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ABSTRACT: The human glycine receptor (hGIyR) is an anion-
permeable ligand-gated channel that is part of a larger superfamily of
receptors called the Cys-loop family. hGlyRs are particularly
amenable to single-channel recordings, thus making them a model
experimental system for understanding the Cys-loop receptor family
in general. Understanding the relationship between agonist binding
and efficacy in Cys-loop receptors should improve our future
prospects for making specific agonists or antagonists. However, at
present, there is no high-resolution structure for the complete hGIyR,
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and thus, modeling is needed to provide a physical framework on

which to interpret single-channel data. The structure of the glutamate-gated chloride channel from Caenorhabditis elegans shows a
much higher level of sequence identity to human hGlyR than previous templates such as AChBP or the bacterial channels, GLIC
and ELIC. Thus, we constructed a model of the hGlyR and validated it against previously reported mutagenesis data. We used
molecular dynamics to refine the model and to explore binding of both an agonist (glycine) and an antagonist (strychnine). The
model shows excellent agreement with previous data but also suggests some unique features: (i) a water molecule that forms part
of the binding site and allows us to account for some previous results that were difficult to reconcile, (ii) an interaction of the
glycine agonist with S129, and (iii) an effect from E211, both of which we confirmed with new site-directed mutagenesis and
patch clamp recordings. Finally, examination of the simulations suggests that strychnine binding induces movement to a
conformational state distinct from the glycine-bound or apo state, not only within the ligand-binding domain but also in the

transmembrane domain.

H uman glycine receptors (hGlyRs) are pentameric ligand-
gated ion channels (LGICs) that mediate fast inhibitory
synaptic transmission in the spinal cord and brainstem."” When
the neurotransmitter, glycine, binds, the hGlyRs undergo a
conformational change that allows the transmembrane pore
region to selectively open to permeant anions such as chloride.
They are thought to play a key role in motor coordination and
the processing of inflammatory pain.®> Disruption of the normal
function of hGlyRs has been linked to autism* and is known to
cause most cases of hyperekplexia® (a rare inherited disease
associated with an exaggerated startle response). In vivo, the
hGlyRs can exist as homomers (comprised of only a subunits)
or heteromers that contain both a and /3 subunits.® The precise
combination of different subunits is spatiotemporally specific to
different parts of the central nervous system (CNS).” In vitro,
their suitability for single-channel work has made them a useful
model for probing the energetic landscape of conformational

change within ligand-gated ion channels.®
The hGlyRs are part of a large superfamily of receptors often
termed the “Cys-loop family” of receptors,” which comprises
both inhibitory (glycine and GABA,/GABA() and excitatory
(nicotinic and S-HT,) channels and is thus named because the
extracellular domain (ECD) of each subunit contains a
conserved 13-residue loop that is delimited by two cysteine
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residues that form a disulfide bond. For a lon% time, the
structure of the nicotinic acetylcholine receptor'®'" provided
the only way in which to relate physiological function to a
molecular framework. In recent years, however, the structural
information has been extended by two main factors: (1) the
discovery'” and structural characterization of the water-soluble
acetylcholine-binding proteins from four different molluscan
species'>™'¢ and (2) the identification'” and subsequent X-ray
structures of homopentameric prokaryotic homologues.'® >
The acetylcholine-binding protein (AChBP) was extremely
useful as a surrogate model for the binding site. Being amenable
to high-resolution X-ray crystallography, AChBP clearly showed
that the canonical binding sites are at the subunit interfaces and
provided useful insight into the binding mode for many
agonists and antagonists. In particular, AChBP structures
showed how the conformation of a key loop region, loop C,
varied with different compounds bound, capping the binding
site more tightly when an agonist was bound. AChBP can, with
some modification of the interacting loops, act as the ECD of a
functional channel when fused with the transmembrane (TM)
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domain of the SHT} receptor,”" but AChBP structures provide
no information about the channel pore or the transmembrane—
ECD region interface that has to transduce the agonist binding
signal to the channel gate. In addition to that, both AChBP and
the prokaryotic channels are limited in their sequence identity
with hGlyR a1 subunits (only 10% for AChBP). More recently,
the structure of an anion-selective pentameric channel from
Caenorhabditis elegans was determined,”* and because it is
eukaryotic and anion-selective and has the highest level of
sequence identity to hGlyR al subunits (42%), it should
provide an improved template on which to build a structural
model for interpreting hGlyR single-channel data.

Despite the advances in structural information, exactly how
ion channel activation maps onto the structures is still rather
unclear. In particular, it remains difficult to relate observations
made for AChBP and the prokaryotic LGICs to human LGICs
(as recently reviewed by daCosta and Baenziger).”® Fitting
kinetic models to single-channel data from recombinant a1, a2,
and a1f hGlyRs has led to the development of the so-called
“flip” state model,**>® which incorporates shut states between
agonist binding and channel opening. The “primed” states
model*’ provides a similar view. The most intuitive
interpretation of these models is that the closed intermediate
state (flipped or primed) reflects the conformational changes in
the extracellular domain before the channel opens. An ongoing
goal therefore is to relate the so-called “flip state” interpreted
from electrophysiological data back to structural and dynamical
data at the molecular level. In the case of hGlyR, this is made
more complicated by two factors. First, we do not have a crystal
structure, and second, in vivo, the receptor can be heteromeric.
Thus, for us to understand the flipped state in terms of a
structure, we first have to develop a three-dimensional model
that can account for existing data and make testable predictions.

Here, we report the development of a homomeric @1 model
based on the recent GluCl structure and show that it has
predictive power that is supported by electrophysiological
experiments.

B METHODS

Homology Modeling. The model of hGlyR was built using
homology modeling based on methodology described
previously.”® The protein sequences of human hGlyR al, C.
elegans GluCl, Gloeobacter violaceus GLIC, Erwinia chrysanthemi
ELIC, and human nicotinic acetylcholine receptors al—a7, a9,
and @10 were obtained from Uniprot, and a multiple-sequence
alignment was generated using Muscle.”® The sequence
alignment was manually adjusted on the basis of the
superimposition of the nAChR al [Protein Data Bank
(PDB) entry 2BG9Y], GluCl (PDB entry 3RIS), GLIC (PDB
entry 3EHZ), and ELIC (PDB entry 2VLO0) structures. As the
GluCl structure® had the highest level of sequence identity,
this was chosen as the final template. The final sequence
alignment between hGIyR al and GluCl (Figure S1 of the
Supporting Information) was further edited by replacement of
the gap between TM3 and TM4 of the hGIyR using a seven-
residue peptide (SQPARAA) from the GLIC channel as
reported previously.”® The comparative modeling program
Modeler (9v12)*" was used to build the homology model, and
100 homology models of hGlyR were generated. The DOPE
score® embedded in Modeler was used to rank the quality of
the models. The top five hGlyR models were further evaluated
using Molprobity,® and the top model (Figure 1) had 95% of
residues in the favored region of the Ramachandran plot (Table
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S2 of the Supporting Information). The remaining 5% were in
regions far from the binding site.

(A)

Membrane

(B)

B3-p4 linker

Figure 1. (A) Model of the homopentameric al glycine receptor
(hGlyR) based on the X-ray structure of the GluCl channel from C.
elegans (PBD entry 3RWS). Each subunit can be divided into two main
domains: an extracellular domain (ECD) and a transmembrane
domain (TMD). The intracellular domain is mainly comprised of the
large loop between M3 and M4, which is not included in this model.
The agonist glycine (spheres, not to scale) can bind to five binding
sites located at the interface between adjacent subunits in the ECD.
(B) Alternative views of a single subunit with the key structural
features highlighted.

Initial Pose Generation. The structure of strychnine was
extracted from PDB entry 2XYS.** Ligand docking of
strychnine and glycine to the homology model was performed
using AutoDock 423 Gasteiger charges were used, and
nonpolar hydrogens of the macromolecule and ligand were
merged. A grid box with dimensions of 40 A X 40 A X 40 A and
a grid spacing of 0.375 A was set up and centered on the
“aromatic box” (residues F63, F99, F159, Y202, and F207) of
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the hGlyR model. Docking was performed using a Lamarckian
genetic algorithm (LGA), with the receptor treated as rigid. For
glycine, 50 complexes were generated, and the best-ranked
score from the largest cluster [clustered by root-mean-square
deviation (rmsd) with the threshold set at 2.0 A] was selected
as the final pose. Docking strychnine, however, was not possible
via this method because the GluCl template has loop C in a
“closed conformation” (because it has glutamate bound). Thus,
we had to generate this initial pose manually by using the
AChBP-bound pose and translating it into the hGlyR model
and removing the steric clashes from loop C via steepest
descent minimization.

Molecular Dynamics (MD) Simulations. MD simulations
of the hGIyR in complex with glycine or strychnine (in all five
binding sites) and apo were performed using Gromacs 4.6.1.%
The homology model of the hGlyR was inserted into a pure 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) mem-
brane. The whole system was solvated in a box with dimensions
of 130 A X 140 A X 140 A containing 60769 TIP3P*’ water
molecules. Na" and Cl” ions were added to neutralize the
system and simulate a physiological concentration of 0.15 M.
The system was optimized with 2000 steps of steepest descent
minimization. The temperature of the system was set to 310 K
and was equilibrated for 100 ps in NVT and NPT ensembles
with the protein and lipids restrained with a force of 1000 kJ
mol™! nm™2 The restraints were removed, and the system was
equilibrated for 30 ns MD in the NPT ensemble. During the
first 10 ns of the simulation with glycine bound, we noticed that
for two binding sites, a water molecule entered into the binding
pocket from bulk solution and formed an interaction between
the amine group of glycine and the side chain carboxyl group of
E157. We repeated this process with a different force field and
this time observed that a water molecule entered three of the
binding sites at exactly the same position. Molecular mechanics
Poisson—Boltzmann surface area (MMPB-SA) energy calcu-
lations estimate the enthalpy of glycine binding to be 4.2 + 2.6
kcal/mol. Furthermore, docking with the water molecule
present leads to only one binding mode being predicted
(Figure S3 of the Supporting Information). In contrast, without
water present, docking can lead to a secondary pose for glycine
near the position of the proposed water. This secondary pose
can also be dismissed because of its failure to account for
previous mutagenesis results. Thus, we decided to include this
water in all five sites for simulations of the hGlyR bound with
glycine before proceeding with full production runs. This was
achieved by translating the water molecule into the equivalent
binding sites and fitting on the complementary subunit.

The system was equilibrated as stated before and followed by
150 ns of unrestrained MD. We set up three independent runs
of five glycines bound as we noticed that in the first simulation,
one of the glycines became unbound during the simulation. All
the simulations were performed using the AMBER99SB-
ILDN® force field for the lipid and protein, and the GAFF
force field for the compounds with a time step of 2 fs. All
bounds were restrained via the LINCS algorithm.> Particle
mesh Ewald (PME)* was used with a cutoff of 10 A for
nonbonded atom interactions, and neighbor lists were updated
every 10 steps. The protein, membrane, and water/ion were
coupled to a temperature of 310 K with a time constant of 0.1
ps. The x and y dimensions were scaled isotropically with a
Parrinello—Rahman barostat, and the z dimension was scaled
independently to a reference pressure of 1 bar with a time
constant of 1 ps and a compressibility of 4.5 X 10~*bar™".
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Mutations. MMPB-SA energy calculations were used to
estimate the mutational energy of binding of glycine and
strychnine both in the wild type (WT) and for a set of mutants
within the binding site previously reported to exert an effect.
Computational alanine scanning was performed with the
MMPBSA.py script integrated within AMBER12. We compared
these results with the effects of the same mutations on the
glycine ECy, and the strychnine ICy, (measured at glycine
ECs,) reported for recombinant glycine receptors in the
literature.*' ~** We used the mutant:WT ratios of ICy, or ECy,
values to estimate a free energy effect of the mutation by using
AAG = RT In(ECg muant/ECso wr) or AAG = RT In-
(ICSO mutant/ICSO WT) ag appropriat—e'

In principle, agonist ECg, and antagonist ICs, values are
affected both by binding affinity and by gating efficacy.** In the
case of the agonist, estimating a microscopic binding affinity
requires kinetic analysis of single-channel data. Our own work
with this technique has allowed us to measure glycine affinity in
a variety of wild-type glycine receptors, including al
homomers. Extending this work to survey the binding site
residues is not only laborious but also technically unfeasible for
extreme loss-of-function mutations, where full activation can be
reached only at agonist concentrations so high that they pose
experimental osmotic problems.”

The question here is whether the functional macroscopic
EC; shift produced by binding site mutations can be usefully
compared with the change in binding enthalpy (mutational
energy) produced by simulation of the same mutations in our
homology model. Given the structural data, we can safely
assume that the mutations considered in Figure S are in the
agonist-binding site and can affect agonist affinity. If a mutation
affects the resting state affinity, we would expect a linear
correspondence between the shift in affinity and the shift in
EC,. This sort of change would be seen for residues whose
interaction with the agonist does not change with activation
(and assumes there is no change in flipping).

We know that agonist affinity increases when the channel
flips from the resting state to the preactivated intermediate,
maybe because loop C closes in. It is conceivable that some
mutations could reduce only this increase in affinity, by
abolishing the new interactions that arise between the agonist
and the protein when the receptor activates and that cause
affinity to increase. For these mutations, the relation between
the change in ECg, and the change in affinity is not
straightforward. Nevertheless, we can use our single-channel
data for wild-type @l glycine receptors®* to estimate what
would happen to the glycine ECs, in the simplest of cases,
namely if mutations eliminate the increase in agonist affinity
seen with flipping. In WT channels, this is 7-fold. Because of
microscopic reversibility in the allosteric mechanism, if flipping
does not increase affinity, flipping cannot be favored by agonist
binding and the equilibrium constants for flipping have to be
the same at all states of ligation. If we assume that they are the
same as the WT monoliganded flipping, the mechanism
predicts that the 7-fold decrease in the affinity for the flipped
state would result in a 4-fold increase in the glycine ECsy,.
Because channel opening is stabilized by the increase in the
affinity in the binding site as agonists bind, these mutations are
also expected to impair overall channel gating. For the
mutations we examined, a substantial loss of gating (judged
for instance by comparing the taurine/ §lycine relative maximal
response) has been reported for F63A™ (but see also ref 41)
but not for F1S9A or R65A.
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For the antagonist, the ratio of mutant to WT ICy, values is
expected to reflect true affinity changes produced by the
mutation, in the very simplest case of mutually exclusive
binding of agonist and antagonist to a single binding site and
agonist responses measured without distortion by desensitiza-
tion. In this case, the Cheng—Prusoff relation applies

(O

(4]
L+ g

K, =

(1)

where [A] is the agonist concentration at which ICg, was
determined. If [A] = ECqy, the strychnine Ky is ICgo/2. If the
agonist loss of function is considerable in the mutants, ECs
may be too high to be measurable, because concentrations
above 250—300 mM cannot be applied without increasing the
solution osmolarity beyond acceptable levels. If the strychnine
ICs is determined against glycine concentrations below ECsy,
the ICy, value would be closer to or equal to the Ky. This is the
case for F63A and R65A, and this means that the experimental
values we describe are lower bound estimates.
Electrophysiology. Homomeric a1l hGlyR were expressed
in HEK293 cells (American Type Culture Collection) by
calcium phosphate transient transfection as previously
described.*® Cells were transiently transfected with pcDNA3
plasmids (Invitrogen) encoding the @l hGlyR subunit
(GenBank accession number AJ310834) and plasmid pEGFP
for the expression of the enhanced green fluorescent protein
(Clontech; to allow detection of transfected cells) in a 1:2.5
ratio. The total amount of DNA was 3 ug per dish. Each dish
contained 2 mL of culture medium and a single, 15 mm
diameter coverslip coated with poly-L-lysine [0.]1 mg/mL
(Sigma)]. Dishes were 35 mm Nunc Tissue Culture dishes
obtained from Scientific Laboratory Supplies (SLS). Mutations
were inserted using the QuikChange site-directed mutagenesis
kit (Stratagene) following the manufacturer’s instructions. The
full reading frame of the plasmid was sequenced by Source
BioScience (http://www.lifesciences.sourcebioscience.com/).
Starting 24 h from transfection, whole-cell recording
experiments were conducted at room temperature (21 °C)
and a holding potential of —60 mV [uncorrected for the
junction potential of 8 mV as calculated in pClampl0
(Molecular Devices)], with pipettes pulled from thick-walled
borosilicate glass [with filament (Harvard Apparatus)] to a final
resistance of 5—10 M when filled with internal solution
[consisting of 81.1 mM potassium gluconate, 11 mM EGTA, 1
mM CaCl,, 1 mM MgCl,, 10 mM HEPES, 20 mM TEAC], 2
mM MgATP, 40 mM glucose, and 26 mM KCl (pH adjusted to
7.4 with NaOH)]. This “low-chloride” solution was chosen for
consistency with planned single-channel recordings in the cell-
attached configuration, where the intracellular chloride
concentration will be the physiological concentration inside a
HEK cell. It is important to be consistent as intracellular
chloride affects GlyR kinetics.” The access resistance was
below 3—7 MQ and compensated by at least 70%. The bath
solution consisted of 20 mM sodium gluconate, 112.7 mM
NaCl, 2 mM KCl, 2 mM CaCl,, 1.2 mM MgCl,, 10 mM
HEPES, 10 mM TEAC], and 30 mM glucose (pH adjusted to
7.4 with NaOH). Current responses were recorded using an
amplifier (AxoPatch 200B, Molecular Devices), digitized, and
stored directly on a computer hard drive (sampling rate of 20
kHz, S kHz low-pass Bessel filter, pClamp10 software).
Different concentrations of the agonist glycine were applied
for 1-2 s to cells by a U-tube,* achieving an exchange time of

6044

10—50 ms. Response rundown was monitored by repeating a
standard agonist concentration every fourth response and using
this for compensation. Cells were discarded if rundown was
>30% or if more than 15 min was needed to complete the
dose—response curve.

A full concentration response curve was obtained in each cell,
and peak current responses were measured and fit using CVFIT
(available from OneMol.org) and the Hill equation:

I=1,[A]"/([A]™ + ECy,™) (2)

where I represents the current response, I, the maximal
response, A the agonist concentration, ny the Hill coefficient,
and ECy, the concentration of agonist needed to evoke 50% of

the maximal response.

B RESULTS

Conformational Behavior. Molprobity analysis of the
model (Table S2 of the Supporting Information) suggested it
was stereochemically sound, in fact having a percentage of
residues in the favored regions higher than that in the X-ray
structure of the pentameric ligand-gated ion channel of G.
violaceus, GLIC (PDB entry 3EHZ), and the EM structure of
the Torpedo nicotinic acetylcholine receptor (PBD entry
2BGY). We then proceeded to model agonist- and antago-
nist-bound states (as well as the apo receptor). To generate the
initial models of the glycine (agonist)-bound and strychnine
(antagonist)-bound states, we docked those ligands to all five
binding sites, and given that the movement of loop C in Cys-
loop receptors is thought to undergo rearrangement dependent
on binding site occupancy, we performed 150 ns MD
simulations to explore the binding modes further. As described
in Methods, we also incorporated, into all five binding sites, a
key water molecule, which in glycine-bound simulations was
observed to enter the binding site directly from bulk. Because
glycine is the natural agonist, we repeated that simulation two
more times (giving three independent simulations in total). In
one simulation, all five glycine molecules remained bound
(termed the GlyS simulation hereafter); in the second and third
simulations, however, two glycines became unbound. We refer
to these simulations as Gly3 and Gly3’, respectively. Analysis of
Gly3 and Gly3’ simulations showed that the glycine molecules
left at different times during the simulation (Figure S$4 of the
Supporting Information), but the pathway of dissociation was
different for all four glycine molecules. Furthermore, it did not
appear to correlate with large motions of loop C, though the
GlyS simulation suggests that if loop C is tightly bound, then
glycine dissociation is less likely.

As a first-pass assessment of the models, the rmsd (Figure
2A) shows that there are no large conformational changes in
any of the systems and that for the latter half of the simulations
(75 ns onward) the trend is Apo > Stry > Gly3 > Gly3’ > GlyS,
suggesting that the presence of an agonist restricts conforma-
tional movement, a feature of conformational dynamics that we
have observed previously for other unrelated receptors.*” To
gain insight into which regions of the protein were differing the
most between the simulations and the initial state, we
performed an rmsd per residue analysis (Figure 2B). This
suggests that the largest differences occur in loops A—C and
also in transmembrane domains 2 and 3.

The rmsd per residue analysis (Figure 2B) suggests that the
conformational variation in the strychnine and apo simulations
is quite similar and is larger than that in the Gly5 simulation.
The smaller change for the latter is reasonable considering the
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Figure 2. (A) Evolution of the Ca root-mean-square deviation (rmsd)
of the human a1 glycine receptor (hGlyR) from the initial model in
the MD simulations. MD simulations were performed on the hGlyR,
one in the apo state (Apo), one with strychnine (Stry), and three with
glycine. All binding sites were occupied at the start of the simulations.
In one of the glycine-bound simulations, two glycines moved out of
the binding site and three remained (Gly3); in another simulation, two
glycine molecule also unbound and three remained in the binding site
(Gly3’), and in the final simulation, all five glycines remained bound
(GlyS). (B) Structural deviation of the hGlyR from the initial model
after 150 ns as shown by the residue rmsd. The rmsd was calculated
using the last frame from 150 ns of MD and the initial hGlyR model.
Data for the hGlyRs in the apo state and bound with strychnine and
glycine are colored black, red, and blue, respectively.
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Figure 3. Loop C opening from simulations of the Apo (A), Stry (B),
Glys (C), Gly3 (D), and Gly3’ (E) simulations defined as the distance
between Car of Q203 on loop C and Ca of S40 on the f3 sheet of the
adjacent subunit and shown in different colors for each subunit. The
mean distance is shown as the magenta line. A comparison of the
mean difference between Car of Q203 on loop C and Ca of S40 on the
P sheet of the adjacent subunit obtained from each of the simulations
shown in panels A—E is shown in panel F.

initial model was built using GluCl as the template and
represents an open or desensitized state.”>*® However, closer
inspection revealed that the strychnine-bound simulation
behaves quite differently from all the other simulations. Of
central importance for Cys-loop receptor activation is the
movement of loop C. We thus explored the opening and
closing of loop C (Figure 3) via the definition of a distance
between Ca of Q203 in loop C and Ca of S40, which is
positioned on a f§ sheet (f1 in Figure 1B) at the rear of the
binding pocket. It can be seen that the apo simulation shows
(Figure 3A), as expected, considerable variation in the distance,
but for the strychnine-bound simulation, the distance is at
higher values consistent with the view that the presence of the
antagonist prevents the full closure of loop C."**'

In the glycine-bound simulations, when loop C is tightly
bound, as in the GlyS simulations (Figure 3C), glycine remains
bound. From panels D and E of Figure 3, we initially suspected
that loop C movement led to glycine unbinding, as in the Gly3
simulation (Figure 3E), two loops C exhibited larger distance
fluctuations (red and black traces) and in the Gly3’ simulation
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(Figure 3D) one loop C exhibited larger distance movements
(red trace). To investigate this further, we examined whether
the unbinding of glycine from the principal subunit was
correlated to the movement of loop C from the same subunit
(Figure S4 of the Supporting Information). It appeared that
there is almost no correlation between the time loop C opens
(as measured by the distance between Car of Q203 on loop C
and Ca of S40 on the f sheet) and the timing of the unbinding
event (as measured by the distance between the nitrogen of the
glycine and Ca of F159 on the receptor). Although there was
no correlation in the timing, we did observe that in three of the
four simulations in which unbinding was observed, the Q203
Ca—S$40 Ca distance showed a prolonged increase (reflecting
opening of loop C) and that unbinding occurred during that
phase of increased distance. However, we also observed that
one subunit showed a prolonged increase in the Q203 Ca—S40
Ca distance, but this was not accompanied by unbinding of
glycine (Figure S4B of the Supporting Information, gray
traces). Thus, the opening of loop C increases the probability of
glycine unbinding but does not necessarily make it inevitable on
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these short (150 ns) time scales. Given we also observed
glycine unbinding from one subunit that showed very little
increase in the Q203 Ca—S40 Ca distance, it appears that a
large movement of loop C is not a prerequisite for glycine
unbinding; it just appears to increase the likelihood of
unbinding, as might be expected intuitively.

The GluCl structure has both an agonist and an allosteric
potentiator (ivermectin) bound and has been suggested to
reflect an open state.”>>> Indeed, its minimal pore radius is 2.53
A, which might be consistent with it being permeable to water
at least in MD simulations.>>® However, removal of ivermectin
has, in microsecond simulations, been shown to result in a
closed pore conformation.”* We analyzed the behavior of the
pore region across all of the simulations and found that all of
them resulted in a pore that was closed (Figure SS of the
Supporting Information), suggesting a conformational state
more reflective of the desensitized state and in line with
previous reaports of GluCl dynamics in the absence of
ivermectin,>>* and with models of the glycine receptor
constructed from prokaryotic templates> and other prokaryotic
LGICs*

It has recently been shown that hGlyR can be made to open
constitutively by inserting and cross-linking a pair of cysteines
at either side of the ECD—TM domain interface. By analogy
with the structure of a similarly mutated GLIC channel], it has
been suggested that GlyRs can enter an “intermediate” or
“locally closed” conformation®” when a disulfide bond is
formed between TS4C and L274C [in the $1—f2 linker at the
bottom of the ECD and in the M2—M3 linker in the TM
domain (see Figure 1B)]. We explored this hypothesis in the
models. We found that in the GlyS simulation, the mean
distance between T54 and 1274 Ca (~5.5 A vs 4.9 A in ref 50)
was compatible with the ability to form a disulfide bond (Figure
4). The Apo, Gly3, and Gly3’ simulations adopted positions in
which the two residues were slightly further apart, but perhaps
the most startling divergence was in the Stry simulation, in
which this distance is increased by approximately 4 A over the
course of the simulation (Figure 4B), suggesting that the
presence of an antagonist could move the receptor into a
conformational state distinct from that induced by agonists
from the apo conformation. Because the Gly3 and Gly3’
simulations showed glycine dissociation events, we also
examined whether their timing was correlated with that of
the increase in the TS54 Ca—L274 Ca distance. There appeared
to be no correlation between the timing of these events, but the
principal subunits from which dissociation occurred were also
likely to exhibit larger overall TS4 Ca—L274 Ca distances.
However, the small number of noisy events makes it difficult to
say anything beyond speculation at this stage.

Ligand—Protein Interactions. As described in Methods,
in the initial MD runs of the apoprotein, we observed a water
enter the binding pocket and occupy a position near the side
chain carboxyl oxygens of E157. Two or three (we repeated the
simulations) water molecules were seen to enter in <10 ns,
suggesting that this position is favorable for water occupancy,
and thus, this water was included in all glycine-bound
simulations, where it was observed to be maintained in all
binding sites for the whole duration of the simulations. When
the glycine is bound, the water essentially mediates the contact
of the amine group of the glycine with E157 (Figure SA). The
water molecule is additionally stabilized by contacts with S158.
This differs from the previously proposed model of Grudzinska
et al.*! in which the glycine interacts directly with E157, with
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(A)

B1-B2 linker

Distance (A)

_ 750
Time (ns)

Figure 4. Analysis suggests that the conformational state of the
glycine-bound and Stry simulations may reflect the recently identified
locally closed state. (A) Overlay of the initial model (cyan), the GlyS
final frame at 150 ns (purple), and the Stry final snapshot (red)
showing the relative positions of TS4 and L274 that Prevost et al.
recently showed that when mutated to cysteine and oxidized could
form a locally closed state. (B) Evolution of the TS4 Ca—L274 Ca
distance as a function of time. It is apparent that the strychnine-bound
state is conformationally distinct and places these residues at a distance
that is not compatible with disulfide bond formation.

no water in the binding site. Our model is consistent with the
data and the model of Pless et al>® in that there is an
interaction with F159, although not as strong (on the simple
basis of distance) as might be expected from their
interpretation, and that there is not a cation—x interaction of
the glycine amino moiety with F207. The carboxyl end of
glycine is stabilized by $129 and R65. The mode of interaction
with strychnine bound (Figure SB) shows that the antagonist
pushes loop C outward and forms many nonpolar interactions,
with F63, F159, and Y202 in particular.

As a step toward validating the model, we estimated the
energetic contribution to binding of several mutations
predicted by the model with glycine or strychnine bound
using an MMPB-SA approach (see Methods). When compared
to a simple model to account for ECg, or ICs, changes (see
Methods), the predicted effects on the binding affinity are in
remarkably good agreement with IC, data for these residues in
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Figure 5. Binding modes of glycine (A) and strychnine (B). The
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found to enter the binding pocket to help stabilize the bound glycine is
shown as a red sphere and labeled WAT. A hydrogen bond network
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Panels C and D show the mutational energies, which were derived
from experimental data,*"** via the use of AAG = RT In(ECsy mutant/
ECso wr) or AAG = RT In(ICsy mnutant/ICso wr) as appropriate (blue
bars; see Methods for assumptions), and calculated using the MM-
PBSA method (red bars). Given the profound loss of agonist potency
for F63A and R65A (see Methods), the blue bars are a lower bound
value. Upper bounds are 3.79 and 1.276 kcal/mol for F63A and R65A,
respectively.

41,44

the binding site
S.

as can be seen in panels C and D of Figure

Because the interaction of E157 with the water is a feature
unique to our model, we explored the effect of mutating this
residue to aspartate via additional 100 ns simulations. The
E157D mutation maintains the negative charge but decreases
the length of the side chain. We hypothesized that the shorter
side chain should be less effective at stabilizing the intermediate
water molecule. As expected, we observed that this water
molecule in the mutant exchanged much more readily with bulk
water molecules than the wild type did (Figure 6).
Furthermore, the carboxylate oxygen in D157 in the mutant
is much less able to make a hydrogen bond with the Y202
hydroxyl side chain, and this results in a more mobile loop C
even in the presence of the agonist (Figure 6D,E).
Experimentally, Betz and co-workers*' showed that the
E157D mutant exhibits a dramatic increase in the glycine
EC,, which they interpreted as the weakening of a direct
interaction between residue 157 and the glycine molecule. In
our model, the glycine is shifted more toward the
complementary subunit (on the right-hand side of Figure 6),
and a consequence of that is that it also interacts with a
previously unreported (in glycine receptors) residue, S129.
Interestingly, when the equivalent position in nicotinic
acetylcholine receptors was mutated to a cysteine along with
another cysteine in loop C, oxidizing conditions led to channels
that exhibited long openings in quick succession, suggesting
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that a covalent trapping of the conformation of loop C leads to
a higher likelihood of being in the flipped (primed) state.”” To
test our model further, we introduced an S129A mutation and
obtained a dose—response curve for glycine on the homomeric
mutant receptor by whole-cell patch clamp. Figure 7 shows the
normalized current response and clearly shows that that SI29A
mutation decreases the potency of glycine and causes a
rightward shift in EC, from 0.1 to 0.9 mM, thus validating the
mode of glycine binding shown by our model.

B DISCUSSION

Previous models of hGlyRs were mostly based on the
acetylcholine-binding protein or the GLIC channel from G.
violaceus. The GluCl channel shows a much higher level of
sequence identity and is also anion-selective. Thus, it may be a
more suitable template for the generation of a model in the
absence of a crystal structure for hGlyR itself. James et al.>’
recently used GIuCl as a template for their human hGIyR
model, but with a view of examining mutations in the
transmembrane domain, rather than in the ligand-binding
region as we do here. One notable difference in our model
compared to previous models was the consideration of a
potential water molecule in the binding site. There is growing
recognition of the importance of water in the ligand binding
process,’”®" and indeed, in the related acetylcholine-binding
protein (AChBP) crystal structures (which are sometimes used
as a surrogate for full-length nicotinic acetylcholine receptors),
water molecules have been observed to mediate ligand—protein
interactions.">'¥> Thus, there is a structural precedent for
modeling a water molecule within this pocket. The location of
this water leads to an important difference between our and
previously reported ligand-binding site models of the hGlyR.

Grudzinska et al.*' argued that a direct interaction between
the amino group of glycine and E157 was likely on the basis of
the dramatic increase in the ECy, for glycine produced by the
E157D mutation. The relative decrease in the potency of
taurine was represented to be smaller, which was rationalized
on the basis that taurine is longer and thus could “extend” far
enough to reach the shorter aspartic acid in the E157D mutant.
However, the absolute ECy, values for glycine and taurine could
not be reliably measured in the mutant, where they are equal to
or greater than 250 and 300 mM, respectively, indicating
substantial but indistinguishable loss of potency for both
agonists. Therefore, it is not entirely obvious this model
accounts for the mutational effects completely. Our model and
simulation data provide an alternative explanation for the
change in efficacy in the E157D mutant. In our model, we
noticed that there was an extensive hydrogen bonding network
that links the agonist through a water molecule to E157 to
K200 to Q1SS to E211 (see Figure SA). In the E157D
simulations (Figure 6), we observed that the water molecule
was rather less stable than that in WT simulations, thus
interrupting the hydrogen bonding network in this region. This
also disrupts the interaction between the side chain at 157 and
Y202, which in turn leads to an increased level of movement of
loop C, even on the time scale of these simulations.

To explore this hypothesis further, we introduced K200A and
E211A mutations and found that E211A produces a modest
increase in glycine ECg;, comparable to that seen with S129A
[0.51 + 0.13 and 0.90 + 0.31 mM (n = 4 and 5) for E211A and
S129A, respectively, vs 0.10 = 0.0l mM in WT (n = 7)]. A
greater loss of glycine sensitivity was seen with K200A, which
had an ECg, of 8.75 + 1.8 mM (n = 4), in agreement with the
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Figure 6. Mutational effect of the E157D mutation. (A) WT, in which E157 participates in an extensive hydrogen bonding network. (B) In the
E157D mutation, this network is destroyed and the amino group of the agonist often fails to make a hydrogen bond with the water, which in turn is
destabilized. (C) Number of water exchanges at this position vs time for WT (black) and the E157D mutant (red). The water at two of the binding
pockets undergoes substantial exchange. There are only four lines because one glycine left the binding pocket in these simulations. (D) Distribution
of the distance between Ca of E157 and Ca of Y202 of the five binding sites. (E) Root-mean-square fluctuations of loop C residues.

report by Rajendra et al.> Although this correlation is alluring,
we should note that this requires much more detailed
examination as one always has to be careful when relating
EC, data back to a physical model of interactions, and it is
impossible to tell at this stage whether the mutation disrupts
the initial binding of glycine to the resting state, the glycine
stabilization of the preopening intermediate state, or the ability
of glycine to open the channel once bound (for a discussion,
see Methods). One interpretation is that our model suggests
that this hydrogen bonding network may play an important role
in transmitting the effect of glycine binding down to the
transmembrane domain and that interference of this network
will lead to changes in the ECso. However, we cannot rule out
alternative explanations; this hydrogen bonding network could
have a purely local effect as a means of optimizing ligand
binding, for example.

Even though the binding mode reported by Pless et al. does
not involve a water molecule, the pose is in fact quite close to
that presented here, although our initial pose does not place the
amine group as close to F159 as they have. The binding pose in
their paper’® was based on the interpretation of cation—7
effects whereby there was a clear correlation between the
glycine ECy, and the cation—7 binding ability of the fluorinated
Phe derivatives at position 159, but not at other positions. In
the simulations, the amine group of the glycine can get close to
F159 and is typically between 3.5 and 4 A away. Modern force
fields do not explicitly account for cation—n interactions.
Opverall though, these poses are in reasonable agreement.

An added complication to this analysis was that the glycine
molecules were prone to unbinding. Interestingly, there was no
obvious correlation between the extent of loop C opening and
the dissociation of glycine, and indeed, we observed different
pathways for each dissociation event. It appears that only a
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small movement of loop C is required to allow the glycine to
escape (see Figure 3). It is tempting to speculate here that loop
C has to fully lock down before that subunit can contribute to
the activation process, and that this motion might form a
component at least of the flipped state. Furthermore, even in
the GlyS simulations, the mobility of the glycine ligands was
very dynamic within the binding pocket. This might appear to
be counterintuitive given that glycine is the endogenous ligand.
However, it may well reflect the fact glycine can adopt many
different orientations while bound to the receptor, but that only
one binding mode is compatible with entering the flipped state.

Conformational State. During the simulations reported
here, the model was observed to undergo a distinct closing in
the TM region. Closing of the pore was observed previously in
simulations of GluCL>® In that study, they speculated the
closure could be attributed to the absence of ivermectin or due
to an intrinsic closing tendency, which had also been postulated
for simulations of the GLIC channel.®* More recently,
simulations of GluCl with and without ivermectin present™*
confirmed the apparent role of this molecule in affording
stabilization of a more open conformation. Ivermectin is known
to interact with hGlyRs,” so it would seem likely the behavior
of the TM is a reflection of its similarity to the GluCl channel.
Indeed, preliminary simulations with ivermectin to our model
suggest it is capable of maintaining the open state of the
channel.

However, what was particularly striking was the observation
that the state of the strychnine-bound simulation (Stry),
although also closed, appears to be very different in terms of the
LBD—TM interface gating region. The glycine-bound and apo
simulations appear to reflect the locally closed state as recently
proposed for hGlyR,*” but the strychnine-bound simulation
appears to be much more strongly influenced by the presence

dx.doi.org/10.1021/bi500815f | Biochemistry 2014, 53, 6041—6051



Biochemistry

A glycine

0.03 mM

glycine
0.05 mM

glycine
0.07 mM

i

2nA

glycine
0.1 mM

-

glycine
0.2mM

glycine
0.5 mM

f"r‘w

-

5s
glycine glycine glycine glycine glycine
0.3mM 1mM 3mM 10 mM 30 mM
1nA
B 4s
T
o 1.0
|
5
o 0.8
S 06
o |
o
T 04
(V]
2
s 0.24
£
S 0.0— T T : T T N
< 001 04 1 10 100 1000

[Glycine], mM

Figure 7. Sensitivity of the channel to the agonist glycine is reduced by
mutating residues predicted to interact directly with the agonist
(S129) or indirectly via the hydrogen bond network shown in Figure S
(K200 and E211). (A) Whole-cell current responses recorded for WT
(top) and SI29A mutant (bottom) hGlyRs in response to the
application of various concentrations of glycine. (B) Dose—response
curves for hGlyRs, normalized to their maximal response: WT (black),
S129A (red), E211A (green), and K200A (blue). The symbols show
the mean values (with error bars for the standard deviation of the
mean, where this is larger than the symbol size) for the recordings
included in the analysis (1 = 4—7 cells). The solid lines are fits of the
Hill equation.

of the antagonist. This suggests that the effect of the antagonist
on the loop C conformation is transmitted more immediately
to the LBD—TM interface. Fluorimetry experiments have
previously suggested that strychnine or other competitive
antagonists can induce distinct conformational changes
(compared to agonist-bound protein or apoprotein) in Cys-
loop recegtors, as exemplified in both GABA, receptors®® and
hGlyR.®7%
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Clearly though, more repeats of this setup would be
beneficial for determining whether this effect is a genuine
consequence of antagonist binding or just a stochastic process
at this stage. That is beyond scope of this work but is
something we are currently exploring further. Determining the
mechanistic state to which the physical models correspond has
proven to be more difficult than anticipated, and it may well be
that there are subtle, but distinct, differences between
prokaryotes and eukaryotes adding to the complication.”’
Regardless, when compared to the recent nuclear magnetic
resonance structure of the transmembrane domain,” the pore
region is most definitely closed in all of our systems.

B CONCLUSION

We have shown here that the GluCl structure can provide a
good template for modeling the human hGlyR al homo-
pentamer. The model suggested the inclusion of a key water
molecule in the binding pocket and allowed us to make
prospective predictions that have allowed us to identify another
residue, S129, that plays a central role in agonist binding. For
the agonist-bound form and the apo state, we suggest the
model most closely resembles the locally closed state, but for
strychnine, it may be more reflective of the resting state of the
receptor.
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