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Abstract

Glycine receptors (GlyRs) are pentameric ligand-gated
ion channels that mediate inhibitory neurotransmis-
sion in the brain and spinal cord and are targets of
alcohols and anesthetics. The transmembrane (TM)
domain of GlyR subunits is composed of four a-helical
segments (TM1—4), but there are conflicting data
about the orientation of TM 3 and TM4 and, therefore,
also the proximity of residues (e.g., A288) that are
important for alcohol and anesthetic effects. In the
present study, we investigated the proximity of A288 in
TM3 to residues in TM4 from M404 to K411. We gene-
rated eight double mutant GlyRs (A288C/M404C,
A288C/F405C, A288C/Y406C, A288C/W407C, A288C/
1408C, A288C/1409C, A288C/Y410C, and A288C/
K411C), as well as the corresponding single mutants,
and expressed them in Xenopus laevis oocytes. To
measure glycine responses, we used two-electrode vol-
tage clamp electrophysiology. We built homology
models of the GlyR using structures of the nicotinic
acetylcholine receptor (nAChR) and a prokaryotic ion
channel (Gloeobacter violaceus, GLIC) as templates,
and asked which model best fit our experimental data.
Application of the cross-linking reagent HgCl, in the
closed state produced a leftward shift in the glycine
concentration—response curves of the A288C/W407C
and A288C/Y410C mutants, suggesting they are able
to form cross-links. In addition, when HgCl, was
coapplied with glycine, responses were changed in the
A288C/Y406C, A288C/1409C, and A288C/Y410C
double mutants, suggesting that agonist-induced rota-
tion of TM4 allows A288C/Y406C and A288C/1409C
to cross-link. These results are consistent with a model
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of GlyR, based on nAChR, in which A288, Y406,
W407, 1409, and Y410 face into a four-helical bundle.

Keywords: Glycine receptor, GABA-A receptor, nico-
tinic acetylcholine receptor, ligand-gated ion channels,

molecular modeling
G Cys-loop superfamily of pentameric ligand-
gated ion channels, which includes nicotinic
acetylcholine receptors (nAChRs), y-aminobutyric acid
type A (GABA-A) receptors, and serotonin-3 receptors.
In the central nervous system, GlyRs play a crucial role
in inhibitory neurotransmission in the brainstem and
spinal cord (7), and are expressed in several other brain
regions, including the hippocampus (2), nucleus accum-
bens (3), olfactory bulb (4), and cerebellum (5). In
addition to their role in inhibitory neurotransmission,
GlyRs are among the many protein targets of alcohols,
volatile anesthetics, and inhaled drugs of abuse, which
act to enhance GlyR function (6, 7).

There are four known GlyR a-subunits (ol —a4) and
one f(-subunit; the a-subunits can assemble either
homomerically or heteromerically with the S-subunit
to form chloride channels (§—17). Each receptor subunit
contains a large extracellular N-terminus, four a-helical
transmembrane segments (TM1—TM4) that collec-
tively constitute a TM domain, a large intracellular
loop connecting TM3 and TM4, and an extracellular
C-terminus.

Although a GlyR crystal structure has not yet been
solved, medium to high resolution structures currently
exist for a number of related ligand-gated channel
motifs including two prokaryotic homologues, GLIC
and ELIC (/2—14); the Torpedo nAChR (15); and
the acetylcholine binding proteins (AChBP) (16, 17).
Insight from these structures, combined with experi-
mental evidence from studies of GlyRs in heterologous

lycine receptors (GlyRs) are members of the
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expression systems, has facilitated improved homology
modeling of the GlyR structure.

Because specific amino acid positions in the extra-
cellular portions of the GlyR al TM segments (1229 in
TMI1, S267 in TM2, and A288 in TM3) are crucial to
modulation by alcohols and anesthetics (/8—24), struc-
tural information about the TM domain of the GlyR is
of particular interest. Therefore, we investigated the
orientation and proximity of these key TM amino acid
residues in relation to each other and to a putative
hydrophilic drug-binding cavity contained within the
GlyR TM domain.

One hypothesis posits that residues S267 in TM2 and
A288 in TM3, as well as residues in TM4 of GlyR al,
contribute to an intrasubunit hydrophilic drug-binding
cavity. This model is largely supported by findings from
site-directed mutagenesis, the substituted cysteine acces-
sibility method (SCAM), electrophysiology, and homo-
logy modeling (18, 19, 23—30).

Further insight into the orientation and relative
positions of TM residues, such as GlyR al S267 and
A288, can be obtained by introducing cysteines at these
sites and testing their ability to form cross-links with one
another. In order for cysteine residues on adjacent
helices to cross-link, the residues must be on opposing
faces of the helices (37, 32), and the distance between
their Ca carbons must be approximately 15 A or less
(33—35). The Co—Ca distances are shortened to ap-
proximately 6 A by the formation of a disulfide bond.
Cross-linking studies in GlyR al indicate that engi-
neered cysteines at S267 in TM2 and A288 in TM3 are
able to form cross-links with one another (27), suggest-
ing that these residues face each other in relatively close
proximity on adjacent helices.

Although initial structural work on the GlyR TM
domain has largely focused on amino acid positions in
TM1, TM2, and TM3, more recent findings in GlyR al,
as well as GABA-A receptors and nAChRs, indicate
that TM4 residues also contribute to an intrasubunit
water-filled drug-binding cavity. For example, using the
SCAM technique, Lobo et al. (28) demonstrated that
four positions (W407, 1409, Y410, and K411) of the
GIlyR a1 TM4 segment reacted with the MTS reagent
propyl methanethiosulfonate, suggesting that these
positions are water-accessible. TM4 residues of the
GABA-A receptor al subunit were similarly implicated
in anesthetic action (36). Structural evidence for the
participation of TM4 residues in an intrasubunit cavity
derives from the recent structures of the nAChR, GLIC,
and ELIC, which showed that TM4 forms a helical
bundle with TM1-3 (15, 37). These results, combined
with homology modeling of the GlyR, suggest that
amino acid positions in the extracellular portion
of TM4 (residues 406 to 411) are candidates for parti-
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cipation in a TM domain hydrophilic drug-binding
cavity (38).

In the present study, we asked whether amino acid
residues in the TM4 segment of the GlyR al subunit
face the intrasubunit drug-binding cavity and whether
these residues could cross-link with residues on the
opposing face of the adjacent TM3 segment. We hypo-
thesized that cross-linking two introduced cysteines
on opposing faces of the adjacent TM3 and TM4
a-helices would alter the movement of these two regions
thereby affecting the gating of the channel. We further
hypothesized that such cross-linking would be reversed
by disulfide bond reduction by dithiothreitol (DTT). We
tested these hypotheses with eight double mutant GlyR
ol constructs, each containing an alanine to cysteine
substitution at position 288 in TM3 and a second
cysteine substitution in TM4 at one of the following
positions: M404, F405, Y406, W407, 1408, 1409, Y410,
or K411.

Results and Discussion

Cysteine mutations were introduced in GlyR al at
position 288 in TM3 and at each of the TM4 positions
404 to 411. The amino acid sequence of GlyR in this
region and its alignment with GLIC, as well as the closed
and open/desensitized states of nAChR, are shown in
Figure 1. The engineered cysteines allowed us to use
covalent cross-linking to investigate the relative orienta-
tion of these residues and compare the alignments in
Figure 1.

HgCl, Cross-Linking of Substituted Cysteine
Residues

As a cross-linking agent, we initially used HgCl,,
which reacts with accessible pairs of cysteines to form
intermolecular S—Hg—S dimers, provided that the two
residues are in proximity to one another and located on
opposing faces of adjacent helices (37, 35). Application
of 10 uM HgCl, shifted the glycine concentration—
response curves of two double mutants, A288C/
W407C and A288C/Y410C. Figure 2 shows that, after
HgCl, applications, glycine responses were enhanced
for both A288C/W407C and A288C/Y410C, indicating
the formation of cross-links between A288C and each of
W407C and Y410C. Following treatment with 10 uM
HgCl,, application of 10 mM DTT to the A288C/
W407C and A288C/Y410C double mutants resulted in
a reversal of the leftward shifts in glycine responses.
Figure 2A and B show the elimination of the effects of
HgCl, cross-linking in the A288C/W407C and A288C/
Y410C mutants, respectively, following the application
of DTT. The glycine concentration—response curves for
these double mutants in the presence of DTT differed
significantly from the HgCl, condition and were

DOI: 10.1021/cn100019g | ACS Chem. Neurosci. (2010), 1, 482-494



ACS Chemical . _ _
NeurOSC|ence pubs.acs.org/acschemicalneuroscience

Article

Alignments of GlyR with GLIC and nAChR

(a) GLIC-GlyR (corresponds to the 2-gap alignment of TM3 described by Ernst et al.)
GLIC-PKTPYMTYTGAIIFMIYLFYFVAVIEVIVQHYLKVE (TM3-4) SQPARAASITRASRIAFPVVFLLANIILAFLFF
GlyR-PKVSYVK-AIDIWMAVCLLFVFSALLEYAAVNFVSR (TM3-4) EYLKHKELIDKISRIGFPMAFLIFNMFYWIIYK

* % * * * * *kk kK * % *
(b) GLIC-GlyR (corresponds to the l-gap alignment of TM3 described by Ernst et al.)
GLIC-PKTPYMTYTGAIIFMIYLFYFVAVIEVTVQHYLKVE (TM3-4) SQPARAASITRASRIAFPVVFLLANIILAFLFF
GlyR-PKVSYVKAIDIWMAVCLLFVFSALLEYAAVNFVSRQ TM3-4)EYLKHKELIDKISRIGFPMAFLIFNMFYWIIYK

* * * *k ok k *

(c) nAChR-GlyR (Fig. 4;

* *kk ok k * * *

the 2-gap alignment of TM3 described by Ernst et al.)

2BG9-PSTSSAVPLIGKYMLFTMIFVISSIIVTVVVINTHHR (TM3-4) EWKYVAMVIDHILLCVFMLICIIGTVSV
GlyR-PKVSYVK--AIDIWMAVCLLEFVFSALLEYAAVNFVSR (TM3-4) KELIDKISRIGFPMAFLIFNMFYWIIYK

* * * *

(d) nAChR-GlyR

*

(corresponds to the l-gap alignment of TM3 described by Ernst et al.)

2BG9-PSTSSAVPLIGKYMLFTMIFVISSIIVTIVVVINTHHR (TM3-4) EWKYVAMVIDHILLCVFMLICIIGTVSV

GlyR-PKVSYVK-AIDIWMAVCLLFVFSALLEYAAVNFVSR (TM3-4)

* * * *

nAChR-GlyR (TM4 in

* Kk K *

(e) (C)

KELIDKISRIGFPMAFLIFNMFYWIIYK

shifted right to simulate open/desensitized state)

2BG9-PSTSSAVPLIGKYMLFTMIFVISSIIVTIVVVINTHHR (TM3-4) EWKYVAMVIDHILLCVFMLICIIGTVSVFE
GlyR-PKVSYVK--AIDIWMAVCLLEVFSALLEYAAVNFVSR (TM3-4) KELIDKISRIGFPMAFLIFNMFYWIIYK

* * * *

(f) nAChR-GlyR (2-gap alignment of TM3,

*

conserved Asp

*

[0] in TM4 aligned)

2BG9-PSTSSAVPLIGKYMLFTMIFVISSIIVTVVVINTHHR (TM3-4) EWKYVAMVIDHILLCVFMLICIIGTVSVFAGRL

GlyR-PKVSYVK--AIDIWMAVCLLFVFSALLEYAAVNFEVSR (TM3-4)

* * * *

(g) nAChR-GlyR (2-gap alignment of TM3,

*

conserved His/Arg

KELIDKISRIGFPMAFLIFNMFYWIIYK

*0* * *

[0] in TM4 aligned)

2BG9-PSTSSAVPLIGKYMLFTMIFVISSIIVTVVVINTHHR (TM3-4) EWNKYVAMVIDHILLCVFMLICIIGTVSVFA

GlyR-PKVSYVK--AIDIWMAVCLLFVFSALLEYAAVNFEFVSR (TM3-4)

* * * *

*

KELIDKISRIGFPMAFLIFNMFYWIIYK

* * O* * *

Figure 1. Sequence alignments of GlyR ol with GLIC and nAChR. Here, we use the terminology of (one-gap) and (two-gap) as described
by Ernst et al., (47) even though GLIC lacks the proline residue that requires (one-gap) in the alignment of GlyR/GABAaR with nAChR.
Therefore, although confusing, we refer to the alignmentsin 1a and 1b as (two-gap) and (one-gap), even though they have, respectively, one and
zero gaps between the proline at the end of TM2 and the beginning of TM3. The alignments begin with the conserved proline at the
C-terminus of TM2 (residue 23') and continue through TM4. Conserved residues are indicated with an asterisk (*). (1a and 1b) Note the high
homology between the GlyR and GLIC in the N-terminal portion of TM4: sequence, SRIGFPMAFL. (1c) A (two-gap) alignment of GlyR ol
with Torpedo nAChR, (1d) A (one-gap) alignment of GlyR a1 with nAChR in an open/desensitized state, (1e) A (two-gap) alignment of GlyR
ol withnAChR in which the alignment of TM4 was shifted one position to the right to simulate a 100° rotation in going to the open/desensitized
state. (1f) A (two-gap) alignment of GlyR al with nAChR in which the residues of TM4 were shifted to align the conserved aspartate residues
[0] as suggested by Ernst et al.(47). (1 g) A (two-gap) alignment of GlyR o1 with nAChR in which the residues of TM4 were shifted to align the
conserved positive (histidine/arginine) residues as suggested by Bertaccini and Trudell (44).

indistinguishable from the control, indicating that DTT
restored normal glycine responses. The similarity of the
control and post-DTT glycine concentration—response
curves also suggests that spontaneous cross-linking
between these residues does not occur and that they
are situated too far apart to cross-link without the Hg
bridge, at least in the closed-channel state. In contrast,
10 uM HgCl, did not significantly alter submaximal
glycine responses in any other channel tested: wild-type
GlyRs, single mutants containing cysteine mutations
within either the TM3 segment (A288C) or the TM4
segment (M404C, F405C, Y406C, W407C, 1408C,
1409C, Y410C, and K411C), and most double mutants
showed no change in their glycine concentration—
response curves following applications of 10 uM HgCl,.
Representative data in Figure 3A,B,C show glycine con-
centration—response curves for the A288C, Y410C, and
A288C/1408C mutants, respectively: control and post-
HgCl, curves are indistinguishable, indicating the ab-
sence of spontaneous cross-linking before the addition
of cross-linking reagents. Glycine ECs, values and Hill
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slopes are provided in Table 1 for all mutants in the
control and post-HgCl, conditions.

It is important to note that the effect of HgCl, was
consistently small in all single mutants and most double
mutants. There is always the possibility that two HgCI2
molecules will each bind to a single cysteine to form a
S—Hg—Cl bond (37). The small changes in the single
mutants suggest that this possible effect of the addition
of HgCl to a single cysteine is much less than the effect of
cross-linking two cysteines.

In addition to testing the GlyR TM domain cross-
linking in the closed state (i.e., when cross-linking agents
were applied in the absence of glycine), we also tested the
capacity of the TM domain sites to cross-link in an
activated or desensitized state (i.e., when cross-linking
agents were coapplied with maximal concentrations of
glycine). In the latter case, three double mutants, A288C/
Y406C, A283C/1409C, and A288C/Y410C, showed evi-
dence of cross-linking when HgCl, was concurrently
applied with 100 mM glycine. The effects of submaximal
glycine concentrations on these mutants were significantly

DOI: 10.1021/cn100019g | ACS Chem. Neurosci. (2010), 1, 482-494
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Figure 2. Glycine concentration—response curves were generated

in control, post-HgCl,, and post-DTT conditions. (A) Following
applications of 10 uM HgCl,, responses to submaximal concentrations
of glycine were enhanced in A288C/W407C mutant GlyRs causing a
leftward shift in the glycine concentration—response curve. This effect
was reversed by 10 mM DTT such that the post-DTT curve is
indistinguishable from the control curve. (B) For A288C/Y410C
mutant GlyRs, left-shifted glycine concentration—response curves
were also observed following exposure to the cross-linking agent
HgCl,. There were no differences detected between the control and
post-DTT conditions, indicating DTT reversal of the HgCl, effect.
Values represent the mean + SEM from 3 to 6 oocytes.

different following HgCl, and glycine coapplications. For
all other mutants, HgCl, coapplied with glycine produced
no effect on submaximal glycine responses (Table 2).

In summary, our results support HgCl, cross-linking
(and DTT reversal of this effect, as described below)
in four of the double cysteine mutants tested (A288C/
Y406C, A288C/W407C, A288C/1409C, and A288C/
Y410C). Specifically, A288C/W407C and A288C/
Y410C mutant GlyRs demonstrated evidence of cross-
linking when HgCl, applications occurred in the absence
of glycine, when channels were closed. In two additional
mutant GlyRs, A288C/Y406C and A288C/1409, HgCl,
cross-linking was also detected but only when the cross-
linking agent was concurrently applied with maximal
concentrations of glycine to activate or desensitize re-
ceptors. Interestingly, only the A288C/Y410C mutant
was able to cross-link with HgCl, in both the presence
and absence of 100 mM glycine. Notably, the n, n + 3
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Figure 3. Sample glycine concentration—response curves for GlyR
mutants that showed no evidence of HgCl, cross-linking. A series of
glycine concentrations were tested in control, post-HgCl,, and post-
DTT conditions. (A) A288C single mutant, (B) Y410C single
mutant, and (C) A288C/1408C double mutant. Values represent the
mean £+ SEM from 3 to 6 oocytes.

periodicity of cross-linking effects (i.e., positions 407
and 410 in the closed state and positions 406 and 409
following receptor activation by glycine) is consistent
with TM4 comprising an a-helical motif (39, 40).

H,0, Cross-Linking of Substituted Cysteine
Residues

To verify the results of the HgCl, cross-linking
experiments by an alternative method, we tested the

DOI: 10.1021/cn100019g | ACS Chem. Neurosci. (2010), 1, 482-494
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Table 1. Summary of Closed-State Cross-Linking®

control HgCl, DTT

receptor ECsy (mM) Hill slope ECsy (mM) Hill slope ECsy (mM) Hill slope
WT 0.3+0.1 1.44+0.2 0.2+0.1 1.3+0.2 0.3+0.1 09+0.2
A288C 2.8+0.8 1.1+£0.2 3.7+0.6 1.0+ 0.1 3.5+0.7 1.2+0.1
W407C 0.7+0.1 1.1+0.5 0.8+0.1 0.6+0.3 1.0£0.2 0.7+0.4
1408C 0.7+0.1 0.7+0.3 0.8+0.2 0.84+0.2 09+0.2 0.8+0.2
1409C 0.4=£0.1 1.5+04 0.3£0.1 1.3+£04 0.3+£0.1 1.8+0.3
Y410C 0.5£0.1 1.7£0.2 0.5£0.2 0.6£0.3 0.5£0.1 1.4£04
K411C 0.6+0.1 1.3+£03 0.6+0.1 22402 0.6 +0.1 14+0.3
A288C/M404C 2.6+2.0 1.0+0.3 3.7+28 1.0+0.3 3.7+2.0 1.0+0.2
A288C/F405C 62408 20+0.3 52+1.6 0.74+0.2 4.7+0.5 1.9+0.3
A288C/Y406C 6.5+ 1.5 1.0 £ 0.6 6.1 £4.4 28+ 1.1 7.7£1.9 0.5£0.5
A288C/W407C 6.0 £ 0.2%* 0.7+£0.2 0.6+0.1 1.0+0.3 5.9 £ 0.6%* 1.5+£0.2
A288C/1408C 1.3+£04 0.8+0.1 14+0.2 1.4+0.3 1.8+0.3 1.3+£0.2
A288C/1409C 44+28 1.5+£0.3 3.6£1.5 1.5+0.4 50+1.2 24+0.6
A288C/Y410C 26 £ 1.6%* 09+0.1 3.5+£94 1.3+0.5 17 £5.1* 0.6+0.1
A288C/K411C 4.8+0.9 0.9+0.2 S7Tx1.5 1.2£0.2 52+03 1.3£0.2

“Concentration—response curves were generated in control conditions, after a subsequent exposure to the cross-linking agent HgCl, (in the absence
of glycine), and again following DTT applications. Values reflect mean + SEM from 3—6 oocytes. *p < 0.05 and **p < 0.01 denote values significantly
different from the HgCl, condition as tested by one-way ANOVA with Tukey’s post-test. Representative data from these experiments are shown in
Figures | and 2.

Table 2. Summary of Activated- and Desensitized- Thus, the A288C/Y410C mutant GlyR uniquely
State Cross-Linking® showed evidence of disulfide bond formation by H,O,
in the presence and absence of glycine, consistent with

receptor pre-HgCl (% fviwr) post-HECl (% i) the HgCl, cross-linking results for this mutant; as
A288C/M404C 49.2+52 45.6+£10.8 described below, these effects were reversed by the
A288C/F405C 45.7+£2.8 509+ 1338 reducing agent DTT. Glycine concentration—response
A288C/Y406C 502+ 3.4 30.3 4+ 1.2% curves for wild-type receptors and all other single
A288C/W407C 477+ 45 394£27 and double mutants tested were unaffected by DTT
A288C/1408C S11+14 48.6+3.1 (Table 1), rendering the possibility of spontaneous or
A288C/1409C M4T+4.1 334£3.2% off-target cross-linking unlikely.
A288C/Y410C 50.3 + 4.1 61.9 + 8.9% The inability of H,O, to induce disulfide bond for-
A288C/K411C 552428 652+ 19.9

mation in the remaining three double mutants tested
“The effects of sub-maximal concentrations of glycine in control (A288C/Y406C, A288C/W407C, and A288C/1409C)

conditions (Pre-HgCl,) and after HgCl, applications concurrently ap-

plied with 100 mM glycine (Post-HgCl,). An experimentally derived suggests that these paitrs are farther apart than A288/
ECs %10 concentration of glycine was tested before and after exposure Y410. Because treatment of accessible cysteines with
to HgCl,. Responses were calculated as percents of the maximal current, . . °

and repeated-measures /-tests were used to detect differences between HgClZ formsa S_Hg_s bond thatis appr Oleately 2ZA
the pre-HgCl, and post-HgCl, conditions. *p <0.05, z-test for repeated longer than a disulfide bond, some cysteine pairs that

TEASHIES. are accessible to cross-linking by HgCl, may be too far

. . . apart to be oxidized into cystine. Notably, in our GlyR
ability of an oxidizing agent, H,0, (0.5%), to induce homology model based on the nAChR structure as
disulfide bond formation in the four double mutants described below (Figure 4A), the Ca—Co distances

(A288/Y406C, A288C/W407C, A288C/1409C, and
A288C/Y410C) that showed evidence of cross-linking
with HgCl,. Of the mutant GlyRs tested, only A288C/
Y410C showed evidence of oxidation by H,O, (Figure 4).
Submaximal glycine responses in this mutant were en-
hanced following the application of H,O,. This effect was
observed when H,O, was applied in either the presence or

for all four-residue pairs exceed the ideal 6 A observed
in crystal structures of proteins with disulfide bonds
(31). On the basis of these nonideal distances, formation
of disulfide bonds in the GlyR may require considerable
movement or distortion of the a-helices, as previously
described in other proteins (34, 35).

absence of 100 mM glycine (data not shown). In addition, Testing for Intersubunit Cross-Linking
DTT reversed the effects of H,O, cross-linking in the To test our hypothesis that TM4 residues contri-
A288C/Y410C double mutant (Figure 5). bute to an intrasubunit drug-binding cavity, we had to

V ©2010 American Chemical Society 486 DOI: 10.1021/cn100019g | ACS Chem. Neurosci. (2010), 1, 482-494
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Figure 4. Effects of submaximal concentrations of glycine in control conditions (pre-H,O,) and following exposure to H,O, (post-H,0,).
An experimentally derived ECs, & 10 concentration of glycine was tested before and after 0.5% H,0, exposure. H>O, was applied either alone
or concurrently with 100 mM glycine. Ten millimolar DTT was subsequently applied to any mutants that exhibited evidence of cross-linking
following H,0, (that is, only on the A288C/Y410C mutant). Responses were calculated as a percentage of the maximal current, and
one-ANOVA with Tukey’s post-test was used to detect differences among the control, post-H,O,, and post-DTT conditions. Values represent
data from 4 to 8 oocytes. *p < 0.05; [F(6) = 5.89].

Figure 5. Three models of the GlyR based on the alignments of the GlyR primary sequence with the template structures GLIC (PDB ID 3EAM)
and the nAChR (PDB ID 2BG9) shown in Figure 1. The important residues in this study, A288, Y406, W407, 1409, and Y410, are colored gray,
blue, green, yellow, and pink, respectively. (A) The model based on GLIC has the highest homology within the TM4 segment, but the resulting
model has Ca—Ca distances that are less suitable for the formation of cross-links. (B) The model based on the Torpedo nAChR (Figure 1b) has
Ca—Ca distances appropriate for cross-linking, in particular for A288C/Y410C. (C) This model is based on the alignment of the GlyR with the
nAChR, but displaced by one residue in TM4 (Figure 1c) to simulate the effect of a 100° rotation of TM4 during activation. In this model, the
double mutations A288C/Y406C and A288C/1409C have moved into positions suitable for cross-linking, consistent with the experimental data.
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consider the possibility that the TM3-TM4 cross-links
observed in the present study might have occurred
between neighboring subunits (intersubunit), rather
than between adjacent TM helices of the same subunit
(intrasubunit). To address this question, we coinjected
oocytes with 1:1 ratio mixtures of A288C/Y410C single
mutant cDNAs and tested the resulting heteromeric
GlyRs for evidence of cross-linking. In this scenario,
cross-linking could only occur between TM segments
of neighboring subunits; thus, any evidence of cross-
linking would challenge the intrasubunit alignment of
these residues. A caveat to this approach is that fewer
cross-links are possible between receptor subunits con-
taining only one engineered cysteine each, compared to
double cysteine mutants; therefore, the functional con-
sequences may be partially masked. Because we studied
a homopentameric GlyR o 1, we expect that, at least,
two intersubunit interfaces will have the single cysteine
mutants in proximity. Nonetheless, glycine concentra-
tion—response curves for coexpressed single mutants
A288C and Y410C were essentially superimposable
before and after applications of either 10 uM HgCl, or
10 mM DTT. The glycine ECsq values (mM, mean =+
SEM) were 2.6 £ 1.0 for the control, 3.7 £ 1.6 after
HgCl,, and 3.7 &+ 1.4 after DTT. The lack of effect of
DTT indicates that spontaneous cross-linking did not
occur with the coexpressed single mutants. This result
supports intrasubunit rather than intersubunit cross-
linking between the TM3 and TM4 positions, and
indicates that the TM3 and TM4 residues tested in this
study face inward toward the center of a single subunit,
as opposed to facing outward toward lipid or toward
another subunit.

Molecular Modeling

Our molecular model (Figure 5B) of the GlyR based
on the 4 A cryo-electron microscopy (EM) structure of
the Torpedo nAChR a-subunit (PDB ID 2BG9) posi-
tions TM residues W407 and Y410 in proximity to TM3
residue A288, such that cysteines introduced at these
pairs could form cross-links. In this model, both W407
and Y410 face inward toward the center of the subunit
across from A288. In contrast, our molecular model of
the GlyR (Figure 5A) based on the GLIC template
(PDB ID 3EAM) positions the TM4 residues of interest
near the interface between the extracellular and TM
domains, far from A288. The Ca—Ca distances be-
tween A288 and residues Y406, W407, 1409, and Y410
for both models are presented in Table 3.

As described in Methods, there is a general consensus
for alignment of the extracellular domains and TM1-2
of the GlyR with the nAChR and GLIC. However,
TM3 and TM4 are more poorly conserved among these
receptors (Figure 1), making their alignment more
challenging. In this discussion, we will refer to specific
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Table 3. Co—Ca Distances between A288C in TM3
and Y406, W407, 1409, and Y410 Based on Three
Homology Models from Figure 1¢

receptor state Y406 W407 1409 Y410
(la) 3EAM (GLIC) resting/closed  10.1 13.1 145 147
(1c) 2BGY (le)nAchR  resting/closed  10.2 104 119 6.6
2BGY (nAchR) Activated/ 10.3 119 6.6 9.4

desensitized

“Values are reported in angstroms (A).

positions in these three receptors by residue number/
receptor name: for example, S267/GlyR, L257/nAChR,
and N239/GLIC refer to homologous positions (residue
15) in TM2.

In both models, our alignment of A288/GlyR with
1258/GLIC (Figure 1a) resulted in A288 facing into the
intrasubunit helical bundle (Figure 5). This orientation
corresponds to our previous cross-linking data between
TM2 and TM3 (27) and to homology modeling by other
groups (41, 42). However, a recent study of the GABA-
A receptor 2-subunit residue M286, which is homo-
logous to A288/GlyR, concluded that 32 M286 faced
into the intersubunit interface, where it could cross-link
with positions Y225 and Q229 of TM1 of the GABA-A
receptor o-subunit (43). This disparity may indicate
structural differences between GlyRs and GABA-A
receptors, variations in sequence alignment methods
(44), or the use of different templates for modeling
GABA-A receptors (45, 46) and GlyRs (38).

The TM3 position V285/nAChR, which is homolo-
gous to residues S296/GlyR and Y266/GLIC, has also
been studied extensively. Wang et al. (47) showed that
even conservative substitutions, such as valine to iso-
leucine, at this position caused abnormal end plate and
single-channel currents: the sensitivity of channel func-
tion to the volume and stereochemistry of this residue
indicated that it plays a key role in gating, possibly by
mediating intrasubunit conformational changes. This
residue was not labeled by a photoactivatible hydro-
phobic probe, consistent with an intrasubunit orienta-
tion or a lack of reactivity (39). In our GlyR models, the
homologous residue S296/GlyR faces into the center
of the subunit, two helical turns down (toward the
intracellular side) from A288/GlyR (Figure 5).

We should note that there is considerable evidence
that the TM segments of GlyR and the GABA-A recep-
tors may not be rigid, canonical a-helices (25, 43).
Previous studies have described a significant rotation
of TM2s during the resting-to-opening transition (45).
Accessibility of TM3 residues in the GABA-A receptor
to MTS reagents varied considerably as a function of
gating (26, 30), and the periodicity of reactivity was not
fully consistent with that expected for an a-helix (25).
More dramatically, the results of tryptophan-scanning
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mutagenesis of TM3 of the nAChR have been inter-
preted as a spring model in which the TM3 helix
transitions from a thin, elongated conformation in the
closed state to a thicker, shorter conformation in the
open state (48). We emphasize here that cross-linking is
acovalent interaction, and therefore, the effects of cross-
linking could represent a snapshot of a small ensemble
of conformations that exist during the period that HgCl,
or H,O5 is applied.

In our alignment of TM4, we found greater homol-
ogy for GLIC with the GlyR than was previously
described with the nAChR (72). Furthermore, the GlyR
TM4 sequence (SRIGFPMAFL) has high homology
with GLIC (Figure 1a and b), but not with the nAChR
(Figure 1c). In particular, aligning P396/GlyR with
P300/GLIC (also conserved in the GABA-A receptor,
but not in the nAChR) preserved the proline kink seen in
the GLIC structure and resulted in a GlyR homology
model that better fit the template. However, the align-
ment of TM4 in the GlyR with the nAChR, shown in
Figure Ic and f, agrees with the alignment between the
GABA-A receptor and the nAChR proposed by Sie-
ghart and co-workers (47). Importantly, this alignment
orients T422/nAChR (1408/GlyR, Figure 5B) into lipid
(40). Previous studies indicated that the T422/nAChR
residue is located at the lipid—protein interface owing to
its susceptibility to labeling by a hydrophobic probe
(39); however, it should also be noted that this residue
requires a hydrogen-bonding side chain to preserve
channel gating (49), suggesting that it may interact with
other protein domains as well as lipid in the course of
channel opening or closing. Finally, several of the TM4
residues identified in the present study as facing toward
A288 in the intrasubunit bundle (Y406, W407, and
Y410) correspond to those previously shown to face
an alcohol/anesthetic binding site using MTS labeling
(28) and tryptophan scanning mutagenesis (36).

We should note that none of the alignments of TM4
in Figure 1 correspond to a recent publication regarding
aromatic interactions between TM3 and TM4 (50). In
particular, the model in Haeger et al. (50) describes a
lipid-facing position for the residues that are important
to receptor function and anesthetic/alcohol effects (28,
36, 59). We studied the helical wheel diagrams and the
resulting molecular model in this publication. We rea-
lized that Haeger et al. had inadvertently chosen helical
wheel diagrams with the incorrect sense (right-hand
helix versus left-hand helix) to show the positions of
residues in TM1 and TM3. When we used a correct
antiparallel helical wheel diagram to align these residues
(27, 28), we found that the experimental data in the
publication by Haeger et al (50) were compatible with
the models presented here.

One aim of this study was to test the relative validity
of GlyR homology models derived from the nAChR
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and GLIC templates. Although the resolution of the
nAChR structure, obtained by cryo-EM, is low, we
found that the structure corresponded well to functional
data for Cys-Loop receptors including the GlyR, at least
in the TM3 and TM4 segments. The higher resolution
X-ray structure of GLIC agrees less with Cys-loop
receptor functional data, possibly due to the absence
of the long TM3—4 loop that is thought to form an
intracellular vestibule in ligand-gated ion channels. The
resulting short TM3-TM4 loop may distort the position
of TM4 relative to the rest of the four-helical bundle.
Thus, for building homology models of the GlyR, we
favor the structure of the Torpedo nAChR and its GlyR
alignments shown in Figures lc and e, particularly
for the orientation of the TM3 and TM4 segments
(Figure 5).

Our observation of significant differences in reacti-
vity in the closed versus activated states of the GlyR is
consistent with previous reports of conformational re-
arrangement during gating (24, 5/—53). This observa-
tionis also consistent with normal-mode analysis studies
of Cys-loop receptor gating that suggested that the 20
o-helices comprising all five subunits participate in a
coherent wringing motion during the transition from
resting to open states (54—56). This motion would result
in substantial changes in interhelical crossing angles and
distances. Together, these results support the conclusion
that GlyR al TM4 residues Y406, W407, 1409, and
Y410 face A288 of the adjacent TM3 segment and
that, of these amino acid positions, the combination of
proximity and backbone flexibility facilitates the cross-
linking of Y410 to A288. Our findings also suggest that
several amino acids in TM4 of the GlyR may contribute
to alcohol and anesthetic binding sites.

Methods

Reagents

All chemicals used in this study were reagent grade (purity
levels =95%) and were purchased from Sigma-Aldrich
(St. Louis, MO) or Bio-Rad (Hercules, CA).
Site-Directed Mutagenesis and cDNA Synthesis

Point mutations were introduced in the human GlyR al
subunit (subcloned in the pPBKCMYV N/B-200 vector) (19)
using a QuikChange site-directed mutagenesis kit (Stratagene,
La Jolla, CA, USA). The following single mutants were con-
structed: A288C, M404C, F405C, Y406C, W407C, 1408C,
1409C, Y410C, and K411C. In addition, the following double
mutants were constructed: A288C/M404C, A288C/F405C,
A288C/Y406C, A288C/W407C, A283C/1408C, A288C/1409C,
A288C/Y410C, and A288C/K411C. All site-directed muta-
tions were verified by DNA sequencing in the core facility at
the University of Texas at Austin.
QOocyte Isolation and cDNA Injection

Oocytes were harvested from sexually mature Xenopus
laevis frogs by partial ovariectomy surgeries in accordance
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with the National Institutes of Health guidelines for the care
and use of laboratory animals. Harvested oocytes were manu-
ally isolated from the thecal and epithelial membranes using
forceps under a light microscope. The remaining follicu-
lar membrane was removed by soaking isolated oocytes
in 0.5 mg/mL collagenase dissolved in collagenase buffer
(83 mM NacCl, 2 mM KCl, and 1 mM MgCI2) for 10 min.

Wild-type or mutant GlyR ol cDNAs were injected (1.0 or
1.5 ng/30 nL) into the animal pole of isolated oocytes using a
microinjector (Drummond Scientific, Broomwall, PA) (57).
For the expression of homomeric GlyRs, cDNAs containing
the single or double mutations were individually injected into
oocytes. In order to test for intersubunit cross-links, a 1:1 ratio
mixture of A288C and Y410C mutant cDNAs was coinjected
to express heteromers. After cDNA injection, we individually
incubated oocytes in incubation media (88 mM NaCl, | mM
KCl, 10 mM HEPES, 0.82 mM MgSOy,, 2.4 mM NaHCOs;,
0.91 mM CacCl,, 0.33 mM Ca(NOy) ,, 10 mg/L streptomycin,
10,000 units/L penicillin, 50 mg/L gentamicin, 90 mg/L
theophylline, and 220 mg/L pyruvate) and stored them at 15 °C.
Two-Electrode Voltage Clamp Electrophysiology

Electrophysiological measurements were made 1—5 days
after oocyte injection, and all experiments were performed at
room temperature (21—23 °C). Oocytes were placed in a
rectangular oocyte bath chamber (volume approximately
100 L), impaled in the animal pole with two glass electrodes
(0.5—10 MQ) filled with 3 M KClI, and then voltage clamped
at —70 mV using an oocyte clamp (Warner Instruments
OC725C; Hamden, CT, USA) interfaced to a chart recorder
(Cole-Parmer Instrument). Modified Barth’s solution (MBS)
(88 mM NaCl, | mM KCl, 2.4 mM NaHCO;, 10 mM HEPES,
0.82 mM MgSQOy, 0.33 mM Ca(NOs3),, and 0.91 mM CaCl,)
and glycine, mercuric chloride (HgCl,), hydrogen peroxide
(H,0,), or dithiothreitol (DTT) solutions prepared in MBS
were perfused over oocytes at a rate of 2.0 mL/min via
polyethylene tubing connected to a peristaltic pump (Becton
Dickinson, Sparks, MD, USA).

Glycine Concentration—response Curves. Responses to
glycine concentrations ranging from 10 uM to 100 mM were
tested on wild-type and all TM3 and TM4 mutant GlyRs
constructed in this study. A concentration of 100 mM glycine
was applied twice for ~15 s, and each application was
followed by a minimum washout period of 10 min. Next, a
series of lower glycine concentrations (10 uM to 10 mM) was
applied for 30 s each and was separated by minimum wash-
out periods of at least 7 min. Then, 100 mM glycine was again
applied for ~15 s and washed off for at least 10 min. The
concentration of glycine that produced the largest res-
ponse was determined to be maximal, and the effects of the
remaining glycine concentrations were calculated and re-
corded as a percent of the maximal glycine effect.

Cross-Linking Substituted Cysteine Residues. Glycine con-
centration—response curves were generated as described
above for each mutant GlyR examined in this study. Then,
10 uM HgCl,, prepared in MBS, was applied to oocytes for
1 min; during this application, oocyte membrane potentials
were unclamped. After a 15 min washout period, membrane
potentials were reclamped at =70 mV. Then, 100 mM glycine
was reapplied two times for ~15 s each, and these applica-
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tions were each followed by a 10 min washout period.
Finally, glycine concentration—response curves were again
generated using the aforementioned protocol.

To test the possibility of cross-linking occurring in the
activated state of the receptor, 10 uM HgCl, was applied
with concurrent application of maximal (100 mM) glycine.
Receptor responses were evaluated with experimentally
derived ECsy concentrations of glycine that were applied
before (control response) and after (to detect cross-linking) a
I min application of 10 uM HgCl, with 100 mM glycine. This
procedure was used to screen all double mutants (A288C/
M404C, A288C/F405C, A288C/Y406C, A288C/W407C,
A288C/1408C, A288C/1409C, A288C/Y410C, and A288C/
K411C) in this study for evidence of disulfide bond forma-
tion when HgCl, was coapplied with maximal glycine.
Oocyte membrane potentials were unclamped during the
perfusion of HgCl, with glycine to prevent electrode con-
tamination but were reclamped at —70 mV following a 15 min
washout period.

In additional experiments, we used hydrogen peroxide
(H»0,), in both the presence and absence of 100 mM glycine,
as an oxidizing agent to verify cross-linking of accessible
cysteine residues in the double mutants that demonstrated
evidence of cross-linking with HgCl, (A288C/Y406C,
A288C/W407C, A288C/1409C, and A288C/Y410C). Recep-
tor responses were tested with experimentally derived ECs
concentrations of glycine applied before and after a 1 min
application of 0.5% H,0,. Oocytes were unclamped during
H>0, applications but were reclamped following a 15 min
washout.

Reduction of Disulfide Bonds. In order to reduce any
disulfide bonds induced by HgCl, or H,O, applications,
10 mM DTT freshly prepared in MBS was applied to oocytes
for 3 min. Membrane potentials were unclamped during
DTT applications and the subsequent 15 min washout
periods. Then, as previously described, glycine concentra-
tion—response curves were again generated, or ECs, glycine
responses were tested, to confirm the reduction of bonds
formed during cross-linking.

Data Analysis

Nonlinear regression analyses were performed to calculate
glycine ECs, values and Hill coefficients for glycine concen-
tration—response curves. In addition, one-way ANOVAs
followed by Tukey’s post-hoc tests were used to compare
mean ECsq values. For experiments in which HgCl, was
coapplied with 100 mM glycine and for H,O, experiments,
repeated-measures ¢-tests were used. Statistical significance
was determined at p < 0.05, and all analyses were conducted
using GraphPad PRISM software (San Diego, CA).
Molecular Modeling

Homology Models Based on GLIC. The recent publication
of a high-resolution X-ray crystal structure of a prokaryotic
ligand-gated ion channel homologue from Gloeobacter vio-
laceus (GLIC, PDB ID 3EAM) (12, 13) provided one
template for a molecular model of the GlyR ol-subunit. A
homology model was built by threading the GlyR primary
sequence onto the GLIC template using the Modeler module
of Discovery Studio (DS 2.1; Accelrys, Inc., San Diego, CA)
as previously described (38, 58). In preparation for the
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Modeler module, we aligned the GlyR sequence with the
template using the Align Multiple Sequences module of DS
2.1. Then, we used a three-step procedure to adjust it. First,
we used the alignment of the ligand-binding domain of GlyR
with Torpedo nAChR ol as suggested by Brejc et al. (17).
Second, we used the alignment of nAChR al with GLIC as
suggested by Bocquet et al. (/2). Third, we adjusted the
resulting alignment of the GlyR with GLIC to compensate
for regions in which there was a lack or excess of residues in
the alignment of the two sequences. In particular, the GlyR
sequence has four more residues than GLIC in the vicinity of
GlyR D80. We aligned these four residues together before 5
strand 5 of GLIC (Loop 5 in the nomenclature of Brejc et al.
(17)). The alignments of TM segments 1 and 2 (TM 1 and
TM2) were constrained by conserved prolines in the center
of TM1 and at the end (23") of TM2. The latter alignment of
TM1 causes GlyR 1229 to face the intersubunit space, as
proposed in the GABA-A receptor (59).

Alignment of residues C-terminal to TM2 is more chal-
lenging because, as discussed previously (41, 44), there is little
homology among TM3 of the nAChR, GABA-A receptor,
or GlyR al. This lack of homology extends to the alignment
TM3 of the GlyR with GLIC. To resolve these inconsisten-
cies, we tested alignments to find which best fit our experi-
mental data. The alignments shown in Figure 1 begin with
the conserved proline at the C-terminus of TM2 (residue 23')
and continue to the end of TM4. Conserved residues are
indicated with an asterisk. This choice of alignments has
important implications: it causes GlyR A288 to face toward
the center of its subunit, consistent with intrasubunit disul-
fide cross-linking of A288C to S267C (28).

Alignment of residues in TM4 was a further challenge
because GLIC lacks most of the long intracellular TM3—4
loop observed in most Cys-loop receptors (12, 13) (Figure 1).
However, the GlyR TM4 sequence (SRIGFPMAFL) has
high homology with GLIC (Figure la and b), but not with
the nAChR (Figures 1c—g). The resulting alignment caused
GIlyR Y406, W407, and Y410 to face toward the center of the
subunit. Unfortunately, these residues were far to the extra-
cellular side of the membrane; near the water/lipid interface.
As aresult, we found that the models based on GLIC did not
fit our experimental data as well as those based on nAChR.
We note that the end of the TM4 sequence of the GlyR is
10 residues longer than that of GLIC. Because there are no
coordinates for these residues in the GLIC template, this
C-terminal end of TM4 was not included in the alignment
for modeling. It should, therefore, be kept in mind that the
GlyR model based on GLIC (Figure 5A) may represent a
nonstandard conformation of the C-terminal end due to
truncation of the GlyR TM4 helix.

We set up the GlyR and GLIC alignments as shown in
Figure la and then submitted five single-subunit GlyR
sequences, each aligned with a single subunit of the penta-
meric GLIC template, to the Modeler module of DS 2.1
with the constraint that the Cys-loop disulfide bonds
(C138—C152) in the GlyR should be preserved.

Homology Models Based on the nAChR. The 4 A resolu-
tion cryo-electron microscopy structure of the Torpedo
nAChR a-subunit (PDB ID 2BG9) (/5) was used as a
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template for the preparation of a model of a GlyR al
subunit. The PDB file for the 4 A structure of the nAChR
was edited to replace the TM3—4 intracellular loop with a
shorter sequence and provide an accurate template for the
TM domain of GlyR. Initially, a GlyR model was built with
our previously reported alignment between the GIlyR
and nAChR (44) using DS 2.1 (Accelrys, San Diego, CA).
In these alignments, either one or two gaps were inserted
between the end of the TM2—3 linker and the beginning of
TM3 in the GlyR. We first aligned TM4 of the GlyR with
GABA-A receptors as described by Bertaccini and Trudell
(44). Then, we aligned the GABA-A receptor sequence with
the nAChR as described by Sieghart and co-workers (41).
Finally, we aligned the nAChR (and consequently GlyR)
with GLIC as described by Bocquet et al. (12), and models
incorporating both a one-gap and two-gap alignment were
built. The distances between the C-o. carbons of A288 in
TM3 and residues in TM4 were measured (Table 3). The
additional gap in the (two-gap) models had the effect of
rotating A288C 100° clockwise with respect to the long axis
of the TM3 a-helix, as viewed from the extracellular end. We
selected the alignment in Figure lc because the resulting
model had the closest inter-residue distances between A288C
and those in TM4. An initial constraint on this model was
that residues known to modulate anesthetic potency should
be close to A288C (36, 59). A second set of constraints was
that the pore-facing and lipid-facing residues identified in the
literature should have appropriate orientations (36, 60—63).
Optimization of both GlyR Models. The resulting penta-
meric models had all newly generated loops optimized and
then all side chain rotomers automatically optimized. A
restraining harmonic potential of 10 kcal/mol-A* was ap-
plied to all backbone atoms for the following steps. The
models were optimized to a gradient of 0.001 kcal/mol-A
with the default spherical nonbond cutoff of 14 A and then
relaxed with molecular dynamics at 300 K for 50,000 1 fs
steps using the Accelrys version of the CHARMm force field.
Finally, the models were optimized again as described above.
The Ca—Coa distances between A288 and each of the TM4
residues M404 through K411 were measured with DS 2.1.
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