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ABSTRACT: Glycine receptors (GlyR) conduct inhibitory
glycinergic neurotransmission in the spinal cord and the brainstem.
They play an important role in muscle tone, motor coordination,
respiration, and pain perception. However, the mechanism
underlying GlyR activation remains unclear. There are five
potential glycine binding sites in a1l GlyR, and different binding
patterns may cause distinct activation or desensitization behaviors.
In this study, we investigated the coupling of protein conforma-
tional changes and glycine binding events to elucidate the influence
of binding patterns on the activation and desensitization processes
of al GlyRs. Subsequently, we explored the energetic distinctions
between the apical and lateral pathways during al GIlyR
conduction to identify the pivotal factors in the ion conduction
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pathway preference. Moreover, we predicted the mutational effects of the key residues and verified our predictions using
electrophysiological experiments. For the mutants that can be activated by glycine, the predictions of the mutational directions were
all correct. The strength of the mutational effects was assessed using Pearson’s correlation coefficient, yielding a value of —0.77
between the calculated highest energy barriers and experimental maximum current amplitudes. These findings contribute to our
understanding of GlyR activation, identify the key residues of GlyRs, and provide guidance for mechanistic studies on other pLGICs.

B INTRODUCTION

Glycine receptors (GlyRs) belong to the pentameric ligand-
gated ion channels (pLGICs). With other pLGICs, such as
nicotinic acetylcholine receptors (nACHRs), serotonin-3-
receptors (S-HT3R), y-aminobutyric acid-A-receptors (GA-
BA4R), and zinc-activated channel (ZAC), they are important
in intercellular communications in the nervous system.'™"
Similar to GABA,R, GlyRs function at inhibitory synapses in
the human body, mediate glycinergic neurotransmission in
sensory and motor neurons (in the spinal cord and brainstem),
and play vital roles in muscle tone, motor coordination,
respiration, and pain perception.” ® It has been broadly
reported that GlyRs stay in the closed state without agonists
bound, and the binding of glycine to the extracellular interface
of the two subunits (Figure 1b,c) can help stabilize the open
state (ion-conductive state).9 However, repetitive or prolonged
binding of glycine can trigger a conformational change from
the open state to the desensitized state where ions can hardly
be conducted.”'® A diverse array of agents, including
neurosteroids, cannabinoids, metal ions, toxins, and certain
general anesthetics (volatile compounds, such as desflurane
and chloroform), have been demonstrated to modulate
GlyRs."' ™" Dysfunction of GlyRs could cause severe diseases,
including hyperekplexia.'“™>* Recent studies have presented
that mutations in the human GlyR a1 and f subunits are the
primary causative factors for startle disease.'°”** The ability of
GlyRs to inhibit nociceptive signals within the dorsal horn of
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the spinal cord and their function in the motor reflex circuits of
the spinal cord have led to the emergence of GlyRs as potential
therapeutic tarﬁets for pain alleviation, muscle relaxation, and
other diseases.' ' ****’

GlyRs are pentamers comprising different subunits that
assemble in various forms, including homomers comprising
solely of a subunits or heteromers comprising a and f
subunits.”® The predominant subunit stoichiometry is 4a:1/
for heteromeric receptors.”” Each subunit contained a
transmembrane domain (TMD) formed by four a-helical
bundles (M1—M4), an extracellular domain (ECD) folded
into a twisted ten-strand f-sheet, and an unresolved intra-
cellular domain (ICD) located between M3 and M4 (Figure
1b,c).”® The transmembrane ion conduction pore of GlyRs is
formed by the M2 helices of the five subunits, which is
important for GlyR selectivity for anions,>! receptor activation,
and desensitization.”> One question is how anion/cation
discrimination is achieved. Research has shown that the charge
selectivity filter of a1 GlyR is in the region of the —1" and —2’
positions (residues in pore-lining M2 helices, Figure 1d). This
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Figure 1. (a) CG free energy profile of a1l GlyRs in the gating cycle (closed-open-desensitized-closed) without agonist binding, with the free
energy of the closed state set to zero. I and T denote different intermediate and transition states, respectively. The four energy barriers from the
closed to open state and from the open to desensitized state are marked with dashed lines and the corresponding numerical values. Error bars are
colored in orange. Green cartoons represent conformational differences in each state. (b) Structure of a1 GlyR. Glycine molecules bind to the
interface between the two subunits. The position of the membrane is denoted in gray. (c) M2 helical orientations in closed (orange), T, (green),
and open (teal) states. For clarity, only two nonconsecutive GlyR subunits (teal cartoons) complexed with glycine ligands (spheres) in the open
state are shown. M2 helices are magnified with licorice back presentation. For residues whose side chains face the channel pore, all heavy atoms are
shown in licorice, with the residue label corresponding to the sequence in panel d. (d) Residues sequence lining the M2 helix. The intermediate
positively charged R in the M2 helix was designated 0. The residue index of the —2’ position was 244 in our calculation.

was evidenced by the observation that the mutation from A to
E in the —1’ region (residues in pore-lining M2 helices, Figure
1d) was sufficient to convert al GlyR into a cation-selective
channel.>*** In addition, Cymes et al. proposed that not only
the charge sign of ionized residues but also the orientation of
the ionized side chains determine the charge selectivity for
GlyRs.*>*® Regarding the activation and desensitization of
GlyRs, it was demonstrated that the upper part of the channel
carries the activation gate, with the 9’ residue (residues in
pore-lining M2 helices, Figure 1d) serving as the bottom end
of the activation gate.””’® The desensitization gate was
identified at the intracellular end of the pore (between
positions —3' and 4’ (residues in pore-lining M2 helices,
Figure 1d)) in proximity to the selectivity filter.””*’

GlyRs are among the most extensively studied proteins
within the pLGIC family. Recently, GlyR structures in multiple
states complexed with diverse agonists, antagonists, and
modulators have been determined.">””*'~* Du and co-
workers were the first to obtain full-length electron cryo-
microscopy structures of zebrafish al GlyR bound to
strychnine, glycine, or glycine/ivermectin.*’ A study by
Kumar et al. reported al GlyR structures with A-
tetrahydrocannabinol (one of the cannabinoids) binding at
the TMD in multiple conformational states, elucidating the
molecular basis for cannabinoid-mediated potentiation of
GlyR.* In GlyR activation, Glycine binding is a preliminary
process, triggering subse%uent GlyR conformational changes
and CI” conduction.*”*” It has been postulated that an
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intermediate closed state exists between closed and open states
that lasts longer with partial a§onist binding, while it lasts
shorter with glycine binding.”*~>" It is encouraging to note that
Yu et al. reported the predicted intermediate closed state
structures with GABA or taurine (partial agonists) binding,
hinting that the intermediate closed state of GlyRs with glycine
binding exists before full activation and is short-lived and hard
to detect. They also successfully determined zebrafish al GlyR
structures in open and desensitized states with taurine, GABA,
or glycine binding.** These structures provide the opportunity
to employ advanced modeling and simulation tools to
investigate these systems.

The activation of GlyRs is a complex physiological process™*
influenced by numerous factors, including the type***>*° and
the number of agonists.””*” For homomeric @l GlyRs, there
are five equivalent binding sites, each of which can bind one
glycine molecule as an agonist. Agonists generate currents that
may be single or bursting in nature. Bursts are defined as
groups of currents separated by relatively long periods of
closure.”®” One noteworthy phenomenon in GlyR activation
is the observation of at least three distinguishable open states
with varying mean burst durations.”>*" The burst duration
distributions exhibited concentration-dependent behavior, with
long bursts being generated at high glycine concentrations and
short bursts being more frequent at low glycine concen-
trations.” In their study, Beato et al. proposed that any number
of glycine molecules from one to five can open the channel,

although with varying degrees of efficiency. They further
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Figure 2. (a) Seven glycine binding patterns; the star designates glycine, and the green cycle denotes the a1 GlyR subunit. (b) Coupled free energy
profile of conformational change and glycine binding for all glycine binding patterns. For each situation, AG, is the activation barrier, AG, is the
desensitization barrier, AG; is the energy difference between the closed and desensitized states (AG; = Gyeensitized—Gelosed)- () Three key AG

changes result from different glycine binding patterns compared to the
binding patterns, whereas Y-axis stands for AG changes in kcal/mol.

apo states. AAG = AGy;,q—AG,,,, X-axis represents various possible glycine

Error bars are colored in black.

suggested that at least three glycine molecules were required
for the effective opening of al GlyRs.”**”°"** Nevertheless,
the impact of varying glycine molecule binding on GlyRs
activation and desensitization behaviors remains unclear,
prompting further investigation into the relationship between
ligand binding amounts and activation/desensitization behav-
iors.

Computational studies have sought to elucidate the
mechanisms of the action of GlyR. One issue that requires
further investigation is the selectivity between lateral and apical
pathways. Cerdan et al. proposed that lateral fenestration,
rather than apical entrance, is the major extracellular
permeation pathway based on molecular dynamics (MD)
simulations and validated this hypothesis through electro-
physiological experiments.”’ Nevertheless, the authors did not
give explanations for the pathway preference from a structural
and energetic perspective. Furthermore, Cerdan et al.
demonstrated that a previously reported “open” structure
could not represent the physiologically active state,”* as it
rapidly collapsed in MD simulations and displayed an ion pore
with a minimum diameter of 8.2 A,*° larger than conventional
5.3 A" Subsequently, Damgen et al. used MD simulations to
capture a stable open state structure that could avoid collapse
in 300 ns simulations.®®

In this study, we investigated GIyR activation and
conduction. Given the considerable computational cost for
GlyRs with about two thousand residues, we used the coarse-
grained (CG) model,**~"" which has been previously used in
the context of electrostatic energetics and the generation of
free energy surfaces. The ionization states of the charged
residues were determined using the Metropolis Monte Carlo
Proton Transfer approach in the CG method.”” The method

encompasses a multitude of considerations beyond the mere
modeling of Coulombic interactions between charged species.
It also accounts for the environmental solvation effect exerted
by nearby polar and nonpolar residues, including the
The
CG model has been successfully employed in the simulation of

contributions from the solvation of charged species.”’

several systems, including the activation of S2AR,” the
protomotive vectorial motion of ATPase,’”’* and the
prediction of the mutational effects of SARS-CoV-2
variants.”>”°

In our work, we used the CG model to investigate the free
energy landscape and elucidate the activation and desensitiza-
tion barrier changes under distinct binding patterns. This
approach enabled us to determine the energetic and structural
changes in GlyR activation and desensitization processes with
varying amounts of glycine molecules binding. Moreover, we
calculated the energy difference in the chloride ion conduction
between the apical and lateral pathways. We elucidated the
rationale behind the preference for lateral pathways and
proposed that the electrostatic environment plays a pivotal role
in determining the pathway choice. Finally, we identified novel
mutational sites that could influence GlyR conduction based
on the acquired kinetic information, including the transition
state structure, reaction barrier, free energy change, and rate-
determining step. These predictions were further validated by
electrophysiological experiments and exhibited excellent
performance. This work has advanced our understanding of
GlyRs and other pLGICs’ biological mechanisms from a
physical chemistry perspective, rather than solely observing
their physiological behavior.
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B RESULTS

CG Free Energy Profile for a1 GlyR Conformational
Change. To explore the conformational free energy landscape,
we constructed the models using existing cryo-EM structures
to explore the conformational free energy landscape. The
closed state (PDB ID 6plz), open state (PDB ID 6ply), and
desensitized state (PDB ID 6plx) structures were obtained
from the Protein Data Bank (PDB) database.** After the
implementation of energy minimization and relaxation
procedures to eliminate potential steric clashes of our models,
intermediate structures between each major state were
generated by the “Targeted molecular dynamics” (Targeted
MD) method”” to depict the complete thermodynamic cycle.
For each structural transition, 19 intermediate structures were
selected at equal intervals to reproduce the free energy profile,
as illustrated in Figure la (Further details provided in the
Methods section). However, channel opening, closing, and
desensitization are complex processes that involve large
conformational changes. The pathway obtained by the
Targeted MD method offered us a reasonable estimate of
the real pathway.

Figure la depicts the free energy profile of GlyRs during the
gating cycle in the absence of agonists in the binding pocket
(apo state). From the closed to open state, the M2 helices
move outward allowing chloride conduction (Figure Ic).
Conversely, during the transition from the open to the
desensitized state, as illustrated in the accompanying cartoons,
the intracellular end of the pore contracts ultimately leading to
the complete closure of the channel (Figure la). The closed-
to-open-state conversion involves three distinct barriers, with
the second barrier being the most significant (27.0 kcal/mol)
and thus the rate-determining step of the conformational
change. The first barrier (10.0 kcal/mol) is produced by the
reorganization of the loops in the ECD, whereas the two latter
barriers arise from the outward orientation of the M2 helices
(Figure 1c). The contribution of each residue to the highest
barrier was calculated (Figure S3). The result revealed that
residue R26S in the upper part of the M2 helix (19’ in Figure
1d) and R309 in the lower part of the M4 helix make critical
contributions to the I,—T, barrier. From the open to the
desensitized state, the highest barrier is 8.0 kcal/mol, which
may be induced by the early stage conformational changes that
could lead to further structural conversion. Figure S3 presents
the results of the energy analysis, which indicate that D278 in
the M3 helix exerts the most positive influence on the open-T,
barrier. In brief, residues R265, D278, and R309 play crucial
roles in the transition of GlyR gating cycle.

Coupling between the Conformational Change and
Glycine Binding. One crucial issue is the influence of varying
amounts of glycine binding on the a1 GlyR activation kinetics.
Previous studies have indicated that any number of glycine
molecules, ranging from one to five, can open the ion channels
with different efficiency.””>” However, the effect of ligand
number on the activation mechanism remains largely
unknown. al GlyR has five potential binding sites with
seven glycine binding patterns (Figure 2a). To elucidate the
nuances of the alterations in the activation and desensitization
behaviors across the seven distinct glycine binding patterns, we
constructed conformational free energy profiles with glycine
binding under each of the seven conditions. For each
intermediate structure obtained by the Targeted MD
method,”” the glycine molecules were docked to the binding

sites and followed by 6 ns relaxation. The binding free energy
was subsequently calculated using the PDLD/s-LRA/f
method,”® ™% as detailed in the Methods section.

All seven free energy curves that coupled the conformational
changes and glycine binding are shown in Figure 2b. The X-
axis represents the coordinates of the conformational changes,
whereas the Y-axis denotes the conformational free energy plus
glycine binding free energy change for each binding pattern.
The slanted prime symbols in I' and T’ were employed to
differentiate these states from those depicted in Figure la. To
provide further insight into the influence of varying glycine
binding on al GlyR activation and desensitization kinetics, we
focus on the reaction barrier changes. For this analysis, key AG
changes resulting from different glycine binding patterns
comparing with apo states (states with no glycine bound)
are illustrated in Figure 2c. The formula for calculating the
change in Gibbs free energy is as follows: AAG =
AGyg—AG,,, Here AGy;,g denotes the Gibbs free energy
change associated with the binding pattern represented on the
X-axis. AAG, represents the change in the activation energy
barrier, AAG, indicates the change in the desensitization
barrier, and AAG; denotes the change of the energy difference
between the closed and desensitized states (Ggesensitized—
Geosea)- Finally, the three AAG changes provided critical
information regarding the barriers involved in different glycine
binding patterns, which can be used to analyze the activation
and desensitization behavior at different concentrations of
glycine.

The results indicate that (1) the activation barrier decreases
with increasing glycine molecules; (2) although the desensi-
tization barrier initially decreased, it ultimately increased when
more glycine molecules were bound; and (3) the desensitized
state energy continuously decreased and ultimately became
lower than that in the closed state with increasing glycine
molecules (Table S2). Beato et al. showed that the open
duration time was prolonged as the glycine concentration was
elevated through electrophysiological experiments with varying
concentrations of glycine and correlation analysis to assess the
mean open and shut times.”**” Our results are consistent with
those of previous experiments in that a higher glycine
concentration typically indicates a greater number of glycine
molecules bound, whereas a reduction in the activation barrier
or an increase in the desensitization barrier would cause GlyRs
remaining in the open state for a longer period. In addition,
Colquhoun et al. proposed that desensitization is pronounced
at elevated glycine concentrations.”** In our study, the energy
in the desensitized state was the lowest (Tabel S2b) among all
three states when the binding glycine number reached its
maximum (five), indicating that the desensitized state was the
predominant state at high glycine concentrations from a
thermodynamic perspective. These results demonstrated a
substantial concordance between the calculated and exper-
imental outcomes. The current results also indicate that
increasing the concentration of glycine facilitates activation and
impedes desensitization of GlyRs. As shown in Table S2b,
when the number of binding glycine molecules is greater than
or equal to three (binding at nonconsecutive sites), the
activation barrier drops below 22.0 kcal/mol and GlyR
achieves an efficient opening. The magnitude of the activation
energy barrier is comparable to that of the bestrophin-1
channel proteins (23.8 kcal/mol), which is also a pentamer
with five subunits surrounding a central pore and conducts
chloride ions, highly resembling GlyRs."'
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Figure 3. Top view of the distances between glycine and important residues in the binding pocket in different conformational states. (a) The
distances between the ammonium N atom of glycine and the center of benzene of F498 for I{ (teal) and T} (orange) states. (b) The distances
between the carboxyl Ol atom of glycine and the hydroxyl HG atom of S123; the distance between the ammonium N atom of glycine and the
center of benzene of F546 for the open (cyan) and T} (salmon) states. (c) Distance between the carboxyl O1 atom of glycine and the hydroxyl HG
atom of S$123; the distance between the carboxyl O2 atom of glycine and amine HE, HH11 atom of RS9 for closed (purple) and desensitized

(green) states.

To ascertain the principal contribution to the changes in the
energy barriers (AG), we measured the distance between
glycine and the crucial residues, as well as their orientations
within the binding pocket in different conformational states.
Our findings indicated that the distance between the
ammonium N atom of glycine and the center of the benzene
ring of F498 in the T] state was less than that in the I state
(Figure 3a). Stronger cation—7 interactions appear to stabilize
the T state and decrease AG,. The data also suggested that as
the protein transitions from the open (salmon) to the T}
(cyan) state, the hydrogen bond interactions between the
carboxyl Ol atom of glycine and the hydroxyl HG atom of
S123, and the cation—x interaction between the center of
benzene of F546 and the ammonium N atom of glycine
became weaker (Figure 3b). The weaker interactions between
glycine and the protein in the T) state will increase the free
energy of the Tj state, which explains the increase in AG,.
Specifically, the two strengthened H-bond interactions
between the carboxyl O1 atom of glycine and the hydroxyl
HG atom of S123, as well as the carboxyl O2 atom of glycine
and the amine HE atom of RS9 (Figure 3c), stabilized the
desensitized state (green) and thus made it the most stable
state among all three states. The energy contributions of each
residue to the changes in the barriers indicated that different
residues played diverse roles (stabilizing or destabilizing) in
different energy barriers, including RS9, R113, S123, D436,
E496, F498, and F546, as shown in Figure S4. In total, the
distinct glycine binding modes in different conformational
states resulted in changes in the three energy barriers.

Coupling between the Conformational Change and
Chloride lon Conduction. Besides investigating the
conformational changes in the GlyR, we also examined the
details of the ion conduction process within GlyR. The
objective was to address two key questions: 1. What does it
cause relative preferences of the lateral and apical pathways? 2.
At what stage is the chloride ion able to pass through a narrow
tunnel? A recent study conducted by Cerdan and co-workers
has proposed that the lateral pathway functions as the primary
chloride extracellular pathway rather than the commonly
believed apical entrance.”® Furthermore, they predicted and
validated mutations that can reduce Cl~ ion conductance.”’
Nevertheless, no study has yet explored this issue from the
perspective of free energy. To investigate the structural and
free energy distinctions between the apical and lateral pathways
in chloride ion conduction, we generated a two-dimensional

free energy landscape that couples the protein conformational
change, glycine binding, and chloride conduction processes for
both pathways. To identify the potential ion conduction
pathway, the chloride ions were positioned within an interval
of 2 A through the channel for each intermediate structure. For
each combination of the intermediate conformation and CI™
ion position, a 6 ns MD relaxation was first performed, and the
binding free energy of the ion was then calculated using the
PDLD/S-LRA/f method.”*™* The same approach has been
used in related studies of ion channels.””**** Further details
can be found in the Methods section.

The free energy map shown in Figure 4c,d is defined by the
X-axis, which represents the conformational change of the
GlyR (reaction coordinate, including glycine binding), and the
Y-axis, which indicates CI~ conduction from the extracellular
end to the intracellular end. The minimum energy pathway
from the extracellular to the intracellular vestibule of the
channel pore is denoted by black dashed lines. Similarly, the
double prime symbols in I” and T” were used to differentiate
these states from those depicted in Figures la and 2b. The
apical and lateral pathways originate from disparate entrances
and meet at point T,”, where they subsequently share the same
pathway until the exit (Figure 4a). As the apical and lateral
pathways use the same pathway after point T7, the 2D energy
map below point T{| was the same for the apical and lateral
pathways. Glycine binding occurs before the conformational
change of GlyRs; therefore, glycine binding energy is
considered for each point of Figure 4c,d. For the activation
process of GlyRs in the main pathway (lateral pathway),
chloride ion conduction happens first. Chloride ions are
conducted from the entrance to I{ point, followed by the
conformational change from the closed to open state, and
finally the CI™ ions are conducted to the intracellular end
(Figure 4d).

To investigate the size differences between the apical and
lateral pathways, we used the HOLE program®* to measure the
pore radii of the two pathways in the conformational state of
point T{. T{ was chosen as the state of interest because CI~
ions can be conducted in both pathways in this conformational
state. Although the lateral pathway is more constricted in the
upper portion, the narrowest point has a radius exceeding 1.8
A, which is larger than the radius of a Cl™ ion (~1.7—1.8 A).
This allowed for the conduction of ClI™ ions. In the apical
pathway, the upper channel is considerably larger, and
constriction occurs exclusively at the intracellular end of
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Figure 4. Comparison between apical and lateral paths in chloride ion conduction. (a) The apical (red) and lateral (black) paths in a1 GlyR, the
two pathways start from different entrances and meet at point T{, and then share the same channel until the exit. The capitals (I{, T{, I}, and T}
show the positions of Cl™ in the channel for specified states illustrated in panels ¢ and d. (b) The channel pore size along the apical (teal) and
lateral pathway (orange) in the conformational state of point T{, the upper limit of chloride ion radius (1.8 A) is denoted in dashed lines. (c,d)
Free energy landscape for Cl”™ ion conduction via the apical permeation (c) or lateral entrance (d) from the extracellular vestibule to the
intracellular end. The least-energy path is shown by bold black dashed lines with overall energy barriers (kcal/mol) in numerical values. (e,f) Free
energy profiles along the minimal-energy apical (e) or lateral (f) pathways, with the energy barriers labeled as dashed lines and numerical values.
The numbers and capitals strictly correspond to the least-energy path in the apical (c) or lateral pathway (d).

TMD, which is the shared portion of the apical and lateral As the energy profiles along the minimal-energy CI” ion
pathways. The findings suggested that both pathways permit conduction pathway (Figure 4e,f) show, the slightly higher
chloride ion conduction in terms of pore size. energy barrier in the apical pathway (~22 kcal/mol, Figure 4e)
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than in the lateral pathway (~18 kcal/mol, Figure 4f) results in
the latter pathway acting as the dominant pathway for
conducting CI” ions through the cell membrane. To gain
further insight into the distinctions between the two pathways,
we decomposed the total free energy change into three
components: the free energy change associated with the
conformational state, binding free energy change between
glycine and GlyR, and binding free energy change between CI~
ions and GlyR (Table 1). The table demonstrates that the

Table 1. Free Energy Decomposition in I —T{ and I -T;

Conversions in Figure 4c,d (kcal/mol)

A Gconfu AG cineb chlonde ion AGd
conversion  (kcal/mol) (kcafl/ mol) (kca.l/ mol) (kcal/mol)
I—T/ 17.9 -84 12.5 2
L-T} 28 —88 “12 18

“Free energy change of the conformational state. bBinding free energy
change of glycine molecules to GlyR. “Binding free energy change of
chloride ions to GlyR. “Total energy change.

higher energy barrier in the apical pathway (I{—T{ conversion
in Table 1) is a consequence of the considerably more
unfavorable Cl~ ions binding energy difference (+12.5 kcal/
mol) than in the lateral pathway (I5—T} conversion in Table 1,
—1.2 kcal/mol).

Previous studies have demonstrated the significance of the
electrostatic environment for anion conduction.””*>*>*® Here
we investigate why the CI™ ions binding energy undergoes a
notable change during I/ —T7 conversion in the apical pathway,
which is the main reason for the higher energy barrier of the

apical pathway. This change can be analyzed by focusing on
the difference in the electrostatic potential surface between
structures in points I{ and T{. As illustrated in Figure SS,b, the
Cl” ion at point Ij was surrounded by a strongly positively
charged environment, whereas the environment around
position T{ was not as much positively charged. This suggests
that the difference in the electrostatic environment is an
important factor. Furthermore, the energy contribution of each
residue t0 AGgjorige ion (T1—1{) in Figure S5¢,d indicates that a
great number of positively charged residues are present near
point Ij, whereas a smaller number are found near point T7.
This also accounts for the large increase in CI™ binding energy
difference from If to T|. Consequently, the electrostatic
environment is of considerable consequence in the substantial
CI” ion binding energy alteration during the I =T/ transition.
Further, it is of paramount importance to determine the
pathway preference of ions.

Mutational Effects of Key Residues of a1 GlyRs. In
previous sections, we elucidated the mechanism of activation
and chloride ion conduction of GlyRs and obtained kinetic
information, especially the reaction barriers and transition state
structures. This information provides a solid basis for
evaluating the effects of mutations on barrier change, which
is highly correlated with the speed and effectiveness of the
activation process. 727683 1y addition, our investigation was not
limited to the direction of mutation effects (impeding or
promoting the function of GlyRs) but also encompassed the
strength of mutational effects.

First, to study the direction of the mutation effects, we
calculated the change in the highest barrier after mutation.
This was defined as AAG, = barrier,,, (T5—1}) — barrier,,
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Figure S. In silico screening of mutations. (a) Computed mutational effects of known mutations that cause hyperekplexia. (b) Alanine scanning
calculations for the proposed residues that may influence GlyR function. AAG, = barrier,,, (T;—1;)—barrier,, (T}—1}); here, I; and T} states
correspond to the states in Figure 4d, “mt” designates mutation type. (c) Positions of mutations in panel b. The residues around glycine (salmon)
are colored green, those located in the TMD are colored orange, and the other residues are colored cyan.
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Figure 6. Local interaction environment of residues selected for mutagenesis studies. The chloride ions are shown as green spheres. All structures
were at point T{ in Figure 4d. (a) Residues around glycine binding site. Glycine is denoted and colored in green. Panels b and ¢ show the
electrostatic potential surface of the ECD and intracellular end of the TMD, respectively. Positively charged residues or the environment are
colored in blue, and negative residues or the environment are colored in red. Local binding environment of (d) D241, (e) 1251, and (f) N33S. Polar
interactions are shown as dashed lines with distances in A. WT structures are presented in orange, and mutated structures are shown in teal. (g)
Two nonconsecutive GlyR subunits (limon cartoons) complexed with glycine ligands (green) are shown to indicate the locations of other panels.
The lateral pathway is denoted in black dashed lines. Residues D241, 1251, and N335 are labeled and colored in orange. Other residues are labeled

in black.

(T5—1;), where I; and Tj are the two points, as shown in
Figure 4d. A positive value of AAG, indicates a higher
activation energy barrier, which impedes chloride ion
conduction. Conversely, a negative AAG, value suggests a
lower activation energy barrier, which facilitates the con-
duction of Cl” ions. Previously identified dominant mutations
causing hyperekplexia have been shown to suppress receptor
function primarily by disrupting allosteric signal transduction
linking agonist binding to channel opening.”” In our study,
those known mutations should correspond to those with a
positive AAG,, since they have been demonstrated to have a
negative effect on the activation of GlyRs. We initially
calculated the barrier changes of the those known mutations
to validate the reliability of our methodology by comparing our
predictions with the previous findings (Figure 5a).'*'”'" The
results showed that all mutations resulted in a discernible
barrier increase, which aligns with experimental observations
and validates the reliability of our predictions regarding the
directions of the mutation effects.

Second, we investigated the mutational effects of the new
residues on the permeation pathway, glycine binding sites, and
important loop regions.”” In the selection of mutational sites,
we chose 30 residues in total for alanine scanning calculations
(Figure S6). Many factors were considered in the first selection
of 30 residues, including their locations, the residue energy
contributions to the barriers, and the charge distributions of
residues. Then, to decrease the workload of experiments, we
selected mutations with AAG, > 7.5 kcal/mol and the only
mutation D278A with negative AAG, to study the mutational
effects. The corresponding mutational effects are illustrated in
Figure Sb, which indicates that RS3A, E104A, R113A, S123A,
RI125A, E151A, D241A, I1251A, K275A, R303A, R309A,
R315A, R324A, and N335A inhibit chloride conduction,
whereas D278A facilitates chloride conduction.

We endeavored to understand the impact of these mutations
on protein functionality from a structural standpoint. Residues
E104, R113, S123, R12S5, and E151 were identified in the
glycine binding site (Figure 6a). The interactions between the
ligand and residues stabilize the receptor in the open state,
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Figure 8. Functional characterization of predicted mutations by whole-cell patch clamp recording. (a) Sample whole-cell current recording for the
wild type, E104A, and K275A mutants. Horizontal bars denote the duration of glycine application at concentrations illustrated in M. (b) The
averaged whole-cell glycine dose response curve for the E104 and K275A mutants. Data is expressed as the mean &+ SEM from three experiments.

(c) The maximal current amplitudes for the wild type and 12 mutants.

allowing CI~ ions to pass through. These mutations disrupted
the stable binding of glycine and inhibited chloride ion
conduction. In addition, the positively charged residues RS3,
K275, R303, R309, R31S, and R324 were within the Cl~ ion
conduction path. Mutation to alanine can disrupt the positively
charged electrostatic environment, inhibiting negatively
charged chloride conduction (Figure 6b,c). Conversely,
mutation of the negatively charged residue D278 on the
permeation pathway decreases the electrostatic repulsion
toward negative ions and facilitates CI” ion conduction

(Figure 6b). D241 formed multiple hydrogen bonds with
A242 and R303, while the mutation disrupts these interactions
(Figure 6d). Similarly, alanine mutations at 1251 and N33$
also disrupted multiple polar interactions between them and
nearby amino acid residues (Figure 6e,(f). The disruption of
strong interaction caused by the mutation of important
residues to alanine notably decreases the stability of GlyRs in
the open state, thus impeding the conduction of CI” ions.
Experimental Validation of the Computationally
Predicted Mutational Effects. To verify our hypothesis,
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current amplitudes. The black line is derived from the linear fitting.

we conducted Western blotting and patch clamp experiments.
For the wild type and 15 predicted mutant systems, we
established the cell lines to check whether the predicted
mutations of GlyRs are successfully expressed, and then
analyzed the expression of these proteins by Western blotting.
The results suggested that all mutant proteins were normally
expressed in HEK293T cells (Figure 7). Subsequently, we
employed patch clamp electrophysiology technique to
determine the functional effects of the wild type and 15
mutations. All cell lines generated currents in whole cell patch
clamp recordings, except for R113A, E151A, and D278A
mutations. It was postulated these three mutations might cause
the formation of nonfunctional channels analogous to the
dominant T265I mutational protein,'® whose signals are barely
discernible. Consequently, these three mutations were
excluded from the subsequent analyses.

To gain greater insight into the effects of the mutations on
GlyR function, we used whole-cell patch clamp electro-
physiology to record steady-state currents at a holding
potential of =70 mV after GlyRs were activated by varying
glycine concentrations for the wild type and 12 mutants. Figure
8a,b illustrate representative results of currents at homomeric
al GlyRs, accompanied by the averaged glycine dose—
response relationship (complete results are provided in Figures
S8 and S9). The figures suggest that the sensitivity to glycine
was modestly enhanced in the case of the E104A mutants and
diminished in the case of the K275A mutants, relative to the
wild-type receptors.

All mutations changed glycine sensitivity with EC50 values
presented in Table S3, while the specific mechanism that
determines the glycine sensitivity of GlyRs is not clear in this
field. The dominant mutations commonly disrupt the allosteric
signal transduction pathway linking glycine binding to chloride
channel gating, resulting in an apparent decrease in glycine
sensitivity.'¥*® The 12 mutants that can be activated by glycine
all showed higher free energy barriers and lower current
magnitudes than those of the wild type. In most circumstances,
the glycine sensitivity decreased compared to that of the wild
type of GlyRs (Table S3). It was reasonable since they also
affected signal transduction from glycine binding to GlyR
channel gating, similar to the known mutations, which is
consistent with our computational results. On the contrary,
E104A, RI125A, I251A mutants exhibited a dramatically

26306

enhanced glycine sensitivity, and R309A and N335A mutants
showed a slight increase in glycine sensitivity (Table S3). The
mutation sites for E104A and R125SA mutants were in the
glycine binding sites (Figure S7); the mutations would increase
the pocket size and make glycine easier to reach into the
binding pocket, increasing glycine sensitivity. Although S123
was also in the glycine binding pocket (Figure S7), the
mutation from serine to alanine for the mutant S123A made
little change to the pocket size but still affected signal
conduction. Thus, S123A mutant exhibited much weaker
glycine sensitivity compared to E104A and RI2SA mutants
(Table S3). Furthermore, the mutations to alanine of 1251 in
the lower part of the M2 helix (Figure S7) would enlarge the
narrow tunnel pore size to allow conduction of CI” at low
glycine concentrations, showing increased glycine sensitivity.
R309A and N33SA mutants might work like the R414H
mutant'® in that they are all located in the M4 helix and have a
relatively small effect on glycine sensitivity when impeding the
function of GlyRs. Therefore, the subtle glycine sensitivity
changes of R309A and N33SA mutants would occur because
they disrupted the function of GlyRs by a low rate of
spontaneous activity more than affecting the signal trans-
duction pathway of GlyRs, which is highly similar to that of the
R414R mutant.'® Despite the above-mentioned explanations
about glycine sensitivity changes in mutants disrupting the
GlyR function, further investigations are needed to explore the
determinants in glycine sensitivity change.

We obtained the maximum current amplitudes for all cell
lines (Figure 8c), which were used to represent the function of
all cell lines and assess the accuracy of our predictions on
mutation directions (inhibiting or facilitating). The maximum
current amplitude in the wild-type cell line was the highest
among all cell lines. This finding suggests that all mutants
impeded chloride conduction in the channel pore, consistent
with our predicted mutational directions, except for several
mutants (R113A, E151A, and D178A) that generated no
glycine-induced currents up to a saturated glycine concen-
tration and might form nonfunctional channels. Consequently,
for the mutants that can be activated by glycine, our
predictions regarding the directions of the mutations
(inhibiting or facilitating the function of GlyRs) were all
correct.
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To validate our predictions of the strength of the mutational
effects, we depicted the current magnitudes at different
concentrations of glycine and the maximum current
amplitudes. We then compared the current magnitudes with
energy barrier calculations. The results indicated that at the
same concentration of glycine, the current magnitude of each
mutation was much less than that in the wild type in most
circumstances. Exceptions occurred when [glycine] = 30 yM
for E104A, R125A, 1251A, and N335A mutants, or when
[glycine] = 100 uM for E104A mutants. The primary reason
for this discrepancy was the difference in sensitivity between
the mutants and the wild type of GlyR. The ECS50 values for
the E104A, R125A, 1251A, and N335A mutants were smaller
than the ECS0 values for the wild type (Table S3), indicating
that the mutants were more sensitive to glycine. At low glycine
concentrations, E104A, R125A, 1251A, and N335A mutants
were more easily to be activated. However, the current
magnitudes in higher glycine concentrations and the maximum
current amplitudes for all mutants were weaker than those of
the wild type of GlyRs. This further indicated that the chloride
ion conductance of GlyRs was inhibited in these mutants. The
calculated free energy barriers for CI™ ion conduction are
shown in Figure 9a. In principle, a higher barrier indicates a
stronger inhibition of GlyR function and a weaker current
magnitude. Consequently, a higher computational barrier
indicates a weaker current magnitude. In our calculations,
the computed free energy barriers and recorded current
magnitudes are highly correlated. For example, the maximum
current magnitude was observed in the wild type, whereas the
computed barrier was the lowest in all calculations. The R315A
and R324A mutants exhibited lower current magnitudes and
expected higher barriers.

To evaluate the computed mutational effect strength, we
performed a correlation analysis by linearly fitting the
normalized free energy barriers of our calculations to the
normalized maximum current magnitudes in experiments
according to eq 1.

X _ (X B Xminimum)
normalized —
(Xmaximum - ermmum) (1)
Here, X ovimum 2a0d Xijinimem represent the largest and smallest

free energy barriers (or maximum current magnitudes) in the
wild type of GlyR and all the mutants respectively; thus, the
values for X, imum and X ;.00 are constant in all calculations.
The results presented in Figure 9b demonstrate a negative
correlation between the current magnitudes and energy
barriers, with a Pearson’s correlation coeflicient of —0.77.
This result indicates a robust correlation between our
prediction and the electrophysiological results, validating the
reliability of our predictions regarding mutational effect
strength.

Considering that many mutational sites were along the ion
permeation pathway, the free energy changes of binding of CI~
ions to GIyR (AGyoride jon) in the activation barrier might be
highly related to the change of maximum current amplitudes.
We calculated AGgoride ion 10 the intermediate to transition
state conversion in the lateral pathway (I;—T5 conversion) for
the wild type of GlyR and all the mutants, and compared them
with I, (Figure $10). The AG pjoride ion fOr all the mutants was
larger than that in the wild type of GlyR, which was consistent
with our experimental result (Figure S10a). However, the

correlation result between the normalized AGoride ion 20d

normalized I, was not ideal, yielding a value of —0.55 (Figure
S10b). These results are reasonable since the activation and
CI” ion conduction in GlyR are complex processes affected by
multiple factors, while the activation energy barrier contained
much information. Therefore, the correlation performance
between the normalized activation energy barriers and the
normalized maximum current amplitudes was better. Never-
theless, AGioride ion Still played a vital role in the prediction of
mutational effects from the perspective of mutational direction

and strength.
H DISCUSSION

Previous studies have demonstrated that the open duration of
GlyRs is prolonged for higher concentrations of glycine, which
has led to the conclusion that any number of glycine
molecules, from one to five, can activate GlyRs with varying
efficiencies.>>">%° Nevertheless, these observations have not
yet been quantitatively explained based on structural and
energy considerations. In this study, we investigated the
activation and desensitization behaviors of GlyRs with different
glycine binding patterns, focusing on the change in the free
energy barriers upon glycine binding. These results showed
that an increase in glycine concentration facilitated the
activation while impeding desensitization of GlyRs. When
the number of bound glycine molecules is greater than or equal
to three (binding at nonconsecutive sites), an efficacious
opening of @l GlyRs can be achieved.

Another major aspect of this study was the Cl™ ion
conduction selectivity between the apical and lateral pathways.
Although previous studies have proposed that the lateral
pathway is the main conduction path,” a detailed explanation
for this phenomenon from a structural and energetic
perspective is lacking. A CG model capable of reliably
describing the electrostatic energetics was used, enabling the
creation of free energy surfaces of the coupled conformational
change and ion conduction. Our investigation of the
interrelationship between conformational and conductive
processes indicates that the differential energy barrier heights
between intermediate to transition state conversion in the
apical pathway (I{—T{ conversion, 22.0 kcal/mol) and the
conversion in the lateral pathway (I;—T5 conversion, 18.0
kcal/mol) result in ion conduction favoring the lateral
pathway. Furthermore, the local electrostatic potential surface
results and residue contribution analysis have shown that the
electrostatic environment plays a pivotal role in this process.

By studying the underlying mechanisms, we could predict
the mutational effects of the key residues located in the
permeation pathway, glycine binding sites, and important loop
regions (M2—M3 loop of the TMD). The mutational effects
were assessed by focusing on the change in the highest free
energy barrier in the intermediate to transition state conversion
in the lateral pathway (I;—T} conversion) upon the mutation
of the target residue to alanine. The results suggested that
mutations R53A, E104A, R113A, S123A, R125A, EISIA,
D241A, 1251A, K275A, R303A, R309A, R315A, R3244A, and
N335A inhibited GlyR function, whereas mutation D278A
facilitated chloride conduction. Among all the residues, E104A,
R113A, S123A, R125A, and E151A were in the glycine binding
pockets. RS3A was in the f sheet of ECD, K275 was in the
M2-M3 loop, and other residues were in the TMD. Our
predictions for the known dominant hyperekplexia mutation
sites were consistent with previous experimental results.
Predictions were validated for several new single-point
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mutation sites using patch clamp experiments. It is
encouraging to note that the predictions regarding the
directions of the mutational effects were all correct for the
mutants that can be activated by glycine. Furthermore, the
Pearson’s correlation coeflicient between the normalized free
energy barriers of our calculations and the normalized
maximum current magnitudes in experiments was —0.77,
proving that our predictions of mutational effect strength were
relatively reliable.

Despite the above-mentioned explorations, there were still
certain limitations in our work. For the computational
methods, we calculated the highest energy barrier changes of
mutants to predict mutational effects from direction and
strength perspectives. The method worked well for loss-of-
function mutants, while for the gain-of-function mutant we
predicted (D278A), which was later proved to be a
nonfunctional mutant in the experimental work, our prediction
was unsuccessful. Thus, it needs further improvement. In
addition, in free energy calculation, the systems in the wild
type of GlyR and all the mutants were relaxed by MD runs at
300 K before free energy calculation, until the energy reached
convergence (energy basically stopped falling). The relaxation
time was approximately 1 ns in the conformational free energy
calculation and 6 ns in glycine and chloride ion binding free
energy calculations. Nevertheless, the relaxation time might
not be enough for the mutant K275A, as the mutational site
was located in the GlyR loop regions and probably had an
allosteric effect on ion conduction. The movement of loops
might be large if the simulation is much longer, while short-
time simulations cannot consider the large movement of loops
and would constrain the energy in the local minimum.
Moreover, our computational calculation only considered
single ion conduction in the ion permeation pathway.
However, the scenario is much more complex. Ion permeation
in GlyR might be a multi-ion process, which can be deduced by
the fact that two chloride ions coexist in the TMD in one of
the pLGICs.‘Q’7 Therefore, ion—ion interactions should be
considered in this circumstance. Future work should take into
account ion—ion interactions in the Cl” ion conduction of
GlyRs.

B METHODS

Modeling of the End Point State Structures and Calculation
of the Thermodynamic Cycle. End point state structures of
zebrafish a1 glycine receptor were obtained from the PDB as follows:
6plz (closed state), 6ply (open state), and 6plx (desensitized state).
We used the Targeted MD method (Supporting Information) to
generate a series of intermediate structures for each of the two end
point state structures. Subsequently, conformational changes were
observed in the closed-open-desensitized-closed state cycle. The
model was solvated using a surface-constrained all-atom solvent
(SCAAS)® sphere with a radius of 38 A. The water molecules are
represented by Langevin dipoles. The surface-constrained water
sphere region was surrounded by a 2 A Langevin dipole. Long-range
electrostatic effects were analyzed using the local reaction field (LRF)
method.”® Each system consisted of approximately 35,000 atoms.
Energy minimization was applied to each system, including 10,000
steps for the steepest descent algorithm and 10,000 steps for the
conjugate gradient algorithm. Each system was then relaxed with the
NVT ensemble at 310 K using a Langevin thermostat until the energy
reached convergence (energy basically stops falling). The relaxation
time was approximately 1 ns and the time step was 2 fs. These
structures were then trimmed to CG models of ~24,000 atoms. The
protonation states of each residue were determined using the Monte
Carlo—Proton Transfer (MCPT) algorithm,®” and a lattice of unified

atoms representing membrane particles were added to the system.
The inclusion of ions may be significant in all-atom free energy
calculations, but is not relevant to our CG free energy calculations
because the CG model includes an effective dielectric that accounts
for the energetics. The next relaxation run was performed (time step:
2 fs; simulation time: 3 ns) before evaluating the CG free energy
profiles of the conformational changes. Molaris-XG software”"** was
used with the ENZYMIX force field*”" for all calculations.

Binding Free Energy Calculation between GlyRs and
Glycine Molecules. For each intermediate structure, we docked
glycine molecules in the pockets based on the corresponding binding
associations using Audock Vina” and selected the conformation with
the highest score. A relaxation run (time step of 2 fs, simulation time
of 6 ns, and temperature of 310 K) was performed to ensure the
energy reached convergence (energy basically stops falling) before
calculating the binding free energy between glycine and GlyRs.
Subsequently, we used the PDLD/S-LRA method,”** as described in
Supporting Information, for binding free energy calculations. Molaris-
XG software”"”* was used for the relaxation runs and PDLD/S-LRA
calculations.

Binding Free Energy Calculation between GlyRs and
Chloride lons in 2D Free Energy Landscape. To investi§ate
chloride ion conduction, we employed Molaris-XG software”"”* to
dock chloride ions at various positions within the channel pore, with a
spacing of 2 A in each intermediate structure. In total, 57 and 43
chloride ion conduction structures were constructed for the apical and
lateral pathways, respectively, from the extracellular entrance to the
intracellular exit in each intermediate state. The binding free energy
between the chloride ions and GlyR was calculated using the
Poisson—Boltzmann linear response approximation (PB-LRA)
method. Before the binding energy calculation between chloride
ions and GlyRs, a relaxation run (time step of 2 fs, simulation time of
6 ns, and temperature of 310 K) for each system was performed to
ensure the energy reached convergence (energy basically stops
falling). After the coupling of the CG conformational energy and
binding free energy of the five glycine molecules, we generated free
energy maps of chloride conduction in the apical and lateral pathways.
All calculations were performed using Molaris-XG software.”"”

Mutational Effects. We assessed the mutational effects based on
barrier changes between the wild-type and GlyR mutants. We
calculated the barrier for the wild type using eq 2, the barrier for the
mutant with eq 3, and the barrier changes by eq 4.

Barriery; =
PDLD/S—-LRA/f PDLD/S—LRA/fY ,
(AGgyq + AGyyeine P+ AGEP [)TZ,WT
PDLD/S—-LRA/f} PDLD/S-LRA/fY ,
- (AGfold + AGglycine / + AGCF /)IZ,WT
)
Barriery; =
PDLD/S—-LRA/f} PDLD/S-LRA/fY ,
(AGfold + AGglycine ! + AGCF /)TZ,MT
PDLD/S—LRA/f} PDLD/S—LRA/fY ,
= (AGgq + AGyycine P+ AGEP [)IZ,MT
()
ABarrier = Barriery — Barriery (4)

where T; and I are the transition and intermediate states
respectively, as shown in Figure 4d. The energy at each point
includes the protein folding energy, glycine binding energy, and CI~
ion binding energy.

Cell Culture and Cell Line Established. HEK293T cells (Cell
Bank of Shanghai Institute of Life Sciences, Chinese Academy of
Sciences) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen) supplemented with 100 U/mL penicillin and
10% fetal bovine serum (FBS). The cells were then grown in an
incubator at 37 °C with 15% relative humidity and 5% CO,. To
obtain HEK293T cells stably expressing human GlyR al subunits
(wild type and all mutant types), the cell lines were transfected with a
PiggyBac Transposase plasmid. After approximately 72 h, the cells
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were transferred to a medium containing puromycin (1 mg/mL) to
select positive clones, which were then subjected to a ten-day
selection process.

Electrophysiology Patch Clamping. We conducted whole-cell
patch clamp recordings of GlyR currents in human embryonic kidney
293 (HEK293) cells. All the patch clamp experiments were performed
at 25 °C. Borosilicate glass capillaries (BF150-80-10, 1.5 mm X 0.86
mm) were used to prepare the electrodes. The electrodes exhibited a
resistance of 2—4 MQ when filled with the internal pipette solution.
Currents were recorded using a HEKA EPC10 (Germany). The
current was sampled at 20 kHz.

The internal pipette solution comprised the following components
(in mM): 135 KCI, 2 MgCI2, 1 EGTA, 10 HEPES, 4 Mg-ATP, 0.3
Na-GTP, and KOH (adjusted to a pH of 7.4). The external solution
comprised the following (in mM): 140 mM NaCl, 4 mM KC|, 1.8
mM CaCl,, 1 mM MgCl,, 10 mM glucose, 10 mM HEPES, and
NaOH (pH 7.4).

The effects of varying concentrations of glycine (ranging from 1 to
3000 M) were investigated by recording glycine-gated currents at a
holding potential of —70 mV. The data was processed using Igor
software. The half-maximal concentration (ECS0) values were
calculated for each glycine concentration—response relationship
using the Hill equation, which was fitted by a nonlinear least-squares
analysis (GraphPad Prism 5.0). Three experiments were conducted
for each mutant and wild-type sample.
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