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a,F64 Residue at GABA , Receptor Binding Site Is Involved
in Gating by Influencing the Receptor Flipping Transitions

Marcin Szczot, Magdalena Kisiel, Marta M. Czyzewska, and Jerzy W. Mozrzymas
Laboratory of Neuroscience, Department of Biophysics, Wroctaw Medical University, Wroctaw 50-358, Poland

GABA receptors (GABA ,Rs) mediate inhibition in the adult brain. These channels are heteropentamers and their ligand binding sites are
localized at the B(+)/a(—) interfaces. As expected, mutations of binding-site residues affect binding kinetics but accumulating evidence
indicates that gating is also altered, although the underlying mechanisms are unclear. We investigated the impact of the hydrophobic box
residuelocalized at o, (—), F64 (o, F64), on the binding and gating of rat recombinant ¢, 3, v, receptors. The analysis of current responses
to rapid agonist applications confirmed a marked effect of o; F64 mutations on agonist binding and revealed surprisingly strong effects
on gating, including the disappearance of rapid desensitization, the slowing of current onset, and accelerated deactivation. Moreover,
nonstationary variance analysis revealed that the o, F64C mutation dramatically reduced the maximum open probability without altering
channel conductance. Interestingly, for wild-type receptors, responses to saturating concentration of a partial agonist, P4S, showed no
rapid desensitization, similar to GABA-evoked responses mediated by «; F64C mutants. For the ; F64L mutation, the application of the
high-affinity agonist muscimol partially rescued rapid desensitization compared with responses evoked by GABA. These findings suggest
that o; F64 mutations do not disrupt desensitization mechanisms but rather affect other gating features that obscure it. Model simula-
tions indicated that all of our observations related to «;F64 mutations could be properly reproduced by altering the flipped state
transitions that occurred after agonist binding but preceded opening. In conclusion, we propose that the o, F64 residue may participate

in linking binding and gating by influencing flipping kinetics.
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Introduction

GABA receptors (GABA,Rs) are pentameric ligand gated ion
channels that belong to the cys-loop superfamily, together with
glycine receptors (GlyRs), 5-hydroxytryptamine-3 receptors (5-
HT;Rs), and nicotinic acetylcholine receptors (nAChRs). Ligand
binding sites are localized at the B(+ )/a(—) interface (Smith and
Olsen, 1995; Cromer et al., 2002) and are formed by several hy-
drophobic residues (Padgett et al., 2007). Mutations of binding-
site residues strongly affect agonist binding (Wagner et al., 2004;
Goldschen-Ohm et al., 2011; Tran et al., 2011), but some effects
on receptor gating have also been reported (Boileau et al., 2002;
Newell et al., 2004; Venkatachalan and Czajkowski, 2008). Laha
and Wagner (2011) found that disruption of a salt bridge formed
by charged amino acids from the B and E loops affected binding
kinetics and influenced gating, particularly desensitization. Laha
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and Tran (2013) reported that mutation of three conserved ty-
rosines at the GABA binding site profoundly affected binding and
also apparently modified gating. The effects of mutations at the
GABA R binding site on receptor gating may be regarded as
surprising when considering the large distance between the bind-
ing site and channel gate (~5 nm) and because extensive evi-
dence indicates that charged residues between extracellular and
transmembrane domains are major determinants of cys-loop re-
ceptor gating (Kash et al., 2003; Xiu et al., 2005; for review, see
Cederholm et al., 2009; Miller and Smart, 2010). The molecular
mechanisms whereby the energy supplied by agonist binding is
conveyed to conformational transitions remain elusive.

The hydrophobic box residue localized on a(—), F64 (o, F64),
has been shown to influence apparent affinity, whereas the effects
on gating were only indirectly indicated (Sigel et al., 1992; Holden
and Czajkowski, 2002). However, homologous (Fig. 1A) residues
have been shown to affect gating in various cys-loop family mem-
bers. Akk (2002) showed that the substitution of eW55 and W57
to F affected the opening rate of AChRs. However, Bafna et al.
(2009) suggested that the major effect of these mutations was a
reduction of the binding affinity in the open state. Mutations in
the homologous residue of GABA,, p homomeric receptors (Fig.
1A) induced spontaneous activity (Torres and Weiss, 2002), sug-
gesting interference with gating. Finally, a mutation of homo-
meric a; AChRs markedly slowed macroscopic desensitization
(Gay et al.,, 2008). In previous studies (in a Xenopus oocyte
model) concerning the «,F64 residue, kinetic properties could
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Figure 1.

Mutations of c,F64 residue right-shifted the amplitude dose—response relationships and alters the currents’ kinetics. 4, Alignment of loop D-forming regions in different cys-loop

receptors, indicating positions and numbering of residues homologous to GABA, c;F64. B, Examples of superimposed current responses to saturating (black) and nonsaturating (gray) concentra-
tions of GABA for wild-type (WT, top), o, F64L (middle), and «¢,F64C (bottom) receptors. The insets above the current traces indicate the application time of the specified agonist concentration. C,
Amplitude dose—response relationships normalized to maximum currents evoked by saturating agonist and fitted by the Hill equation (Eq. 1) for WT (circles, n,, = 0.7), &t F64L (triangles, n, = 0.7),

and o, F64C (squares, n, = 1.2).

not be fully resolved. Thus, to reliably assess the impact of «;F64
mutations on «, 8,7y, GABA,R kinetics, we used a rapid applica-
tion technique. Mutations of this residue right-shifted the dose—
response curves. However, they also reduced macroscopic
desensitization and maximum open probability, consistent with
a change in gating. Extensive experimental data based on various
protocols, application of different agonists, and model simula-
tions indicated that these effects of the o; F64 mutation on recep-
tor gating are mainly attributable to alterations in the flipping
mechanism that precedes channel opening. We conclude that
a,F64 residue has a strong impact on both binding and gating
and is likely involved in conveying the conformational transition
wave down to the receptor’s gate.

Materials and Methods

Cell culture, transfection, and mutagenesis. Human embryonic kidney 293
cells were cultured in DMEM (Life Technologies) supplemented with
10% fetal bovine serum (Life Technologies), 50 U/ml penicillin, and 50
U/ml streptomycin (Life Technologies), at 37°C in a 5% CO, incubator
in Nunc flasks. Before transfection, the cells were detached from the
flasks and replated in Petri dishes (BD) coated with 1 ug/ml poly-p-
lysine. The cells were transiently transfected using a standard calcium
phosphate precipitation method (Chen and Okayama, 1987). cDNA that
encoded rat GABA 4R subunits cloned in pCMV vectors was mixed in the
following ratio: ot;/B;/v,;: 1:1:3 (1:1:3 ug) in transfection solution (1 ml)
together with plasmid that encoded human CD4 (1 ug). The day after
transfection, the cells were detached and replated on poly-p-lysine-
coated coverslips (Carl Roth). Electrophysiological experiments were
performed 48-72 h after transfection. For the detection of transfected
cells, CD4 magnetic binding beads were used (Dynabeads CD4, Invitro-
gen Dynal). The o F64A mutation was generated by site-directed mu-
tagenesis method using the QuikChange mutagenesis kit (Stratagene).
The coding regions of all of the plasmids were sequenced before experi-
mental use. The plasmid that encoded the a;F64C GABA R subunit was
kindly provided by Dr. Andrea Barberis and «,F64L was provided by Dr.
Erwin Siegel.

Electrophysiological recordings. Currents were recorded in whole-cell or
outside-out configurations of the patch-clamp technique at a holding
potential of —40 mV using an Axopatch 200B amplifier (Molecular De-
vices). Signals were low-pass filtered at 10 kHz and sampled with a Digi-
data 1440 (Molecular Devices) acquisition card at 100 kHz and acquired
with pClamp 10.2 software (Molecular Devices). Pipettes were pulled
from borosilicate glass (Hilgenberg) using a PC-10 vertical puller (Na-
rishige), and their resistance was in the 3—6 M() range (when filled with
internal solution). For rapid agonist application, we used theta-glass cap-

illaries driven by a piezoelectric translator (Physik Instrumente) as de-
scribed in detail by Jonas (1995). Liquids were supplied to the channels of
the theta-glass capillary using an SP220IZ syringe pump (WPI). The
open-tip junctional potential onset (10-90% rise time) was in the 0.1—
0.35 ms range. All of the current responses were elicited by a theta-glass
rapid perfusion system and recorded either in the excised-patch or lifted
whole-cell mode. Although currents mediated by mutants, especially
cysteine mutant, were small, an effort was made to collect information on
key kinetic parameters from recordings in the excised-patch configura-
tion. Thus, all of the major kinetic features of the currents elicited by a
saturating agonist (Figs. 2, 3, current traces used for simulations) were
determined from recordings in the excised-patch mode. In the protocols
in which analysis was based on relative values (Figs. 4—8), the highest
resolution achieved in the excised patches was not critical because the
lifted-cell and excised-patch data did not significantly differ and there-
fore were pooled.

The intrapipette solution contained the following (in mm): 137 CsCl, 1
CaCl,,2 MgCl,, 11 EGTA, 2 ATP, and 10 HEPES, with the pH adjusted to
7.2 with CsOH. We used standard Ringer’s solution as the external saline,
which contained the following (in mm): 137 NaCl, 5 KCl, 2 CaCl,, 1
MgCl,, 20 glucose, and 10 HEPES, with the pH adjusted to 7.2 with
NaOH. To avoid osmolarity artifacts for agonist concentrations >10
mM, the extracellular NaCl concentration was reduced to 87 mM, and the
wash solution was adjusted with glucose to maintain constant osmolar-
ity. To ensure unchanged chloride reversal potential, the CsCl concen-
tration in the intrapipette solution was also reduced to 87 mm and
supplemented with 50 mm K-gluconate (Wagner et al., 2004; Goldschen-
Ohm et al., 2011). Test measurements confirmed that none of these
modifications affected the kinetics or amplitude of the measured cur-
rents. Access resistance was monitored (typical value, 5-10 M()) and
compensation was routinely applied to currents that exceeded 2 nA.
However, current responses that were characterized by such a large peak
amplitude were excluded from quantitative kinetic fitting and only used
for comparisons of current amplitudes between GABA-evoked and pen-
tobarbital (PB)-evoked currents in wild-type and mutant receptors. Test
recordings (i.e., comparison of currents measured with and without
compensations) showed that below this current value (2 nA), the com-
pensation effect was negligible. Cells with excessive or unstable access
resistance were excluded from the analysis. The instability of recorded
signals (rundown or runup) was assessed by repeating the current re-
cordings =3 times and alternating the test recordings elicited, for exam-
ple, by muscimol and PB with control sweeps evoked by GABA and
corrected using the linear interpolation method. Records that showed
excessive drift that exceeded 20% during the recording period were ex-
cluded from the analysis. All of the chemicals were purchased from
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Sigma-Aldrich. All of the experiments were performed at room temper-
ature (22-24°C).

Chloride depletion does not affect fast kinetics of GABAergic currents. Re-
cent work by Karlsson et al., 2011 raised the possibility that the time course
of current responses might be influenced by the depletion of chloride
ions. Thus, assessing the impact of this phenomenon on our recordings
was important. Currents recorded in excised patches did not show any
detectable dependence between the extent of desensitization and current
amplitude (data not shown). Moreover, in both recording configura-
tions, the application of a saturating agonist pulse at 0 mV (i.e., no
chloride depletion due to negligible driving force), followed by a voltage
step to —40 mV (while the agonist was continuously present) resulted in
the current practically overlapping (starting from the moment of voltage
jump to —40 mV) with responses elicited by the same agonist application
at a constant membrane voltage of —40 mV (data not shown). This
observation proves that current fading was attributable to a conductance
change rather than chloride depletion. To additionally assess the impact
of chloride depletion in the excised-patch mode, we applied simulations
employed previously by Moroni et al. (2011). We chose parameters that
favored chloride depletion to a larger extent than expected under our
experimental conditions (50 nS conductance, which is twice the largest
conductance measured here; 1.1 um small excised patch radius; thick
and long membrane section that clogged the lumen of the pipette; p = 2
uM; f = 0.2). Assuming a nondesensitizing current, simulated chloride
depletion elicited a ~15% current reduction 10 ms after the peak, and the
time constant of fading was nearly one order of magnitude slower than
the one observed in our experiments (i.e., ~25 ms for chloride depletion
vs 2 ms in our excised-patch recordings). In addition, considering in this
model a desensitizing conductance, we found that chloride depletion did
not affect the current fading kinetics for desensitization time constants
<30 ms (data not shown). Considering these data and estimations, we
are confident that the impact of chloride depletion on our recordings was
negligible because this phenomenon becomes significant for responses
evoked by agonist applications that are much longer and larger (Karlsson
etal., 2011) than those considered in the present work.

Data analysis. The recorded current traces were analyzed using
pClamp 10.2 software (Molecular Devices). Normalized dose-response
relationships were fitted using Equation 1, the Hill equation:

1

ECs )”h

EC =
L+ ([GABA]

EC,, is half-maximal concentration, and n,, is the Hill coefficient. The
current onset was assessed as 10-90% rise time (fg;,.). For noisy traces,
the rise time was assessed by exponential fitting as shown in the following

Equation 2:
_ f)
I(t)=A l—exp—_‘_

A is the current amplitude, and 7 is the time constant. The 10-90% rise
time was then calculated using the following formula, Equation 3:

trie = T * In9

The deactivation of currents for various agonists was fitted using expo-
nential functions, in which one or two components were typically suffi-
cient, as shown in the following Equation 4:

f t
I(t) = nZIAn . CXP _?

n

A, is the respective amplitude component and 7, is the time constant.
The mean time constant was calculated using the following formula,
Equation 5:

= 2&21 anTn

a, is the normalized weight of the respective components calculated as
a, = A3 Ay The rapid component of desensitization onset induced by

Tmean
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prolonged agonist application at saturating concentrations was de-
scribed by fitting the following exponential function, Equation 6:

I(t)=A - exp(— i) +C

Tdes

A is the amplitude of the desensitizing component. 7, is the time con-
stant. C is the constant value. In the case of rapidly desensitizing recep-
tors, the time constant values were typically between 1.5 and 6 ms;
therefore, the fit was usually performed for the time window of ~10 ms,
starting from the peak. For some mutants, desensitization onset was
slow, and fitting the exponentials was problematic. In such cases, the
extent of desensitization was quantified as the relative current reduction

ItZlOms

10 ms after the peak: FR(10) = . I, is the maximum current

IWIGX
value, and I, _ . is the value of the current at r = 10 ms after the peak.

The statistical analyses were performed using SigmaPlot 11.0 software
(SPSS) and Excel 2010 (Microsoft). The normality of the data distribu-
tions was checked using the Shapiro—Wilk test. Comparisons between
groups with distributions classified as normal were made using Student’s
t test, with the confidence interval set at level 0.05. Data characterized by
non-normal distributions were analyzed using the nonparametric
Mann—Whitney test and confidence interval was set at the same level. The
data are expressed as mean * SEM. To estimate the error of the param-
eters that depended on one or more experimentally measured coeffi-
cients (e.g., determination of k,, using the race method), combined
standard uncertainty was calculated. Briefly, the uncertainty of the cal-
culated parameter, described as a function of measured values, may be
calculated as a sum of the given function partial derivatives with respect
to the variables (i.e., measured values) multiplied by the measured value
uncertainty according to the following equation:

i

AF = i’aF(pl, P - - o pn)Ap
i=1 p;
AF is the calculated uncertainty value. F(p,, p,, . . . p,,) is the function of
measured values that describe the parameter. Ap; is the uncertainty of the
measured parameter.

Nonstationary variance analysis. Nonstationary variance analysis (Sig-
worth, 1980) was performed as described previously (Wagner et al.,
2004). Briefly, =10 consecutive responses to saturating agonist concen-
trations were recorded from the same patch. The currents were analyzed
using custom MatLab program (Mathworks). For each time point, the
mean current () and variance (%) were calculated. The values of mean
current were then divided into 100 equal bins and the mean variance was
calculated for variances associated with the mean current values included
in the specific bin. Variance was plotted versus the mean current and
fitted with the equation: o2 =il — I’N~ ' + ¢, where i is the single-
channel current, N is the number of channels, and c is the baseline noise
variance (Ghavanini et al., 2006). The maximum open probability was
calculated as the maximum current divided by i - N. Single-channel con-
ductance was calculated by dividing the single-channel current i by the
electrical driving force (—40 mV), which is represented by the holding
voltage in symmetrical chloride. Current onset was excluded from the
analysis because even minimal jitter in the current rising phases resulted
in a substantial overestimation of variance biasing. Thus the estimation
of the respective parameters (De Koninck and Mody, 1994) and starting
point for the analysis were set at the peak of the response.

Measurement of competitive antagonist microscopic binding rates. To
measure competitive antagonist [gabazine (GBZ) in our experiments]
binding and unbinding rates, we adopted protocols described in detail in
previous studies (Jones et al., 1998, 2001). To determine the microscopic
binding and unbinding rates for GBZ, patches were pre-equilibrated in
the presence of GBZ, and a saturating concentration of GABA was sub-
sequently applied. The time course of the resulting current response
reflected a convolution of antagonist unbinding and agonist-induced
activation kinetics. Control current responses (i.e., with no pre-
equilibration with the antagonist) were recorded each time from the
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same patch before and after recordings with GBZ pretreatment, allowing
the additional assessment of current rundown. Numerical deconvolu-
tion yielded an unbinding time course for GBZ (k ¢ p) and the per-
centage of receptors occupied by the antagonist at equilibrium. A fast
Fourier transform (FFT)-based custom MatLab program (Mathworks)
was used to perform the deconvolution procedure in a 300-500 ms
window. To reduce FFT artifacts in time-limited signals, signal ends were
supplemented with zeros, and the entire signal was multiplied by a sig-
moid window function before deconvolution (Jonesetal., 2001). Repeat-
ing this protocol for a range of the antagonist concentrations allowed us
to construct the relationship between initial receptor availability and
antagonist concentration. At low antagonist concentrations at which the
deconvolution trace was flat, the initial availability was assumed to be 1.
The relationship between receptor availability and antagonist concentra-
tion was fitted with the Hill equation (assuming Hill coefficient equals 1;
Jones et al., 2001) and the equilibrium constant (half-blocking concen-
tration) for antagonist binding (KD-GBZ) was determined. The antago-
koff*GBZ

KD — GBZ (Jones et al.,

nist binding rate was determined as k,,_gpz =

2001).

Estimation of microscopic GABA binding rate. The microscopic GABA
binding rate was determined using the “race” protocol (Jones et al.,
1998). Thus, saturating [GABA] was coapplied with subsaturating
[GBZ]. For given GABA and GBZ concentrations, the amplitude of such
aresponse normalized to the amplitude of the control current elicited by
GABA alone (termed I, .) depends only on the ratio of the agonist and
antagonist binding rates. Thus, the agonist binding rate can be estimated
from the following Equation 7:

[GBZ] : kon-GBZ

1 1
IfaCC

This equation assumes that GBZ binds to only one site on the recep-
tor, and binding at that site prevents binding of the GABA molecule
(Wagner et al., 2004; Jones et al., 1998). Although the deconvolution
protocol assumes purely competitive action of an antagonist, some data
(Ueno etal., 1997) suggest that GBZ may allosterically affect the receptor.
However, as suggested by Jones et al. (1998) and Goldschen-Ohm et al.
(2011), such an action would not significantly distort the estimation of
the parameters extracted using the deconvolution procedure. Notably,
the reliable estimation of k,, using the race experiment requires that the
receptor must bind antagonist or agonist only once before the current
peak (Wagner et al., 2004). This is fulfilled for wild-type receptors for
which GBZ unbinding is slow and activation is fast. However, in the case
of mutant receptors, GBZ unbinding is relatively fast, and the subsequent
binding of GABA before the current peak cannot be excluded. Still, con-
sidering that GBZ 7 g, is ~20 ms, and the time-to-peak is close to 1
ms, only ~5% of the receptors would be expected to unbind GBZ before
the current reaches its maximum value, and only fraction of these would
bind GABA and open before the current reaches its peak, indicating that
this effect would have a negligible impact on the estimation of the k_ rate
constant. In our experiments, GBZ was used at a concentration that
inhibited nearly 50% of the measured current.

Kinetic modeling. Model simulations were performed, using Channel-
Lab 2.0 software (Synaptosoft), for four different minimum requirement
schemes that were either previously used for kinetic modeling of
GABA,Rs [Fig. 9A, Jones—Westbrook Model (JWM) and Linear Model
(LM)] or offered additional insights into the activation mechanism [Fig.
10A, flipped Jones—Westbrook Model (ffWM) and flipped Linear Model
(fLM)]. To optimize the rate constants in the considered models, a
waveform-fitting module was used, and the responses to long and short
pulses of saturating GABA concentrations (modeled as a square applica-
tion wave) were numerically fitted. Because recordings from lifted cells
(whole cell) were characterized by a relatively slow solution exchange,
only current responses recorded from excised patches were used for the
model simulations. Fits were performed for responses collected from
each patch separately, thus yielding one complete set of the rate constants
for each patch. The final estimation of the rate constants for each con-

kon =

2 - [GABA] - (
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sidered model was based on the statistics of the respective parameters
established for all of the patches included in the analysis. During the
optimization procedure, k,, was set to a value established in the racing
protocol unless otherwise specified (see Results). To fit currents medi-
ated by wild-type receptors, rate constants that shaped the onset phase (d,
B, y) were optimized for a short time interval, including the current
rising phase, whereas other rate constants were constrained to parameter
values for GABA ,Rs taken from Mozrzymas et al. (2003b). Therefore, the
obtained values of d, 3, and +y were used as optimal estimations in the
second step, in which the remaining rate constants were unconstrained,
and the traces were fitted over the entire considered time course (typi-
cally =500 ms for short-pulse applications and 15-30 ms for long-pulse
applications).

The fitting of responses mediated by the a; F64C mutants began with
constrained desensitization (d, r) or efficacy (8, «) and unbinding (k)
rate constants at values determined for wild-type receptors. Subse-
quently, desensitization and efficacy were unconstrained. In the mutants,
the unbinding rate had to be constrained at the value determined for
wild-type receptors because otherwise the optimization algorithm
tended to increase kg to values that rendered the simulated responses
very distant from saturation, contrary to the experiment.

The effects of a; F64L mutation were considered for responses evoked
by saturating agonists (GABA and muscimol); therefore, only rate con-
stants that governed gating were assessed. For this purpose, in the respec-
tive models, flip rate constants were manually varied to best reproduce
the kinetic trends of the recorded currents. Manually adjusted or con-
strained rate constants are presented in tables without SE values. The
relationships between the major kinetic features of simulated responses
and respective rate constants are presented either in the form of curve
families, which are obtained by simulating current responses by varying a
specific rate constant (Fig. 9), or in the form of surface plots (Fig. 10). The
latter were applied to illustrate trends between the respective kinetic
parameters of simulated responses and the two rate constants that gov-
erned flipping transitions (Fig. 10). Surface plot data were generated
using custom Autohotkey scripts (developed by Chris Mallett and Steve
Gray, GNU General Public License) to perform automated multiple
Monte Carlo simulations for at least 20,000 channels for a range of tested
rate constants in ChannelLab software. To avoid the excessive impact of
stochastic noise in the Monte Carlo simulations, some surface plots,
especially for conditions of low open probability, represent averages of
5-10 simulation runs.

Results

Mutations of the o, F64 residue strongly affect the apparent
affinity and kinetics of currents mediated by o, 3, y, receptors

In the oocyte expression system in previous studies, both the a; F64L
(Sigel et al., 1992) and o; F64C (Holden and Czajkowski, 2002) mu-
tations induced a strong rightward shift in the dose-response
relationships, suggesting dramatic interference with receptor
binding properties. To determine whether changes in binding
characteristics are accompanied by gating alterations, we mea-
sured high-resolution current responses to rapid GABA applica-
tions for wild-type and mutant (a;F64L and a;F64C) receptors
over a wide range of agonist concentrations. As expected, these
mutations markedly right-shifted the dose-response curves (Fig.
1 B, C). Notably, whereas the o F64L mutation caused an ~4-fold
increase in ECs, a >100-fold increase was observed for o, F64C
mutants. Basing on these dose—response relationships, we chose
the following saturating GABA concentrations for specific mu-
tant and wild-type receptors: wild type, 10 mM; o, F64L, 100 mm;
a,F64C, 100 mMm. The durations of the agonist application times
were chosen to either include the entire rising phase and the peak or
detect the plateau values (Fig. 2).

Although ascribing changes in the ECy, values or Hill coefficient
to the modulation of binding characteristics is tempting, the
modulation of receptor gating might also affect both of these
parameters (Colquhoun, 1998; Mozrzymas et al., 2003a; Wagner
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Figure2. Mutation of ct,F64 residue strongly accelerates deactivation and slows down macroscopic desensitization in current

responses evoked by saturating GABA concentrations. A, Superimposed and normalized traces of responses to short pulses of
saturating GABA concentration for wild-type (WT) and mutated receptors. In the inset, the same traces are shown in the expanded
time scale. A saturating [GABA] concentration was chosen based on dose—response data: WT, 10 mu; c,F64L, 100 mm; or;F64C,
100 mm. Because the alanine mutant produced weaker alterations in current responses than the cysteine mutant, we assumed 100
mu as saturating concentration for o, F64A receptors. Because the onset kinetics of currents mediated by the mutant receptors was
slower than in WT receptors, the durations of agonist application were chosen to include the entire rising phase and peak or
maximum values: WT, 1-3 ms; o, F64L, 1-3 ms; o, F64A, 1-3 ms; a,F64C, 2-5 ms. B, Summary of mean deactivation time
constants (7,,,,) determined for WT and mutated receptors. Notice that with respect to 4, additional data for o, F64A mutants are
presented. ¢, Comparison of current responses evoked by the paired-pulse protocol with an increasing interpulse interval for WT
(top, black traces) and o, F64C (bottom, gray traces) receptors. Notice that for currents mediated by WT receptors, recovery after
the first pulse was gradual because of accumulation in desensitized states, but in the case of «,F64C mutants, the
amplitudes of the currents elicited by the first and second pulses were indistinguishable, regardless of the interpulse
duration. D, Statistics of the extent of recovery for currents elicited by the second pulse versus interpulse interval for WT and
mutated receptors. In the inset, recovery for the o, F64C mutants is shown in the expanded time scale. £, Superimposed and
normalized traces of responses to long (500 ms) pulses of saturating [GABA] for WT and mutated receptors. In the inset, the
same traces are shown in the expanded time scale. Notice the lack of a fast macroscopic desensitization component in the
case of a;F64C receptors. Because or,F64L and a;F64A mutants showed similar desensitization kinetics, the current trace
for F64A is not presented in E for clarity. F, Statistics for the fast desensitization time constant (7,,) for WT and mutated
receptors (see Results for numerical values). Notice that the value of 7, for the cysteine mutant is not presented in this
chart because an exponential fit was unavailable for this trace (E, inset). G, Comparison of current remaining after 10 ms
after the peak [FR(10)]. See Results for numerical values. The insets above the current traces indicate the application time
of the specified agonist. Asterisks indicate a statistically significant difference. All of the data were acquired in the excised
patch configuration.
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in the simulations (see Model simulations
and Discussion) to indicate the mecha-
nisms by which the considered mutations
affect receptor function.

We first investigated the deactivation
kinetics for currents elicited by short and
saturating GABA pulses (Fig. 2A,B),
which are believed to strongly depend on
unbinding and desensitization (Bianchi et
al., 2007). We found that all of the «;F64
mutant receptors, compared with wild-
type receptors, exhibited a dramatically
faster deactivation time course (T,..n:
wild type, 25.9 = 3.6 ms, n = 11; o; F64L,
63+ L.lms,n=29p=277-10"%
o F64A, 1.3 £ 01 ms, n = 7, p =
4.96 - 10 °; a,F64C, 1.5 = 0.2 ms, n = 11,
p = 5.38+10 > Fig. 2A, B). Importantly,
whereas the deactivation kinetics in wild-
type receptors were clearly biphasic (7,
4.2 = 1.2 ms; Tyo,» 122.9 £ 17.8 ms; Ageo
0.74 * 0.03; Ay,,, 0.26 = 0.03; n = 11),
only one exponential function was needed
to describe deactivation for all of the con-
sidered mutants.

In the protocol in which a pair of short
pulses of saturating [GABA] were applied,
consistent with previous reports (Mozrzy-
mas et al., 2003a; Wagner et al., 2004), we
observed that the amplitude of the second
response for wild-type receptors was
markedly smaller than the first one (Fig.
2C) revealing an accumulation of recep-
tors in the desensitized state(s). Interest-
ingly, as shown in Figure 2D, for the
leucine mutant, the reduction of the sec-
ond pulse was dramatically reduced with
respect to the wild type, whereas for the
cysteine mutant no such reduction was
observed at any interpulse interval. To
further explore the effects of the muta-
tions on macroscopic desensitization, we
applied a standard protocol of prolonged
500 ms application of saturating agonist.
Unexpectedly, we found that «;F64 mu-
tations had a strong effect on the rapid

etal., 2004). Notably, as shown in Figure 1B, the sample current
traces for wild-type receptors and the respective mutant receptors
showed profoundly different time courses, indicating that the
mutations might indeed be associated with substantial alterations
in receptor gating. To specifically address the impact of the mu-
tations on receptor gating properties, we compared the macro-
scopic kinetics of currents mediated by wild-type and mutant
receptors. Importantly, however, a precise estimation of how a
considered mutation affects a specific gating property is difficult
because any kinetic feature of the recorded currents (e.g., rise
time, macroscopic desensitization, or deactivation) may poten-
tially depend on all of the rate constants in the considered gating
scheme (Colquhoun and Hawkes, 1982, 1995; Colquhoun, 1998;
Mozrzymas et al., 2003a). Thus, to reduce the number of degrees
of freedom in modeling the current responses, we employed nu-
merous agonist application protocols and used different agonists.
This extensive body of experimental data was subsequently used

component of current fading attributable to desensitization on-
set, and the a; F64C mutation practically abolished it (Fig. 2E-G).
For wild-type receptors and the «;F64L and «; F64A mutant re-
ceptors, the fast desensitization time constants could be deter-
mined by fitting the time course with the exponential function
(Fig. 2F). For very weakly desensitizing «,;F64C receptors, this
process was assessed as a fraction of the current that remained 10
ms after the peak [FR(10); see Materials and Methods; Fig. 2G; for
the sake of comparison FR(10) was also determined for other
receptors]. As shown in Figure 2F, the mutations significantly
prolonged 7, (wild type: 1.4 = 0.1 ms, n = 11; «;F64L: 3.2 = 0.3
ms, n=12;p = 1.15-10 "% a,F64A: 2.9 + 0.2 ms, n = 7; p =
0.023). Weakening of the extent of desensitization was well illus-
trated by a marked increase in the FR(10) (wild type: 0.29 £ 0.04,
n = 11; a;F64A: 0.63 £ 0.04, n = 7,p = 1.87* 103 o, Fo4L:
0.40 = 0.03,n =12, p = 0.03; o, F64C: 0.93 = 0.02,n = 14,p =
1.03 - 10~ ', the p values were determined for comparison with
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Figure3.  Onsetkinetics of currents evoked by saturating GABA concentration are slowed by
mutation of oz, F64 residue. A, Examples of normalized and superimposed currents mediated by
wild-type (WT), or;F64C, and t,F64L receptors. Statistics for 10-90% rise time measured for
responses mediated by the considered receptors are shown (GABA concentrations: 10 mm for
WT; 100 mm for o, F64L and o, F64C). Notice that the mutations, especially c,F64C, slowed the
current onset rate. The insets ahove the current traces indicate the application time. B, Statistics
for the ty durations for WT and mutated receptors (see Results for numerical values). Asterisks
indicate a statistically significant difference.

wild-type receptors). Overall, these results provide evidence that
mutations of the a; F64 residue not only affected agonist binding
but also strongly influenced receptor gating. In particular, these
mutations appeared to disrupt rapid desensitization, although
our subsequent experiments and analysis suggested an alternative
possibility (see Model Simulations, Discussion).

«,F64 mutations affect current onset

The onset of the current response to nonsaturating agonist appli-
cation depends on both binding and gating, whereas for saturat-
ing doses, it is believed to critically depend on receptor gating
(e.g., Maconochie et al., 1994; Mozrzymas et al., 2003a,b). Thus,
we determined how mutations of the a;F64 residue affects this
parameter in the considered receptors. We compared the onset
kinetics of currents mediated by wild-type and «,F64 mutant
receptors. Importantly, because the current rise time kinetics,
especially when elicited by saturating agonist application, may
show submillisecond kinetics (Mozrzymas et al., 2003a), its reli-
able determination critically depends on the effective speed of
solution exchange. Thus, recordings of this parameter were made
exclusively in the excised-patch configuration. As expected, using
as a basis our previous experiments with neurons and recombi-
nant GABA, Rs (Mozrzymas et al., 2003b), the 10-90% fg;,. for
currents mediated by wild-type receptors, at a saturating
[GABA], was very fast (0.25 = 0.01 ms, n = 12; Fig. 3A,B) and it
was modestly prolonged in &, F64L mutants (0.60 = 0.04 ms, n =
16, p = 7.90 - 10 % Fig. 3A, B). In the case of a,F64C mutants,
the 10-90% ty;,. for currents mediated by wild-type receptors
was strongly slowed (fg;ee: 1.12 = 0.11ms, n=9,p = 3.17 - 10 >,
compared with wild type; unpaired ¢ test; Fig. 3A,B), further
indicating the impact of @;F64 mutations on gating.

o, F64C mutation decreases microscopic agonist binding

rate constant

The data presented above provide evidence that the «,F64
mutation may affect both the binding process and gating
properties of a; 3,7, receptors, making the precise estimation
of the impact of the mutation on specific rate constants difficult.
To reduce the number of degrees of freedom, we applied a pro-
tocol that sought to determine the microscopic binding rate using
the deconvolution-based “race” method (Jones et al., 1998;
2001). To this end, we first determined the rate constants that
govern the competitive antagonism of GBZ. As described in Ma-
terials and Methods, the current responses to saturating [GABA]
under control conditions and following pre-equilibration in GBZ
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Figure4. Estimation of the k,,, rate constant using deconvolution based “race” method (see
Materials and Methods) indicates that the or;F64C mutation slows down the binding rate for
GABA. A, B, Unbinding of the competitive antagonist (GBZ) decreased the current onset rate
evoked by saturating [GABA]. The superimposed traces represent currents evoked by GABA
alone (thin line) or the same GABA concentration following pretreatment with 300 nm GBZ
(thick line) for wild-type (4, WT) and o, F64C (B) receptors. C, Time courses of receptor avail-
ability calculated by applying the deconvolution protocol to analyze traces evoked by saturating
[GABA] with or without GBZ pretreatment (see Materials and Methods; black, WT receptors;
gray, a,F64Creceptors). Plots were fitted with an exponential function that yielded the values
of the unbinding time constants 7, ;5; and hence K ¢ 5 (see Results for numerical values). In
the lower inset, the same traces are shown in the expanded time scale. Arrows indicate avail-
ability at t = 0 (black for WT, gray for cr;F64C), used as a data points for fractional availability
curve. D, Fractional channel availability versus competitive antagonist concentration (circles,
WT; squares, ot,F64C). Plots were fitted with the Hill equation (Eq. 1; Hill coefficient, 1), yielding
the half occupancy KD-GBZ constant, and k g, Was then calculated as the ratio of the unbind-
ing rate K cz; and KD-GBZ (see Results for numerical values). E, F, Typical current responses
used in the race protocol evoked by saturating GABA application (thin line) and coapplication of
saturating [GABA] and 3 mm GBZ (thick line) for WT (E) and 0.1 mm GBZ for o, F64C mutants (F).
Arrows indicate current response in GBZ presence. The current ratios (/,, ) were used to esti-
mate the agonist binding rate k,, (see Results for numerical values). The insets above the
current traces indicate the application time of the specified compounds.

(Fig. 4A,B) were recorded, and the antagonist unbinding time
course and initial availability were determined by deconvolution
(Fig. 4C). The a;F64C mutation substantially accelerated antag-
onist unbinding with respect to the wild-type receptors, deter-
mined by exponential fitting to the availability curves (wild type:
Tosanz 102 211 ms; ko pry 9810 2= 1.1-10 " ms ™ H,n=
11; 0, F64C: T o 20 = 3 mS, kygepyy 50.3 10 2 £ 12102
ms L, n=7p=165-10 -3, unpaired t test). Initial GABA,R
availability was determined for a range of antagonist concentra-
tions, and the dose-response relationships were constructed for
both wild type and the a;F64C mutant (Fig. 4C). The initial
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availability curve (Fig. 4D) was best fitted with the Hill equation
with Hill coefficient equaling 1, confirming previous observa-
tions (Jones et al., 1998, 2001; Wagner et al., 2004; Goldschen-
Ohm et al., 2011) that the occupancy of just one binding site was
sufficient for competitive inhibition by GBZ. As shown in Figure
4D, mutant receptors showed a rightward shift in the initial avail-
ability curve with respect to the wild-type channels (half-occupancy
KD-GBZ: wild type, 1.2-10 ~* mm; o, F64C, 2.9+ 10 ~* mm; Fig.
4D). The antagonist k,,,, calculated as the ratio of the unbinding rate
kost.cez and KD-GBZ, was slightly larger for o, F64C (wild type,
Koncrr 82 = 9mM ™~ 'ms ™Y o F64C, k., py» 176 = 4mM ' ms ).

To estimate the agonist binding rate, we next needed to assess
I,.. (see Materials and Methods), which required application of
the “race protocol” (i.e., coapplication of saturating GABA with
GBZ, 3 mM for control, 0.1 mM for a;F64C; I, . wild type, 0.44 =
0.02, n = 4; a,F64C, 0.42 * 0.04, n = 5; Fig. 4E,F). Having
established the I, . values, Equation 7 was used to estimate the
agonist binding rate. As expected, k., was strongly reduced by the
«,F64C mutation (k,,: control, 9.9 = 1.5 mM 'ms™%, n = 4;
«,F64C, 0.067 = 0.012mMm 'ms ', n = 5).

Effects of o; F64 mutations on single-channel conductance
and open probability: nonstationary variance analysis of
GABA-evoked and pentobarbital-evoked currents

The variance (o) and mean current amplitude (I) relationship
was plotted for binning specified in Materials and Methods (Fig.
5A-C) for GABA-evoked traces, excluding current onset. A stan-
dard parabolic curve, 0> = il — I’N "' + ¢, was fitted (Fig. 5A, B)
and the single-channel current amplitude (i) was calculated (see
Materials and Methods). Neither the «;F64C nor «;F64L muta-
tion significantly affected single-channel conductance ( g wild
type, 30 = 3 pS, n = 9; a;F64L, 32 £ 3 pS, n = 4; o, F64C, 28 £
3 pS, n = 7; Fig. 5A-C,E). However, whereas the parabolic fit
could be reliably obtained for wild-type and «;F64L mutant re-
ceptors (Fig. 5A, B) yielding the maximum open probability val-
ues (P yax: Wild type, 0.67 = 0.07, n = 8; o, F64L, 0.61 = 0.08,
n =4, p = 0.58; Fig. 5F), the variance—current relationship for
a,F64C mutants was basically linear, indicating low open prob-
ability (Fig. 5C) and precluding the determination of P,y x.
This important information, however, could be obtained from
additional data derived from recordings of the currents elicited
by PB.

PB at sufficiently high concentrations is known to activate
GABA , receptors through a molecular pathway that is indepen-
dent of the GABA binding site (Amin and Weiss, 1993; Drafts and
Fisher, 2006; Mercado and Czajkowski, 2008; Venkatachalan and
Czajkowski, 2008). Thus, we determined the responsiveness of
the considered receptors to PB and performed the nonstationary
variance analysis for PB-evoked currents. Because PB also po-
tently blocks activated GABA ,Rs (Gingrich et al., 2009), the anal-
ysis was performed for so-called rebound currents that were
observed upon PB removal (10 mm PB was applied for 100-500
ms; Fig. 6A). Single-channel conductance, determined for PB-
evoked currents was indistinguishable from the single-channel con-
ductance determined for GABA-activated currents for both wild-
type receptors (g = 34 = 3 pS, n = 4, p = 0.44, compared with
GABA-evoked conductance; Fig. 5D, E) and a,F64C mutant re-
ceptors (g =33 £ 4 pS, n =4, p = 0.34, compared with GABA-
evoked conductance; Fig. 5 D, E). Importantly, for both wild-type
and o, F64C mutant receptors, variance versus current plot could
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Figure 5.  Nonstationary variance analysis shows that the ;F64C mutation strongly de-

creases the maximum open probability but does not affect single-channel conductance. A-C,
Traces averaged from =10 consecutive current responses to saturating [GABA] mediated by
wild-type (4, WT), or;F64L (B), and cz;F64C (€) receptors aligned with plots that represent the
variance of the current at each time point. The gray parts of the plots correspond to current
onset, which was excluded from the analysis; see Results). D, Plots analogous to those in A-C
but for rebound currents observed upon the removal of 10 mu PB for o, F64C receptors. On the
right in A-D, the respective current versus variance plots are shown. E, Summary of values of
single-channel conductance for GABA-evoked and PB-evoked currents (see Results for numer-
ical values). F, Statistics of maximum open channel probability values for GABA and PB (see
Results for numerical values). The insets above the current traces indicate the application time
of the specified agonist. The asterisk indicates a statistically significant difference.
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Figure 6.  PB-evoked currents reveal that the cr;F64C mutation does not affect activation of
GABA,R by the pathway distinct from GABA-binding site. A, Typical current responses to satu-
rating concentrations of GABA-elicited (black) and PB-elicited tail currents (gray) mediated by
wild-type (left, WT) and o;F64C (right) receptors. B, Statistics for amplitudes of PB-evoked
currents mediated by WT (black bar) and c;F64C (gray bar) receptors. C, Statistics of current
ratios for responses evoked by 10 mu PB and saturating [GABA] for WT (black bar) and o, F64C
(gray bar) receptors. PB-evoked currents mediated by WT and «t,F64C receptors had indistin-
guishable amplitudes, but GABA-evoked currents for «,F64C mutant receptors were much
smaller than for WT receptors. D, Tail amplitudes normalized to the amplitude of the tail current
evoked by 10 mu PB in the same cell for current responses to different concentrations of PB for
WT and «,F64C receptors. No difference was found between WT and cr;F64C mutants. The
insets above the current traces indicate the application time of the specified agonist. Asterisks
indicate a statistically significant difference.

be reliably fitted with a parabolic curve, and the P__,;,x parame-
ters were determined (P, yax: Wild type, 0.41 = 0.06, n = 4;
o, F64C, 0.61 = 0.13, n = 4, p = 0.21, compared with wild type;
Fig. 5F). Thus, when PB was used as the agonist, both wild-type
and o F64C mutant receptors had high P, \,,x values that were
comparable to the P, ,,x values estimated for responses evoked
by saturating [GABA] in wild-type receptors.

Our finding that single-channel conductance was indistin-
guishable in both wild-type and «; F64C mutant receptors deter-
mined from currents elicited by PB and GABA was helpful when
estimating P, \sx for GABA-evoked currents mediated by
a,F64C mutants. We first recorded the current response to satu-
rating [GABA]. A series of PB-evoked rebound currents were
then recorded from the same patch to perform the nonstationary
variance analysis and calculate the i + N value. Dividing the max-
imum GABA-evoked current by i -+ N yielded the value of P, ;.
for a;F64C receptors. Using this approach, we found that the
a,F64C mutation strongly reduced the P, ,,x value (a,F64C:
Pyiax = 0.05 £ 0.01,n = 3,p = 3.4- 10 > Fig. 5D, F), provid-
ing additional evidence that this mutation interferes with recep-
tor gating properties.

To further characterize the relationship between GABA-
evoked and PB-evoked currents, we compared current responses
to saturating [GABA] and rebound PB-evoked currents (Fig. 6A)
measured from the same cells that expressed either wild-type or
o, F64C mutant receptors. Interestingly, the values of the tail cur-
rent amplitudes measured for cells that expressed wild-type or
a,F64C mutant receptors did not show any significant difference
(I: wild type, 2221 * 377 pA, n = 19; a,F64C, 2314 *+ 234 pA,
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n = 44, p = 0.83, unpaired ¢ test; Fig. 6B). This finding indicates
that the mechanism of activation by PB was not markedly altered
by the mutation, confirming previous data that PB does not affect
the surface expression of these receptors (Petrini et al., 2011). For
cells that expressed wild-type receptors, the ratio of PB-evoked
and GABA-evoked currents was close to 1 (0.8 = 0.2, n = 4; Fig.
6C). For a;F64C mutants, the amplitude of the PB-evoked re-
bound current was dramatically larger than the amplitude elic-
ited by saturating [GABA] (ratio: 19.4 * 4.3, n = 4, p = 0.023;
Fig. 6C). This result corroborates our conclusion based on the
nonstationary variance analysis that the o;F64C mutation
strongly reduces the receptor’s open probability when activated
by GABA. Moreover, to further determine whether PB-induced
activation is affected by the «;F64C mutation, we constructed
dose-response relationships for amplitudes of rebound currents
normalized to the response to 10 mM PB and found no significant
difference between wild-type and mutants receptors (Fig. 6D).
Altogether, these results indicate that activation of the mutated
receptor with PB circumvented the activation pathway that in-
volves a mutated GABA binding site. Conversely, based on the
aforementioned observations, we propose that the a;F64 muta-
tion affects receptor gating properties when its activation in-
volves the GABA binding site.

The use of a partial agonist further indicates the effect of the
«,F64 residue mutation on receptor’s apparent efficacy

The data presented above provide evidence that the «,F64 resi-
due mutation strongly interferes with receptor gating properties.
However, gating may involve different conformational transi-
tions, including opening/closing (efficacy) and desensitization
processes. Moreover, recent studies emphasized the importance
of nonconducting bound conformational transitions, termed
flipping (Burzomato et al., 2004; Lape et al., 2008), priming
(Mukhtasimova et al., 2009), and preopening (Jadey and Auer-
bach, 2012), that precede channel opening. In the remaining sec-
tions of the Results, we present our data using the classic
convention (i.e., referring to binding, opening/closing efficacy,
and desensitization). The section following Results is dedicated
to model simulations. Then, in Discussion, we extensively discuss
the impact of the flipping states. This form of presentation en-
ables us to emphasize the drawbacks of using a classic approach
and to stress the key role of flipping transitions in setting the
relationship between microscopic receptor gating and the time
course of measured current responses.

Based on the data presented above, it seems likely that the
effects of the studied mutations on current kinetics and maxi-
mum open channel probability involve a reduction of receptor
efficacy. To further test this hypothesis, we used the partial ago-
nist piperidine-4-sulfonic acid (P4S), an agonist that activates the
receptor with lower efficacy than GABA (Mortensen et al., 2004).
As expected, rapid application of a saturating concentration of
P4S (1 mwm) elicited a current with a substantially smaller ampli-
tude with respect to the response evoked by saturating [GABA]
(P4S/GABA amplitude ratio, 0.27 * 0.03, n = 7; Fig. 7A,B). In
the case of a; F64C mutant receptors, as with wild-type receptors,
a saturating P4S concentration (10 mMm) evoked currents with a
markedly lower amplitude than saturating [GABA] (P4S/GABA
amplitude ratio, 0.57 * 0.02, n = 5; Fig. 7A,B), although the
amplitude ratio was significantly (p = 2.36 - 10 ~>, unpaired ¢
test) higher than the ratio for wild-type receptors (Fig. 7B).
Interestingly, in addition to reduced amplitudes, responses to
saturating concentrations of P4S were characterized by a signifi-
cantly slower rise time compared with the responses evoked by
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Figure7.  F64Cmutation in the o, subunit of wild-type (WT) GABA,Rs differentially affects
the amplitude and kinetics of P4S-evoked and GABA-evoked currents. A, Typical traces of cur-
rent responses elicited by long (500 ms) applications of saturating concentrations of GABA and
P4S in WT (left) and «,F64C (right) receptors. In the currents evoked by saturating [P4S] and
mediated by WT receptors, no rapid desensitization component was present. B, Relative am-
plitudes of currents evoked by saturating [P4S] and [GABA] for both types of receptors. P4S-
evoked and GABA-evoked currents were collected each time from the same patch and therefore
paired test was applied (=5 cells in statistics). The insets above the current traces indicate the
application time of the specified agonist. The asterisk indicates a statistically significant
difference.

saturating [ GABA] in wild-type receptors (#y;,. for P4S relative to
GABA: 15.8 = 1.8, n = 3, p = 0.004, unpaired ¢ test,), but not in
a;F64C mutant receptors relative to GABA (fg;,. for P4S relative
to GABA: 1.1 = 0.4, n = 5, p = 0.64, unpaired ¢ test). Notably,
currents mediated by wild-type receptors and elicited by saturat-
ing P4S showed a similar kinetic phenotype as GABA-evoked
responses recorded from cells that expressed o, F64C mutant re-
ceptors (Fig. 7A). In P4S-evoked responses mediated by wild-
type receptors, the rapid desensitization component virtually
disappeared [FR(10): GABA, 0.43 = 0.05, n = 6; P4S, 0.93 =
0.03, n = 6; p = 4.41 - 10 ~>; Figure 7A] and the onset kinetics
were much slower than for GABA-evoked currents. This finding
raises the possibility that an alteration of receptor’s apparent ef-
ficacy might be a major mechanism whereby the o, F64 mutation
alters receptor gating. Moreover, considering this observation,
the lack of a rapid fading component in current responses medi-
ated by a;F64C mutants does not necessarily indicate that this
mutation interferes with the molecular mechanisms that deter-
mine desensitization (Bianchi and Macdonald, 2003; Mozrzymas
etal., 2003a).

Differential impact of a; F64mutations on the kinetics of
GABA-evoked and muscimol-evoked currents

In the preceding section, we reported that the kinetics of currents
mediated by o; F64C mutants and evoked by saturating [GABA]
were strikingly similar to responses mediated by wild-type
GABA,Rs elicited by saturating P4S. However, as described
above, this mutation also strongly affects receptor binding char-
acteristics. To better distinguish between the effect of the muta-
tion on binding properties and the effect of the mutation on
gating properties, we performed recordings using muscimol, an
agonist that has been shown to have a higher apparent affinity
than GABA, presumably because of a slower unbinding rate con-
stant (Jones et al.,, 1998). This mechanism might predict that
currents evoked by muscimol would be characterized by slower
deactivation kinetics compared with GABA-evoked currents. We
verified that the saturating concentrations of muscimol were 1
mM for wild type, 3 mM for the a;F64L mutation, and 30 mm for
the a,F64C mutation. As shown in Figure 8 A, B, for wild-type
receptors, deactivation 7,,.,, was >2-fold larger for muscimol-
induced currents (relative 7, cun_visc/ Tmean-Ganas 2-87 = 0.41,n =
8, p = 0.002). Interestingly, for the o, F64L mutation, the deacti-
vation kinetics of GABA-evoked currents were very fast (Figs. 2B,
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Figure 8. Leucine and cysteine mutations at the a,F64 residue differentially affect the
amplitudes and kinetics of muscimol-evoked currents. 4, Normalized and superimposed current
responses for short applications of saturating concentrations of muscimol (gray) and GABA
(black) for wild-type (WT), o, F64L, and o, F64C receptors. Because the considered mutations
slowed the onset kinetics (Fig. 3), the durations of the agonist application times were chosen to
include the entire rising phase of the responses and their peak/maximum values: WT, 3-5 ms;
a,F64L, 815 ms; a,F64C, 10-30 ms. The saturating concentrations of muscimol were as
follows: 1 mm for WT, 3 mm for o, F64L, and 30 mu for z;F64C. B, Statistics for relative mean
deactivation time constant T,,..,, msc/ Tmean-caga fOF Currents evoked by short applications of
saturating concentrations of muscimol and GABA in three types of receptors. Statistically sig-
nificant differences were found between GABA-elicited and muscimol-elicited currents in WT
and o;F64L, but not in ot,F64C. C, Typical superimposed traces of current responses to long
(500 ms) applications of saturating concentrations of GABA and muscimol mediated by WT,
o, F64L, and o, F64C receptors. WT and o, F64L muscimol responses were time-offset for pre-
sentation clarity. D, Statistics of amplitude ratios for responses evoked by saturating [GABA] and
[muscimol] for the specified receptors. Statistically significant increases in the amplitude ratios
were observed for both mutated receptors (paired t test, n = 6), indicating greater muscimol
efficacy (see Results and Discussion). E, Summary of relative values of rapid desensitization time
constant () for current responses to long applications of saturating [muscimol] and [GABA]
inWT and «t,F64L receptors. F, Statistics of fraction of current remaining 10 ms after reaching a
maximum value for responses to GABA (first bar) and muscimol (second bar) mediated by WT,
a,F64L,and o, F64C receptors. In the case of currents mediated by o, F64L receptors, muscimol
induced faster desensitization than GABA, but this was not the case for o, F64C receptors. For
the data presented in E and F, a paired t test was used (n = 6). The insets above the current
traces indicate application time of the specified agonist. The asterisk indicates a statistically
significant difference.

8A). When muscimol was applied, 7,,.,, Was prolonged >4-fold
(relative T, ean-msc/ Tmean-Gapas 442 £ 0.37,n=10,p =3+ 10>
Fig. 8A,B). However, in the case of the a;F64C mutation, when
muscimol was applied, the deactivation kinetics remained
nearly as fast as for GABA-evoked currents (relative 7., nmsc/
Tmean-GaBa» 1.27 + 0.16,n = 4, p = 0.076, paired ¢ test; Fig. 8 A, B).
Fitting with the Hill equation (Eq. 1) yielded an ECs, of 897 um
(n, = 0.8), which is less than one-seventh of EC5, for GABA (see
above). To provide evidence that apparent affinity for muscimol
is larger than for GABA also for a, F64C mutants, we determined
the dose—response relationship for muscimol (data not shown).
Fitting with the Hill equation (Eq. 1) yielded an ECs, of 897 um
(n, = 0.8) i.e., >7-fold lower than in the case of GABA (see
above). In the case of wild-type receptors, amplitudes of GABA-
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evoked currents were virtually the same
as those of muscimol-evoked currents
(usc/Ioaa = 0.95 + 0.03,n = 7,p = 0.31,
saturating agonists; Fig. 8C,D). Moreover,
the macroscopic fast desensitization de-
termined for currents evoked by musci-
mol and GABA did not significantly differ
(relative: Tyeqmsc/Tdes-Gapa — 0.96 =
0.03, n = 8, p = 0.23; Fig. 8E), which is
consistent with previous reports (Jones et
al., 1998). However, surprisingly, in the
case of the a; F64L mutants, the amplitude
of muscimol-evoked currents was signifi-
cantly larger than for GABA-evoked cur-
rents (Iyisc/Igapa = 1.23 = 0.05, n = 10,
p = 0.003; Fig. 8C,D). This observation
suggests that for this mutant, muscimol
not only has a larger affinity but also acti-
vates the receptor with greater efficacy.
Moreover, when «;F64L mutant recep-
tors were activated by muscimol, both the
desensitization time constant (relative:
Tdes-MSC/Tdes-GABA — 0.67 = 0.06, n = 9,
p = 0.002; Fig. 8E) and FR(10) parameter
were significantly smaller than those for
GABA-evoked currents [FR(10), a0 =
0.90 = 0.02, n = 10, p = 0.0003; Fig.
8C,F], indicating a larger rate and extent
of desensitization in the case of activation
by muscimol. Similar to a; F64L, currents
mediated by a;F64C mutants and evoked
by saturating [muscimol] showed a mark-
edly larger amplitude compared with re-
sponses elicited by GABA (Iyisc/Igaga =
1.57 = 0.10, n = 6, p = 0.034, compared
with wild type, paired ¢ test; Fig. 8C,D).
However, no rapid desensitization com-
ponent was present in either GABA-
evoked or muscimol-evoked responses
mediated by these mutants (Fig. 8C,F).
Overall, these results show that muscimol
appears to differ from GABA in wild-
type receptors mainly in apparent affin-
ity, but in the case of mutants, it activates
these receptors with a markedly larger ap-
parent efficacy. Thus, these mutations ren-
der receptor gating sensitive to the identity
of these agonists.

Model simulations
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Figure9. Model simulations based on classic JWM and LM. 4, Kinetic schemes used to fit experimental data. Left, JIWM (Jones
and Westbrook, 1995). Right, LM (Bianchi et al., 2007). B, Exemplary fits (black line) to experimental current responses (gray line)
to long (upper row) and short (lower row) applications of saturating GABA for (left to right) the JWM fit to wild-type (WT)
receptor-mediated currents, and the linear model fit to WT receptor-mediated and o, F64C mutant receptor-mediated currents.
The JWM mechanism was not fitted to mutant receptor-mediated currents because of qualitative discrepancies (see Results, Model
simulations). The figure shows that the fits of both models were made for the same representative current responses for WT
receptors. For kinetic rate constants, see Table 1. C, Curve families for each of the two models generated by lowering the opening
rate constant 3 (decrease in efficacy) starting from the value obtained from fitting current responses mediated by WT receptors.
The modeled GABA application represented by a thick black line, and P4S is represented by a thick gray line. Left to right, JWM for
WT receptors, LM for wild-type receptors, and LM for or;F64C mutants. In the case of the JWM, decreasing efficacy could not
account for the loss of fast macroscopic desensitization when saturating partial agonist, whereas the LM correctly predicted the loss
of rapid desensitization and slowing of the current onset upon a decrease in efficacy. For 3 values established for o, F64C mutant
receptors, a further lowering of 3 led to a decrease in amplitude but not any substantial prolongation of rise time (C, right, curve
family; see also Results, Model simulations). The insets above the current traces indicate the application time of the specified
agonist. Notice that for F64C mutant P4S application fit, there is additional small shift of c value (Table 2). For experimental and
simulated parameters, see Tables 1and 2.

The experimental data presented above show that «; F64 muta-
tions strongly affect both the binding and gating of «, 8,7y, recep-
tors. The application of the racing procedure enabled us to
estimate the impact of this mutation on the binding rate, but its
effect on specific gating characteristics remains obscure. To gain
further insights into this issue, we applied kinetic simulations (see
Materials and Methods) to test the predictions of different min-
imum requirement models. Because the vast majority of our re-
cordings were made either for saturating or high (>ECj,) agonist
concentrations at which the occupancy of singly bound states is
expected to be minimal, these states were omitted. Slow desensi-
tization components were also not considered; for this reason, fits
to recorded current traces for protocols with prolonged ligand

applications were restricted to the first 15-30 ms, a time period
during which the rapid desensitization component was predom-
inant. As mentioned above in the Results, we first attempted to fit
our data using classic models (Fig. 9A, JWM and LM) and subse-
quently extended these investigations to models that included the
flipped state (Fig. 104, ffWM and fLM). Our fitting procedure
was designed to optimally fit the kinetic shape of individual cur-
rents and reproduce major differences between wild-type and
mutant receptors by using the simplest possible models and ma-
nipulating the minimum number of rate constants.

We first used the JWM (Fig. 9A), which has been shown to
reproduce major kinetic features of GABA,Rs (Jones and West-
brook, 1995; Mozrzymas et al., 1999). Our present data collected
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Table 1. Experimental and model-predicted current parameters and rate constants for GABA-evoked responses mediated by wild-type (WT) and «'1F64C mutant receptors

Experimental M fJWM fLM

Current parameter’ WT of64C  Ratio  WT aF64C Ratio  WT aF64C Ratio  WT aF64C Ratio
Deactivation 7,,,,, (Ms) ~ 25.9 1.5 006 114 23 0.2 254 13 0.05 315 1.8 0.06
FR(10) 0.29 0.93 324 022 1 4.55 0.19 1 526 029 1 345
10-90% onset (ms) 0.25 1.12 448  0.24 0.75 313 029 1.51 521 037 0.6 1.62
Pymax 0.67 0.05 0.08 0.62 0.03 0.05 0.25 0.01 0.03 0.52 0.04 0.07
ECgq (mm) 0.071 6.6 9296 0.131 17.9 136.64 0.156 24.2 15513 0.142 27.6 194.37

JWM

WT M fJWM LM
Rate constant® WT aF64C Ratio  WT aF64C Ratio  WT af64C Ratio
Ky (MM “Tms ) 99 *+15 99+ 15 0.067 == 0.012 0.01 99*+15 0.10 0.01 99 %15 0.09 0.01
Kot (ms ") 330 + 60 052 £0.14 052 1 116 2010 116 1 130032 13 1
S(ms ") — — — — 403 =021 027 =004 0.07 353085 187*040 053
y(ms”) — — — — 446 =174 195%7 4372 153023 606149 40
B(ms™7) 7.67 =196 463076 0.14*003 003 16589 165 1 9.89+340 102 +*23 1.03
a(ms™) 1.03 £ 0.11 077 2022 321037 417 1.69 £020 1.69 1 1.02£019 418*+076 4.1
dims™") 527 =133 082 =013 0.82 1 238102 288+*52 1.21 1.04 +0.18 1.04 1
r(ms ™" 0.07 0.14 =£0.01 0.4 1 0.12£0.01 021%£010 175 0.18 =0.02 0.8 1

“Comparison between current parameters measured experimentally and those predicted by different models. Kinetic parameters (specified in the first column) are presented as absolute values in respective units. The parameters’ ratio
(a1F64C to wild type) are given in the Ratio columns.

®Rate constants optimized for all kinetic schemes for WT and c1F64C receptors. In the third column for different models, the ratios of specific parameters for a'1F64C and WT are specified. The values are presented for 10 mm GABA for WT
and 100 mm GABA for r1F64C.

Table 2. Experimental and model-predicted current parameters and model rate constants for P4S application in wild-type (WT) and «:1F64C mutant receptors

Experimental LM fIWM LM
Parameter WT aF64C WT aF64C WT aF64C WT aF64C
Amplitude ratio 0.27 0.57 0.22 0.57 0.19 0.57 0.25 0.58
Onset ratio 158 1.1 4.4 1.1 5.4 1.1 59 13
FR(10) for P4S application 0.93 1 0.89 1 0.91 1 1 1
Rate constant change relative to GABA application B,0.043 B,0.64; o, 1.24 5, 0.040 9, 0.55 9, 0.056 5,0.53

The amplitude and onset ratios represent the values obtained for P4S relative to those measured for GABA. In the case of FR(10), the absolute values are reported. The bottom row specifies the rate constant that had to be changed with respect
to those optimized for GABA-evoked currents to reproduce the time course of currents evoked by P4S. The numbers to the right of the rate constant symbols represent the coefficients by which respective rate constants optimized for

GABA-evoked currents should be multiplied to reproduce responses elicited by P4S.

for wild-type receptors confirmed the validity of this model be-
cause optimization of its rate constants (Table 1) yielded a satis-
factory fit to current responses elicited by various protocols of
GABA applications (Fig. 9B). However, surprisingly, this model
failed to reproduce our major observations for currents evoked
by a partial agonist (P4S) and currents mediated by the mutants.
Assuming that P4S activates GABA,Rs with lower efficacy than
GABA, we attempted to fit this model to the recorded traces
(saturating P4S) by manipulating the « or 8 rate constants over a
wide range, assuming that o must be larger for P4S than for
GABA, as deduced from single-channel data (Mortensen et al.,
2004). However, we failed to concomitantly reproduce the lack of
rapid macroscopic desensitization as experimentally shown in
Figure 2E (compare with Fig. 7A) and slow current onset together
with the amplitude reduction (Fig. 9C). A reasonable reproduc-
tion of the current time course evoked by high [P4S] could be
approached only when the reduction of the unbinding rate (k)
was so strong that the modeled responses escaped the saturation.
When considering this model, we encountered yet another dis-
crepancy when trying to reproduce our observations for mutants
activated by GABA or muscimol. A larger amplitude of currents
elicited by muscimol (with respect to GABA) in the case of
o, F64L mutants indicates that muscimol has not only a higher
affinity but also a larger efficacy for these receptors. We thus tried
to manipulate the rate constants that govern efficacy (B, «).
However, contrary to our experimental findings (Fig. 8C), in-
creased efficacy (muscimol vs GABA) resulted in a slowing of
current fading upon prolonged agonist application. To correct

this discrepancy, we enhanced the desensitization rate, resulting
in a decrease in amplitude, in contrast to the experimental results.
Altogether, although the JWM correctly reproduced the kinetic
behavior of wild-type receptors, it failed to qualitatively repro-
duce our basic observations for the partial agonist and mutants.

Among the minimum requirement models of GABARs, the
LM (Fig. 9A) has been considered a possible alternative to the
JWM (Bianchi etal., 2007). Using this model, we correctly repro-
duced the kinetics of currents mediated by wild-type receptors
and evoked by GABA (Fig. 9B, Table 1). Moreover, in contrast to
the JWM, the LM satisfactorily predicted the major kinetic fea-
tures of currents elicited by the application of the partial agonist
P4S (it was sufficient to decrease the opening rate constant 3; Fig.
9C, Table 2): including a decrease in amplitude, prolongation of
the rise time, and acceleration of deactivation (Table 2). Impor-
tantly, the reduction of the opening rate 8 in the LM led to a
decrease in the rate and extent of macroscopic desensitization. At
sufficiently small 3, this desensitization component eventually
disappeared (Fig. 9C), which was observed in the experiments
with P4S (Fig. 7A). This model also offered a good fit to the
experimental data obtained for a;F64C mutant receptors (Table
1). For responses elicited by the application of saturating ago-
nists, the manipulation of receptor efficacy parameters, especially
B, was sufficient to reproduce all of the major features of these
currents (Fig. 9B, Table 1). Moreover, a further decrease in 3 led
to a reduction of amplitude but produced a minor prolongation
of the rise time, in contrast to the experimental observations for
a,F64C mutants. This discrepancy could be corrected by slightly
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Table 3. Rate constants optimized to reproduce the kinetics of GABA-evoked
current responses mediated by «/1F64L receptors”

M fIWM fLM
B(ms™7) 29 16.5 9.89
a(ms ) 1.9 1.69 1.02
S(ms ") — 22 25
y(ms ™) — 20 9

“Only rate constants that were altered with respect to the model optimized for wild-type receptors (Table 1) are
specified.

increasing the « rate constant (compare Figs. 7A, 9C). We next
tested whether this model can reproduce the features of currents
induced by muscimol. For wild-type receptors, good reproduc-
tion of the data could be obtained by lowering kg, as suggested by
Jones et al. (1998, 2001; see Table 4). Thus, by reducing kg
deactivation was prolonged to a similar extent as in our experi-
ments, whereas the fading of responses to prolonged muscimol
application was unaltered with respect to GABA. To fully account
for the effects of muscimol observed for «,F64C and «,F64L
receptors (Table 3, manually optimized rate constants), we needed to
additionally alter the rate constants that govern receptor efficacy
(Table 4). This was sufficient to obtain a reasonable qualitative
reproduction of our data (muscimol vs GABA), including a sub-
stantial increase in the deactivation time constant for «,F64L
receptors, an increase in amplitude for a;F64C and «,F64L re-
ceptors, and an increase in the rate and extent of desensitization
for a; F64L receptors (simulations not shown; Fig. 8, data). Thus,
in contrast to the JWM, the LM qualitatively reproduced our
major findings. However, some points may cast doubt on the
appropriateness of this gating mechanism. First, the above inter-
pretation would imply that the «,F64 mutation qualitatively
changes the muscimol-induced activation mechanism. Namely,
it is well established that in vy, subunit-containing wild-type re-
ceptors, muscimol shows different apparent binding kinetics
with respect to GABA (decreased unbinding; Jones et al., 1998,
2001; Mortensen et al., 2010), whereas for the mutants studied
here the efficacy would also have to be affected. Although such an
effect of the a;F64 mutation cannot be excluded, it seems more
probable that the general mechanism of agonist action remains
similar in wild-type and mutant receptors. Second, several previ-
ous experimental observations argue against a purely linear
arrangement for GABA R gating. PB at potentiating concentra-
tions increases GABA-evoked currents by increasing opening ef-
ficacy (Twyman et al., 1989; Feng et al., 2004), but decreases the
extent of macroscopic desensitization (Feng et al., 2004), which
requires a branched model. Moreover, for mutations that uncou-
ple desensitization from deactivation (Bianchi et al., 2007), an
increase in efficacy is not accompanied by an increase in macro-
scopic desensitization as expected in the LM. Additionally,
Scheller and Forman (2002) studied the uncoupling of efficacy
and desensitization in a pore domain mutant (o;L264T) that
exhibited increased efficacy and a significant loss of macroscopic
desensitization, consistent with reduced occupancy of the desen-
sitized state. However, currents mediated by these receptors also
had prolonged deactivation, which is problematic to reproduce
using the LM.

The major conceptual problem when attempting to interpret
our data is that mutation of the residue localized at the binding
site strongly affects receptor gating, especially rate constants that
determine efficacy, which is believed to mainly depend on struc-
tures localized at the transmembrane domain or at the interface
between transmembrane and extracellular domains (Cederholm
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et al., 2009; Miller and Smart, 2010; Bouzat, 2012). In the past
decade, however, a novel concept emerged, in which energy pro-
vided by agonist binding induces some conformational changes
(flipping, preopening, or priming) that precede channel opening
(Burzomato et al., 2004; Auerbach, 2005; Lape et al., 2008, 2012;
Mukhtasimova et al., 2009; Colquhoun and Lape, 2012; Jadey
and Auerbach, 2012). Clearly, alterations induced by an agonist
at the binding site cannot be transmitted with light velocity to the
channel gate; instead a “Brownian conformational wave” is ex-
pected to occur (Auerbach, 2005).

Therefore we adopted the concept of flipping in our investi-
gations by considering two additional schemes (Fig. 10A), in-
cluding a transitional state between a fully bound closed state and
opening/desensitization conformations. ffWM is an extension of
JWM, and fLM represents an analogous modification of LM.
Both fJWM and fLM produced a good fit to the wild-type recep-
tor data (Table 1), and the differences in their predictions were
minor. The ffWM predicted low P,_y;,x> and the fLM predicted a
slower rise time than the one measured experimentally. We then
tried to establish whether changes in flip rate constants can ac-
count for the kinetic phenotype observed in experiments with the
partial agonist P4S. We simulated current responses for a broad
range of 8 and vy rate constants. For both models, predicting a
concomitant decrease in amplitude and lack of rapid macro-
scopic desensitization was possible (Fig. 10B, Table 2). Interest-
ingly, however, the two schemes showed qualitatively different
desensitization dependence on the flip rate constants. Indeed, as
shown in the surface plots in Figure 10B, desensitization depends
mainly on & in the ffWM, but qualitatively different dependence
on both vy and & occurs in the fLM. One interesting line of investiga-
tion would be to consider other mutations that affect the flipping
transitions to verify the trends postulated by these models.

We then used the flipped models (Fig. 10A) to fit the responses
mediated by a;F64C receptors. Interestingly, in the case of the
fJWM, the best fits were obtained by a large modification of the
flip rate constants with respect to wild type, and only a relatively
small correction of desensitization parameters was needed, which
was not critical for qualitatively reproducing the current kinetics
(Table 1). In the case of the fLM, manipulations restricted to the
d and vy rate constants were insufficient to obtain good fits, even
at the qualitative level. The reproduction of fast deactivation ki-
netics for currents mediated by a,F64C receptors additionally
required adjustments of the « and [ rate constants, whereas a
good fit to the experimental data with the ffWM was obtained
with the same « and 3 rate constants as for wild-type receptors
(Table 1).

Importantly, a potential drawback of this approach is the re-
liance on k,,, values determined using the racing protocol, assum-
ing a model without flipping states (Jones et al., 1998). Indeed,
the consideration of flipping states in the model may affect the
estimation of binding parameters (Colquhoun and Lape, 2012).
To assess the correction in the estimation of k,,, caused by inclu-
sion of a flipped state, we ran simulations in which k,, was opti-
mized (the other parameters remained the same as in Table 1) to
best reproduce the I,,.. value determined experimentally. This
procedure did not affect the estimation of k,, for wild-type re-
ceptors and yielded only subtle changes in k,, values in the case
of ,F64C receptors (k,,: TWM, 0.1 mm '+ ms~"; fLM, 0.09
mum ' - ms ~'; compared with the previously determined k,, =
0.067mm ' - ms ), and their overall impact on our simulations
was negligible.

To further test the models that involved a flipped state, we
determined whether it could reproduce the effects of muscimol in
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Table 4. Experimental and model-predicted current parameter ratios and model rate constants for currents elicited by muscimol

- . Experimental M fJWM fLM
Kinetic parameter relative
to GABA application” WT af64C aof6dl  WT aF64C af64l WT aF64C afedl  WT aF64C af64L
Amplitude 0.95 157 1.23 1 1.35 123 1.03 1.48 1.2 1.04 1.81 1.28
Tges 0.96 — 0.67 1 — 0.82 0.96 — 0.81 0.94 — 0.71
FR(10) 0.97 1 0.9 1 0.98 0.85 0.97 0.98 0.86 0.9 0.84 0.79
Deactivation 7, 2.87 1.27 4.42 3.04 2.1 5.09 291 1.26 4.56 2.93 1.19 3.37

M fJWM fLM

Rate constant’ WT aF64C af64l WT aF64C af6dl  WT aF64C aF64L
kOn (mm " ms ) 9.9 0.067 na 9.9 0.10 na 9.9 0.09 na

Off (ms ™) 0.15 0.15 0.15 1.16 1.16 1.16 1.30 1.30 13

&(ms ™) — — — 4.03 027 220 3.53 1.87 25
y(ms ™) — — — 1.50 120 4.00 0.50 30 2
B(ms™ ) 4.63 0.14 3.80 16.5 16.5 16.5 9.89 10.2 9.89
a(ms™) 0.77 3.21 1.70 1.69 1.69 1.69 1.02 418 1.02
dms™") 0.82 0.82 0.82 23.8 28.8 23.8 1.04 1.04 1.04
rims™7) 0.14 0.14 0.14 0.12 0.21 0.12 0.18 0.18 0.18
Rate constant change relative to Ky, 0.28 Ko, 0.28; ko, 0.288; v, 0.33 v, 0.61 v,0.2 v, 0.32 v, 0.49 v, 0.22
GABA application® B,1.07, B,131;
«, 0.87 «, 0.89

“Kinetic parameter ratios for responses elicited by muscimol and GABA applications.
bSummary of rate constants optimized for muscimol application for different kinetic schemes.

‘Rate constants changed with respect to those optimized for GABA-evoked currents to reproduce responses evoked by muscimol. The numbers represent the coefficients by which the respective rate constants optimized for GABA-evoked

currents should be multiplied to reproduce kinetic characteristics of responses evoked by muscimol.
na, Rate constant value was not assessed.

the considered receptors. Surprisingly, for wild-type receptors, all
of the major effects of muscimol (i.e., prolongation of deactiva-
tion time course and lack of effect on desensitization kinetics)
could be well reproduced by decreasing the vy rate constant in
both models (Fig. 10C, Table 4). Similarly, for a; F64C, manipu-
lating only the vy rate constant was sufficient to properly mimic
our experimental observations, including an enhanced ampli-
tude with no effect on desensitization and only weak slowing of
deactivation (Fig. 10D, Table 4). Moreover, the effects of the
o, F64L mutation on currents evoked by GABA could be well
reproduced by altering the flip constants alone (Fig. 10E, Table
4). Additionally, for this mutant, modification of the 7y rate con-
stant was sufficient to replicate the major differences in currents
evoked by muscimol (Table 4). Altogether, both models that in-
cluded a flipped state could properly reproduce all of the major
features of the recorded currents for both wild-type and mutant
receptors. However, the fJW model tended to be more accurate in
predicting the kinetic features of the recorded currents (Tables 1,
2,4). Most importantly, the consideration of these models allows
us to conclude that the kinetics of responses elicited by the partial
agonist P4S differed from the kinetics for GABA-evoked currents,
mainly because of distinct flipping kinetics, and that mutation of
the a;F64 residue altered receptor gating by affecting flipping
transitions.

Discussion

We provide evidence that «F64, a key aromatic residue at the
GABA binding site, is involved in both the binding and gating
properties of a; 3,7, receptors. Importantly, major kinetic fea-
tures (i.e., onset, deactivation, and macroscopic desensitization;
Figs. 2, 3) were dramatically affected by mutations of this residue
and the impact of @, F64 mutation on receptor gating was further
supported by a strong decrease in the channel open probability
(Fig. 5). Previous studies focused mainly on the role of o, F64 in
binding properties with only some indirect suggestions of its in-
volvement in gating (Sigel et al., 1992; Holden and Czajkowski,
2002). Holden and Czajkowski (2002) used a cysteine substitu-

tion method to show that PB-induced activation structurally re-
arranged a part of the binding site that contained «,F64. The role
of homologous residues in the D loop has been more extensively
studied in other cys-loop receptors (Fig. 1A). In AChRs, these
residues were suggested to affect gating (Xie and Cohen, 2001;
Akk, 2002; Bafna etal., 2009). In particular, the notion of Bafna et
al. (2009) that these mutations change open state affinity appears
to be consistent with the hypothesis that they affect preopening
transitions, resulting in a conversion from low to high affinity
states (Lape et al., 2008; Colquhoun and Lape, 2012). Impor-
tantly, Jadey and Auerbach (2012) recently proposed a “catch-
and-hold” mechanism that postulates that binding and affinity
changes represent an integrated process that occurs in the early
stage of activation. This mechanism appears to be compatible
with the concept of flipping states (Lape et al., 2008; Colquhoun
and Lape, 2012) or priming (Mukhtasimova et al., 2009). No
apparent effects on gating were observed for mutations in homol-
ogous 5-HT;Rs (Spier and Lummis, 2000) or o,3;6 GABA,Rs
(Absalom et al., 2012). Mutation of a homologous residue in p
homomeric GABA ,Rs induced spontaneous activity (Torres and
Weiss, 2002), supporting the hypothesis that residues at this po-
sition are important for gating across the cys-loop receptor fam-
ily. Notably, most previous studies did not address the impact of
these mutations on gating components other than opening or
closing because apparently nondesensitizing receptors were stud-
ied or because solution exchange was too slow to reveal fast de-
sensitization. In the present study, the most marked effect of
o, F64 mutations was the suppression of rapid macroscopic de-
sensitization (Fig. 2). The only similar observation was reported
by a study on homomeric a; AChRs in which a homologous
mutation slowed desensitization onset (Gay et al., 2008). In con-
trast to GABA,Rs, however, no effect on binding or on gating
parameters other than desensitization was reported. The strong
effect of the &, F64 mutation on rapid desensitization is puzzling
because most studies in which the structural determinants of this
process were investigated indicated residues in transmembrane
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parameter presented on a given surface plot. Due to stochastic nature of Monte Carlo simulations, surface plots show some degree of roughness (see Materials and Methods). Kinetic rate constants
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segments (Im et al., 1996; Dalziel et al., 2000; Chang et al., 2003;
Fisher, 2004; Gonzales et al., 2008) or proposed an interaction
between N-terminal and transmembrane segments (Bianchi and
Macdonald, 2001). Moreover, the application of voltage-clamp
fluorometry provided evidence that desensitization is not associ-
ated with alterations in the vicinity of ligand binding pocket res-
idues (Muroi et al., 2006; Akk et al., 2011; Keramidas and Lynch,
2013). These findings suggest that a;F64 is not a key structural
determinant of microscopic desensitization, although its muta-
tion might affect other transitions that could affect macroscopic
desensitization because of so-called functional coupling of the
receptor’s conformational transitions (Colquhoun, 1998; Mozr-
zymas et al., 2003a). In our experiments, currents elicited by a
saturating concentration of the partial agonist P4S did not show
rapid desensitization in wild-type receptors seemingly support-
ing this possibility. Moreover, the partial rescue of macroscopic
desensitization for «;F64L mutants when muscimol was used
further suggests that desensitization is not structurally disrupted
but rather appears to be masked by other changes in receptor
gating. This scenario is exemplified by the observation of Bianchi
and Macdonald (2003), who found that “nondesensitizing” &
subunit-containing GABA,Rs can be turned to desensitizing
subunit-containing GABA,Rs by applying the efficacy-enhancing
modulator tetrahydrodeoxycorticosterone, whereas desensitizing
7, subunit-containing GABA ,Rs become “nondesensitizing” for
a partial agonist, similar to our observations.

To reveal the conformational transitions affected by the o, F64
mutation, model simulations were used. Surprisingly, the JWM
properly reproduced wild-type GABA 4R behavior, but it failed to
describe our observations for o, F64C mutants. A considerably
better reproduction of our data, especially for mutants, was ob-
tained with the LM, which was previously reported to be prob-
lematic, at least for wild-type receptors (Bianchi et al., 2007, their
discussion). Our analysis indicates that the major reason for the
failure of the JWM is the lack of flipping transitions that appear to
be affected by the considered mutations. Indeed, the inclusion of
just one flipping state in this model allowed us to properly repro-
duce all of our major findings. The models proposed for GlyRs
and AChRs (Burzomato et al., 2004; Lape et al., 2008) postulate
flipped states also for partially liganded states, and their number
is still kept relatively low by assuming concerted transitions (Lape
etal., 2008; Colquhoun and Lape, 2012). More recently, however,
Mukhtasimova et al. (2009) proposed that each subunit could flip
independently, yielding a fit improvement but also substantially
increasing the number of free parameters. To allow for docking
an agonist at the binding site and subsequent activation, Jadey
and Auerbach (2012) suggested that receptors may visit several
short-lived conformational states when traversing the energy
barrier between closed and open conformations. These states,
however, are nonconducting and cannot be distinguished based
on macroscopic current analysis. We concede that the reliable
estimation of increased number of rate constants was not feasible,
and the minimum requirement models were considered.

Fitting of our data using the ffJWM and fLM did not allow us to
unequivocally discriminate between these schemes. Importantly,
for the ffJWM, a good reproduction of all of the major observa-
tions for wild-type and mutant receptors activated by GABA,
P4S, and muscimol could be obtained by mainly manipulating
the flipping rate constants. Changes in desensitization rates had a
minor impact on the overall fit quality. In the case of the fLM,
opening/closing rates had to be changed, and this modification
was indispensable for reproducing experimental observations.
Considering that «,F64 is localized at the binding site, close to
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where flipping is suspected to occur (Colquhoun and Lape, 2012)
oratleast initiated (Jadey and Auerbach, 2012), the predictions of
the ffWM appear more plausible. Indeed, the structural determi-
nants of the channel’s postflipping gating transitions are believed
to be distant from the binding sites (Cederholm et al., 2009;
Miller and Smart, 2010) and likely less sensitive to the a,;F64
mutation. Interestingly, the model proposed by Keramidas and
Harrison (2010, their Scheme 1) for rate constants determined
for a,B,7y, receptors (low occupancy of A,R*) bears a resem-
blance to the ffJWM considered here, but some features of our
fLM are also embedded. It is possible that fitting of our data with
more complex schemes (more closed, open, and desensitized
states) would require a model that comprises elements of both the
fJWM and fLM. Other schemes proposed based on the log-
likelihood fitting of single-channel data also postulate a noncon-
ducting gateway, regardless of specific gating connectivity (Lema
and Auerbach, 2006).

Our results indicate that a; F64 mutations affect both binding
and flipping (i.e., gating), but the molecular mechanisms of such
a dual effect remain unknown. Several aromatic amino acids ex-
hibit cation-7r interactions with GABA, but the «,F64 residue
does not, and it was suggested to solely contribute to the region’s
hydrophobicity (Padgett et al., 2007). However, in recent molec-
ular dynamics simulations, Carpenter et al. (2012) have showed
that «;F64 is one of the residues that contacts GABA most often,
suggesting a more direct interaction with the agonist. Intrigu-
ingly, mutations of other aromatic residues at the agonist binding
site (e.g., B,Y97, B,Y157, 3,Y205) mainly affected binding prop-
erties, although some effects on gating have been suggested (Laha
and Tran, 2013). Numerous other residues in the proximity of
the binding site located on different loops were shown to influ-
ence gating in various types of GABA,Rs: loop A, 8,L99C (Boi-
leau et al., 2002); loop B, B,E155C (Newell et al., 2004); loop C,
B,E153 (Venkatachalan and Czajkowski, 2008). Salt bridge-
forming residues 3,D163 (loop B) and «; R120 (loop E) were also
found to affect gating (Laha and Wagner, 2011). Thus, receptor
gating may be sensitive to mutations at different locations at the
binding site, suggesting that transfer of binding energy to gating
may rely on structurally complex mechanisms. Consistent with
the notion that flipping is expected to occur close to binding sites
(Colquhoun and Lape, 2012), our results prompted us to hypoth-
esize that alterations in gating that result from mutations at the
binding site might partially reflect modifications of flipping
states. Our results indicate that a; F64 is involved in flipping, but
the role of other binding site residues requires further studies.
Indeed, the conformational changes involved in “flipping” may
correspond to one or several of the steps in the “Brownian con-
formational wave” postulated by Auerbach and colleagues (Au-
erbach, 2005; Jadey and Auerbach, 2012).

An extensive and so far weakly explored field is the role of
flipping in the modulation of GABA,Rs by a large repertoire of
physiologically and clinically relevant agents. Introduction of the
concept of flipping states led to a redefinition of partial agonism
(Lape et al., 2008). In a more recent study, Gielen et al. (2012)
proposed that the actions of benzodiazepines can be explained by
the modulation of flipping transitions. The consideration of flip-
ping states may shed new light on the mechanisms of action of
many other important GABA ;R modulators.

In conclusion, we provide evidence that the o, F64 residue is
important for both the binding and gating properties of
GABA ,Rs. Although mutation of the a;F64 residue resulted in a
multiplicity of kinetic manifestations, our data indicate that the
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modification of flipping transitions represents an important
mechanism underlying alterations of receptor gating.
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