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Abstract: The homopentameric p1 GABA¢ receptor is a ligand-gated ion channel with a binding
pocket for y-aminobutyric acid (GABA) at the interfaces of N-terminal extracellular domains. We
combined evolutionary analysis, structural modeling, and experimental testing to study
determinants of GABA¢ receptor assembly and channel gating. We estimated the posterior
probability of selection pressure at amino acid residue sites measured as m-values and built a
comparative structural model, which identified several polar residues under strong selection
pressure at the subunit interfaces that may form intersubunit hydrogen bonds or salt bridges. At
three selected sites (R111, T151, and E55), mutations disrupting intersubunit interactions had
strong effects on receptor folding, assembly, and function. We next examined the role of a
predicted intersubunit salt bridge for residue pair R158-D204. The mutant R158D, where the
positively charged residue is replaced by a negatively charged aspartate, yielded a partially
degraded receptor and lacked membrane surface expression. The membrane surface expression
was rescued by the double mutant R158D-D204R, where positive and negative charges are
switched, although the mutant receptor was inactive. The single mutants R158A, D204R, and
D204A exhibited diminished activities and altered kinetic profiles with fast recovery kinetics,
suggesting that R158-D204 salt bridge perhaps stabilizes the open state of the GABA. receptor.
Our results emphasize the functional importance of highly conserved polar residues at the protein-
protein interfaces in GABA¢ p1 receptors and demonstrate how the integration of computational
and experimental approaches can aid discovery of functionally important interactions.
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Introduction

y-Aminobutyric acid (GABA), the main inhibitory neu-
rotransmitter of the central nervous system, is the
native ligand of three classes of postsynaptic receptors,
GABA,, GABAg, and GABA;, where GABA, and
GABA: are Cys-loop ligand-gated ion channels
(LGICs)." The Cys-loop superfamily is named after a
13-residue signature loop formed by two conserved
cysteine residues found in the N-terminal extracellular
domain and comprises a variety of channels, including
nicotinic acetylcholine receptors (nAChR), GABA,,
GABA(, glycine receptors (GlyR), and serotonin
(5-HT,) receptors. The subunits of these receptors
assemble into functional homo- or hetero-pentameric
structures with ligand-binding pockets at the subunit
interfaces of the N-terminal extracellular domains, and
a central ion channel.

X-ray structures have been determined for
nAChR*? and a number of soluble proteins*® and pro-
karyotic membrane proteins (pLGIC)®® distantly
related to LGIC family. Soluble acetylcholine binding
proteins (AChBP)*®> modulate the synaptic transmis-
sion of acetylcholine® and are distantly related to the
N-terminal ligand-binding domain of LGICs. High-
resolution X-ray structures of pentameric AChBPs are
widely used as templates for comparative modeling of
LGICs.'o7'3

Native GABA( receptors are heteropentamers con-
sisting of p1, p2, and/or p3 subunits and are found in
retina, thalamus, hippocampus, pituitary, and gut.'*
GABA( receptors are involved in visual processing,
regulation of sleep-waking rhythms, pain perception,
memory, learning, regulation of hormones, and neuro-
endocrine gastrointestinal secretion. However, no
structural information is available for the GABAc
receptor. It is important to understand the molecular
mechanisms of GABA( receptor activation and inhibi-
tion by agonists and antagonists, respectively. Muta-
tional studies of the GABA( receptor, including those
of the N-terminal domain, have identified residues
that rendered GABA( inactive, altered the sensitivity
of the receptor to the agonists, or kept the protein
constitutively active.’> ' These studies have relied pri-
marily on information about known locations of pro-
tein loops that contain binding residues in other ho-
mologous well-studied LGICs, such as nAChR.*®

The present study was undertaken to develop a
homology model of the p1 GABA( receptor, in which
detailed evolutionary analysis is used specifically to
guide structure generation and to predict protein sites
under strong evolutionary selection pressure. Such
an approach differs from previously published
work'7*82:22 in that it combines Markovian evolution-
ary analysis with homology modeling and is not lim-
ited to determinations of residues specifically in the
ligand-binding pocket. To develop the homology
model, we first carried out a comprehensive maximum
likelihood evolutionary analysis of GABA¢ p1 subunits
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at the cDNA level with the purpose of identifying a set
of pi-specific residues under a strong evolutionary
selection pressure. We then used evolutionary infor-
mation as a guide for the sequence alignment with a
template AChBP sequence from Lymnaea stagnalis,
for which a high-resolution X-ray structure is avail-
able.”® According to our model, several residues are
predicted to be at the protein—protein interfaces and
under strong evolutionary purifying selection pressure.
Using site-directed mutagenesis, Western blot study,
and electrophysiological analysis, we have tested the
effects of these residues on receptor assembly and
channel activation.

Results

Evolutionary analysis

We first assessed the evolutionary selection pressure at
each amino acid residue position of the GABA( extrac-
ellular domain. Here, the selection pressure was meas-
ured as the ratio of synonymous versus nonsynony-
mous substitutions, which is usually termed as the o-
ratio.>»*> We constructed explicitly a phylogenetic tree
using only orthologous ¢cDNA sequences from different
species and modeled the evolution as a Markovian
process. Figure 1 shows the estimated posterior proba-
bility based on an empirical Bayes approach®#2° of dif-
ferent w-ratios for amino acid residues 53—-259 of the
11 investigated DNA sequences of the p1 subunits.
Here, darkly shaded, medium shaded, and lightly
shaded vertical segments at a given amino acid posi-
tion represent, respectively, the predicted posterior
probability P; (where i = 1—3) of belonging to the class
of w;-values of relatively high (o, < 0.0078), medium
(0.0078 < ®, < 0.026), or low purifying selection
pressure (05 > 0.0258). The amplitudes of the proba-
bilities of these three regions sum to unity. The
expected o-value at each amino acid residue position
used in this study is calculated as

o= EPiOJi.

Several sequence regions exhibit alternating high
and low or medium conservation patterns, which cor-
respond well with the solvent-exposed B-strand sec-
ondary structure, revealing evolutionary constraints
existing at conserved buried residues.*” For example,
the stretch of residues between R104 and Ri109 dis-
plays this type of alternating graphic pattern. That is,
within this sequence of residues, medium or weak
purifying selection is observed for even-numbered, sol-
vent-accessible residues, for example, R104 (o0 =
0.017), Y106 (0.021), and K108 (0.030). By contrast,
the odd-numbered residues are under significantly
stronger purifying selection pressure; they exhibit low
w-values [H105 (v = 0.005), W107 (0.003), D109
(0.001)], consistent with the notion that these residues
are buried in the protein core. This sequence stretch
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Figure 1. Selection pressure as measured by w-ratio of nonsynonymous versus synonymous codon substitution rates at each
amino acid residue of the N-terminal domain of GABA¢ receptor (residues 53-259). The x-axis shows the residue numbers of
the protein. The y-axis shows the posterior probabilities of @ belonging to one of the three classes, where all probabilities
sum up to unity at each residue position. The w-ratios are grouped as follows: my < 0.0078 (darkly shaded vertical segment),
0.0078 < w, < 0.026 (gray segment), and wz > 0.0258 (light segment). Residues with large probability for ; (dark) are
experiencing strong purifying selection and are highly conserved.

includes residues that form loop D, which is a part of
the ligand-binding pocket.?®2° A similar conservation
pattern is observed between residues S168 and A175.
Comparison with the template AChBP structure shows
that this stretch of residues correlates well with the re-
spective secondary structure, indicating that our
method provides accurate estimations and useful pre-
dictions. Because of the insufficient diversity of the
available GABA( sequences, a rather low mean o-value
of 0.023 was obtained for residues 53—259. The highly
conserved positions with the lowest w-value (o =
0.001) were identified as D64, Mogs, D109, D136,
N154, M179, and D187. The following residues were
estimated to have = 0.002: R68, P69, E92, Vo3,
Y102, Ri11, L112, P135, K143, H148, T151, R158, G163,
R170, Ti74, Ci77, P185, Qi189, Ci91, E194, E196,
Y200, F227, T244, Y247, L250, and R258. Supporting
Information Table 1 contains calculated w-values for
p1 residues 53—259.

Construction and analysis of homology model

A structure of AChBP from L. stagnalis®*® (PDB ID:
1I9B) served as the template for homology modeling.
This L. stagnalis structure was chosen over the struc-
tures of AChBPs from A. californica®® and from
B. trancatus®' because it has the longest N-terminal o-
helix, similar to that of nAChR subunits, and hence
was anticipated to provide a better template for the
GABA. receptor. Because the sequence identity
between AChBP and N-terminal domain of GABA(
receptor is low (~16%), an accurate sequence align-
ment between the target and template proteins is chal-
lenging. To obtain a suitable sequence alignment, we
combined evolutionary data with an additionally pre-
dicted secondary structure of the GABA( ligand-bind-
ing domain. Consensus results obtained from JPRED?3*
strongly indicated that the N-terminal o-helix begins
near residues E55 or Q56. A similar conclusion was
reached by comparing GABA, and GABA: receptor

Table I. Amino Acid Residues Identified by Geometric Calculations as Forming GABA-Binding Pockets in the

Pentameric Model of the p1 GABA¢ Receptor

Residue w-value ASA Residue w-value ASA Residue w-value ASA
Q83 0.027 0.09 Q160" 0.089 0.21 T21817:37:38 0.025 0.13
E8 0.020 0.20 L166"7 0.0 0.28 I222"7 0.01 0.

L8§ 0.080 0.08 Y1677 o.oi‘)‘ 0.07 S223"7 o.0472 0.3?
Y102'>37 0.002 0.03 S168'7-37:39 0.005 0.25 L2247 0.006 0.05
R104'%3° 0.017 0.08 L169"7 0.011 0.04 S225'7 0.011 0.05
Hio0g5'394¢ 0.005 0.17 R170'739 0.002 0.08 Q226" 0.005 0.73
Mi22 0.014 0.24 C177 0.002 0.01 Fo27'7 0.002 0.20
F138'7:37 0.004 0.03 S192 0.031 0.21 L238 0.070 0.38
Vi40Y7 0.027 0.12 E194 0.002 0.09 F240%" 0.089 0.29
Hi41'74° 0.004 0.22 E196 0.002 0.03 Y241%7 0.017 0.56
Ti52 0.021 0.04 S197 0.007 0.02 S24237:39 0.041 0.65
D153 0.041 0.23 Y198' 0.005 0.20 S243'539 0.033 0.24
Mi156"7 0.014 0.09 A199 0.006 0.05 T244 0.002 0.90
Li57'7 0.023 0.02 K211384° 0.090 0.19 Y247 0.002 0.08
R158'7:39 0.002 0.16 N21338 0.080 0.23 R249'539 0.003 0.02

Accessible solvent area (ASA) of amino acid residues is calculated as a fraction of the extended standard state for a residue in

tripeptide Gly-X-Gly.#!
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Figure 2. Multiple sequence alignment of L. stagnalis AChBP (Ls-ACHBP), H. sapiens ligand-gated ion channels GABA; p1,

p2 (H. GABAG p1, H. GABAG p2), GABA, o1, B2, v2 (H. GABA, o1

, H. GABAA B2, H. GABAA 72), glycine receptor o1, B (H.

Gly o1, H. Gly ), 5-HT3 receptor A, B, C (5-HT3A, 5-HT3B, 5-HT3C), and T. marmorata nAChR o, B, v, 8 (Tm. ACHR o, Tm.

ACHR B, Tm. ACHR vy, Tm. ACHR 9).

sequences with sequences and structures of o, B, v,
and & subunits of nAChR? (PDB ID: 2BG9) (Fig. 2).
Computational geometry calculations3373° were
performed on the homology model obtained by
the above approach, to identify residues that form the
GABA-binding pocket at the subunit interfaces of the
modeled structure. These calculations identified a total
of 185 pockets and voids in the modeled GABA¢: p1
homopentamer. There are five large symmetric pockets
found at the subunit interfaces, which contain residues
that previously have been proposed to be involved in
GABA binding.’®7*® Figure 3 illustrates details of one
of these intersubunit pockets, and Table I lists 45
amino acid residues that are predicted to form the
pocket and their expected w-values and the accessible
surface area (ASA). These values of ASA are presented
as a fraction of the solvent-accessible surface calcu-
lated using the VOLBL program®? and the respective
residue’s accessible solvent area in the extended
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Figure 3. A side view, from outside the receptor, of a
GABA-binding pocket (shown in magenta) at the interface
of two N-terminal subunits of the GABA; receptor model.
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standard state in tripeptide Gly-X-Gly.** A literature
search revealed that mutation data on 30 out of 45
pocket residues are available,’>'73774° as listed in
Table I.

General locations and properties of residues
predicted to be under strong evolutionary
selection pressure

Analysis of the o-values listed in Table I showed that
none of the residues with the strongest selection pres-
sure (lowest calculated w-value = 0.001) is found in the
GABA-binding pocket. We mapped all residues with the
lowest ®-value = 0.001 to the homology model and
combined them into three groups by their locations in
the model structure: (i) residues M9s, M179, and D187,
which are found at the protein—membrane interface;
(ii) residues D64, D136, and N154, which are located at
the receptor vestibule side; and (iii) D109, which is
within the N-terminal o-helix region. Relatively little
experimental information is available for these highly
conserved residues, although, within this group, muta-
tions at D136 and D187 positions are known to have a
marked effect on GABA( function.’'”

Residues with ® = 0.002 in the present model
were relatively widely distributed throughout the N-
terminal domain and also found at locations such as
the protein—membrane interface (E92, V93, P18s,
Q189, R258), the N-terminal a-helix and nearby loops
(R68, P69, R111, L112), the vestibule side of the recep-
tor (T174), the protein—protein interface (K143, H148,
T151, Y200), and buried within the monomeric core
(P135, G163, L250). Several studies of p1 GABAc
mutants™'74* at the positions that we found to be
under strong purifying selection pressure have shown
that mutations of these residues in many cases sub-
stantially affect receptor function or expression. For
example, the K143C mutant exhibited a low level of ac-
tivity when expressed in oocytes, precluding electro-
physiological investigation.'”” The mutant receptor with
the conservative Y200F substitution exhibited a GABA
EC;, value about 10-fold greater than that of the wild-
type receptor, while the mutant with the more drastic
substitution Y200S was inactive.'> Furthermore, sub-
stitutions of P135C and G163C yielded nonfunctional
mutants.'”” Both of these residues have lowest w-values
and are conserved throughout the LGIC and AChBP
families. Experimental measurements also showed that
cysteine mutants of loop E residues L166, S168, and
R170 significantly altered GABA binding."” Mutational
studies by Wang et al.** identified an intrasubunit salt
bridge between residues E92 and R258, which are at
the protein—-membrane interface. These authors pro-
posed that this interaction contributes to the gating
pathway and stabilizes the receptor in the resting
state. Three additional residues (V93, P185, and Q189)
located at the putative protein—membrane interface
are under strong purifying selection pressure and may
play important roles in channel gating.

Adamian et al.

Mutations of highly conserved nonpocket
residues near protein-protein subunit interfaces
Mapping of the residues under strong purifying selec-
tion to the GABA¢ model revealed a number of gaps in
the sites of the studied mutations. To the best of our
knowledge, previous studies have not addressed the
roles of the residues in the a-helical/loop region of the
protein—protein interface of p1 GABA(, or at the pro-
tein—protein interface formed by the B-strands. To elu-
cidate the functional roles of the protein sites under
strong purifying selection at the protein—protein inter-
faces, we chose two residues to generate alanine and
cysteine mutants for such study.

The first residue, Ri11, is located in the o-helical
region of the protein, distant from both the GABA-
binding pocket and the protein—membrane interface
[Fig. 4(A)]. The second, T151, is located on the vesti-
bule side of the modeled protein—protein interface, in
the vicinity of the binding pocket [Fig. 4(B)]. Western
blot analysis [Fig. 4(C)] showed that the R111C, T151C,
and T151A mutant receptors were expressed at the
oocyte membrane, although the expression level of
R111C [Fig. 4(C), Lane 4] and Ti151C [Fig. 4(C), Lane
6] was low and multiple protein degradation products
were evident. Mutant Ti51A [Fig. 4(C), Lane 5]
showed an expression level similar to that of a wild-
type receptor, while the R111A mutant [Fig. 4(C), Lane
3] produced no detectable bands. Figure 4(D-G)
shows electrophysiological recordings obtained from
Xenopus oocytes expressing these mutant receptors
and compares these results with responses of wild-
type receptors to both GABA and muscimol. As shown
by these data, there was no significant responsiveness
to GABA¢ agonist GABA, or to the GABA¢ agonist
muscimol, by the R111C, R111A, and T151C mutants.
The T151A mutant receptor showed responsiveness to
GABA and muscimol, with EC;, = 0.8 pM for GABA
and EC;, = 0.6 pM for muscimol, which are in the
same range as those obtained with wild-type receptor.

For the protein—protein interface in the o-helical/
loop region, our model predicts that an intersubunit
salt bridge may form between Ri11 and E55 in the p1
GABA( receptor [Fig. 4(A)]. Es55 is located at the be-
ginning of the N-terminal o-helix, close to the pro-
tein—protein interface, and has a medium conservation
with o-value = 0.035. We obtained alanine and cyste-
ine mutants at this position. Similar to R111A mutant
[Fig. 4(C), Lane 3], the mutant receptors E55A [Fig.
4(C), Lane 7] and Es55C [Fig. 4(C), Lane 8] were not
expressed as full-length receptors. Only a low molecu-
lar weight degradation product was detected by West-
ern Blot for both mutants.

Predicted intersubunit salt bridge R158-D204

The evolutionary analysis (Fig. 2) indicates that resi-
dues R158 and D204 experience strong purifying
selection pressure. The AChBP structure reveals an
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Figure 4. Novel mutants of GABAG receptor at protein—
protein interfaces. A: Salt bridge E55-R111 from neighboring
subunits in side view. This salt bridge may provide important
lateral connections between the N-terminal o-helices and the
first 340 helices from the adjacent subunits, and stabilize
intersubunit interactions. Atoms forming the GABA-binding
pocket are shown in pink. B: Proposed intersubunit location
of T151, as viewed from the vestibule side of the p1 GABA¢
pentamer. T151 is buried in the protein—protein interface in
our model and is likely located in the second layer of residues
immediately behind the binding pocket. Atoms forming a
GABA-binding pocket are shown in pink. C: Western blot of
oocyte membrane protein preparations assayed with the anti
GABA¢ p1 antibody. The native p1 polypeptide shows a band
at ~55 kDa, while all other bands are the products of protein
degradation. Membrane preparations were obtained from
oocytes expressing the following p1 GABAG receptors: Lane
1: wild type; Lane 2: nonexpressing control oocytes; Lane 3:
R111A mutant; Lane 4: R111C mutant; Lane 5: T151A
mutant; Lane 6: T151C mutant; Lane 7: E55A mutant; Lane 8:
E55C mutant. D-G: Membrane currents recorded from
oocytes expressing wild-type p1 GABA¢ (wt) receptors and
the following mutant receptors R111C (Panel D), R111A (E),
T151C (F), and T151A (G). Response currents to GABA and
muscimol were recorded for the T151A mutant only, while no
currents were recorded for the R111A, R111C, and T151C
mutants. These results show that mutations of polar residues
under strong evolutionary selection pressure at the protein-
protein interfaces affect the ability of the GABAG receptors to
bind agonists and induce recordable currents.
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intersubunit salt bridge between R104 and E1473" that
align with R158 and D204 in p1 GABA(, respectively.
The role of this intersubunit salt bridge has not been
previously studied in either L. stagnalis AChBP, or in
p1 GABA(. This prompted us to investigate the effects
of mutations at R158 and D204 sites [Fig. 5(A)]. To
this end, we prepared and tested a total of five
mutants at R158 and D204 positions of the p1 subunit,
namely R158A, R158D, D204A, D204R, and the dou-
ble mutant R158D-D204R. The mutant receptors were
tested with GABA and muscimol at concentrations of
up to 1 mM, that is, up to several orders of magnitude
above the EC,, for wild-type GABA: receptors for
these two ligands.

The results of electrophysiological measurements
are presented in Table II and in Figure 5(B—E). Here,
the wild-type GABAc receptor shows responses to
muscimol and GABA that are similar in peak ampli-
tudes. The measured wild-type receptor ECs, values are
1.0 and 0.89 pM with Hill coefficients of 1.53 and 2.04,
and with mean recovery time constant t values of ~6
and 38 s for muscimol and GABA, respectively. No
agonist-induced currents were detected from oocytes
injected with ¢cRNA coding for the single mutant R158D
or for the double mutant Ri158D-D204R. Mutant
R158A exhibited an increase of ~100- and ~200-fold in
EC, values for muscimol and GABA, respectively. The
D204A mutant exhibited 8- and 14-fold increase in
EC,, values for muscimol and GABA. Although the
amplitude of GABA-elicited responses from D204A
mutant was larger than those observed for the wild-
type receptor, the currents induced by muscimol in
D204A mutant were smaller by an order of magnitude
than those induced by GABA (51-28 nA vs. 1003—-520
nA, respectively). Additionally, while the substitution
D204R did not significantly affect EC;,, values for either
of the tested agonists, the recovery time constant t was
significantly altered in all functional mutants (R158A,
D204A, D204R) to much smaller values in the range of
~1-2 s for muscimol and ~1-7 s for GABA responses.
The largest change was observed for the GABA
response, where t values decreased from ~38 s for the
wild-type receptor to ~1—7 s for all active R158 and
D204 mutants (Table II).

Figure 6 shows Western blot data obtained from
membrane protein preparations of nonexpressing
oocytes, oocytes expressing the wild-type GABA¢ p1 re-
ceptor, and oocytes expressing the Ri158A, R158D,
D204A, D204R, and R158D-D204R mutant receptors.
A polyclonal antihuman p1 GABA: antibody directed
against a 14-mer segment of the extracellular domain
(GABA: Ab N-14) was used for detecting expressed
protein.*> A 55-kDa band is evident in the samples
expressing wild-type p1 subunit, and in those express-
ing mutant receptors except for the R158D mutant. In
the R158D mutant, an intense band corresponding
with a degradation product of ~25 kDa was observed.
Additionally, a faint degradation product band of
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Figure 5. Modeling of the predicted R158-D204 intersubunit salt bridge and electrophysiological properties of the R158 and
D204 mutants. A: Modeled intersubunit salt bridge R158-D204 where the atoms forming a binding pocket are shown in lilac.
In this model, several side-chain atoms of R158 are located in the binding pocket. B,C: Representative membrane current
responses to GABA (B) and muscimol (C) for mutants D204A, R158A, and D204R and for the native p1 receptor. D204 mutant
induces peak currents that are approximately five-fold higher than those for the native receptor in response to GABA, but not
in response to muscimol. D,E: Dose-response functions for GABA (Panel D) and muscimol (E) obtained with the native p1
GABA: and mutant receptors. Peak amplitudes of membrane current responses to GABA and muscimol for each mutant
receptor are normalized to the saturating current response obtained at the highest concentration of GABA and muscimol
(mean = SD for four to eight determinations in two to three experiments). Smooth curves show fitting of the Hill equation. The
single mutants R158A, D204R, and D204A exhibited diminished activities with higher ECsq values and altered kinetic profiles
with fast recovery kinetics suggesting that R158-D204 salt bridge perhaps stabilizes the open state of the GABA; receptor.

~40 kDa was observed for all mutants except R158D.  that receptor assembly was rescued by the additional
Notably, the oocyte membrane preparation of the dou-  mutation at Position 204 (Fig. 6, Lane 7).

ble mutant R158D-D204R contained only 55 kDa and To probe surface expression of the wild-type and
~40 kDa products and no 25-kDa product, implying  mutant p1 subunit, we performed immunolabeling

Table II. Functional Properties of the p1 GABAc Receptor Mutants at Positions R158 and D204

Peak currents (nA) ECs, (LM) Hill coefficient, n T (s)

Receptor GABA Muscimol GABA Muscimol GABA Muscimol GABA Muscimol
WT p1 237-169 208-161 0.89 * 0.01 1.05 = 0.02 2.04 * 0.06 1.53 * 0.05 37.80 * 10.06 5.97 * 2.24
R158D No response No response N/A N/A N/A N/A N/A N/A
R158A 333—-157 348-61 208.9 = 19.66 110.2 * 6.65 1.20 = 0.10 1.41 * 0.12 1.04 £ 0.36 117 £ 0.44
D204R 484—-201 266-127 2.75 * 0.13 5.3 *0.19 187 * 0.08 1.36 £ 0.05 7.25 * 1.83 1.81 = 0.29
D204A 1003—530 51—28 12.4 * 0.28 8.5 £ 0.52 1.53 £ 0.08 1.29 = 0.09 1.89 £ 0.22 2.34 * 0.54
R158D—- No response No response N/A N/A N/A N/A N/A N/A

D204R

The above data are the averages obtained from five or more different oocytes from two or more different batches. Dose-response
data (mean =+ SD for four to eight determinations in two to three experiments) for the wild-type (WT) human p1 GABA( recep-
tor as well as the mutant receptors are obtained by fitting of the Hill equation. Peak amplitudes of responses to GABA and mus-
cimol for each mutant receptor are normalized to the saturating response obtained at the highest concentration of the
respective agonist. T values obtained by fitting a simple exponential to the recovery phase of the membrane current responses to
the agonist concentrations in the range ECy,—E..
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Figure 6. Western blot of oocyte membrane protein
preparations assayed with anti-GABA¢ p1 antibody.
Membrane preparations were obtained from oocytes
expressing the following p1 GABA¢ receptors: Lane 1:
nonexpressing control oocytes. Lane 2: wild-type p1
GABAG. Lane 3: R158A mutant. Lane 4: R158D mutant.
Lane 5: D204A mutant. Lane 6: D204R mutant. Lane 7:
R158D-D204R double mutant. Mutations at D204 result in
the receptors with molecular weights similar to the native
p1 subunits, while R158D mutation yields partially degraded
receptors (band at ~24 kDa, Lane 4), possibly as a result of
misfolding. Double mutant R158D-D204R (Lane 7) contains
only ~55 kDa and ~40 kDa products, implying that
receptor subunit folding is rescued by the additional
mutation at Position 204.

using the GABA¢c Ab N-14 antibody.*® Figure 7 shows
the fluorescence images of oocytes obtained following
labeling of oocytes expressing the wild-type GABA¢ p1
receptor (top row), the R158D mutant (middle row),
and the R158D-D204R double mutant. When GABA¢
Ab N-14 was applied extracellularly to the intact
oocytes, fluorescence was observed at the surface
membrane of the oocyte expressing the wild-type
receptor and the double mutant receptors, but not at
the surface of the oocyte expressing the Ri158D
mutant. These results, together with those from the
Western blot (Fig. 6), strongly suggest that the R158D
mutation disrupts receptor assembly and thus prevents
receptor expression at the surface membrane. Impor-
tantly, the double mutation R158D—D204R is able to
restore receptor assembly and surface membrane
expression, but not receptor function.

Discussion

In this study, we have combined computational model-
ing and experimental measurements to examine the
subunit interactions in the homomeric p1 GABA( re-
ceptor. We have used posterior probability analysis of
evolutionary selection pressure measured as o-ratio to
identify residues under strong purifying selection pres-
sure in p1 receptors. Based on additional information
from the structural model, we have obtained and
tested several mutants of highly conserved polar resi-
dues located at or near the protein—protein interfaces,
which can potentially form intersubunit salt bridges or
hydrogen bonds and have shown that they play impor-
tant roles in the folding, assembly, and function of
GABA( receptors.
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Probability analysis of evolutionary

selection pressure

To identify residues in the GABA( receptor experienc-
ing purifying selection pressure, only orthologous
sequences of the same type of subunit (e.g., p1) from
different species should be analyzed. A challenge is
that frequently the number of orthologous sequences
is limited. In addition, the protein sequences may not
have diverged sufficiently to be informative enough for
detailed analysis, as was found for p1 subunits.** In
this case, the pairwise amino acid sequence identity
reaches a mean value of ~88%, making it difficult to
distinguish residues that are experiencing purifying
selection pressure from residues that have not had suf-
ficient time to diverge. By contrast, w-ratio analysis
based on DNA sequences that are different but may
encode the same or very similar protein sequences can
detect subtle evolutionary signals. In the present work,
we examined the evolution of corresponding coding
cDNA sequences at the codon level. We used an

Bright-field Fluorescence

R158D-D204R

Figure 7. Bright-field and fluorescence images obtained
with oocytes labeled with anti-GABA¢ p1 antibody. Top
row: Oocyte expressing the wild-type GABA¢ p1 receptor.
Middle row: Oocyte expressing the R158D mutant p1
GABAc. Bottom row: Oocyte expressing the double mutant
R158D-D204R p1 GABAc. These results show that the
partially degraded R158D mutant did not express on the
surface of the oocyte, while the surface expression was
rescued by the additional mutation at Position 204.
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explicit codon evolutionary model based on a continu-
ous-time Markov process,* which yields deeper
insights about the mechanisms of molecular evolution.
This approach distinguishes mutations fixed by evolu-
tion from mutations fixed by chance. It takes into
account bias in codon frequency, bias-favoring transi-
tion over transversion, as well as explicit phylogenetic
information.*®> This approach has the advantage over
other approaches such as entropy-based calculations,
as it is more accurate in accounting for bias due to dif-
ferent evolutionary distances between species.
Although only a limited number of sequences were
available for this study, our probabilistic approach
allowed identification of residue positions that had the
highest probabilities of being under strong purifying
selection pressure. Remarkably, experimental data
obtained from the literature demonstrated that muta-
tions at positions with the lowest w-values usually had
significant effects on the receptor function or
expression, ‘17394042

Additionally, we have assessed the advantage of
using evolutionary information in improving the qual-
ity of the homology model of GABA( receptor. We
have compared our model with the model obtained
using standard programs with default settings and
default search results (as described in “Methods”). We
found that in the model generated by default program
settings, the a-helix is shifted ~20 residues upstream,
and begins at K34 and ends at S49. By contrast, the o-
helix in our model begins near S54 and ends near
M67. The predicted polar interactions between side-
chains of E55 and Ri11, between R158 and D204, as
well as the salt bridge E92—R258 experimentally con-
firmed by Wang et al** are absent in the model
obtained using default parameters.

Polar residues at subunit interfaces are critical
for GABAc receptor assembly and function
Combined study of evolutionary analysis and structural
modeling suggested that several highly conserved polar
amino acid residues play important roles in the assem-
bly and/or function of the GABA( receptor. Guided by
computational predictions, we tested the effects of
mutation at Positions Ri11, Ti151, Ri158, and D204,
which were hypothesized to be involved in protein—
protein interactions, with their side chains contribut-
ing to polar interactions at the subunit interfaces.

Residue Ri111. The o-helical region (o-helix with
the adjacent loops) has not been studied in GABA(
receptors, and its functional role is unknown. Using al-
anine and cysteine mutations, we investigated the
functional role of Ri11 (w-value = 0.002), which
belongs to the 3,, helix n1 between beta strands B,
and B, (Fig. 2) and is spatially close to the N-terminal
a-helix [Fig. 4(A)]. We found that both mutations had
a strong effect on the membrane surface expression of
the mutant receptor, where R111C exhibited a dimin-
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ished surface expression with multiple protein degra-
dation products, while R111A was not expressed on the
membrane surface as shown by Western blot
[Fig. 4(C)]. The weak band corresponding to the native
p1 receptor in R111C mutant [Fig. 4(C), Lane 4] may
be due to a weak hydrogen bond formed by cysteine
with another residue from the neighboring subunit.
Neither the R111C nor the R111A mutant showed a sig-
nificant membrane current response to GABA or mus-
cimol [Fig. 4(D,E)]. Based on our model, we hypothe-
size that Ri11 plays an important role in receptor
oligomerization and in maintaining its stability by
forming an intersubunit salt bridge with the residue
from the N-terminal o-helix of the adjacent subunit.
Support for this hypothesis comes from the results
obtained with the E55 mutants. Our structural model
suggests residue E55 at the beginning of the N-termi-
nal o-helix as the mostly likely candidate for interac-
tion with R111 [Fig. 4(A)]. We tested this possibility by
constructing alanine and cysteine mutants of Ej5.
Both mutations had strong impact on folding and/or
assembly of the receptor, as only degradation products
were recovered for both of these Es5 mutants
[Fig. 4(C), Lanes 7 and 8].

Residue Ti151. We also investigated the role of T151
in GABA( p1 receptors. Position Ti51 has a low o-
value (0.002) and is predicted to be located at the pro-
tein—protein interface. T151 is not highly conserved in
LGICs, although other GABA-binding receptor subu-
nits, for example, p2, B2, a1, and y2, as well as a1 and
B subunits of the glycine receptor, contain threonine at
the same position (Fig. 2). Previously, mutation T125C
in the GABA, y2 subunit, which is homologous to
T151, was shown to significantly affect surface expres-
sion of the mutant receptor (~40% of the wild-type
level).#® Additionally, reduced coprecipitation of
v2T125C with a1A108C mutant subunits was observed,
and it was concluded that this position is important
for assembly of the GABA, receptor.*® In the case of
the GABA¢ receptor, T151C mutation also led to
reduced surface expression, with the majority of
the protein degraded [Fig. 4(C), Lane 6]. However, the
T151A mutant exhibited a normal level of surface
expression and an activity comparable to wild-type,
although the induced currents were smaller than those
of wild-type receptors [Fig. 4(G)]. These data suggest
that T151C substitution may result in nonspecific intra-
or intersubunit interactions that promote protein deg-
radation, while T151A substitution permits assembly of
a receptor with a near-wild-type activity. Alternatively,
the observed effect of T151C substitution may derive
from a reduced ability of the cysteine side-chain to
pack as efficiently as the threonine side-chain against
the neighboring protein subunit (due to differences in
size and shape of the cysteine vs. the threonine resi-
due), impairing receptor oligomerization.
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Salt bridge Ri158-D204. The present model of
the GABA( receptor also indicates the possible occur-
rence of an intersubunit salt bridge between highly
conserved R158 and moderately conserved D204. Prior
studies have shown that R158, a position located in
the GABA-binding pocket, is crucial for GABA¢ func-
tion. Sedelnikova et al.'” found that R158C mutant has
low expression, while Harrison and Lummis3® demon-
strated that alanine, glutamic acid, or lysine substitu-
tions at R158 result in fully assembled but nonfunc-
tional GABA( receptors. Studying the mutant receptor
by Western blot assays, immunofluorescence, and by
electrophysiological recordings enabled us to distin-
guish the effects of mutations on receptor folding ver-
sus effects on receptor function. Western blot results
indicated that introduction of the negative charge at
R158 position, for example, R158D substitution, leads
to degradation of the protein, while the R158A mutant
is assembled and expressed at a level similar to that of
the wild-type receptor (Fig. 6). Furthermore, immuno-
fluorescence data showed that mutant R158D is not
expressed at the oocyte surface (Fig. 7). The present
model predicts that in the R158D mutant, negatively
charged residues E202, D203, and D204 of the subu-
nit that forms a principal face of the GABA-binding
site are close to the introduced aspartic acid at posi-
tion 158 of the complementary face of the binding
pocket, and this proximity to the introduced aspartic
acid may strongly destabilize the native protein fold. It
is thus likely that R158D mutant p1 subunits misfold
or misassemble, and the N-terminal domain becomes
susceptible to protease activity.

Preparation of the double mutant R158D-D204R,
that is, a mutant designed to restore the putative
native salt bridge between R158 and D204, yielded a
receptor that is fully assembled, as indicated by the
Western blot analysis (Fig. 6), and is properly
expressed on the oocyte surface membrane, as shown
by the immunofluorescent experiment (Fig. 7). How-
ever, the double mutant did not respond either to
GABA or to muscimol (Table II), even at concentra-
tions as high as 1 mM, which is ~1000 times the EC,
of the wild-type receptor. This absence of responsive-
ness is perhaps not surprising, as both GABA and
muscimol are zwitterionic at neutral pH, and the
charged residue R158 presumably plays an important
role in agonist binding and positioning.?® The findings
that removing arginine in the R158A mutant yields a
200-fold increase in EC,, and that the double mutant
R158D-D204R is inactive together suggest that the
absence of a positively charged residue specifically at
Position 158 strongly diminishes the binding affinity of
the GABA and muscimol.

The electrophysiological data obtained with func-
tional mutants R158A, D204R, and D204A, where the
putative ion pair R158—D204 is disrupted, suggest that
this intersubunit interaction stabilizes the open chan-
nel state. Table II shows that the recovery times t are
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significantly smaller in all three active mutants than in
the wild-type receptor, particularly in response to
GABA. The decrease in recovery time is strongly pro-
nounced in case of alanine substitutions at both R158
and D204 (decreases of up to 36- and 20-fold, respec-
tively). Recent comparative structural studies of
pLGICs in closed and open conformations indicate
that the rotation of individual N-terminal domains
occurs during channel activation.”® In the wild-type
receptor, the salt bridge between R158 and D204 may
form in response to ligand binding and persist while
the channel is in the conducting state. Once the chan-
nel closes, the ion pair no longer exists. By contrast, in
the mutant receptors, this ion pair is not formed, the
conducting conformation is not stabilized, and, as a
result, the receptor returns to a closed state within sig-
nificantly shorter time. Overall, the electrophysiologi-
cal, immunofluorescence, and Western blot data indi-
cate that the positively charged R158 side chain plays
a crucial role in the binding of GABA and muscimol to
the GABA( receptor, while the R158—D204 salt bridge
may stabilize the channel in the open state.

Methods

Determination of evolutionary

selection pressure

To identify residues under strong evolutionary selec-
tion pressure in the GABA( extracellular domain, we
carried out a posterior probability analysis of evolu-
tionary selection pressure at the individual amino acid
residue sites using a maximum likelihood estimation.*”
The evolutionary selection pressure was calculated as
the ratio of synonymous versus nonsynonymous sub-
stitutions, here termed the wo-ratio, which measures
selection at each amino acid residue position. To avoid
over- and under-representation of sequences from a
specific part of the phylogeny, we selected and aligned
11 orthologous DNA sequences of p1 subunits retrieved
from the National Center for Biotechnology Infor-
mation (NCBI) NR database using the alignment of
protein sequences as a guide. The synonymous versus
nonsynonymous ratios were calculated at the DNA
level using the PAML package, which is based on
a continuous-time Markov model of codon
substitution. 454849

Homology modeling

LGIC and AChBP sequences were retrieved from the
NCBI (http://www.ncbi.nlm.nih.gov/) databases and
from the Protein Data Bank (PDB), using the L. stag-
nalis model of AChBP (PDB ID: 1I9B) as template. To
increase confidence in the sequence alignment, we
incorporated additional results from the analysis of ®-
values together with the predicted secondary structure
from JPRED server (http://www.compbio.dundee.
ac.uk/www-jpred). We generated 30 homology models
using MODELLER 9v2.5° All five subunits of the
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pentamer were modeled simultaneously. The positions
of Cys-loop cysteine residues C177 and C191 were con-
strained. A structure with the lowest MODELLER’s
target energy function was chosen as the final model.
A multiple alignment of the L. stagnalis AChBP pro-
tein sequence with sequences of H. sapiens GABAc
(p1, p2), GABA, (o1, B2, v2), glycine receptor (o1, B),
and T. marmorata nAChR (o, B, v, 8) was obtained
using CLUSTALW,* followed by a manual adjustment
with PFAAT program®® (Fig. 2). Pockets and voids in
the homology model were calculated using the CASTp
program  (http://sts.bioengr.uic.edu/castp/), which
computes geometric constructs (Voronoi diagram,
Delaunay triangulation, and the alpha complex)
derived from the protein structure coordinates.3373553

For comparison purposes, we built a homology
model using default program settings. We chose the
first AChBP structure returned with the BLAST
searches of PDB database as a template, which was
AChBP from Aplysia californica (PDB ID: 2BYN). We
next aligned the A. californica sequence with the
sequence of the extracellular GABA: domain in CLUS-
TALX%* using default parameters. The MODELLER
program®® was run locally using input files generated
with the obtained alignment.

Mutagenesis and receptor expression
Site-directed mutagenesis was performed on the
pGEMHE plasmid containing the human p1 sequence
(gift from Dr. David S. Weiss University of Texas at
San Antonio) using Pfu polymerase (Stratagene, La
Jolla, CA) and primers containing the desired muta-
tion (Integrated DNA Technologies, Coralville, IA).
PCR products were introduced into XL-1 competent
cells (Stratagene), and the presence of desired muta-
tion was confirmed by nucleotide sequencing. Expres-
sion of the mutated GABAc receptors in Xenopus
laevis oocytes employed procedures described previ-
ously.555° Briefly, mRNA, obtained for each selected
sequence from in vitro transcription (mMessage mMa-
chine Ambion, Austin, TX) from linearized cDNAs,
was injected into the oocytes (Drummond Nanoject II;
Drummond Scientific, Broomall, PA). Oocytes were
analyzed for GABA( receptor expression after 24—72 h
incubation in physiological saline (100 mM NaCl, 2
mM KCIl, 2 mM CaCl,, 1 mM MgCl,, 5 mM HEPES,
and 10 mM glucose, at pH 7.2—7.4) containing 0.1
mg/mL gentamycin at 16—19°C.

Electrophysiology

Membrane current responses to the presentation of
defined concentrations of GABA, and of the GABA:
agonist muscimol, were recorded using a two-micro-
electrode voltage clamp apparatus (GeneClamp 500B
amplifier; Axon Instruments, Foster City, CA) and
Clampex 8.2 software (Axon Instruments). Procedures
used to record the responses were similar to those
described.5® The oocyte, positioned in a perfusion
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chamber (Bioscience Tools, San Diego, CA), was
superfused with physiological saline (Ringer’s solution)
at a rate of ~1 mL/min. The Ringer’s solution con-
sisted of 100 mM NaCl, 2 mM KCl, 2 mM CaCl,,
1 mM MgCl,, and 5 mM HEPES, at pH 7.2—7.4. Test
solutions used during the experiments were delivered
to the oocyte chamber using ValveLink 16 (AutoMate
Scientific, Berkeley, CA) from separate reservoirs
under gravity flow, controlled by pinch valves operat-
ing under computer command. Signals were filtered at
10 Hz and sampled at 100 Hz by a DIGIDATA 1322A
A/D board (Axon Instruments) and analyzed using
Clampfit 8.2 (Axon Instruments) software, SigmaPlot
Versions 8.0 and 10.0 (SYSTAT Software, Point Rich-
mond, CA) and OriginPro Version 7.5 (OriginLab Cor-
poration, Northampton, MA). Dose-response functions
were obtained by averaging the normalized peak am-
plitude of the response (normalized to the saturating
peak amplitude obtained with the highest concentra-
tion of agonist) and plotting these normalized ampli-
tudes as a function of agonist concentration. The data
were analyzed in relation to the Hill equation

R/Rmax = Cn/(EC5?) + Cn)

where C is the ligand concentration, R is the peak am-
plitude of the resulting response at concentration C,
Riax is the saturating peak amplitude, ECs, is the
ligand concentration producing 50% saturation cur-
rent, and n is the Hill coefficient.

Western blotting

The membrane protein fraction of the control nonex-
pressing oocytes and oocytes transfected to express the
wild-type or mutant human p1 GABA( receptor was
prepared using the method described by Wible et al.®”
Fifty micrograms of total membrane proteins was loaded
in each lane and separated on SDS-PAGE. Preparations
were probed with a 1/10,000 dilution of GABAc: Ab
N-14, a polyclonal antibody targeting the human p1
GABA( receptor,*® followed by HRP-conjugated, goat-
anti-guinea pig secondary antibody at a 1/5000 dilution
(Santa Cruz Biotechnology, Santa Cruz, CA).

Immunofluorescence

Oocytes expressing either the wild-type, the R158D
mutant, or the R158D-D204R double mutant GABA:
p1 receptor were fixed for 1 h in 4% paraformaldehyde,
washed with PBS three times, and incubated in block-
ing buffer (10% normal goat serum + 1% BSA in PBS)
for 1 h. They were incubated in the presence of 1/1000
dilution of GABA: Ab N-14 (diluted in 1% normal goat
serum + 0.1% BSA in PBS) for 2 h at RT and washed
three times (15 min each) in PBS. They were then
incubated with Cys-conjugated goat anti-guinea-pig
IgG diluted 1/400 in 1% normal goat serum + 0.1%
BSA in PBS. Following three washes (15 min each) in
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PBS, images of the oocytes were obtained on a Leica
DM-IRE2 confocal microscope, at 10x magnification.

Summary

In this study, we have combined computational and
experimental approaches to gain insight into the deter-
minants of the mechanism of GABA¢ p1 receptor as-
sembly and ion channel gating. We have identified and
experimentally studied a set of polar residues under
strong selection pressure predicted to be at the pro-
tein—protein interfaces of the p1 GABA: pentamers.
We show that these residues play critical roles in the
receptor assembly, as the majority of the alanine and
cysteine mutants at the modeled protein—protein
interface positions do not express at the cell mem-
brane, while those that do express either show dimin-
ished functional activity or are inactive. The results
also suggest a functional role for the intersubunit salt
bridge R158-D204, perhaps based on stabilization of
the conducting state of the receptor.
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