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ABSTRACT
Recent studies highlighted the importance of loop 2 of �1
glycine receptors (GlyRs) in the propagation of ligand-binding
energy to the channel gate. Mutations that changed polarity at
position 52 in the � hairpin of loop 2 significantly affected
sensitivity to ethanol. The present study extends the investiga-
tion to charged residues. We found that substituting alanine
with the negative glutamate at position 52 (A52E) significantly
left-shifted the glycine concentration response curve and in-
creased sensitivity to ethanol, whereas the negative aspartate
substitution (A52D) significantly right-shifted the glycine EC50
but did not affect ethanol sensitivity. It is noteworthy that the
uncharged glutamine at position 52 (A52Q) caused only a small
right shift of the glycine EC50 while increasing ethanol sensitiv-
ity as much as A52E. In contrast, the shorter uncharged aspar-

agine (A52N) caused the greatest right shift of glycine EC50 and
reduced ethanol sensitivity to half of wild type. Collectively,
these findings suggest that charge interactions determined by
the specific geometry of the amino acid at position 52 (e.g., the
1-Å chain length difference between aspartate and glutamate)
play differential roles in receptor sensitivity to agonist and eth-
anol. We interpret these results in terms of a new homology
model of GlyR based on a prokaryotic ion channel and propose
that these mutations form salt bridges to residues across the �
hairpin (A52E-R59 and A52N-D57). We hypothesize that these
electrostatic interactions distort loop 2, thereby changing ago-
nist activation and ethanol modulation. This knowledge will help
to define the key physical-chemical parameters that cause the
actions of ethanol in GlyRs.

Introduction
Studies over the last decade point to a role for glycine

receptors (GlyRs) in mediating at least a subset of the behav-
ioral effects of ethanol. Those studies found that behaviorally
relevant concentrations of ethanol positively modulate GlyR
function measured in a variety of preparations (for review,
see Perkins et al., 2010). Other studies suggest that GlyRs in
the nucleus accumbens are targets for ethanol that are in-

volved in ethanol-induced mesolimbic dopamine release (Mo-
lander and Söderpalm, 2005; Molander et al., 2007), thus
linking GlyRs to the rewarding effects of ethanol.

Experiments using molecular strategies combined with a
novel ethanol antagonist, increased atmospheric pressure,
pointed to extracellular domain loop 2 of GlyRs as an impor-
tant target for ethanol action (Davies et al., 2004; Perkins et
al., 2008, 2010). Other studies, using the substituted cysteine
accessibility method (Karlin and Akabas, 1998) with the al-
cohol-like reagent propyl methanethiosulfonate (MTS), iden-
tified position 52 (Ala52) in loop 2 of the extracellular domain
(Crawford et al., 2007) and position 267 (Ser267) in the
transmembrane (TM) domain (Mihic et al., 1997) as sites of
ethanol action in GlyRs. Further investigation suggested
that position 52 in the extracellular domain and position 267
in the TM domain form part of a contiguous alcohol-action
pocket (Crawford et al., 2007).

Subsequent studies found a relationship between polarity,
but not molecular volume, of the residue at position 52 and
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ethanol sensitivity in �1GlyRs (Perkins et al., 2008). Neither
polarity nor molecular volume at position 52 consistently
altered agonist sensitivity in GlyRs (Perkins et al., 2008).

Those earlier studies on polarity investigated only ethanol
sensitivity when uncharged, but polar, residues were substi-
tuted at position 52. This leaves open the question of whether
this relationship extends to the much higher degree of polar-
ity that would be produced by the substitution of charged
residues.

Other studies further implicate the structure of loop 2 as a
key determinant of ethanol sensitivity in GlyRs and �-ami-
nobutyric acid type A receptors (GABAARs) (Perkins et al.,
2009). Those investigations took advantage of prior work
indicating that �-subunit-containing GABAARs (e.g., �4�3�),
in contrast to other GABAARs (e.g., �1�2�2), are sensitive to
ethanol concentrations as low as 3 mM (Wallner et al., 2003;
Mody et al., 2007; Olsen et al., 2007; Santhakumar et al.,
2007; Meera et al., 2010). Those studies tested whether the
structure of loop 2 in GABAAR � could play a role in this
increased ethanol sensitivity. This was accomplished by mu-
tating the nonconserved residues of loop 2 in �1 GlyRs to the
corresponding residues found in GABAAR � loop 2 (Perkins et
al., 2009). This loop 2 substitution in WT �1GlyRs reduced
the threshold for ethanol sensitivity from 30 mM in WT
GlyRs to 1 mM in the � loop 2 mutant and increased the
degree of ethanol potentiation. Moreover, mutating loop 2 of
the � subunit of �1�2�2 GABAARs to the homologous se-
quence in the GABAAR � subunit shifted the threshold for
ethanol sensitivity from 50 mM in WT to 1 mM in the corre-
sponding chimera and, as in GlyR, markedly increased the
magnitude of the ethanol response versus WT GABAARs.

Our interest in the role of loop 2 in GlyR function was
increased by investigations that showed a key role for loop 2
in the gating process (Cederholm et al., 2010). Cederholm et
al. prepared cysteine mutations of each residue in loop 2 and
then measured the rate of activation of these mutants by
MTS reagents. From the rate measurements, they were able
to infer differential accessibility between the resting and
activated states, thereby highlighting residues associated
with signal transduction. In addition, Pless and Lynch (2009)
covalently attached a fluorescent analog to A52C and were
able to infer conformational changes in GlyR loop 2 that
correlated with agonist efficacy.

The present study tested the hypothesis that the degree of
polarity at position 52 can significantly affect the sensitivity
of the receptor to ethanol. This hypothesis predicts that sub-
stituting highly charged polar residues at position 52 would
modulate ethanol sensitivity more than substituting polar
but uncharged residues. Unexpectedly, we found that it was
essential to consider both charge and the specific geometries
of individual residues to understand the effects of the muta-
tions on agonist and ethanol sensitivity. This requirement
led us to develop a new model of the GlyR, which depicts the
mutations as salt bridges spanning the � hairpin in loop 2
and provides insight into the structures and mechanisms of
glycine and ethanol action.

Materials and Methods
Materials. Adult female Xenopus laevis frogs were purchased

from Nasco (Fort Atkinson, WI). Penicillin, streptomycin, gentami-
cin, 3-aminobenzoic acid ethyl ester, glycine, ethanol, and collage-

nase were purchased from Sigma (St. Louis, MO). All other chemi-
cals used were of reagent grade.

Expression in Oocytes. X. laevis oocytes were isolated and in-
jected with WT, human �1, or mutant �1A52C, �1A52D, �1A52E,
�1A52H, �1A52K, �1A52N, �1A52Q or �1A52R cDNAs (1 ng per 32
nl) cloned into the mammalian expression vector pCIS2 or pBKCMV
as described previously (Davies et al., 2003) and verified by partial
sequencing (DNA Core Facility, University of Southern California,
Los Angeles, CA). Mutagenesis of the alanine at position 52 in
�1GlyRs was performed as described previously (Davies et al., 2003).
After injection, oocytes were stored individually in incubation me-
dium (modified Barth’s solution supplemented with 2 mM sodium
pyruvate, 0.5 mM theophylline, 10,000 U/l penicillin, 10 mg/l strep-
tomycin, and 50 mg/l gentamicin) in Petri dishes (VWR, San Dimas,
CA). All solutions were sterilized by passage through 0.22-�M filters.
Oocytes, stored at 18°C, usually expressed GlyRs the day after in-
jection. Oocytes were used in � recordings for 3 to 7 days after cDNA
injection. Note that heteromeric �1� GlyRs predominate over homo-
meric �1 GlyRs in adult human brain and these heteromeric recep-
tors can differ from homomeric receptors in ethanol sensitivity (Ra-
jendra et al., 1997). However, prior work in recombinant systems
found no differences between homomeric �1 GlyRs and heteromeric
�1� GlyRs in responsiveness to glycine (Lynch, 2004). More impor-
tant, homomeric �1 GlyRs have been the primary focus of molecular
modeling studies (Webb and Lynch, 2007; Perkins et al., 2010).
Therefore, we used homomeric �-1 GlyRs in the present study.

Two-Electrode, Whole-Cell, Voltage-Clamp Recordings. Two-
electrode, voltage-clamp recordings were performed by using tech-
niques similar to those reported previously (Davies et al., 2003).
All electrophysiological recordings were conducted within an
oocyte bath, two micro positioners (WPI, Sarasota, FL or Na-
rishige, Greenvale, NY), and a bath clamp (Davies et al., 2003).
Oocytes were perfused in a 100-�l oocyte bath at room tempera-
ture (20 –23°C) with modified Barth’s solution � drugs at 2 ml/min
using 1/16 o.d. high-pressure PEEK tubing (Upchurch Scientific,
Oak Harbor, WA). Oocytes were voltage-clamped at a membrane
potential of �70 mV by using a Warner Instruments (Hamden,
CT) oocyte clamp (model OC-725C).

Glycine Concentration Responses. Oocytes expressing WT or
mutant �1GlyRs were exposed to glycine for 30 s, using 5- to 15-min
washouts between applications to ensure complete resensitization
(Mascia et al., 1996a,b; Davies et al., 2004; Crawford et al., 2007).
Pilot experiments found that WT and mutant GlyR agonist re-
sponses, using a 1-min glycine application, reached a steady-state
equilibrium with results that did not differ appreciably from results
using 30-s applications. Therefore, we used the shorter application
time to increase efficiency and minimize desensitization at the
higher glycine concentrations. Responses were normalized to the
maximal glycine response. Concentration response curves were an-
alyzed by using nonlinear regression.

Ethanol Experiments. Previous work found that ethanol poten-
tiation of GlyR function is more robust and reliable when tested in
the presence of low concentrations of glycine (typically EC2–10) (Da-
vies et al., 2004; Perkins et al., 2008). This is because the largest
effects of potentiation are seen at low agonist concentrations and are
essentially masked at Imax. Based on these studies, we used a con-
centration of glycine producing 2 � 0.3% of the maximal effect (EC2).
When testing ethanol potentiation, the oocytes were preincubated
with ethanol for 60 s before coapplication of ethanol and glycine
(Davies et al., 2004). Washout periods (5–15 min) were allowed
between drug applications to ensure complete resensitization of re-
ceptors. Note that ethanol is a low-efficacy drug in that millimolar
concentrations are associated with behavioral signs of intoxication
(17 mM for driving under the influence in California). In studies of
ethanol action on ion channels, concentrations of ethanol (10–100
mM) typically produce responses in the 15 to 40% range. Therefore,
we used 100 mM ethanol in the present studies to reduce variability
inherent with such small changes. All experiments testing mutant
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GlyRs included WT control receptors expressed in the same batch of
oocytes as the respective mutant GlyRs.

MTS Reagent Protocol. We used charged MTS reagents in com-
bination with cysteine substitutions as an alternative approach to
introducing charged mutations for assessing the effect of charge at
position 52 on sensitivity to glycine and ethanol. Previous work
found that positions 52 and 53 are accessible to and capable of
binding MTS reagents (Crawford et al., 2007, 2008; Cederholm et al.,
2010). Oocytes expressing WT or A52C GlyRs were exposed to neg-
atively charged 2-sulfonatoethyl MTS sodium salt (MTSES) (10 mM)
for 2 min to saturate the substituted cysteine residues with covalent
disulfide bonds to the reagent. After the saturation exposure, oocytes
were transferred to the recording chamber and tested as described
above for the glycine concentration-response study. MTS solutions
were prepared immediately before testing. Prior work has shown
that saturating the oocyte with MTSES in this manner yielded
results that did not differ appreciably from results obtained by per-
fusing MTSES (Crawford et al., 2008).

Cell-Surface Biotinylation and Immunoblotting. Biotinyla-
tion of surface-expressed proteins was performed as described pre-
viously (Chen et al., 2005; Perkins et al., 2009). Surface proteins of
oocytes (15 oocytes per group) expressing GlyRs were incubated with
1.5 mg/ml membrane-impermeable Sulfo-NHS-SS-biotin (Thermo
Fisher Scientific, Waltham, MA) and after washes homogenized in
lysis buffer [40 mM Tris, pH 7.5, 110 mM NaCl, 4 mM EDTA, 0.08%
Triton X-100, and 1% protease inhibitor cocktail (Vector Laborato-
ries, Burlingame, CA)]. The yolk and cellular debris were removed by
centrifugation at 3600g for 10 min, and aliquots of the supernatants
were stored at �20°C to assess total receptor fraction. The remaining
supernatant was incubated with streptavidin beads (Thermo Fisher
Scientific) overnight at 4°C, and the biotinylated proteins were
eluted using SDS loading buffer. The surface and total proteins were
separated using SDS-polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene difluoride membranes, and the immunoblot-
ting was performed by using rabbit anti-GlyR antibody (1:500 dilu-
tion; Millipore Bioscience Research Reagents, Temecula, CA) and
horseradish peroxidase-conjugated secondary antibody. Protein
bands were visualized using enhanced chemiluminescence (Pierce
Biotechnology). The blots were then scanned and analyzed using
Scion Image software (Scion Corporation, Frederick, MD).

Molecular Modeling. Our ability to interpret the previous and
present results in terms of a homology model was greatly aided by
publications about the X-ray structure of Gloeobacter violaceus pen-
tameric ligand-gated ion channel homolog (GLIC), a prokaryotic
proton-gated channel with high structural homology to GlyRs (Boc-
quet et al., 2009). Loop 2 in GLIC is essentially identical to the
corresponding loop 2 in the X-ray structure of the glutamate chloride
channel (Hibbs and Gouaux, 2011). We chose to prepare a homology
model based on GLIC because long time-scale molecular dynamics
studies in GLIC (Nury et al., 2010, 2011; Zhu and Hummer, 2010)
have allowed us to interpret interactions of salt bridges between the
ligand-binding extracellular and TM domains of GlyR (Kash et al.,

2003) in terms of dynamic interactions on the microsecond time scale
(Murail et al., 2011).

In the present study, we built a new homology model of GlyR by
threading the primary sequence of GlyR onto the X-ray structure of
GLIC (Bocquet et al., 2009). The alignment of GlyR with GLIC was
as described by Perkins et al. (2009).

An important point in the present model is that GlyR has four
more residues than GLIC in the region of Ala82 in 3EAM. We tried
several models in which these four residues were distributed into the
aligned structure; we found that grouping all four residues together
into the loop after Ala82 in 3EAM produced the best structure
without serious van der Waals overlaps. The resulting alignment
(Bertaccini et al., 2010) is essentially identical to that described by
Cederholm et al. (2010) (Baenziger and Corringer, 2011).

The homology model of GlyR was built with the Modeler module of
Discovery Studio 2.5.5 (Accelrys, San Diego, CA) with the alignment
described above and the additional restriction that the Cys-loop
disulfide bond in all five subunits of GlyR (Cys138–Cys152) should
be preserved. We built 50 models and selected the “best” based on
total force field energy. The Side Chain Refinement module of Dis-
covery Studio was used to optimize possible rotamers and side-chain
packing. Then we applied a harmonic restraint of 10 kcal/(mol � Å2)
restraint on all backbone atoms and optimized the model to an
energy gradient of 0.0001 kcal/Å by using the CHARMm force field
and the default spherical nonbond cutoff of 14 Å. The model was
relaxed with 50,000 1-fs steps of molecular dynamics at 300 K. We
than selected the two most significant mutations in this study (Table 1)
[A52E (glycine EC50 of 31 �M compared with WT 374 �M; Table 1)
and A52N (glycine EC50 of 13,358 �M)] and built models with these
mutations, based on the WT model described above. In each of the
“mutant” models, we manually selected rotamers of A52E or A52N
that could interact with other residues in loop 2 by using the Ponder
and Richards criteria in the Side Chain Refinement module of Dis-
covery Studio 2.5 (Ponder and Richards, 1987). We found two espe-
cially favorable pairs of residues that formed salt bridges across loop
2 in these models: A52E with Arg59 and A52N with Asp57.

We sought to observe the possible interactions of these pairs of
residues and the effect of these mutations on the structure of loop 2.
Three models were used: the WT model described above and the two
mutations in which rotamers of the A52E and A52N mutations had
been adjusted manually to form salt bridges. To focus on these
interactions within loop 2, we fixed the positions of all backbone
atoms in the three models, except those in loop 2 positions 50 and 60,
and then ran molecular dynamics simulations of 1,000,000 1-fs steps
at 300K with the CHARMm force field and the default setting for
CHARMm described above.

The large difference in responses observed between the A52D and
A52E mutations suggested that relatively small geometric changes
were critical. We built the default conformations of single aspartate
and glutamate residues and manually superimposed them with a
slight offset to display both residues. Then we measured the C-� to C
(O2) carbons.

TABLE 1
Summary of nonlinear regression analysis results for glycine concentration responses of WT and mutant �1 GlyRs
Glycine EC50, Hill slope (nH), and maximal current amplitude (Imax) are presented as mean � S.E.M. from four to seven different oocytes shown in Fig. 1. There was no
significant difference between WT and mutant GlyRs in maximal current amplitude (Imax) with the exception of �1A52N.

Charge at Position 52 Receptor Imax Hill Slope EC50

nA �M

Negative �1A52E 10595 � 1516 4.513 � 0.725 31.28 � 2.9*
�1A52D 8813 � 188 3.312 � 0.694 587.08 � 80*

Neutral �1WT 7650 � 602 3.094 � 0.879 374.17 � 24
�1A52N 1605 � 339* 1.210 � 0.204* 13358.71 � 2294.34**
�1A52Q 11962 � 5018 1.774 � 0.515 407.50 � 213.24

Positive �1A52R 10095 � 2587 1.876 � 0.170 313.10 � 94.7
�1A52H 15770 � 5640 2.397 � 0.260 385.33 � 130.7
�1A52K 8068 � 1134 2.326 � 0.467 148.16 � 33.21

*, P 	 0.05; **, P 	 0.01 vs. WT �1GlyRs.
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Data Analysis. Data for each experiment were obtained from
oocytes from at least two different frogs. Results are expressed as
mean � S.E.M. Where no error bars are shown in the figures, they
are smaller than the symbols. We used Prism (GraphPad Software
Inc., San Diego, CA) to perform curve fitting and statistical analyses.
Concentration response data were analyzed by using nonlinear re-
gression analysis: [I 
 Imax [A]nH/([A]nH � EC50

nH)], where I is the
peak current recorded after application of a range of agonist concen-
trations, [A]; Imax is the estimated maximum current; EC50 is the
glycine concentration required for a half-maximal response and nH is
the Hill slope. Data were subjected to t tests and one- or two-way
analysis of variance with Dunnett’s multiple comparison tests when
warranted. Statistical significance was defined as p 	 0.05.

Results
Position 52 and Agonist Sensitivity

Charge and Structure of Amino Acids at Position 52
Are Important for Agonist Sensitivity in �1GlyRs. We
found a significant left shift in glycine EC50 from WT �1GlyR
for the negatively charged �1A52E and a significant right
shift for the negatively charged �1A52D (Fig. 1; Table 1).
Substituting glutamine, the uncharged structural analog of
glutamate at position 52 (�1A52Q) did not cause a similar
left shift in glycine response. Substituting asparagine, the
uncharged structural analog of aspartate at position 52
(�1A52N) caused a significant increase in EC50 and a signif-
icant right shift in glycine concentration response larger than
that observed for �1A52D (Fig. 1; Table 1). Positively charged
residues at position 52 did not cause significant shifts in
EC50. With the exception of the A52N mutant, no significant
differences were observed between WT and mutant GlyRs in
Hill slope (nH) or maximal current amplitude (Imax) (Table 1).
Collectively, these changes in glycine sensitivity were consis-
tent with the notion that a negative charge at position 52
affects agonist sensitivity in GlyRs. However, the effects of
substituting glutamate and aspartate were in opposite direc-
tions and seemed to reflect differences in side-chain geome-
tries. These results suggest that specific interactions (possi-
bly salt bridges), which depend on geometric differences that
are as small as 1 Å, as seen in the aspartate-to-glutamate

mutation, are responsible for the significant shifts in Imax

and Hill slope.
Cell Surface Expression of WT and Mutant �1GlyRs.

To determine whether the shifts in Imax responses of A52N
GlyRs reflected changes in surface expression levels, we com-
pared the GlyR protein content of WT and mutant GlyRs via
cell-surface biotinylation and immunoblotting analysis
(Fig. 2). We did not observe any notable differences between
cell surface or total expression of GlyR protein between WT
and any of the mutant GlyRs tested. This finding, in conjunc-
tion with the change in the response of A52N to glycine,
compared with WT GlyRs, is consistent with the interpreta-
tion that the mutation causes a change in the functional
response of the receptor.

Binding a Negatively Charged MTS Reagent at Posi-
tion 52 Is Not Sufficient to Affect Glycine Sensitivity.
To test independently the role of a negative charge at posi-
tion 52 on agonist sensitivity, we substituted a cysteine at
position 52 and then covalently bound a negatively charged
MTSES reagent to the substituted cysteine residue. Replac-
ing the neutral alanine at position 52 in WT GlyRs with the
neutral cysteine (A52C) right-shifted the glycine concentra-
tion response (Fig. 3). Exposure to negatively charged
MTSES did not significantly affect the response of the A52C
mutant to glycine (Fig. 3). These results suggest that nega-
tive charge alone is insufficient to alter agonist sensitivity in
GlyRs. Rather, the presence of a negative charge in combi-
nation with the appropriate structure is necessary. This re-
sult is consistent with the large differences we observed
between the A52D and A52E mutations (Fig. 1).

Position 52 and Ethanol Sensitivity

The Structure of the Amino Acid at Position 52 Af-
fects Ethanol Sensitivity. The effect of charged substitu-
tions at position 52 in �1GlyRs on sensitivity to 100 mM ethanol
is shown in Fig. 4A. Ethanol responses for the negatively
charged �1A52E were significantly increased compared with
WT �1GlyRs. In contrast, the negatively charged A52D muta-
tion did not differ from WT with respect to ethanol sensitivity.
Ethanol responses for the positively charged substitutions at
position 52 (�1A52H, �1A52K, and �1A52R) were not signifi-
cantly different from WT �1GlyRs (Fig. 4A). Overall, these
findings did not correspond to the effects these substitutions
had on agonist sensitivity and suggest that a combination of
charge and specific salt-bridge interactions at position 52 in
�1GlyRs are required to affect ethanol sensitivity.

To investigate further a possible role for the structure of
the amino acid at position 52 in modulating ethanol sensitiv-

Fig. 1. Concentration-response curves for glycine-activated chloride cur-
rents in X. laevis oocytes expressing WT and mutant �1GlyR subunits.
Glycine-induced chloride currents were normalized to the maximal cur-
rent activated by a saturating concentration of glycine (30 mM). The
curves represent nonlinear regression analysis of the glycine concentra-
tion responses in the �1 mutant GlyRs compared with WT �1GlyRs.
Details of EC50, Hill slope, and maximal current amplitude (Imax) are
provided in Table 1. Glycine was applied for 30 s. Washout time was 5 to
15 min after the application of glycine. Each data point represents the
mean � S.E.M. from eight different oocytes.

Fig. 2. Cell surface expression of WT and mutant �1GlyRs. Western blot
analysis of total cell lysate and cell-surface biotinylated fraction from X.
laevis oocyte expression of WT, A52D, A52E, A52N, or A52Q GlyRs.
Results shown are for 1 ng of WT or mutant GlyR cDNA injected into each
oocyte. Protein lysates were run on SDS-polyacrylamide gel electropho-
resis gel and then transferred to polyvinylidene difluoride membrane.
Blots were then probed with rabbit antibody against the �1 subunit of the
human GlyR.
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ity, we substituted the uncharged structural analog of gluta-
mate (glutamine) at position 52 (�1A52Q). This substitution
resulted in a similar increase in ethanol sensitivity to that
observed for A52E (Fig. 4B). It is noteworthy that substitut-
ing the uncharged structural analog of aspartate (aspara-
gine) at position 52 (�1A52N) caused a significant decrease in
ethanol sensitivity (Fig. 4B). These findings collectively indi-
cate that subtle differences in the structure of the amino acid
at position 52, rather than just charge, can have a major
impact on ethanol sensitivity in �1GlyRs.

To test independently the role of substituting a negative
charge at position 52 on ethanol sensitivity, we used the
modified substituted cysteine accessibility method described
above. Replacing the neutral alanine at position 52 in WT
GlyRs with the neutral cysteine (A52C) significantly reduced
ethanol response at 100 mM (Fig. 5). Exposure to negatively
charged MTSES did not significantly affect the response of
the A52C mutant to ethanol (Fig. 5). These results further
support the contention that charge alone is insufficient to
alter ethanol sensitivity in GlyRs.

Molecular Model. Molecular models based on the present
findings support the conclusion that a combination of struc-
ture, polarity, and charge at position 52 affects both agonist
and ethanol sensitivity, possibly by introducing salt bridges
or H bonds across the � hairpin of loop 2 (Fig. 6). The findings
with �1A52Q and �1A52N indicate that subtle differences in
the chemical structure of the amino acid at position 52 can
have a major impact on agonist and ethanol sensitivity in
�1GlyRs.

An important point about the GlyR homology model based
on GLIC (Fig. 6) is that Lys276 extends across the intersub-
unit space to form a triple salt bridge with Glu53 and Arg218
(Crawford et al., 2008; Bocquet et al., 2009; Perkins et al.,
2009). This triple salt bridge was preserved, but distorted,
during the molecular dynamics simulations of the three mod-
els of loop 2 described under Materials and Methods (Fig. 6,
C–E). Although we initially thought that A52E or A52N
might compete with this salt bridge, we found that the 180°
orientation of the side chain of Ala52 versus Glu53 in a �
strand was preserved, a result that agrees with recent cys-
teine substitutions in loop 2 by Cederholm et al. (2010). We

suggest that these mutations at Ala52 predominantly affect
interactions within loop 2 (Fig. 6), not the triple salt bridge at
the interface of the ligand binding and transmembrane do-
mains (Kash et al., 2003; Nury et al., 2010, 2011). In partic-
ular, the A52E with Arg59 and A52N with Asp57 salt bridges
were stable during the simulations, and their interactions
produced significant changes in the structure of loop 2 during
the steps of the simulations (Fig. 6, C–E).

It is interesting to observe the changes in loop 2 during the
three molecular dynamics simulations. In the case of the WT
loop 2, the overall structure of loop 2 remained stable during
the simulation (Fig. 6C); the triple salt bridge between
Glu53, Lys276, and Arg218 remained stable, and there was
no interaction of Ala52 with either Asn57 or Arg59. In the
case of the A52E mutation, we initially sought salt-bridge
interactions with 52Glu by adjusting rotamer positions of
neighboring residues. We found a strong salt bridge interac-

Fig. 3. Concentration-response curves for glycine-activated chloride cur-
rents in X. laevis oocytes expressing WT and A52C mutant �1GlyR
subunits exposed to MTSES. Mutant A52C GlyRs were exposed to the
negatively charged MTSES. The curves represent nonlinear regression
analysis of the glycine concentration responses from four different oocytes
expressing WT (red), A52C (black), or A52C (blue) GlyRs. The introduc-
tion of negative charge at position 52 did not significantly affect agonist
sensitivity. Each data point represents the mean � S.E.M.

Fig. 4. The effects of charge (A) and structure (B) of the residue at
position 52 in �1GlyRs on ethanol sensitivity. The percentage of poten-
tiation of glycine-induced currents is shown for WT and mutant �1GlyRs.
A, the red bar shows the WT GlyR, which has a neutral amino acid at
position 52. Black bars represent negatively charged substitutions at
position 52 in �1GlyRs, and gray bars represent positively charged sub-
stitutions. Charge does not have a consistent effect on ethanol sensitivity
of �1GlyRs. B, the red bar shows the WT GlyR, which has a neutral amino
acid at position 52. Black bars represent negatively charged A52E and
A52D substitutions at position 52 in �1GlyRs. The blue bars represent
the uncharged structurally analogous substitutions for Glu and Asp,
A52Q and A52N, respectively. The structure of the amino acid at position
52 plays a role in ethanol sensitivity of �1GlyRs. Note that studies shown
in A and B were run together. The WT and mutant A52E and A52D
findings presented in B are the same as shown in A and are presented to
facilitate comparison. �, p 	 0.05 or ��, p 	 0.01 versus WT �1GlyRs for
six to eight oocytes per group.
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tion with A52E to Arg59 (Fig. 6D). After the simulation, this
interaction pulled Arg59 over the top of Asn57 and distorted
loop 2 as well as the triple salt bridge, including a change of
the E53 salt bridge from a straight-on orientation to Arg218
to a side-on salt bridge. The mutation with the opposite

change in glycine EC50, A52N, produced a strong salt bridge
with Asp57 (Fig. 6E). After the molecular dynamics simula-
tion of this mutation, the salt bridge between A52N with
Asp57 pulled Asp57 toward A52N and repelled Arg59. The
triple salt bridge remained intact, but the plane of the car-
bonyl oxygen atoms of Glu53 had rotated and the interac-
tions of Glu53 with Arg218 and Lys276 were altered. The
extended dimensions of aspartate and glutamate differ by
only 1 Å (Fig. 7), yet the large effects caused by their substi-
tution suggests the network of interactions across the do-
main interface is critical for signal transmission.

Discussion
Prior studies found that the polarity of the residue at

position 52 in �1GlyRs is highly correlated with the sensitiv-
ity of the receptor to ethanol (Perkins et al., 2008). The
present study determined whether this relationship ex-
tended to charged amino acids. The findings support the
hypothesis that charge interactions determined by the spe-
cific geometry of the amino acid at position 52 play differen-
tial roles in receptor sensitivity to agonist and ethanol. These
new results highlight the importance of loop 2 in ethanol
action. These differences in the role of charge and structure
on sensitivity to ethanol seem to be independent of the
changes caused by the mutations on agonist sensitivity and

Fig. 5. The effects of ethanol on WT and A52C mutant �1GlyRs exposed
to MTSES. Mutant A52C GlyRs were exposed to the negatively charged
MTSES. The red bar shows mean � S.E.M. for WT, the black bar indi-
cates A52C, and the blue bar indicates the A52C exposed to MTSES. The
introduction of negative charge at position 52 using MTSES did not
significantly affect ethanol sensitivity. �, p 	 0.05 versus WT �1GlyRs for
four oocytes per group.

Fig. 6. Homology models of WT and mu-
tant �1GlyRs based on GLIC. A, WT
�1GlyR, a view of two subunits looking
along the plane of the membrane from the
center of the ion pore. We show two sub-
units because Lys276 bridges the gap be-
tween adjacent subunits (subunit con-
taining Lys276 is colored red) and
interacts with the subunit containing
Glu53 (colored blue) of the adjacent sub-
unit. B, domain interface in WT �1GlyR.
Enlargement of the view in A showing a
ribbon rendering of the backbone atoms of
loop 2 (yellow portion of both subunits
rendered in red and blue ribbons). The
residues in the triple salt bridge of Glu53
(red), Arg218 (gray), and Lys276 (pink)
are rendered in ball and stick. For refer-
ence, loop 7 (Cys-loop) is rendered in
green ribbon, and the Cys-loop residues
Cys138 and Cys152 are shown (sulfur at-
oms are orange). C, loop 2 in WT �1GlyR.
Further enlargement of WT �1GlyR
shown in B is focused on loop 2. The triple
salt bridge is established but there are no
interactions across the � hairpin of loop2.
D, mutant A52E �1GlyR. View of loop 2 in
A52E showing the new salt bridge of
A52E with R59 and the resulting distor-
tion of the backbone atoms of loop 2. E,
mutant A52N �1GlyR. View of loop 2 in
A52N showing the new salt bridge of
A52N with Asp57 and the resulting dis-
tortion of the backbone atoms of loop 2. In
the short molecular dynamics simulation,
these changes in loop 2 produced small
changes in the triple salt bridge of Glu53,
Arg218, and Lys276.
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provide insight into the structures and mechanisms of gly-
cine and ethanol action.

Substituting charged residues at position 52 in �1GlyRs
did not consistently affect the sensitivity of the receptor to
glycine. Substituting negatively charged glutamate (A52E)
strongly increased the sensitivity of the receptor to glycine as
evidenced by a left shift in the glycine concentration response
curve. In contrast, substituting the negatively charged A52D
significantly right-shifted the sensitivity of GlyR to glycine.
We propose that this effect might reflect the subtle difference
in the side-chain structures of these two amino acids. That is,
the additional carbon in the side-chain of glutamate in-
creases the extended length of this amino acid side chain by
1 Å. We conjectured that this extended length could place the
charge in a position that is more likely to interact with
surrounding positively charged elements such as Arg218
in the pre-M1 region (Castaldo et al., 2004) or Lys276 in
neighboring subunits. The latter positively charged resi-
dues have been shown to be in positions favorable to form
salt bridges with Glu53 in loop 2 and Asp138 in loop 7
(Kash et al., 2004; Crawford et al., 2008; Perkins et al.,
2009; Nury et al., 2010).

The conclusion that the presence of a negative charge is not
the only factor in determining the sensitivity of �1GlyRs to
agonist is further supported by our study in which we bound
the negatively charged MTSES reagent to position 52. This
addition did not alter agonist sensitivity. Prior studies indi-
cate that this lack of effect cannot be attributed to the inac-
cessibility of MTSES to position 52 (Crawford et al., 2007,
2008; Cederholm et al., 2010). Moreover, binding a neutral
MTS reagent to a cysteine substitution at position 53 did not
alter the sensitivity of the mutant receptor to agonist (Craw-
ford et al., 2008). This evidence, taken in context with the
proximity of position 52 to 53 and the specific geometry of
loop 2, suggests that the lack of effect of MTSES at position
52 cannot be attributed to the added volume of the MTS
reagent. From these findings, we conclude that the mere
presence of a negative charge at position 52 is not sufficient
for determining agonist sensitivity.

It is noteworthy that substituting glutamine, the uncharged
structural analog of glutamate, at position 52 (A52Q) did not
significantly affect glycine sensitivity. Whereas substituting as-
paragine, the uncharged structural analog of negatively
charged aspartate, at position 52 (A52N) drastically decreased
agonist sensitivity and markedly reduced Imax. Biotinylation
followed by Western blot indicated that this change in Imax

cannot be explained by a reduction in cell surface expression.
Therefore, it is possible that the substitution of asparagine at
position 52 allows formation of a salt bridge across the � hairpin
of loop 2 (Fig. 6E) that results in a change in the conformation
and dynamics of loop 2.

Collectively, these findings probing the role of charge and
structure at position 52 indicate that charge per se is not the
only factor controlling glycine sensitivity. Rather, the pres-
ence of a negative charge, combined with a specific geometry
of the amino acids, can have a major effect on the sensitivity
of �1GlyRs to agonist.

The overall effects of substituting charged residues at po-
sition 52 on the sensitivity of �1GlyRs to ethanol were sim-
ilar to the effects of these substitutions on glycine sensitivity.
However, there were important differences. As with the gly-
cine EC50, substituting positively charged residues at posi-
tion 52 did not significantly affect the sensitivity of the re-
ceptor to ethanol. In addition, as with glycine EC50,
substituting the negatively charged glutamate, but not the
negatively charged aspartate, significantly increased the
sensitivity of the receptor to ethanol. In contrast to the re-
sults for glycine, substituting glutamine, the uncharged
structural analog of negatively charged glutamate, also sig-
nificantly increased ethanol sensitivity. Substituting aspar-
agine, the uncharged structural analog of the negatively
charged aspartate, drastically reduced ethanol sensitivity.
These findings clearly indicate that it is the structure of
glutamate and glutamine, and not the negative charge of
glutamate alone, that increased ethanol sensitivity. This con-
clusion is supported by our demonstration that binding the
negatively charged MTSES reagent to A52C did not restore
the reduced ethanol sensitivity of the A52C mutant GlyR
back to that of WT receptors. As discussed above with respect
to glycine, the lack of effect of MTSES cannot be attributed to
a lack of accessibility to position 52 (Crawford et al., 2007,
2008; Cederholm et al., 2010).

Therefore, these findings with charged residues do not fit
predictions based on the high correlation between the polar-
ity of the residue at position 52 and ethanol sensitivity (Per-
kins et al., 2008). That is, the structure of the substitution, as
well as its charge, is what determined ethanol sensitivity in
the present study. In contrast to the interrelationship be-
tween charge and the structure of the amino acid substituted
at position 52 on glycine sensitivity, the effect of these sub-
stitutions on ethanol sensitivity seem to reflect subtle differ-
ences only in the structure of the amino acid. Hence, the
physical-chemical parameters at position 52 that control sen-
sitivity to glycine are different from those that control sensi-
tivity to ethanol.

The current findings add to prior studies, which have
shown that the sensitivity of Ala52 mutant GlyRs to ethanol
is not correlated with the glycine EC50 (Perkins et al., 2008).
Thus, it is unlikely that the changes in ethanol sensitivity
produced by these substitutions in the present study result
from changes in receptor sensitivity to agonist. Rather, the

Fig. 7. Substituting different amino acids at position 52 alters the geom-
etry of �1GlyRs. A, aspartate (Asp) and glutamate (Glu). The models of
the Asp and Glu residues were superimposed and then slightly offset to
reveal the distinct colors of the backbone carbons and show the increased
length of the Glu side chain. All distances and dihedral angles are the
default values in the Build Protein module of Discovery Studio 3.1 (Ac-
celrys Inc.). The residues are rendered as sticks with the Asp carbon
chains in violet and the Glu carbons in green. B, aspartate. The Asp
residue is shown with a C-� to C (O2) distance of 2.642 A. C, glutamate.
The Glu residue is shown with a C-� to C (O2) distance of 3.862 A.
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evidence indicates that mutations at position 52 can indepen-
dently affect agonist sensitivity and ethanol sensitivity.

Based on the experimental results, we conclude that these
interactions are electrostatic (Xiu et al., 2005), but also include
specific interdomain salt bridges as proposed by Kash et al.
(2003). The exceptional sensitivity of both alcohol potentiation
and glycine EC50 to relatively conserved mutations suggests
that the exact shape and dynamics of loop 2 are important for
both transmission of agonist binding energy and its potentia-
tion by ethanol. Thus, these findings provide a possible struc-
tural-functional basis for the important role that loop 2 can play
in markedly altering the sensitivity of GlyRs and GABAARs to
ethanol (Perkins et al., 2009).

In support of this conclusion, the simulations of the loop 2
mutations shown in Fig. 6 describe likely salt bridges that form
and interact across the � hairpin of loop 2. These salt bridges are
not present in the WT receptor. These electrostatic interactions
have the effect of distorting loop 2 and making it more rigid (Fig. 6,
C–E). Other electrostatic interactions of loop 2 with parts of the
TM domain are thought to be important in the transmission of the
energy of ligand binding to the gate of the ion pore (Kash et al.,
2003; Xiu et al., 2005). It is possible that the distortions in loop 2
induced by the A52E and A52N mutations alter glycine and eth-
anol responses by changing the transmission of gating energy,
often described as a “conformational wave” (Grosman et al., 2000;
Purohit and Auerbach, 2011).

An important result of the present studies is the apparent
precision of the salt-bridge interactions in loop 2 that were
probed here. Early descriptions of electrostatic interactions be-
tween the ligand-binding domain and transmembrane domain
showed multiple shared interactions between residues in the
TM2–3 linker, loop 2, and loop 7 (Cys-loop) (Kash et al., 2003).
We found large differences between A52E and A52D as well as
between A52N and A52Q. In each of these examples, the dif-
ference in the total length (C-� to C-�) of the corresponding salt
bridges is approximately 1Å. That is, these results are best fit
by a complex and dynamic pattern of interactions that include
favorable electrostatic and geometric interactions versus unfa-
vorable van der Waals interactions.

The short molecular dynamics simulations reported here
and by Cheng et al. (2007) are consistent with changes in the
electrostatic interactions of loop 2 with the TM2–3 linker
(Lys276) described previously (Kash et al., 2003). However,
even relatively long time-scale molecular dynamics simula-
tions (1-�s simulation of ethanol binding to GlyR with a large
Linux cluster and 6 weeks � 120 of computer time) (Murail et
al., 2011) of GlyR in the presence or absence of ethanol do not
show substantial changes in the tertiary structure of GlyR.

In summary, the ability of substitutions at position 52 to
alter the sensitivity of �1GlyRs to agonist and ethanol rein-
forces the evidence that position 52 is a site involved in a
conformational wave that plays a key role in agonist activa-
tion and ethanol modulation. This knowledge will help to
define the chemical architecture of this site of ethanol action
and the key physical-chemical parameters that cause and
antagonize the actions of ethanol in GlyRs.
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