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ABSTRACT

Binding of the agonist GABA to the GABA, receptor causes
channel gating, whereas competitive antagonists that bind at
the same site do not. The details of ligand binding are not well
understood, including which residues interact directly with li-
gands, maintain the structure of the binding pocket, or trans-
duce the action of binding into opening of the ion channel gate.
Recent work suggests that the amine group of the GABA mol-
ecule may form a cation-w bond with residues in a highly
conserved “aromatic box” within the binding pocket. Although
interactions with the carboxyl group of GABA remain unknown,
three positively charged arginines («,Arg67, «;Arg132, and
B>Arg207) just outside of the aromatic box are likely candi-
dates. To explore their roles in ligand binding, we individually
mutated these arginines to alanine and measured the effects on
microscopic ligand binding/unbinding rates and channel gat-

ing. The mutations «;R67A or B,R207A slowed agonist binding
and sped unbinding with little effect on gating, demonstrating
that these arginines are critical for both formation and stability
of the agonist-bound complex. In addition, «;R67A sped bind-
ing of the antagonist 2-(3-carboxypropyl)-3-amino-6-(4 me-
thoxyphenyl)pyridazinium bromide (SR-95531), indicating that
this arginine poses a barrier to formation of the antagonist-
bound complex. In contrast, B,R207A and «;R132A sped an-
tagonist unbinding, indicating that these arginines stabilize the
antagonist-bound state. «;R132A also conferred a new long-
lived open state, indicating that this arginine influences the
channel gate. Thus, each of these arginines plays a unique role
in determining interactions with agonists versus antagonists
and with the channel gate.

Introduction

Activation of the GABA, receptor involves formation of an
agonist-receptor complex (binding) followed by conforma-
tional rearrangements that open an integral chloride channel
(gating). The ligand binding pocket is formed by the interface
between 3 and « subunits (Sigel et al., 1992; Amin and Weiss,
1993; Smith and Olsen, 1994). Many candidate GABA-bind-
ing residues have been identified by observing that their
mutation right-shifts the GABA dose-response curve, or that
modification of substituted cysteines alters the ability of
GABA to activate the channel (Boileau et al., 1999, 2002;
Westh-Hansen et al., 1999; Wagner and Czajkowski, 2001;
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2002; Newell and Czajkowski, 2003; Holden and Czajkowski,
2002). Recent work has highlighted aromatic residues that
are highly conserved among cysteine-loop receptors, includ-
ing GABA,, nicotinic acetylcholine (nACh), glycine, and
5-hydroxytryptamine, receptors (Lummis, 2009). Unnatural
amino acid substitution of these aromatics demonstrates that
the electronegativity of their m-electron orbitals correlates
strongly with apparent affinity for agonists, leading to the
proposal that the ligand amine group forms a direct cation-7
bond with specific aromatic residues. The other end of the
GABA molecule, however, is a carboxylate group whose bind-
ing partners remain unknown.

The above-mentioned studies used macroscopic measures
(e.g., EC5,) that are composites of multiple microscopic bind-
ing and gating transitions, and thus were not able to distin-
guish whether a residue is specifically involved in binding,
gating, or both. Here, we used submillisecond ligand appli-
cation and kinetic modeling to estimate the microscopic bind-
ing/unbinding rates of agonists and a competitive antagonist.

ABBREVIATIONS: nACh, nicotinic acetylcholine; SR-95531, 2-(3-carboxypropyl)-3-amino-6-(4 methoxyphenyl)pyridazinium bromide (gaba-
zine); THIP, 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol (gaboxadol); HEK, human embryonic kidney; ANOVA, analysis of variance; P,

open probability.
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By taking advantage of the competition between agonist and
antagonist to occupy the agonist binding site, we can deter-
mine the agonist binding rate apart from any gating pro-
cesses (Clements et al., 1992; Jones et al., 1998, 2001; Wag-
ner et al., 2004).

The substituted cysteine accessibility method (Boileau et
al., 1999; Wagner and Czajkowski, 2001) and homology mod-
eling (Cromer et al., 2002) have identified three arginines
(a;Arg67, a;Argl32, and B,Arg207) at the B/a intersubunit
ligand-binding interface, in positions in which they could
serve as binding partners for the carboxylate group of GABA
(Fig. 1A). We showed previously that in the rat a;8, GABA,
receptor, mutating B,Arg207 to cysteine slowed GABA bind-
ing and sped unbinding, with no effect on gating (Wagner et
al., 2004), raising the possibility that B,Arg207 could directly
interact with GABA. Here, we compare the roles of all three
arginines in the human receptor by mutating them individ-
ually to alanine, which more closely approximates the re-
moval of the native side chain than mutation to cysteine.

We find that a;Arg67 and B,Arg207 are critical for both rapid
and stable binding of the agonists GABA and THIP but not for
channel gating. In contrast, «;Arg67 hinders binding of the
competitive antagonist 2-(3-carboxypropyl)-3-amino-6-(4-
methoxyphenyl)pyridazinium bromide (SR-95531), whereas
B2Arg207 and o, Argl32 stabilize bound antagonist. Mutation
of a;Arg132 also confers a new open state. Thus, a;Arg67 and
B>Arg207 are good candidates for interacting directly with
GABA, whereas B,Arg207 and «;Argl32 may interact with
antagonist and «;Argl32 may also participate in transducing
binding to gating.

Materials and Methods

Cell Culture and Transfection. Human embryonic kidney
(HEK-293) cells were cultured in minimum essential medium with
Earle’s salts (Mediatech, Inc., Herndon, VA) containing 10% bovine
calf serum (Sigma-Aldrich, St. Louis, MO) in a 37°C incubator under
a 5% CO, atmosphere. Cells were transfected using either a calcium
phosphate precipitation method (Jordan et al., 1996) or with the
Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA) with the
prescribed protocol, with 1 to 2 ug total of one « and one B construct
in a 1:1 ratio, from «;, a;R67A, or a;R132A and B,, Bs.grer (See
below), or B,R207A human ¢cDNAs in vector pcDNA3.1 (Invitrogen).
Recordings were performed 24 to 80 h after transfection. Wild-type
constructs were obtained from Dr. Steven Petrou (Howard Florey
Institute, Melbourne, Australia), and mutant constructs were made
using recombinant polymerase chain reaction as described previ-
ously (Kucken et al., 2000). Each mutation was verified by double-
stranded sequencing of the entire coding region to verify that no
unwanted mutations had been introduced during the procedure.

Patch-Clamp Electrophysiology. Recordings from outside-out
patches excised from HEK-293 cells were made using borosilicate
glass pipettes filled with 140 mM KCl, 10 mM EGTA, 2 mM MgATP,
20 mM phosphocreatine, and 10 mM HEPES, pH 7.3, with osmolar-
ity of 315 mOsM. Patches were voltage-clamped at —60 mV and
placed in the stream of a multibarreled flow-pipe array (Vitrodynam-
ics, Rockaway, NJ) mounted on a piezoelectric bimorph (Morgan
Electro Ceramics Inc., Bedford, OH). A computer-controlled constant
current source drove the bimorph to move solution interfaces over
the patch with 10 to 90% exchange times of <200 us, as measured by
the liquid junction current at the open pipette tip after each exper-
iment. Junction currents were generated by altering the ionic
strength with an additional 5 mM NaCl or 1% H,0 in solutions
containing agonist or antagonist, respectively. GABA, THIP, and
SR-95531 were dissolved in the perfusion solution, which usually
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Fig. 1. Mutation of B,Arg207, a;Arg67, or a;Argl32 to alanine increases
the rate of deactivation and right-shifts concentration-response curves
but does not affect desensitization. A, homology model of the GABA,
receptor agonist binding site at the interface between B, (pink) and «,
(yellow) subunits showing residues B,Arg207, a,Arg67, and o;Argl32
(O’'Mara et al., 2005; with «;Arg67 rotated arbitrarily so as to protrude
into the binding pocket). B, mutants and wild-type receptors were chal-
lenged with 2 to 4 ms (left) or 500 ms (right) pulses of 10 mM GABA
(because of differences in EC;,, we ensured saturation by using 30 mM
GABA for R67A). All traces were normalized to their peak to ease com-
parison. Peak currents of traces shown varied between 60 and 300 pA.
Each trace is the average of between 8 and 25 sweeps, recorded while
the patches were held at —60 mV. The top traces in both are example
recordings from open pipette tips at the end of an experiment to
demonstrate solution exchange. C, GABA concentration-response
curves of peak currents, fit with the equation I pa/Igapamax = Ymasx/
[(EC5/[GABADY + 1], where N is the Hill coefficient (Prism 4). Only
two data points are shown for o, 8,, which were linearly interpolated to
estimate EC;, (Table 2).

contained 145 mM NaCl, 2.5 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 10
mM HEPES, and 4 mM glucose, pH 7.4, with osmolarity of 320
mOsM adjusted with sucrose. For extracellular solutions that con-
tained greater than 30 mM GABA or THIP, the concentration of
NaCl was reduced, and the appropriate combination of sucrose and



agonist was added to compensate for the reduced osmolarity. When
using low NaCl extracellular solution, the concentration of KCl in
the pipette solution was also reduced to maintain a constant Cl~
driving force, and potassium gluconate was added to maintain the
osmolarity. All chemicals were obtained from Sigma-Aldrich. Cur-
rents were low-pass-filtered at 2 to 5 kHz with a four-pole Bessel
filter and digitized at a rate no less than twice the filter frequency.
Data were collected using an Axopatch 200B amplifier and Digidata
1320A digitizer (Molecular Devices, Sunnyvale, CA), controlled by
AxoGraph software (Axograph Scientific, Sydney, Australia) running
on a Macintosh G4 (Apple Computer, Cupertino, CA). Curve-fitting
was performed using either AxoGraph or Prism 4 (GraphPad Soft-
ware, Inc., San Diego, CA) software. Deconvolution of antagonist
unbinding experiments (Jones et al., 2001) was done using home-
written routines in MATLAB 7 (The MathWorks, Natick, MA).

Statistical Analysis. In all cases, significant differences were
tested using one-way ANOVA with post hoc Tukey test at a signifi-
cance level of p < 0.05 (Prism 4). Weighted time constants (r,,) for
biexponential fits to macroscopic kinetics [i.e., I(t) = a,exp(—t/7)]
were calculated as 7, = 3;a;7;, where a; and 7, are the fractional
amplitude and time constant of the i** component, I is current, and
¢ is time.

Bo-Subunit GKER Mutation. The GABA, receptor mutation
a;R67A (human numbering, equivalent to Arg66 in the rat) has been
shown previously to disrupt receptor assembly with the B, subunit
(Bollan et al., 2003). Consistent with these findings, we observed
very little GABA-evoked current in outside-out patches from HEK-
293 cells transfected with «;R67A and 3, subunits (3 of 50 patches
had detectable current with a mean of 8 pA). However, it has also
been reported that assembly in the presence of a;R67A can be
rescued by replacing four amino acid residues in the B, subunit with
the aligned residues from the 35 subunit (Taylor et al., 1999; Bollan
et al., 2003). We refer to this construct as B, qkrr representing the
four mutations D171G, N173K, T179E, and K180R.

Single-Channel Records. Single-channel currents were re-
corded in the presence of 30 mM GABA from patches held at —80
mV, sampled at 20 kHz, and filtered at 2 kHz. Openings and closures
were defined by entry into specific amplitude windows using a 200-us
minimum event width, with home-written routines in MATLAB 7 (The
MathWorks). Events that included multiple openings were dis-
carded. Open time distributions were fitted by the maximum likeli-
hood method, with corrections for missed events (Colquhoun and
Sigworth, 1995).

Nonstationary Variance Analysis. Nonstationary variance
analysis (Sigworth, 1980) was performed on responses to repeated
pulses of saturating GABA (10 mM), from which ensemble mean
current (I) and variance () were calculated at each time point. The

TABLE 1
Summary of biexponential fits to deactivation and desensitization
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mean current was divided into 100 equally sized bins, and the vari-
ances in each bin were averaged. Plots of binned variance versus
current were fit with the equation ¢® = il — I’N~1, where i is the
single channel current and N is the number of channels. Conduc-
tance was computed by dividing i by the holding potential of —60 mV.
Variance resulting from slow drift (i.e., rundown or run-up) was
corrected by local linear fitting of the drift, calculating the variance
due to this trend at each point, and subtracting this drift variance
(scaled by the square of normalized current amplitude) from the total
variance before fitting. This method yields accurate estimates of i
and N when tested on simulated data with drift.

Kinetic Modeling. Kinetic modeling was performed with home-
written software using the Q-matrix method (Colquhoun and
Hawkes, 1995). Before optimization of the model shown in Fig. 7A,
the GABA binding rate constant k,, was fixed to the value we
determined experimentally (Table 2), and the maximal open proba-
bility (P, ,.x) Was set to 0.44 based on nonstationary variance anal-
ysis (Fig. 6). The remaining unconstrained rate constants were op-
timized for individual patches expressing «;B,, «;B,R207A, or
a;R67AB, oxrr receptors by fitting current responses to 2 to 4 ms
and 500-ms pulses of 10 to 30 mM GABA (Fig. 7, B and C). Optimi-
zation used a Nelder-Mead simplex algorithm to minimize the am-
plitude-weighted sum of squared errors between actual and simu-
lated currents. In all cases, significant differences in fitted
parameters between constructs were tested using one-way ANOVA
with post hoc Tukey’s test, p < 0.05.

Results

Arginines «a;,Arg67, a;Argl32, and B,Arg207 Are Crit-
ical for Prolonged Receptor Activation. Responses to
rapid ligand application were recorded in outside-out patches
from HEK-293 cells transfected with either o435, a;8,R207A,
a1Bs.crery @1R67ABs grrr, OF «;R132AB, ckrr subunit
combinations. Receptor kinetics were characterized by mac-
roscopic deactivation after brief pulses (2—4 ms), somewhat
similar to that occurring during synaptic transmission, and
desensitization during long pulses (500 ms) of saturating
GABA (10-30 mM). The B, subunit GKER mutation was
employed to rescue receptor assembly in the presence of
a,R67A or a;R132A (see Materials and Methods). Compared
with «,B, receptors, a;Bs ckrr did not alter macroscopic
deactivation or desensitization kinetics, or GABA EC,, (Fig.
1, B and C; Table 1). Thus, we treated a,Bs cxrr as a “wild-

Arginine-to-alanine mutations «;R67A, «;R132A, and B,R207A sped deactivation after brief (2—4 ms) pulses of 10 to 30 mM GABA, with little effect on desensitization during
longer (500-ms) pulses. Data are mean = S.E.M. “Remaining” indicates fraction of peak current remaining at the end of a 500-ms pulse.

Thast Thast Tslow Tslow Tuweighted Remaining n
ms % ms % ms %
Deactivation after brief GABA pulses (2—4 ms, 10 mM)
By 26 + 2 725 298 + 18 29 +5 103 = 14 N.A. 9
1B GKER 22 +3 713 281 = 31 29 +3 96 * 12 N.A. 9
a,B8,R207A 6 = 1% 90 = 5% 31 = 5% 10 = 5% 8 = 1% N.A 4
a;R67AB, cker 4+ 1% 98 + 2% 15 + 3* 2 + 2% 4+ 1% N.A 7
a;R132A8, cxrr 13 = 2% 81+1 161 = 31* 19=+1 42 + 8* N.A 4
Desensitization during long GABA pulses (500 ms, 10 mM)
a8, 13+1 50 + 3 159 = 14 20 = 2 57 + 10 27 + 2 32
a1 Bo.GKER 18=x1 49=x1 239 = 30 23 £ 2 88 =11 28 £ 2 25
a,8,R207A 11=+1 62 + 3 184 = 18 152 42 *5 23+ 2 39
a;R6TAB, xrr” 27 + 3* 37+4 217 = 26 27 £ 3 107 = 13 36 =3 15
a;R132A8, ckrr 11+1 62 = 3 267 + 61 172 70 = 15 21+ 2 16

N.A., not available.
“ Currents were elicited with 30 mM GABA.

* Differences between mutants and their appropriate control (see Results) were calculated using one-way ANOVA with post-hoc Tukey test at p < 0.05 (Prism 4).
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type” control for the a;R67A and «;R132A mutants, whereas
the B,R207A mutant was compared with «;f3,.

All three mutations accelerated deactivation (speeding of
7. 0 R67A, 24-fold; o;R132A, 2-fold; B,R207A, 13-fold), with
little or no effect on desensitization (Fig. 1B, Table 1). Al-
though «,R67A exhibited a slower initial component of de-
sensitization, it sped deactivation to a much larger degree
than it slowed desensitization. Both macroscopic deactiva-
tion and desensitization emerge from the interactions of nu-
merous microscopic transitions. However, only deactivation
depends on ligand unbinding, because in the presence of
saturating ligand, any unbound receptor will immediately
rebind (it is “as if” the ligand never unbinds). Speeding de-
activation without appreciably altering desensitization
therefore suggests that all three mutations increase the un-
binding rate of GABA, with little or no effect on gating
(further evidence for this conclusion for «;R67A and
B>R207A is presented below). Faster unbinding should re-
duce the time spent in ligand-bound states, which predicts a
lower apparent affinity. Consistent with this interpretation,
all three mutations shifted the GABA dose-response curve to
the right (shift in GABA EC;,: «;R67A, 183-fold; a;R132A,
5-fold; B,R207A, 23-fold) (Fig. 1C, Table 2).

Arginines Are Differentially Involved in Competi-
tive Antagonist Binding. Competitive antagonists are
likely to bind at the same location as GABA, thus preventing
GABA from binding, but there must be a difference in the
way they interact with the binding site because they do not
induce channel opening. We therefore asked whether
a,Arg67, a;Argl32, or B,Arg207 were involved in binding the
competitive antagonist SR-95531 by examining the effect of
their individual alanine mutations on SR-95531 microscopic
binding and unbinding rates.

The unbinding rate of a competitive antagonist can be
obtained from macroscopic currents using a deconvolution
based method described in detail by Jones et al. (2001). In
brief, receptors are pre-equilibrated in antagonist and then
rapidly switched to a solution with saturating GABA alone.
The resulting current is due to antagonist unbinding from
receptors that are then free to bind GABA and open (Fig. 2A).
This current is the convolution of the antagonist unbinding
time course with the response to GABA alone. Therefore, the
antagonist unbinding time course can be obtained by decon-
volving the currents after antagonist equilibration with a
control response to saturating GABA (Fig. 2B). In our hands,
the unbinding time course of SR-95531 from the GABA,
receptor obtained by this and other methods (e.g., Jones et
al., 1998) has always been monoexponential, suggesting un-

TABLE 2

binding from a single site. Thus, we take the inverse of this
time constant to be the microscopic antagonist unbinding
rate (Table 2).

In addition to the unbinding rate, the amount of current
elicited immediately upon agonist application reflects the
equilibrium fraction of receptors having bound antagonist
during the pre-equilibration, which depends on the antago-
nist concentration. All three mutants altered the affinity of
the receptor for SR-95531, as evidenced by their shifted in-
hibition dose-response curves, but not in the same direction
(Fig. 2C, Table 2). Consistent with the monoexponential na-
ture of SR-95531’s unbinding time course (Fig. 2B), the inhi-
bition dose-response curves for each construct were best fit-
ted with a Hill slope near unity (Fig. 2C, inset), suggesting
that antagonism occurs upon binding of a single molecule of
SR-95531. For a single binding site, as seems to be the case
for SR-95531 (see Discussion), the antagonist binding rate
can be computed as k., ..i = Rofrant/Kp, Where the micro-
scopic dissociation constant K, is the antagonist concentra-
tion required to block half of the channels.

The lower antagonist affinities conferred by B,R207A and
a;R132A were entirely due to a 2- and 9-fold increase in the
SR-95531 unbinding rate, respectively (Table 2). On the
other hand, the higher affinity conferred by a;R67A was due
to a 5-fold increase in the SR-95531 binding rate. This indi-
cates that a;Arg67 acts as a barrier to binding SR-95531,
whereas a;Arg132 and to a lesser extent B,Arg207 stabilize
the SR-95531-bound complex.

Arginines «o;Arg67 and B,Arg207 Are Required for
Fast Agonist Binding. To determine the roles of a;Arg67,
a;Argl132, and B,Arg207 in GABA binding, we examined the
effect of their individual alanine mutations on the micro-
scopic GABA binding rate using a macroscopic measure that
involves “racing” GABA against the competitive-antagonist
SR-95531. In brief, control responses to saturating GABA
were interleaved with responses to the simultaneous appli-
cation of GABA and SR-95531. Coapplication of agonist and
antagonist leads to a reduction in the peak agonist-evoked
response as a result of some of the receptors binding antag-
onist and contributing no current. The ratio I, of the peak
current in the presence of antagonist to that in control de-
pends on the relative concentrations and binding rates of the
agonist and antagonist as they “race” against each other for
the binding site. If the antagonist binding rate (k,,_ ) is
known, the agonist binding rate can be computed as &, ., =
[ant] &, .. /(lagl(UI,,.. — 1)), where [ant] and [ag] are the
antagonist and agonist concentrations, respectively (Jones et
al., 1998).

Summary of microscopic binding/unbinding rates and affinities for the competitive antagonist SR-95531 and binding rates and macroscopic

affinities for the agonists GABA and THIP

Data are mean = S.E.M.

Kpsr kotr.sr kon-sr EC50.gapa kon-GaBA konTHIP
nM st M it mM M1t
a1 124 101 (8.2 = 0.7) X 107 6 (2.2 = 0.4) X 107 (5.5 = 0.7) X 108
1B GKER 69 7+1 (9.7 = 0.8) x 107 8 (2.0 = 0.2) x 107 N.A.
a;8,R207A 230 23 + 2% (9.9 = 1.0) X 107 139 (3.8 = 0.4) X 105* (1.9 = 0.7) X 10°*
a;R67AB, cker 26 12+ 2 (4.5 = 0.6) X 10%* 1100 (1.4 = 0.1) X 106%* (5.6 = 1.7) X 10°*
a;R132A8, cxrr 542 63 = 9% (1.2 £ 0.2) x 108 31 (1.7 = 0.4) X 107 N.A.

N.A., not available.

* Differences between mutants and their appropriate control (see Results) were calculated using one-way ANOVA with post-hoc Tukey test at p < 0.05 (Prism 4). GABA

unbinding rates were also estimated using a kinetic model (see Fig. 7).
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unbinding time course was obtained by deconvolving the control (no
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state as ¢ — o, 7is the time constant of antagonist unbinding from each
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In wild-type receptors, simultaneous application of 10 mM
GABA and 300 uM SR-95531 blocked ~15% of the peak
current obtained by application of GABA alone (Fig. 3). This
suggests that SR-95531 “out-raced” GABA for its binding site
at 15% of the receptors. In contrast, peak current for the
B>R207A mutant was blocked by ~45% under the same con-
ditions. Because this mutation does not affect the binding
rate of SR-95531, it must be that B,R207A slows GABA
binding. Peak current for the a;R67AB, qkrr mutant was
10-fold more sensitive to SR-95531 than that for B,R207A.
However, part of this enhanced sensitivity is due to the faster
binding rate of SR-95531, which when taken into account
yields a 14- and 6-fold slowing of the GABA binding rate
compared with wild type for the «;R67A and B,R207A mu-
tants, respectively. In contrast, «;R132A did not confer a
detectable difference in the GABA binding rate. Therefore,
a;Arg67 and B,Arg207, but not a;Argl32, are required for
rapid formation of the GABA-bound complex.

To test whether «;Arg67 and B,Arg207 are specifically
involved only in binding GABA, or if they are more generally
involved in agonist binding, we examined the effect of their
mutation to alanine on the microscopic binding rate of the
lower affinity agonist THIP. Similar to their effect on GABA
binding, both «;R67A and B,R207A slowed THIP binding,
suggesting that these residues may play a generic role in
agonist binding at the GABA, receptor (Fig. 4, Table 2).

Mutations «;R67A and B,R207A Do Not Alter Peak
Open Probability, Open Time, or Conductance. Because
none of the mutations had much of an effect on macroscopic
desensitization, we hypothesized that they did not greatly
affect gating. To test this, we examined the effect of each
mutation on multiple aspects of channel gating including
single-channel conductance, open dwell time distributions,
and maximal open probability (P, ,,..). Open dwell time dis-
tributions from single-channel recordings in the presence of
30 mM GABA at a holding potential of —80 mV for «,f,,
a,R67ABy grker, and a;B,R207A were all fitted with three
exponential components whose time constants and relative
areas were not different (Fig. 5). Although the first three time
constants of the open dwell time distribution for o; R132A8, qxrr
were also similar to wild type, we observed a small fraction of
longer openings not seen in the other constructs. Mean open
times (and relative areas) were the following: for o, 3, (eight
patches, mean = SE.M.), 0.3 +£0.03 ms (0.57 = 0.05),
1.0 £ 0.1 ms (0.39 + 0.05), and 4.2 = 0.4 ms (0.05 + 0.01);
a;R67ABy ckrr (four patches), 0.3 £ 0.1 ms (0.64 = 0.06),
0.9 + 0.2 ms (0.34 = 0.05), and 3.0 = 0.4 ms (0.03 + 0.01);
a;R132AB, gkrr (three patches), 0.4 = 0.04 ms (0.42 = 0.01),
1.1+02 ms (043 *=0.01), 39+11 ms (0.14 =0.01), and
16.1 =32 ms (0.01 =0.003); and «,B,R207A (four patches),
02*0.02 ms (0.56 =0.03), 0.7*+0.1 ms (042 *=0.03), and
3.1 0.4 ms (0.02 = 0.01). In addition, none of the mutations

site (kggr = 1/7), and N is the number of antagonist binding sites (Jones
et al., 2001). Best fits were always obtained with N = 1. Note the different
time scales for each construct. C, dose-response curves for the equilib-
rium antagonist occupancy in the absence of GABA, A(¢ = 0), were fitted
to the normalized Hill equation I/, = 1 — 1/[(Ky, sg/ISR — 955311)Y + 1.
Unconstrained fits (shown) had Hill coefficients (V) near unity for all five
constructs (a; 85, 1.1; R207A, 0.8; oy Bo.crrrs 1-1; R67A, 0.9; R132A, 0.8).
The goodness of fit as judged by the sum-of-squared errors (SSE) de-
creased for increasing integer N (inset, SSE normalized to value at N =
1; solid symbols, N constrained to integers 1, 2, or 3; open symbols, N
unconstrained).
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o,B, 0B, cxeen o, B,R207A o, R67AB, - o R132AB, . .
10 mM GABA 10 mM GABA 10 mM GABA 10 mM GABA 10 mM GABA
T *300mM SR-95531 nl 300 uM SR-95531 — *300uMSR-95531  — 30 uM SR-95531 ..11 300 uM SR-95531
L L ™ T
W hw ”T w
__Jropa I 25 pA 25 pA 50 pA | 50 pA
50 ms

Fig. 3. The mutations B,R207A and «;R67A slow the GABA binding rate. Responses to simultaneous application of GABA and the competitive
antagonist SR-95531 reflect their relative binding rates. The larger amplitude traces are responses to GABA alone, whereas the smaller traces are
responses to coapplication of GABA and antagonist. The ratio of the peak currents was used to compute %, ;254 (Jones et al., 1998). Each trace is the

average of between 5 and 20 sweeps. The top traces are recordings from open pipette tips made at the end of each experiment.

o, R67AB

50 mM THIP
+ 100 uM SR-95531

o,f, o, B,R207A

50 mM THIP
+ 1 mM SR-95531

2-GKER

30 mM THIP
+ 1 mM SR-95531

10 pA |10 PA

20 pA

Fig. 4. The mutations B,R207A and «;R67A slow the binding rate of
THIP. Responses to simultaneous application of THIP and the competi-
tive antagonist SR-95531 reflect their relative binding rates. Pulses were
500 ms and the first 100 ms are shown. The larger amplitude traces are
responses to THIP alone, whereas the smaller traces are responses to
coapplication of THIP and antagonist. The ratio of the peak currents was
used to compute &, pyp (Jones et al., 1998).

altered the channel’s main conductance level, which was the fol-
lowing: for a,B, (mean = S.E.M.), 10.7 = 0.6 pS; R67ABs cker,
9.3+0.3 pS; R132AB, ckrr, 86 =04 pS; and «,;B,R207A,
9.9 + 0.8 pS. Differences were assessed by one-way ANOVA with
post hoc Tukey’s test at p < 0.05.

Closed dwell time distributions were fit with four exponen-
tial components (data not shown). Mean closed times (and
relative areas) for «;8, were 0.9 * 0.1 ms (0.53 *+ 0.04),
7.4+ 0.8 ms (0.28 = 0.04), 183 = 52 ms (0.14 = 0.05), and
1856 + 686 ms (0.04 = 0.01). None of the mutants differed in
any of these components. However, because patches probably
contained multiple channels, the observed closed times
include apparent closures that may be due to the closing of
one channel and the opening of another. Because these ap-
parent closures are less likely to occur during sojourns to
short-lived closed states, we examined closed time distribu-
tions from within bursts of openings separated by closures
longer than 10 ms, excluding those bursts containing stacked
openings. Within-burst closed-time distributions were fit
with three exponential components. Mean within burst
closed times (and relative areas) for a3, were 0.3 * 0.04
(0.26 = 0.05), 1.5+ 0.2 (0.45* 0.03), and 8.7 £ 0.6 ms
(0.30 = 0.04). None of the mutants differed in any of these
components.

We used nonstationary variance analysis (Sigworth, 1980)
to estimate both the single-channel conductance and P, .
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Fig. 5. Single-channel properties of arginine mutants. A, representative
single channel events. Recordings were filtered at 2 kHz for analysis and
1 kHz for display. B, open dwell time distributions across patches were fit
with the sum of three to four exponentials (time constants and relative
areas are labeled). The first three time constants were not different in the
mutants, but «1R132A receptors exhibited a small number of additional
long-lived openings not seen for the other three constructs. C, summary
of the first three open dwell time constants and relative areas. *, different
by one-way ANOVA with post hoc Tukey’s test at p < 0.05.
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Fig. 6. None of the mutants altered the peak open probability (P, _,..) of
the channel. A, mean (below) and variance (above) of consecutive re-
sponses to 2 or 500 ms pulses of 10 mM GABA. B, plots of normalized
mean current versus variance for the traces shown in A fit with a
parabola (black line) describing the single-channel conductance, P, ..,
and the number of channels present in each patch (Sigworth, 1980).
C, summary of P, .. and single-channel conductance from the fits in B.
No differences were found by one-way ANOVA with post hoc Tukey’s test,
p < 0.05.

of the receptor (Fig. 6). Because P, .. is a measure that
depends on the interplay between numerous microscopic
transitions, it is useful not only as a general measure of
microscopic kinetic changes but also as a constraint on any
kinetic model of the receptor (see below). None of the muta-
tions altered either conductance (y) at —60 mV or P, ..
(;Bs: v = 14312 pS, P, .. = 049 +0.03, n = 10;
a1Bsgrer: ¥ = 175 £ 1.3 pS, P, ... = 0.35 = 0.05, n = 5;

@, R67ABy cxrr: v = 15.7 = 1.2pS, P, ... = 0.47 + 0.07,n =
19; a;R132A8, cxpr: ¥ = 16 + 1.8 pS, P, ... = 0.38 =+ 0.06,
n = 3; a,f,R207A: y = 15.2 + 1.2 pS, P, ... = 0.39 + 0.03;
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Fig. 7. Kinetic modeling demonstrates that the kinetic effects of the
mutations B,R207A and «;R67A can be explained by slower GABA bind-
ing and faster unbinding. A, the Markov model used to simulate GABA-
evoked currents (U, unbound; B, bound; O, open; D, desensitized; previ-
ously described in Jones et al., 1998). B, rate constants used to simulate
@, B, R207A, and R67A receptors (units are in seconds ™ * except for GABA
binding steps k., and g, which are M~ * - s~ ). The values of k 4, dy, 7, and
p are reported as mean *= S.E.M. because they were allowed to vary. The
model was optimized to fit current responses to 2 to 4 ms and 500-ms
pulses of 10 to 30 mM GABA from individual patches (see Materials and
Methods). k¢ was the only unconstrained rate constant that significantly
differed comparing mutant and wild-type models (one-way ANOVA with
post hoc Tukey’s test, *, p < 0.05, **, p < 0.01). C, current responses
(black) evoked by 2 to 4 ms (top) and 500-ms (bottom) pulses of 10 to 30
mM GABA from individual patches containing «,f3, (left), a;3,R207A
(middle) and «;R67AB, okrr (right) receptors overlaid with simulated
responses (red). Note the different time scales for the short pulses.

= 17). The larger single-channel conductances obtained
from nonstationary variance analysis than those measured
directly in the single-channel recordings above is probably
due to the fact that the former reflects a weighted average of
all conductance levels, whereas the latter only measures
openings to the most frequent level. We were not able to
quantitatively confirm this, however, because subconduc-
tances did not appear as distinct peaks in all-points ampli-
tude histograms. These data suggest that «;Arg67 and
B>Arg207 are not involved in channel gating, whereas
a,Argl32 has an effect on the stability of the open channel.

The Kinetic Effects of a;R67A and B,R207A Are Due
to Slower GABA Binding and Faster Unbinding. Given
that those mutations having the largest effects on the micro-
scopic GABA binding rate also had the largest effects on
macroscopic deactivation, and also that binding and unbind-
ing rates are often inversely correlated (Jones et al., 1998,
2001; Mozrzymas et al., 1999; Barberis et al., 2000), we
hypothesized that the macroscopic effects of the mutations on
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deactivation were entirely due to faster GABA unbinding.
Unlike the binding rate, we could not examine this directly,
but instead we asked whether such a hypothesis could ex-
plain our observations using a kinetic model shown previ-
ously to account for multiple aspects of GABA, receptor
behavior (Fig. 7A) (Jones et al., 1998; Wagner et al., 2004;
Goldschen-Ohm et al., 2010).

The model shown in Fig. 7TA was optimized for individual
patches by fitting current responses to 2 to 4 ms and 500-ms
pulses of 10 to 30 mM GABA for «, 3, (7 patches), a; B,R207A
(7 patches), and a;R67AB, gker (10 patches) receptors (Fig.
7C, see Materials and Methods). We were able to quantita-
tively replicate all observed macroscopic effects of B,R207A
and a;R67A on responses to brief and long GABA pulses by 1)
decreasing the GABA binding rate as measured above (see
Table 2), and 2) increasing the GABA unbinding rate. The
final rate constants (mean = S.E.M.) are listed in Fig. 7B.
Thus, the model illustrated in Fig. 7 is consistent with the
idea that a;Arg67 and B,Arg207 are involved in GABA bind-
ing and unbinding and have little or no effect on channel
gating.

Discussion

Despite the wealth of information gained from mutagene-
sis, functional assays, and crystallography of homologous
proteins (Sigel et al., 1992; Amin and Weiss, 1993; Smith and
Olsen, 1994; Boileau et al., 1999, 2002; Westh-Hansen et al.,
1999; Brejc et al., 2001; Wagner and Czajkowski, 2001; Cro-
mer et al., 2002; Holden and Czajkowski, 2002; Newell and
Czajkowski, 2003; Celie et al., 2004; Wagner et al., 2004;
Hansen et al., 2005; O’Mara et al., 2005), the exact structure
of the GABA binding site and the roles of individual residues
in ligand binding and the accompanying conformational
changes remain unclear. Most previous studies of the binding
site have relied on changes in dose-response curve macro-
scopic measures (e.g., EC;,) that are influenced by both bind-
ing and gating and thus cannot separate them (Colquhoun,
1998). We therefore used kinetic methods to separate the
roles in binding versus gating of three arginines lining the
GABA-binding intersubunit interface of the human GABA,
receptor (a;Arg67, a;Argl32, and B,Arg207). Individual al-
anine mutations lowered affinity for GABA and accelerated
deactivation with little or no effect on desensitization. A
combination of macroscopic and single-channel measure-
ments with kinetic modeling demonstrated that for the mu-
tations «;R67A and B,R207A, these effects can be entirely
explained by a 10- to 14-fold slower microscopic GABA bind-
ing rate and 8- to 20-fold faster unbinding rate. Therefore,
these two residues contribute to both the rapid formation and
stability of the agonist-bound complex, with little or no in-
volvement in channel gating. A parsimonious interpretation
is that one or both of these arginines interacts directly with
the carboxylate group of the GABA molecule, although it is
also possible that they contribute structurally to the integrity
of the binding site.

Unlike the other two mutations, a;R132A did not affect the
GABA binding rate. Given that a;R132AB, skrr deactivates
more quickly than wild type, this seems to suggest that
a;Argl32 influences only GABA unbinding but not binding.
However, because agonist binding and unbinding rates are
typically inversely correlated (Jones et al., 1998, 2001; Moz-

rzymas et al., 1999; Barberis et al., 2000), the modest speed-
ing of deactivation by a;R132A suggests that a slowing of
GABA binding may be present but too small to detect with
our methods. Interestingly, single-channel recordings from
a;R132AB,_ kg receptors exhibited a small number of open-
ings to a new long-lived open state. Although these long
openings comprised only ~1% of all openings, they account
for ~11% of the observed charge. These long openings could
prolong deactivation, potentially masking some of the effects
of faster ligand unbinding.

Two mutations (8,R207A and a;R132A) reduced SR-95531
affinity by speeding its unbinding rate 2- to 9-fold without
altering its binding rate, indicating that these arginines
maintain the stability of the antagonist-receptor complex but
do not influence its formation. In contrast, a;R67A increased
antagonist affinity by speeding binding 5-fold without chang-
ing unbinding, indicating that this arginine hinders forma-
tion of the antagonist-receptor complex but does not influ-
ence its stability once formed. Therefore, a;Arg67 is part of
the energy barrier to formation of the antagonist-receptor
complex, whereas B,Arg207 and «a;Argl32 are part of the
energy well that stabilizes this complex. The SR-95531 mol-
ecule may thus encounter steric or electrostatic resistance to
entering the pocket from «a;Arg67 but once in the pocket may
interact directly with B,Arg207 and «;Argl32 to form the
antagonist-bound state. Alternatively, B,Arg207 and «,Arg132
could contribute structurally to the stability of the antagonist
binding site.

Antagonism upon Binding of a Single Molecule of
SR-95531. Despite the presence of two agonist sites, the
monoexponential unbinding time courses of several antago-
nists suggest that antagonism is relieved upon unbinding
from a single site (Jones et al., 1998, 2001; Wagner et al.,
2004). In addition, antagonist Hill slopes near unity suggest
that antagonism occurs upon binding to only a single site.
One explanation for these results is that SR-95531 binds to
only one of the two GABA binding sites. However, a study of
receptors formed from concatenated subunits containing mu-
tations in none, both, or one or the other GABA binding site
suggest that both sites have a similar affinity for the com-
petitive antagonists SR-95531 and bicuculline (Baumann et
al., 2003). This suggests that SR-95531 can bind at either
site, but allosterically inhibits its binding to the other site.
Indeed, competitive antagonists can exert allosteric effects
on channel activation (Ueno et al., 1997), and can alter the
accessibility of residues at both of the g/a GABA binding
interfaces (Boileau et al., 2002) and the «/y benzodiazepine
binding interface (Sharkey and Czajkowski, 2008). Interest-
ingly, competitive antagonists for the homologous nACh re-
ceptor known to bind preferentially to one or the other non-
identical binding site illustrate that binding of a single
antagonist molecule is sufficient to prevent channel opening
in a cysteine-loop receptor (Wenningmann and Dilger, 2001;
Dilger et al., 2007). Furthermore, pairs of nACh receptor
antagonists often exhibit cooperative effects, possibly be-
cause antagonist binding at one site allosterically influenced
antagonist binding at the other site (Liu and Dilger, 2008).
We conclude that SR-95531 either preferentially binds to
only one of the two GABA binding sites or allosterically
inhibits itself from binding to both sites simultaneously.

Arginines Are Similarly Involved in GABA and THIP
Binding. Interestingly, the two mutations having the larg-



est effect on the GABA binding rate (a;R67A and p,R207A)
had similar effects on the binding rate of the lower affinity
agonist THIP, suggesting that those arginines may be part of
a generic mechanism underlying agonist binding. Consistent
with the idea that a;Arg67 is generally involved in agonist
binding, molecular dynamics simulations with GABA and
glycine docked to homology models of the GABA and glycine
receptors, respectively, show the carboxylate group of both
ligands in direct contact with the amide head group of an
arginine in a homologous position to «;Arg67 in the GABA,
receptor (Grudzinska et al., 2005; Melis et al., 2008). A glu-
tamate-gated chloride channel having 34% sequence identity
to the human a1 glycine receptor has been crystallized with
glutamate bound in the agonist binding site, in which its
carboxylate groups are coordinated by two arginines, one of
which is located similarly to «;Arg67 in the GABA, receptor
(Hibbs and Gouaux, 2011).

Aromatic Residues in the Binding Site. A number of
highly conserved aromatic residues form the so-called “aro-
matic box” and have been widely implicated in GABA binding
as a result of the large reduction in GABA affinity seen upon
their mutation (Sigel et al., 1992; Amin and Weiss, 1993;
Boileau et al., 1999, 2002; Wagner and Czajkowski, 2001). In
particular, unnatural amino acid substitution showed that
the apparent affinity for GABA in the GABA, and GABA,
receptors correlates with the electronegativity of the m-elec-
tron orbitals of B,Tyr97 and p,Tyr198, respectively, suggest-
ing that the GABA amine group may form cation-7 bonds
with these residues (Lummis, 2009). Given that these aro-
matics are on opposite sides of the interface, this requires
that the orientation of GABA in the pocket is different for
these two receptors. An alternative but so far unexplored
possibility is that the correlation of aromatic electronegativ-
ity with apparent affinity reflects not the formation of cat-
ion-7 bonds with the agonist but rather with the amide head
group of a nearby arginine that stabilizes binding pocket
structure. Interestingly, arginines involved in cation-7 inter-
actions with aromatics retain their hydrogen bonding capa-
bility. A survey of crystal structures found that whenever an
arginine/aromatic pair interacted with a ligand, hydrogen
bonding to the arginine was always involved, and direct
contacts between the ligand and the aromatic were often seen
as well (Flocco and Mowbray, 1994). Thus, aromatics may
play an important role in the positioning of arginines for
proper interaction with ligands.

Conclusions

We conclude that a;Arg67 and B,Arg207 participate pri-
marily in agonist binding and unbinding, but not gating of
the channel, and are thus good candidates to interact directly
with the GABA and THIP molecules. Given that these two
residues are on opposite sides of the B/« binding interface, it
remains unclear whether they might simultaneously interact
with the bound ligand or rather sequentially interact as part
of a binding/unbinding pathway involving multiple steps or
may simply contribute to the stability of the binding site. In
addition, a;Arg67 poses a barrier to binding of the competi-
tive antagonist SR-95531, whereas a;Argl32 and B,Arg207
stabilize the bound antagonist. In addition, a;Arg132 does
influence the stability of the open channel and thus may
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participate in transducing binding to opening of the channel
gate.

The microscopic binding and unbinding rates reported here
are directly related to the energy landscape seen by these
ligands during binding and unbinding and thus represent an
important set of experimental constraints for validating
atomic level models of the GABA binding site and future
molecular dynamics simulations. Knowledge of the separate
roles of residues in binding versus gating will be invaluable
in improving our understanding of how ligand binding alters
the receptor structure to cause channel activation.
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