conductance were taken from linear fits.
Complete current-voltage plots were fitted to single lines or to separate
lines for inward and outward currents. When the two separate fits had
higher linear regression coefficients, these separate conductance values
were presented. In most cases separate linear fits to inward and outward
current did not change the estimates of reversal potential, but the reversal
potentials for inward and outward currents sometimes differed by �5 mV,
and in these cases we used the mean of the two extrapolated intercepts. In
a few instances where even the bilinear fits were poor, we fitted the
current-voltage plot to the Goldman-Hodgkin-Katz (GHK) current equa-
tion. (It is important to state that this was done solely to provide an accurate
estimate of the reversal potential from curved current-voltage plots. As
indicated in the Results, this channel clearly violated the assumption of
independence, so a fit to the GHK current equation has little physical
meaning). The fitting methods for each experiment are mentioned in the
figure legends or the text of the Results. Conductances and reversal
potentials from different patches were averaged and presented as mean �
standard error.

FIGURE 1 Aligned sequences are shown for M2 segments and flanking residues of 1) the Torpedo nicotinic receptor � subunit, 2) the rat GABAA

receptor �1 subunit, and 3) the Rdl gene product. The M2 segment is indicated by the bar above. Rings of charge influencing the cation permeability of
the nicotinic receptor (Imoto et al., 1988) are shaded, along with the homologous residues of the two GABA receptors shown. Note that N319 of the Rdl
gene product was the site mutated in the present study. In cyclodiene-sensitive receptors residue 302 is alanine; in cyclodiene-resistant receptors residue
302 is serine.
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Reversal potentials (Erev) from current-voltage plots were used to cal-
culate the permeability ratio of ion X to Cl�, PX/PCl, according to the GHK
voltage equation:

Erev �
RT

zF
ln�aCli � aXoPX/PCl

aClo � aXiPX/PCl
�

a represents the activity of the species indicated by the subscript, and R, T,
z, and F have their usual meanings. Throughout this analysis ion activities
were used instead of ion concentrations, with coefficients computed from
the tables of Robinson and Stokes (1959). The subscripts o and i denote
external and internal, respectively, where external means the bathing
solution and internal means the solution in the patch pipette. For outside-
out patches, this corresponds to the solutions at the extracellular and
intracellular faces of the membrane, respectively. When species X was an
anion (e.g., acetate), aXo and aXi in the above equation were exchanged.

RESULTS

Charge effects

To test for the role of electrical charge, we replaced the
neutral polar asparagine at position 319 with both acidic and
basic amino acids. Single-channel current traces and cur-
rent-voltage plots are shown for the cyclodiene-sensitive
RdlS channel (Fig. 2 A) and for mutant channels prepared on

the cyclodiene-sensitive background. The mutant channels
have aspartate (N319DS, Fig. 2 B), arginine (N319RS, Fig.
2 C), and lysine (N319KS, Fig. 2 D) replacing N319. Data
are also shown for cyclodiene-resistant RdlR channels (Fig.
3 A) and for a mutant channel prepared on the cyclodiene-
resistant background with a lysine replacement (N319KR,
Fig. 3 B). RdlS and RdlR receptors had similar single-
channel current-voltage plots, as noted previously in Dro-
sophila neurons (Zhang et al., 1994). Furthermore, as with
wild type, no subconductance states were seen in the mutant
channels studied here. Therefore, plots of single-channel
current versus voltage gave the conductance for the main
conductance state of the channel. No significant differences
were found between the sensitive and resistant variants in
conductances for either outward or inward current (RdlS,
inward conductance: 21.7 � 1.0 pS, n � 10; outward
conductance: 11.0 � 2.0 pS, n � 7; RdlR, inward conduc-
tance: 19.1 � 1.1 pS, n � 8; outward conductance: 9.6 �
0.5 pS, n � 8). The difference between conductances for
inward and outward current reflects a rectification property
intrinsic to this channel (Zhang et al., 1994, 1995). Alter-
ations in this property by mutations will be noted shortly
below.

FIGURE 2 Single-channel currents and current-voltage plots for Drosophila RdlS channels (A), N319DS mutant channels (B), N319RS mutant channels
(C), and N319KS mutant channels (D). Holding potentials are indicated to the right of the single-channel traces. The solutions were those given in Materials
and Methods. Conductances shown were mean values (see text). Note the rightward shift in reversal potential to 15.9 mV in the N319KS mutant channel
in D.
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The negative charge mutation, N319DS, lowered the con-
ductance for inward and outward current to 16.8 � 0.6 pS
and 5.9 � 1.3 pS (n � 7), respectively (on the RdlS back-
ground). The positive charge mutation, N319RS, increased
the conductance of both inward and outward current to
28.5 � 0.9 pS (n � 9), and 20.5 � 2.0 pS (n � 5),
respectively (again on the RdlS background). These results
are consistent with a simple electrostatic interaction be-
tween permeating anions and charge at this site.

Replacing N319 with another positively charged amino
acid, lysine, also increased the single-channel conductance
in both the RdlS and RdlR backgrounds (Figs. 2 D and 3 B).
However, this mutation also removed the rectification to
produce linear current-voltage plots with conductances of
23.6 � 0.8 pS for N319KS (n � 9) and 20.9 � 0.4 pS for
N319KR (n � 14). All of the other channels discussed above
showed rectification, including the channel with arginine at
residue 319. Thus the loss of rectification in N319K chan-
nels cannot be explained as a consequence of charge.

Figs. 2 D and 3 B show a particularly striking conse-
quence of lysine substitution at residue 319: the reversal
potential was shifted in the positive direction. Even though
these recordings were made in essentially symmetrical Cl�

(140 mM internal [Cl�] and 141.6 mM external [Cl�]), the
reversal potentials were 15.9 � 2.5 mV (n � 9) for N319KS

(Fig. 2 D) and 24.7 � 2.3 mV (n � 12) for N319KR (Fig.
3 B). Note that a negative single-channel current was seen at
�10 mV for the N319KR channel, indicating that it reverses
well above zero. Furthermore, when a voltage ramp was
applied, the open channel current of N319KR reversed at
23.7 mV. All of the four other channels examined above
under these same conditions had reversal potentials near
zero. Because there were no significant osmotic gradients,
we cannot account for this large positive reversal potential
shift with streaming potentials or dilution potentials. This
result therefore suggests that the replacement of asparagine
319 with lysine makes the channel permeable to other ions
besides Cl�.

FIGURE 3 Single-channel currents and current-
voltage plots for the Drosophila RdlR channels (A)
and N319KR mutant channels (B). The bathing and
pipette solutions were the same as in Fig. 2. Note the
rightward shift in reversal potential to 24.7 mV for
the N319KR mutant channel in B (see also Fig. 2 D).
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Cation permeation of N319K channels

Cation permeability was the most likely explanation for the
positive reversal potential of the two N319K mutants shown
in Figs. 2 D and 3 B, because cations were asymmetrically
distributed in these experiments. The principal cation of the
external solution was Na�, and the principal cation of the
internal solution was K�. We therefore tested the effects of
changes in cations, and because the reversal potential shift
was greater in N319KR compared to N319KS, we used the
N319KR mutant channel (lysine replacement at residue 319
on a cyclodiene-resistant background) for further study.
First we examined the current-voltage behavior of this chan-
nel in nearly symmetrical NaCl, with 135 mM internal and
150 mM external Na� (pH adjustment was made with
NaOH; intracellular and extracellular [Cl�] were 140 mM
and 141.6 mM, respectively). Under these essentially sym-
metrical conditions the current-voltage plot for the N319KR

mutant channel reversed near zero (1.9 � 0.4 mV, n � 10)
(Fig. 4, triangles), and the single-channel conductance re-
mained essentially the same (21.4 � 0.4 pS, n � 11; Fig. 4,
triangles) compared with that in the original NaCl/KCl
solutions (Fig. 4, squares, same as Fig. 3 B). Reversing the
NaCl/KCl to the opposite sides of the membrane from that
used in Fig. 3 B moved the reversal potential to the opposite
side of the current axis (Fig. 4, circles), again leaving the
channel conductance almost unchanged at 19.0 � 0.5 pS
(n � 4). However, the reversal potential shift in the negative
direction of �14.8 � 0.6 mV (n � 4) was smaller than the
value of 24.7 mV in the positive direction, indicating that
cation gradients have an asymmetrical effect on the reversal
potential of this channel.

Fig. 4 shows that the reversal potential of the N319KR

mutant channel is sensitive to the distribution of cations
between the external and internal solutions, thus indicating
that the N319KR mutant channel is cation permeable. Fur-
thermore, these results indicate that this channel has a
greater permeability for Na� than for K�, because if the
permeabilities for these two ions were equal, the reversal
potential would have remained at zero. In comparing the
different current-voltage plots in Fig. 4, it is notable that the
channel conductance remained the same. Because the per-
meability for Na� must be greater than that for K� (to give
the nonzero reversal potentials observed), greater currents
would be expected when the membrane potential favors
Na� current rather than K� current. This finding of similar
conductances but different permeabilities is the first of a
number of results presented here that indicate that ion fluxes
are not independent in this channel.

To quantify the cation permeability in the N319KR mu-
tant channel, we determined the permeability ratio of K� to
Cl� by holding external [KCl] fixed, while varying internal
[KCl] and maintaining osmolarity with sucrose. Reducing
internal [KCl] to 20 mM moved the reversal potential of the
N319RS channel to �43.7 mV (Fig. 5 A). For the same
solutions, the N319KR channel reversed at �20.2 mV (Fig.
5 B). The reversal potentials are different from the Cl�

Nernst potential (�47.1 mV), and these differences can be
attributed to K� permeability. For the N319KR channel, the
plot of reversal potential versus pipette KCl activity obeyed
the GHK voltage equation, with PK/PCl � 0.33 (Fig. 6,
dotted curve). The reversal potential measurements for
RdlS, RdlR, and N319RS indicated that PK/PCl ratios of these
channels were all very small. For N319RS channels the
value was 0.013, and for the two other channels the ratio
was indistinguishable from zero. The solid line in Fig. 6
shows the expected behavior of a channel permeable only to
Cl�; the points for the two wild-type channels, RdlS and
RdlR, and the mutant N319RS channel are very close to this
line. These results confirm the suggestion based on the
results in Fig. 4 that substitution of a lysine at residue 319
increases the cation permeability of the channel.

Finally, we note another observation that indicates that
the fluxes of different ions are not independent. The current
voltage plot in a KCl gradient is essentially linear (Fig. 5 B),
with equal slopes for inward and outward current (16.0 �
1.1 pS, n � 12). However, outward current should be
greater than inward current because outward current is
carried by more permeable Cl�, but inward current should
reflect movement of less permeable K�. The linear behavior
observed in Fig. 5 B can thus be interpreted as evidence against
the hypothesis that K� flux and Cl� flux are independent.

Cation and anion interactions

To test the interdependence of Cl� and K� permeation more
explicitly, we replaced each of these ions in turn with large
organic ions that should permeate the channel poorly. When

FIGURE 4 Effects of cation asymmetry on the reversal potentials of
N319KR mutant channels. Current-voltage plots were obtained from re-
cordings in external NaCl/internal KCl (f), external NaCl/internal NaCl
(�), and external KCl/internal NaCl (F). For external NaCl/internal KCl,
the solutions are those stated in Materials and Methods (note that this is the
same plot as in Fig. 3 B). For external NaCl/internal NaCl the same
solutions were used, except that 140 mM NaCl replaced KCl in the pipette.
For external KCl/internal NaCl, outside-out patches were formed with an
exact reversal of the solutions used in the external NaCl/internal KCl
current-voltage plot. Thus, in this experiment the patch pipette contained
Drosophila physiological saline, and the bath contained the patch pipette
solution given in Materials and Methods.
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Cl� on the intracellular side was replaced by gluconate,
inward channel current could no longer be seen, even with
voltages as negative as �180 mV (n � 10). This indicates
that very little K� can flow from the outside to the inside
without Cl� on the inside (Fig. 7, triangles). The channel
conductance of 10.8 � 0.5 pS (n � 10) was about half that
seen in symmetrical KCl (19.7 � 0.2 pS, n � 7). Thus even
Cl� flow from the outside to the inside was influenced by
Cl� on the intracellular side. The extrapolated reversal
potential of this plot was �113 � 3.8 mV (n � 9), which
with the aid of the GHK voltage equation gave PK/PCl �
0.012. This value differs dramatically from the value of 0.33
determined above (Fig. 6). This result implies an interaction
between permeating anions and cations, such that cation
permeability is much higher in the presence of permeable
anions.

When K� on the intracellular side was replaced by the
large organic cation N-methylglucamine (NMG), the result
was far less dramatic. Both inward and outward currents
were clearly observed (Fig. 7, squares), and the single-

channel conductance remained essentially the same (20.3 �
1.1 pS; n � 5). Thus Cl� movement shows no discernible
dependence on cations. The similar conductances in solu-

FIGURE 5 Potassium permeability measurement. Current-voltage plots
were obtained from the N319RS (n � 5) and N319KR (n � 12) mutant
channels. (A) For the N319RS mutant channels, the reversal potential was
�43.7 mV. The reversal potential was estimated by fitting the Goldman-
Hodgkin-Katz current equation. This value of the reversal potential yielded
PK/PCl � 0.013. (B) For the N319KR mutant channel, the reversal potential
obtained by linear fit was �20.2 � 8.3 mV, giving PK/PCl � 0.34. The
bathing solution contained 130 mM KCl, 4 mM MgCl2, 1.8 mM CaCl2,
35.5 mM sucrose, and 5 mM HEPES (pH 7.1); the pipette solution
contained 20 mM KCl, 240 mM sucrose, 10 mM HEPES, 10 mM EGTA,
and 4 mM ATP (pH 7.1).

FIGURE 6 Reversal potential versus internal KCl activity. Reversal
potentials and permeability ratios (PK/PCl) were obtained for the RdlS (Œ;
n � 10), RdlR (�; n � 5), N319RS (F; n � 5), and N319KR (f; for 20 mM
KCl, n � 12; for 60 mM KCl, n � 9; for 140 mM KCl, n � 10). The
reversal potentials for N319KR were obtained from current-voltage plots
by linear fitting. For the N319KR mutant channels, fitting the plot of
reversal potential versus KCl activity to the GHK voltage equation (see
Materials and Methods) gave PK/PCl � 0.33 (� � � �). With the solutions used
for the experiments in Fig. 5, the reversal potentials were �43.7 mV for
N319RS, �45.5 mV for RdlS, and �47.0 mV for RdlR (estimated by fitting
current-voltage plots to the GHK current equation). These gave PK/PCl �
0.013 for N319RS and values indistinguishable from zero for RdlS and
RdlR. The bathing solution was 130 mM KCl, 4 mM MgCl2, 1.8 mM
CaCl2, 35.5 mM sucrose, and 5 mM HEPES (pH 7.1). The pipette con-
tained various KCl concentrations (converted to activity for the x axis),
with replacement by sucrose. The other components of the pipette solution
were 10 mM HEPES, 10 mM EGTA, and 4 mM Mg-ATP, pH 7.1.

FIGURE 7 Effects of large organic cations and anions on the conduc-
tance and reversal potential of the N319KR mutant channel. Current-
voltage plots are shown for N-methyl-glucamine substitution for K� (f)
and gluconate substitution for Cl� (Œ) in the pipette solutions used for the
experiments in Fig. 2. The bathing solution was the same as in Fig. 5.
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tions with and without permeating cations suggest that the
permeation of cations makes little contribution to the single-
channel current. Thus, as suggested by the similar slopes in
Fig. 4, cations permeate the N319KR channel but carry little
if any current. This situation is similar to that described by
Franciolini and Nonner (1987, 1994a,b) in the hippocampal
Cl� channel (see Discussion).

The positive reversal potential in the NMG/Cl� plot of
Fig. 7 is consistent with the experiments in Fig. 6 dealing
with K� permeability. Using the GHK voltage equation,
with a measured reversal potential of 5.9 � 2.4 mV (n � 5),
and assuming zero permeability for NMG, we calculated
PK/PCl � 0.29, which was close to the value of 0.33 from
Fig. 6. Note that if we use PK/PCl � 0.33 from the exper-
iment in Fig. 6, then the reversal potential of 5.9 mV in the
internal NMG-Cl/external KCl solutions gives a value for
PNMG/PCl of 0.03. Thus a low NMG permeability is con-
sistent with our earlier measurements of PK/PCl, justifying
our use of this substance as an impermeable substitute for
inorganic cations.

Organic anion permeability

To explore the possibility that changes in pore size are
associated with the changes in permeation properties, we
determined the permeability ratios for formate, acetate, and
propionate relative to Cl�. These organic anions provide a
series of increasing sizes, with Stokes diameters of 3.37 Å
for formate, 4.49 Å for acetate, and 5.13 Å for propionate
(computed from the limiting ion conductivities of Robinson
and Stokes (1959)). The decrease in permeability with anion
size was used previously to estimate the size of the pore in
vertebrate GABAA receptor channels (Bormann et al.,
1987). Solutions with internal organic anions and external
Cl� were used to measure reversal potential shifts, allowing
us to obtain PX/PCl from the GHK voltage equation. Both
internal and external solutions contained NMG as the cation
to avoid the contribution of cation permeability to reversal
potential. The current-voltage plots for acetate are shown in
Fig. 8 for RdlS, RdlR, and N319KR. The reversal potentials
were �78.6 � 6.0 mV for RdlS (n � 5), �76.0 � 2.9 mV
for RdlR (n � 8), and �68.2 � 2.2 mV for the N319KR

mutant (n � 8). The value for N319KR was significantly
different from that for RdlR (p � 0.05), but not from that for
RdlS (p � 0.08). From these reversal potentials we obtained
PAc/PCl values of 0.049 for RdlS, 0.047 for RdlR, and 0.064
for N319KR.

The permeability ratios were determined for formate and
propionate as well (in RdlR and N319KR), and the values are
plotted versus the Stokes diameter (Fig. 9). This plot shows
the expected trend of decreasing permeability with anion
size. These data were fitted to the models used by Dwyer et
al. (1980) and Bormann et al. (1987). Although these mod-
els failed to account quantitatively for the size dependence,
the fits gave pore sizes in the 5–6 Å range, and the pore size
of N319KR was 0.3 Å larger in each case. Our data show an

exponential decrease in PX/PCl with size. The physical
significance of such a dependence is not clear, other than
possibly as a Boltzmann term with a size-dependent energy

FIGURE 8 Acetate permeation. Current-voltage plots in RdlS (A), RdlR

(B), and N319KR mutant (C) channels. The pipette contained 140 mM
N-methyl-glucamine acetate, 10 mM HEPES, 10 mM EGTA, and 4 mM
Mg-ATP (pH 7.1); the bathing solution contained 130 mM N-methyl-
glucamine chloride, 4 mM MgCl2, 1.8 mM CaCl2, 35.5 mM sucrose, and
5 mM HEPES (pH 7.1). (A) Current was averaged from eight patches for
inward current and five for outward current. The plot in A exhibited
rectification, with inward and outward currents extrapolating to �78.6 �
6.8 mV and �74.3 � 3.2 mV, respectively. For the five patches with both
inward and outward currents, the average reversal potential was �78.6 �
6.0 mV (n � 5), used for subsequent permeability ratio calculation. (B)
Current was averaged from eight patches. The average reversal potential
was �76.0 � 2.9 mV from a linear fit. (C) Current was averaged from
eight patches for inward current and 10 patches for outward current. The
channel in C also exhibited slight rectification, giving extrapolated reversal
potentials of �70.9 � 2.3 mV for inward current and �65.6 � 2.8 mV for
outward current. The average was �68.2 � 2.2 (n � 8) mV. The conduc-
tances shown were obtained as separate slopes for inward and outward
currents in A and C. Conductances were averaged after determination from
each separate patch.
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of ions penetrating the channel. The plot for N319KR and
the best fitting exponential functions are shifted to the right
by �0.2 Å relative to the plot for RdlR. Thus, depending on
choice of model, these results suggest that the mutation of N
to K at position 319 increases the pore size by 0.2–0.3 Å.

Under the conditions of these experiments, inward cur-
rent was carried by organic anion from the internal solution,
and outward current was carried by Cl� from the external
solution. Thus it is surprising that in all three channels the
putative acetate conductances are similar to or only slightly
less than the Cl� conductances (Fig. 8). Because the rever-
sal potentials indicate that acetate is 15- to 21-fold less
permeable than Cl�, it would appear once again that per-
meability and conductance are not related in a simple way,
providing yet another example of violation of the indepen-
dence of ion fluxes. This view is underscored by the com-
parison of conductances between RdlR and N319KR in
acetate. The conductance for inward current (carried by
acetate) in the N319KR channel is lower than that in the
RdlR channel, but the permeability ratio for acetate to Cl� in
the N319KR channel is higher. This trend did not extend to
propionate. The single-channel currents were very small
when current was carried by this larger anion and often
could not be seen at all, even with voltages of �230 mV.
From experiments where the noise was low enough to see
inward currents (�0.3 pA in amplitude at �200 mV), the
conductances for apparent propionate fluxes were 2.9 � 0.8

pS (n � 4) for RdlR and 2.8 � 0.4 pS (n � 3) for N319KR.
However, the conductance was also reduced for current
carried by Cl� in the opposite direction (11.2 � 0.7 pS for
N319KR, n � 11; and 7.0 � 0.5 pS for RdlR, n � 7), and
this is yet another result that suggests interactions between
ion fluxes.

DISCUSSION

Electrostatic effects on permeation

The initial goal of this study was to explore the role of
electrostatic interactions between permeating ions and res-
idue 319 in the Drosophila Rdl GABA receptor. Some of
our results are in fact consistent with such an interaction.
The wild-type receptor has the neutral polar amino acid
asparagine at this position. When it was replaced by aspar-
tate, the conductance for both inward and outward current
went down, and when it was replaced by arginine both
conductances went up. Presumably the receptor encoded by
the Rdl gene is composed of five identical subunits, in
keeping with the pseudo-fivefold symmetry suggested for
GABAA receptors (Nayeem et al., 1994) and nicotinic re-
ceptors (Karlin and Akabas, 1995). This means that single
charge replacements should be multiplied by five when one
considers the total change in charge at a putative ring
formed by all five subunits. In the nicotinic receptor, five
charge replacements in the extracellular ring (one residue
away from N319; Fig. 1) reduced the conductance by four-
fold (Imoto et al., 1988). Compared to this, the changes
described in the present study are rather small (Fig. 2).
However, the residue homologous to N319 in GABAA

receptors was inaccessible to cysteine scanning and is there-
fore buried within the protein (Xu and Akabas, 1996). This
would place this residue at a greater distance from the
aqueous permeation pathway and explain the weaker inter-
action. These are the only results we obtained that fit with
an electrostatic interaction. The results discussed below
indicate different forms of interactions and require an ex-
planation in terms of fundamentally different mechanisms.

Conformational effects on permeation

The following results cannot be explained in terms of elec-
trostatic interactions. The lysine-substituted mutant chan-
nels, N319KS and N319KR are permeable to cations. Both
lysine and arginine carry a single positive charge in solution
at neutral pH, so the changes caused by exchange of these
two amino acids are not likely to be electrostatic. Further-
more, although the cation permeability caused by the ex-
change of arginine and lysine is surprising, it is paradoxical
in view of the cation impermeability of the asparagine
(wild-type) and aspartate-containing channels. Adding pos-
itive charge should reduce cation permeability, not increase
it. The appearance of cation permeability is accompanied by
a striking interdependence of ion fluxes. The possible per-
meation of the N319KR channel by multiion complexes

FIGURE 9 Plot of permeability ratio versus Stokes diameter. Permeabil-
ity ratios for formate, acetate, and propionate were determined from
reversal potentials, using solutions as in Fig. 8, with different organic
anions in the pipette solution. Squares are for N319KR and circles are for
RdlR. Each point reflects 4–12 experiments. The best fitting exponential
functions are drawn through the data points and suggest that the N319KR

channel has a pore that is 0.2 Å larger than the pore of the RdlR channel
(see text). The differences are statistically significant for formate and
acetate (p � 0.05).
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(discussed below), together with the cation permeability,
suggests that this mutation alters the underlying mechanism
of ion permeation in a fundamental way. Because these
changes go well beyond what can be expected from a simple
change in charge, it is likely that lysine substitution at this
site induces a change in the conformation of the protein,
such that the positions of other residues are altered. Further
evidence for a conformational effect comes from consider-
ing the result that lysine substitution at position 319 in-
creased the permeability to organic anions, because this
indicates an increase in the size of the pore. The size filter
in the nicotinic receptor is thought to be quite distant from
the extracellular ring, in the lower M2 region near the
intermediate ring of charge (Villarroel et al., 1991). Thus
the apparent size change also requires an action at a distance
through a change in the conformation of the protein. This
conformational change would then emanate from residue
319 and extend to the deeply situated selectivity filter of the
channel.

It has been pointed out that conductance mutations near
this location in nicotinic receptors failed to show the ionic
strength dependence expected for a simple electrostatic
mechanism, and global structural changes were among the
alternative explanations considered (Kienker et al., 1994).
An especially interesting comparison can be made with the
results of Galzi et al. (1992), who found that insertion of a
proline before ring 2 in the nicotinic receptor �7 subunit
(where a gap appears in the alignment with the GABA
receptors in Fig. 1) renders the channel anion permeable.
This result was also interpreted in terms of a structural
realignment of the M2 segment, but in this case it was
initiated at the opposite end. The fact that such conforma-
tional changes influence anion-cation selectivity lends sup-
port to the speculative idea that hydroxyl side chains can
serve as “ambidextrous” ligands. Depending on the specific
three-dimensional arrangement of side chains and backbone
carbonyls, a channel could interact preferentially with either
anions or cations or both (Eisenman and Alvarez, 1991).

Cysteine-scanning studies have shown that the residue
homologous to N319 in vertebrate GABAA receptors is
inaccessible to sulfhydryl reagents and is presumably em-
bedded within the protein (Xu and Akabas, 1996). Thus it is
likely that this residue plays a structural role in anchoring
the C-terminal part of the M2 segment. A lysine substitution
could then alter the interaction with other domains to shift
the position of the entire M2 segment. In this way the amino
acid in the distant residue 302 (the site that determines
cyclodiene sensitivity) could change its position to allow the
N319K mutation to have different consequences in the
cyclodiene-resistant and -sensitive backgrounds, as ob-
served (Fig. 2 D versus Fig. 3 B). Alternatively, the ten-
dency for the M2 segment to adopt an �-helical conforma-
tion in the Rdl GABA receptor may be sensitive to the
amino acid in position 319. In synthetic peptides, arginine-
lysine substitutions were shown to have long-range effects
on the tendency to form �-helices versus 310-helices (Fiori

et al., 1994), so similar long-range effects in the GABA
receptor protein are a possibility.

The hippocampal chloride channel and
multiion permeation

Some of the permeation properties of the N319KR channel
described here resemble those of a rat hippocampal voltage-
dependent Cl� channel, studied in detail by Franciolini and
Nonner (1987, 1994a,b). We note the following two simi-
larities: 1) The two channels are cation permeable in similar
ratios: 0.2 for the hippocampal Cl� channel and 0.33 here.
2) In the absence of anions, permeation by cations is not
detectable. We also note two differences: 1) The N319KR

channel shows a strong preference for Na� over K�, but the
hippocampal Cl� channel has equal permeabilities for these
two cations. 2) The hippocampal Cl� channel has higher
permeability for the organic anion acetate (PAc/PCl � 0.66)
than the N319KR channel (PAc/PCl � 0.064), implying that
the hippocampal Cl� channel has a larger pore diameter.
More generally, in both channels ion fluxes appear to be
interdependent. The properties of the hippocampal Cl�

channel have been explained by models involving ion com-
plexes as permeating species (Franciolini and Nonner,
1994b). Thus it is possible that some of the results seen in
the N319KR channel can be explained by a similar mecha-
nism. A large number of results in this study were noted that
were inconsistent with the GHK equation and thus suggest
that ion fluxes are not independent. These results may be an
indication of permeation by ionic complexes, as proposed
by Franciolini and Nonner, or alternatively, the inadequacy
of the GHK equation may reflect a more complicated de-
pendence of permeability ratios on ion composition.

Reversal potentials of GABA-gated channels

The reversal potentials of GABAA receptor channels show
considerable variation between different vertebrate prepara-
tions. Even at different locations in the same cell, GABA
can either depolarize of hyperpolarize, despite the fact that
a Cl�-selective channel is activated at both sites (Alger,
1985). The mechanisms of these actions in some cases have
been attributed to differences in intracellular [Cl�] (Zhang
and Jackson, 1993), as well as to shifts in the transmem-
brane bicarbonate gradient (Staley et al., 1995). Vertebrate
GABAA receptors exhibit enormous molecular diversity
(Luddens and Wisden, 1991; Whiting et al., 1995). Al-
though no GABAA receptor subunit contains a lysine at the
residue homologous to N319 of the Rdl gene product, lysine
is occasionally found at the adjacent position, i.e., in the
extracellular ring. If some GABAA receptor variants have
channels that allow ions to permeate by a mechanism sim-
ilar to that found for the N319KR channel, then the Na� and
K� gradients of a cell would lead to reversal potentials that
are positive relative to the Nernst potential for Cl�. This
provides a new hypothesis for the diversity of neuronal
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responses to GABA, namely that a GABAA receptor has Rdl
N319K-like behavior, so that its reversal potential is deter-
mined by cations as well as anions.

CONCLUSIONS

These studies showed that a residue of the Drosophila Rdl
GABA receptor channel adjacent to the extracellular ring of
negative charge in nicotinic receptors influences ion perme-
ation by both electrostatic and nonelectrostatic mechanisms.
Because the changes in permeation properties resulting
from mutations at this site were extensive and were associ-
ated with an increase in pore size, we were led to propose a
change in protein conformation. These results suggest that
the arrangement of the peptide chains can determine the
anion-cation selectivity of a channel. This point has been
made on the basis of very different mutations in nicotinic
receptors (Galzi et al., 1992) and is relevant to the question
of how channels with both anion and cation selectivity
evolved within the same gene superfamily.
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