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ABSTRACT: Cys-loop receptors are central to propagation of signals in the nervous system. The
gating of the membrane-spanning pore is triggered by structural rearrangements in the agonist-binding
site, located some 50 A away from the pore. A sequential conformational change, propagating from the
ligand-binding site to the pore, has been proposed to govern gating in all Cys-loop receptors. Here, we
identify structural and dynamic components of the conformational gating in the eukaryotic glutamate-
gated chloride channel (GluCl) by means of molecular dynamics (MD) simulations with and without
the L-glutamate agonist bound. A significant increase in pore opening and accompanying hydration is
observed in the presence of glutamate. Potential of mean force calculations reveal that the barrier for
ion passage drops from 15 kcal/mol to 5—10 kcal/mol with the agonist bound. This appears to be

explained by agonist binding that leads to significant changes in the intersubunit hydrogen-bonding

pattern, which induce a slight tilt of the extracellular domain relative to the transmembrane domain in the simulations. This
rearrangement is subtle, but correspond to the direction of the quaternary twist observed as a key difference between open and
closed X-ray structures. While the full reversible gating is still a much slower process, the observed structural dynamics sheds new
light on the early stages of how the agonist influences the extracellular domain, how the extracellular domain interacts with the
transmembrane domain, and how changes in the transmembrane domain alter the free energy of ion passage.
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ys-loop receptors are important components of the

nervous system, and their malfunction is associated with
various neurological disorders, such as depression, epilepsy, and
startle disease.” These channels are also central in drug
addiction research since compounds such as ethanol,
barbiturates, nicotine, and cannabinoids bind in both the
extracellular and transmembrane domains and affect the gating
mechanism via allosteric modulation.”® Therefore, the search
for the fundamental principles that underlie gating of these
channels has attracted major academic and pharmaceutical
research efforts. The first high-resolution Cys-loop crystal
structures were obtained for the bacterial homologues ELIC*
and GLIC.>™” This provided an important structural framework
by which to interpret experimental observations from the
eukaryotic channels. In 2011, the crystal structures of GluCla
(glutamate-gated chloride channel (GluCl)) presented the first
high-resolution view of a eukaryotic Cys-loop receptor.®
Recently, X-ray structures were presented of the homopenta-
meric SHT3-A’ and the GABA,-f33 receptor,'® as well as a
closed state of GluCla."" Because the two open state GluCla
crystal structures represent different degrees of activation with
minimal differences in the crystallization conditions, these
structures are highly suitable systems in which to monitor
gating using molecular dynamics (MD) simulations. In
addition, the GABA,-f3 structure likely represents a
desensitized state'® and simulating activation of the closed
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state GluCla'' and the presumably nonconducting SHT3-A’
structures would require very long simulation time scales. The
34% sequence identity to GlyR suggests a shared global fold for
GluCla, which corresponds to a pentameric structure where
each subunit consists of a large, f-sheet-rich, extracellular
domain (ECD) and a 4-helical transmembrane domain
(TMD). The ECD contains the agonist-binding site, and the
TMD consists of four TM helices (M1—M4), where the
membrane-spanning ion pore is found. The ECD contains loop
regions that induce connectivity both between the principal (+)
and complementary (—) subunits as well as to the membrane
region, where the latter ECD—TMD interface has been
implicated as crucial to the gating mechanism."”>~"*

While the most common forms of the human anion-selective
Cys-loop receptors GABA,R and GlyR are heteropentamers,
the invertebrate GluCl receptor exists in heteromeric as well as
homopentameric assemblies. Because uncovering gating
dynamics from a background of general protein structural
dynamics is a daunting task, a target with five identical subunits
is an ideal starting point to explore the mechanisms of the
internal signaling pathway. However, even within GluCl
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homopentamers there are variations depending on whether the
assembly consists of - or f-subunits. GluClp is directly gated
by glutamate,"”” while GluCla requires the presence of
ivermectin (IVM),16 a broad-spectrum antiparasitic a§ent
used to control parasitic nematodes in humans and animals.”*®
Ivermectin is a partial allosteric agonist that activates GluCla by
structural stabilization,®'? which paves way for further
activation by glutamate.'® In principle, the structural network
responsible for mediating the signal between the agonist-
binding site and the membrane pore could be identified by
looking at differences between the crystal structures of IVM-
activated GluCla channels in the presence and absence of
glutamate.

In the search for the structural components involved in
gating, two major features stand out when comparing the
crystal structures representing conformations of the proton-
gated GLIC channel trapped at different pH values,” which
were the first structures captured in different states. The
extracellular halves of TMD helix M2 showed significant inward
tilting to seal the pore at high pH. The interfaces between
subunits as well as the ECD—TMD interfaces, incorporating
the M2-M3 and Cys loops, were also reshaped. There is plenty
of evidence reporting similar structural features from a wide
range of different experimental techniques, such as electron
paramagnetic resonance (EPR) spectroscopy,” electrophysiol-
ogy,”" and rate-equilibrium free-energy relationship (REFER)
analyses, where the latter have provided information on the
direction and order of local structural features involved in the
gating mechanism (reviewed in ref 12). MD simulation
approaches have focused on adding high-resolution dynamic
information to the framework provided by the experimental
efforts. Structural rearrangements of TMD helix M2 have been
observed to influence the ion pore in almost all simulations of
full-length (including both the ECD and TMD) Cys-loop
receptors, for example, for ELIC,** GLIC,* homology models
of GlyR,** and the human nAChR*>*® (although many of these
likely reflect pore collapse, since M2 closure was observed even
under conditions where the channel should conduct). In
addition, attempts have been made to monitor nonequilibrium
gating dynamics by introduction of a trigger intended to induce
the gating mechanism. For instance, the pH-gated GLIC
channel responded to a simulated pH-jump by closing tilts of
M2 helices and subsequent ECD twist that were asymmetric in-
between subunits.”” Targeted MD was also used to close the
agonist-binding site in the nAChR protein by forcing loop C
inward, which partly opened the pore via the ECD f1-52
loop.”® A recent study of GluCla monitored dynamics after
removal of bound IVM and observed agonist unbinding to
close the ion pore via structural rearrangements at the 1-52/
M2-M3 interface.”

To avoid introducing bias from large perturbations, we
attempt to study the conformational changes related to gating
by comparing dynamics between intact crystal structures of
IVM-activated GluCla channels in the presence and absence of
glutamate. The overall conformations of the crystal structures
are extremely similar (backbone rmsd = 0.24 A) with only a few
side chains showing significant reorientations; ArgS6 in loop D
and Tyr200 in loop C differ by 0.5 A.® The inherent dynamical
response might be subdued by the surrounding crystal lattice, in
which case more pronounced effects on the protein dynamics
might be exposed by allowing the crystal structures to
equilibrate in a membrane environment. Therefore, in this
work, we use 10 single-microsecond MD simulations of GluCla
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in dioleoylphosphocholine (DOPC) lipid bilayers in the
presence and absence of bound glutamate (Figure 1) to

Figure 1. Cartoon visualizing two subunits of the GluCl pentamer.
The polar lipid headgroups and apolar acyl chains of the DOPC lipid
bilayer are represented as van der Waals surfaces. Glutamate and
ivermectin molecules are represented in their crystallographic
positions. Chloride ions delineate the membrane pore.

contrast their behavior. Pore radius analyses showed a 1-3 A
increase in the minimum pore radius in the presence of
glutamate. Estimated relative free energies by potential of mean
force (PMF) calculations also appeared to be coupled to a free
energy barrier that was reduced from 15 kcal/mol to 5—10
kcal/mol. The radius in the TMD ion pore was correlated with
the quaternary twist of the ECD relative to the TMD upon
agonist binding. This suggests that both the twist motion and
the increase in pore radius could be the result of changes in
hydrogen-bonding network originating from the agonist-
binding site.

B RESULTS

In the following sections, we compare the results from 10
single-microsecond MD simulations. Five of these were based
on the unligated GluCla channel (—GLU, sim1—S5), and the
remaining five simulations described the ligated channel
(+GLU, sim1-S5). In addition, we performed a 600 ns control
simulation where L-glutamate was removed from +GLU sim4,
which showed the most prominent pore opening (rGLU). The
ligand occupancy in the five +GLU simulations were 88% (sim
1), 81% (sim 2), 74% (sim 3), 85% (sim 4), and 67% (sim ),
respectively (Table S1, Supporting Information) with the
glutamate ligand present in the ligand-binding site in at least
three of the subunits and showing repeated unbinding/
rebinding events in the remaining subunits (Figure S1).
Agonist Binding Increases Pore Radius and Facilitates
Anion Passage. Starting from the —GLU and +GLU open
crystal structures, all simulations displayed significant con-
striction at the hydrophobic 9’ girdle immediately after
releasing the restraints. While the —GLU simulations
maintained this constriction, three out of five +GLU
simulations showed significant opening in the 9" region and
in one simulation (+GLU sim4) even reestablishing the open
crystal structure dimensions. To identify structural effects of the
presence of glutamate on the ion-conducting pore, we first
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calculated the minimum pore radius position (Figure 2A, B)
and the pore radius at the 9’ position (between —2.5 and 2.5
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Figure 2. Structural dynamics in the membrane pore region is ligand
dependent. The positions of the minimum pore radii with respect to
the vertical of the membrane are displayed as a function of simulation
time for five simulation systems in the absence (-GLU) (A) and
presence (+GLU) (B) of L-glutamate ligands, respectively. The
accompanying minimum pore radii are shown for the -GLU (C)
and +GLU (D) simulations, respectively. The dashed lines correspond
to an average of the five independent simulations for each condition
with or without GLU.

A), which corresponds to the constriction point in the closed
state (PDB ID 4TNV)11 (Figure 2C, D). Because the ECD is
lacking constricted regions for the pore, we focused our
analyses on the transmembrane region. Agonist binding to the
orthosteric site appeared to shift the structural configuration of
the transmembrane domain toward a more open state. The
intracellular half of the GluCl pore contains the selectivity filter
located at positions —1" Ala and —2’ Pro. In +GLU simulations,
the constriction point was located at the selectivity filter instead
of 9’ (Figure 2B), which is reminiscent of open state GLIC
structures.” In some simulations (+GLU sim1/3/4), the
average pore radius at 9’ even exceeded the effective ion
radius of CI~ of 1.8 A (Figure 2D).

The positions of the pore constriction points (Figure 2A-B),
the pore radii at 9’ (Figure 2C—D), and the pore radius profiles
(Figure 3A-B) revealed three distinct states of the trans-
membrane domain: “open” (+GLU sim4), “half-open” (+GLU
sim1 and sim3), and “closed ligated /unligated” (-GLU sim1-S,
+GLU sim2/5). To determine the energy barriers associated
with passage of a CI” ion through the ion-conducting pore, we
performed potential of mean force (PMF) calculations starting
from average structures of three simulations, each representa-
tive of the open, half-open and closed states of the
transmembrane domain, respectively. The starting position on
the extracellular side was defined from the center-of-mass of the
conserved residue Arg 211 in TM helix M1 from each subunit.
The CI” ion was then pulled at a rate of § A/ns through the
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Figure 3. Ligand-dependent structural rearrangements in the pore
affect the barrier for ion passage. The pore radii corresponding to
representative averages in the final 500 ns of simulation are shown for
the systems in the absence (A) and presence (B) of the glutamate
ligand. The pore radius of the open state crystal structures is shown in
dashed lines and is represented by the GLU-containing GluCla (PDB
ID: 3RIF) due to the low backbone RMSD (0.24 A) compared to the
structure without GLU (PDB ID: 3RHW). The PMF profiles for Cl~
passage are shown in (C) for a system in the absence of GLU (—GLU
sim 1, “closed unligated”), and two simulations in the presence of
GLU (+GLU sim 1, “half-open”; +GLU sim 4, “open”).

pore to the cytoplasmic side. The free energies reported from
the open (+GLU sim4), half-open (+GLU sim1), and closed
(—GLU sim1) states differed significantly at the 9’ constriction
point (Figure 3C). In fact, a three times higher force constant
was required to keep the ion from moving toward more
favorable regions in the —GLU siml for PMF windows
between 6" and 9’ positions. The passage of CI~ through the
pore in the absence of glutamate was associated with an
energetic penalty of more than 15 kcal/mol, but in the systems
with glutamate bound this was reduced significantly to 5—10
kcal/mol, largely due to the increased radius in the most
constricted part of the pore. While some caution is advised
when drawing conclusions about the specific free energy values
for the barriers, it is interesting that the simulations indicate
clear effects from binding of glutamate in the orthosteric site on
Cl” ion passage in the pore some SO A away, in particular at the
9’ position.

Glutamate Binding Alters the Hydrogen Bond Net-
work. Agonist binding appeared to facilitate the formation of
intersubunit interactions within the orthosteric site. To
determine the effect of agonist binding on specific interactions,
we calculated the average hydrogen bond occupancy for both
—GLU and +GLU systems using the H-bond plugin of VMD
(Visual Molecular Dynamics).” In order to reduce the noise,
we applied two filters: First, residue pairs with occupancies less
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than 10% were removed in all three systems, —GLU, +GLU,
and rGLU. Second, we only focused on residue pairs where the
difference between —GLU and +GLU systems exceeded 5%.
The resulting occupancies from the —GLU, +GLU, and rGLU
systems were then compared using one-way ANOVA statistical
analyses in which simulation time (ns) was taken as N and the
confidence interval was chosen as 0.05 (p-value). In this way,
the presence of the glutamate ligand was observed to alter the
probability of hydrogen-bond formation for 10 intersubunit and
53 intrasubunit residue pairs (Tables S2 and S3). Several of the
hydrogen bond interactions that resulted in the most significant
changes in-between simulations with and without glutamate
were also confirmed to reverse when the glutamate was
removed in the control rGLU simulation. While this
observation strengthens the overall conclusions, it should not
be overinterpreted given significantly less sampling in the
control simulation.

Agonist Binding Rearranges Intersubunit Hydrogen
Bonds at the Orthosteric Site. The changes in intersubunit
hydrogen-bond interactions were located mainly in the vicinity
of the orthosteric site. A full list of intersubunit interactions that
resulted in significant change in-between —GLU and +GLU
simulations is reported in Table S2. In the absence of the
glutamate agonist, R37 of the principal subunit (loop G) was
interacting with the backbone of residues P93 and E9S in loop
A in the complementary subunit (Figure 4, —GLU). In the
presence of the agonist, R37 became disconnected from loop A
(Figure 4. +GLU). In addition, intersubunit interactions
between Y151 (Loop B) of the principal subunit and TS4
(loop D) and S121 (loop E) of the complementary subunit
were induced in the presence of the ligand. The Y151 residue in
loop B is highly conserved and in several LGICs the aromatic
side chain has been proposed to be involved in cation—7x
interaction with the agonist.3l’3’2 Indeed, we observed the
distance between the Y151 and Y200 aromatic rings and the
amino group of the glutamate ligand to be within range for
cation—sx interactions (Figure S1). It is important to note
however that such interactions are not explicitly described in
classical force fields.

In contrast to residues R37, Y151, and S121, which were all
directly interacting with the ligand, the interaction dynamics of
residue N196 (loop C) was shifted toward Q169 (loop F) in
the neighboring subunit without involving direct glutamate
interactions. We have previously reported loop C to become
disordered in the presence of ivermectin in the allosteric site.'”
We now note that agonist binding induce the opposite effect;
an increased frequency of the intersubunit N196-Q160
interaction leads to the stabilization of loop C. Finally, we
observed residues R17 (a1/f1 loop) and G82 (f33/f4 loop) to
interact more in the presence of the ligand. In summary, agonist
binding promoted interactions between residue pairs R17-G82,
Y151-T54, Y151-S121, and N196-Q169 while reducing
interactions P93-R37 and E95-R37.

Changes in the Intrasubunit Interaction Patterns
upon Agonist Binding. Similar to the interactions in-
between subunits, the intrasubunit interactions that were
most affected by the ligand were found mainly in proximity
to the orthosteric site (Table S3). One of the major
intrasubunit interactions induced by the presence of L-
glutamate was between RS6 (loop D) and Q169 (loop F)
(Figure S). The observed signal in-between simulations were
highly significant and the control simulation resulted in full
recovery of the conditions without L-glutamate. In addition, we
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rGLU

Figure 4. Agonist binding affects intersubunit interactions. Repre-
sentative states from “closed” (—GLU sim4) and “open” (+GLU sim4)
simulations are shown superimposed in gray and white, respectively.
The orthosteric ligand-binding site is highlighted for both states
showing intersubunit residues that displayed significant differences in
their interaction patterns related to the presence or absence of the
glutamate ligand. The average H-bond occupancies for all simulations
in the absence (—GLU) and presence (+GLU) of glutamate and the
control simulation (rGLU) are shown in the histogram. Notations *,
*% FEE and FFFF represent p-values of 0.0S, 0.01, 0.001, and 0.0001,
respectively; s = side chain, and m = main chain.

observed a structural transition in Loop F localized further
toward the transmembrane domain. While this loop had at least
some helical content in the absence of L-glutamate, it became
significantly unstructured upon ligand binding (Table S3,
Figure S2). An additional change in the intrasubunit
connections was found between Y151 (loop B) and D89
(loop A) (Figure S). Upon L-glutamate binding there was a
significant drop in the D89-Y151 hydrogen bond frequency,
which reflects our observed increase in L-glutamate and
intersubunit interactions of the Y151 residue. Not all
interactions were reversed in the control simulation, but
given the relatively slow gating process we do not expect
microsecond-scale simulations to reproduce the complete
process, in particular not reversibly. In summary, agonist
binding decreased hydrogen bond interactions for residue pairs
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Figure S. Agonist binding influence on intrasubunit interactions.
Representative states from “closed” (—GLU sim4) and “open” (+GLU
sim4) simulations are shown in gray and white, respectively, focusing
on the orthosteric ligand-binding site. Residues showing high degrees
of variability depending upon the presence or absence of L-glutamate
are highlighted. The average H-bond occupancies for all simulations in
the absence (—GLU) and presence (+GLU) of glutamate and the
control simulation (rGLU) are shown in the histogram. Notations *,
ok HEE and FF** represent p-values of 0.0S, 0.01, 0.001, and 0.0001,
respectively; s = side chain, and m = main chain.

simulations with and without L-glutamate; both simulations
showed a 13° + 0.4 twist angle of the ECD relative to the TM
domain. This is close to the value of the GIuCl open state
crystal structure, while the closed state crystal structure has a
22° twist angle (Table S4).

Because our hydrogen bond analyses indicated significant
dynamics peripheral to the core domain, we included f3-5, 8-
9, and TM loops into the twist angle analyses. In addition, the
change in the twist angle was monitored in the simulation that
resulted in the largest dilation of the pore region (+GLU sim4).
Here, a decrease in the twist angle (Figure 6A) was observed
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Figure 6. Altered subunit interactions lead to quaternary twist. (A)
The 9’ pore radius and ECD-TM twist angle are shown as a function
of simulation time. (B) Pearson correlation analysis showing
correlations between hydrogen bond interactions, twist angle, and
pore radii. For the hydrogen bonds, s indicates interactions with the
side chain, and m the main chain.

on the principal subunits D89-Y151, S187-T20S5, and T192-
C202, while increasing interactions between residue pairs on
the complementary subunits R37-T 54, R56-Q169, N107-R123,
and T154-D157.

Agonist Binding Induces a Quaternary Domain Twist.
Comparison of the GLIC open/closed state crystal structures
revealed a change in quaternary twist of the ECD with respect
to the TM segment,7’3 which was also observed in-between the
open/closed state crystal structures of GluCL'' A conserved
core consisting of five f-strands in the ECD and the four TM
a-helices was defined to allow comparison of structural
dynamics in-between LGIC proteins.”> Given this definition,
we did not observe significant differences between our
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that was moderately correlated with pore opening (Figure 6).
While the experimental difference is clearly larger, the direction
of the twist was correct. Therefore, the hydrogen bond
dynamics in the ECD loop regions observed in the simulations
might be responsible for inducing the domain rearrangement
that ultimately opens the channel.

Pore Opening and ECD-TM Twist Shows Significant
Correlation to Y151-T54 Interactions. It is inherently
difficult to pinpoint specific gating dynamics especially since
some structural rearrangements will be strictly involved in
ligand binding, but not gating. To identify structural dynamics
putatively involved in gating, we relied on statistical analyses.
First, the average hydrogen bond occupancies between the
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—GLU, +GLU, and control rGLU simulations were compared
using one-way ANOVA analyses with a confidence interval p-
value of 0.05%. While these interaction pairs were all influenced
by ligand binding to at least some degree, the question
remained as to whether they were also involved in the gating
process. We then selected residue pairs that showed a
maximum difference in the total number of hydrogen bonds
per residue pair in-between “open/half-open” simulations
(+GLU sim1/3/4) and “closed” simulations (+GLU sim2/5)
in a second round of one-way ANOVA analyses (underlined
red in Tables S2 and S3). Due to extensive autocorrelation
times in the MD trajectories (~200 ns), this ANOVA analysis
merely functioned as a selection process to avoid the problem
size exploding and we therefore refrain from claims about
statistical significance. The identified interactions were then
subjected to correlation analyses with respect to pore radius
and twist angle within +GLU sim4 “open” state as it displayed
the largest pore opening. This means that although there could
be residue pairs left unidentified in the ANOVA selection
process, the subsequent correlation analyses for the included
pairs will be correct.

The following residue pairs showed were selected for further
correlation analysis in the “open” (+GLU sim4) simulation:
E95-R37, Y151-T54, Y151-S121, RS56-Q169, D89-Y151, T154-
D157, and C202-T192 (Figure S3, Table SS). Residue pairs
E95-R37, Y151-S121, and R56-Q169 showed no correlation
with pore opening or twist motion; for these, the glutamate-
induced change in hydrogen-bond interactions might only be
related to ligand binding. Of all interactions, correlation analysis
indicated residue pairs Y151-T54, D89-Y151, T154-D157, and
C202-T192 as putative gating contributors as they were
correlated either with increase in pore radii or decrease in
twist angle (Figure 6B). The interaction Y151-T54 was the only
pair found to be correlated with the changes both in pore radius
and twist angle (Figure 6B).

B DISCUSSION

Complex salt-bridge/hydrogen-bond networks stabilize con-
formational states of membrane proteins. A structural
perturbation, such as a deprotonation event or the binding of
a ligand, can induce structural rearrangements in these
hydrogen-bond networks that results in transition between
conformational states.** However, determining such subtle
rearrangements is challenging and requires a suitable method-
ology and model system. Because atomistic MD simulations
can monitor both global and local structural dynamics of
proteins inserted into a lipid environment, such methods are
particularly attractive for characterizing structural transitions in
membrane proteins. In this work, we contrast structural
dynamics of GluCla in a set of microsecond simulations either
with or without L-glutamate in an attempt to uncover structural
rearrangements relevant for ligand binding and gating. By
combining extensive sampling (10 X 1 us), free energy
calculations, and statistical analyses, we were able to identify
a set of amino acid interactions that were correlated to ligand
binding, gating or both.

Structural Rearrangements in the Membrane Pore.
The GluCla crystal structures with or without glutamate differ
only by subtle structural rearrangements.® The crystallization
conditions might bias a certain conformation and hence prevent
the full response of agonist binding. In addition to relieving
strain in crystal structures, simulations can probe the
conformational changes that would occur as a consequence of
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ligand binding that lead to actual gating. While we observed
little variation in the pore region in our simulations without L-
glutamate, the pore radius in 3 out of 5 simulations showed a
significant increase with the ligand bound. Extensive sampling
(at least 100—300 ns) was required for these conformational
changes to occur.

The major pore dilation was located in the central 9 region.
The pore center (9’) hosts the hydrophobic girdle, which has
been attributed a function as the gate controlling ion
conduction across the pore.>*™>’ In our simulations, the
increased pore radius was mainly an effect of side-chain
motions of the 9" Leu residues after 100—300 ns simulation
time with L-glutamate bound. A free energy barrier in the order
of 15 kcal/mol was calculated for Cl™ transfer in the absence of
glutamate at 9', which was reduced to S—10 kcal/mol with the
agonist present. When using elastic network models to
specifically create models with fully open pore states, even
lower free energies have been observed.”®*® Although our
system does not yet represent a fully conducting channel, it
appears that the simulations were able to capture the first stages
of the process where extracellular agonist binding influences the
transmembrane pore, without making any assumptions or
steering the channel toward a more open state.

Agonist Binding Leads to Conformational Changes.
The major secondary structural changes induced by agonist
binding were located on loops C and F. Upon agonist binding,
loop C became ordered (Figures 4 and S) and loop F
transitioned from helix to turn (Figure S2). Loop F has been
observed to be involved in agonist binding’®*’ and was
proposed to have a direct role in gating.*"** To our knowledge,
structural dynamics identifying coupling between loop F
conformational changes and structural effects in the trans-
membrane pore (Figure 6) have not yet been observed by
means of simulation methods.

The binding pose of L-glutamate described by the crystal
structure was well maintained in our simulations. Aromatic side
chains in loops B (Y151) and C (Y200) were found to stabilize
the ligand in its binding pocket with Y200 contributing slightly
more than Y151 (Figure S1), which is in agreement with
experimental data showing significantly reduced conductance in
GluCl Y200 mutants probing the cation-7 interaction.** Other
channels (nAChR,*> GABA,-tho') are sensitive to Y151
mutations, which indicates that both residues can be important,
with some variations between channel types. In addition, the
site corresponding to Y151 has also been found to be important
in GluClp, where mutation of this residue or its interaction
partner in the neighboring subunit resulted in 800-fold and
590-fold reductions of channel activity, respectively.**

We observed the strongest differences for the Y151-T54
interaction. The residue Y151 is located in a highly flexible
region, and there are a number of neighbor interactions that
appear to help stabilize Y151 in this location, in particular
Y151-S121, D89-Y151, and T154-D157. The interactions of
D89 with this loop have been investigated in nAChR.**
Cashin et al.** concluded that no single D89 interaction was
essential for activity, but that the D89-loop B interactions help
preorganize the agonist binding site.*> While the main chain
interactions of D89 changed during the twist motion in the
simulations, we did not observe any significant correlation
between D89 side chain interactions and the conformational
change, which is in agreement with the experimental findings.
The T154-D157 interaction was also well correlated with the
interactions of Y151. A recent study in GlyR shows that
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replacing this Thr with a Met is associated with hyperplexia and
decreased glycine affinity.*®

Using statistical correlation analyses, we identified the Y151-
T54 interaction as the most likely contributor to gating, and the
only residue pair correlated with the ECD-TM twist motion
(Figure 6B). Hence, the Y151-TS54 interaction appears to act
like a communication relay between subunits. Interestingly,
while TS54 is conserved in both Caenorhabditis elegans and
Drosophilia melanogaster glutamate-gated ion channels,*” the
corresponding position in LGICs gated by GABA, glycine, or
nicotine contains either a Tyr or a Phe residue (Figure S4).
Mutations of Tyr or Phe to nonaromatic residues (Ala, Val,
Cys, or Leu) were shown to decrease the ECy, in nAChR a7*
and GABA,R* channels, suggesting a requirement for an
aromatic residue at this position. This implies that the gating
dynamics involves interactions between loop B and loop D with
variations depending upon the specific channel. While GluCl
channels convey this loop interaction using hydrogen-bond
interactions, nAChRa7 and GABA,R might rely on aromatic
side chain interactions.

Earlier simulation studies of GluCla have monitored the
structural rearrangements of channel deactivation following
removal of the cocrystallized partial agonist ivermectin
(IVM)."**® In contrast, our present study tracks the structural
response to the presence of the ligand, that is, channel
activation. Because IVM and glutamate both activates GluCle, a
comparison between these studies can possibly hint to
differences in the activation mechanism in-between the two
ligands. IVM binds in an intersubunit pocket close to the
ECD—TMD interface. Indeed, removing the IVM molecule
resulted in quite dramatic structural rearrangements in the
ECD-TMD interface: a change in ECD—TMD twist angle of
~6°% repositioning of P268 (ie., the M2-M3 loop) with
respect to V47 on the 32-53 loop,” a decrease in intersubunit
distances measured between Ca’s of G281 (principal helix M3)
and 1218 (complementary helix M1)."? Because these
rearrangements were very subtle in our study of the glutamate
activation (Figures 6A and SS), such structural responses might
be specific to IVM. This may not be surprising given the
location of the IVM binding site at the ECD—TMD interface.
However, one IVM effect peripheral to the ECD—TMD
interface has been observed; loop C in the vicinity of the ligand-
binding site was significantly more disordered in the presence
of IVM." In contrast, loop C was on average more ordered in
our ligated simulations compared to the unligated simulations
(Figure SS). Therefore, while the ECD—TMD effects seem to
be triggered by IVM, both IVM and GLU might induce
structural changes in the vicinity of the ECD ligand-binding
site.

In conclusion, the presented simulations support a multistage
gating model composed of (i) agonist binding, (ii) an altered
hydrogen bond network that causes a tilt/twist in the ECD, and
finally (iii) motions transmitted to the TMD that were
supported by experimental evidence from various LGIC
proteins. While the present simulations are not yet capable of
sampling the full gating process, they provide some of the first
clear correlations between agonist binding, domain motion, and
the barrier to ion passage.

B METHODS

The crystal structures of GluCla cocrystallized with ivermectin (IVM)
(PDB ID 3RHW) and glutamate (GLU) (PDB ID 3RIF) were used to
construct systems with and without glutamate, respectively.® The
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system without glutamate was recently used as part of a study that
focused on the effects of IVM stabilization."” We inserted the two
crystal structures into previously relaxed DOPC lipid bilayer systems
modeled with the Berger force field parameters.”® After removal of
overlapping lipids each system contained 304 DOPC lipids. The
system without glutamate contained ~32,500 waters in a hexagonal
box with a 112 A side and a 152 A height. To achieve a salt
concentration in the physiological range of 100 mM, 59 Na" and 69
CI” ions were added. The system with GLU contained ~29 700 waters
in a hexagonal box with a 112 A side and 151 A height. In this system,
54 Na* and 59 CI” ions were added to neutralize the system at a total
concentration of 100 mM.

The AMBER99SB-ILDN®! and Berger* force fields were used for
the protein and lipids, respectively. Parameters for IVM were
generated according to the procedure described by Yoluk et al.'’
Glutamate ligand parameters were obtained through modifications of
Amber99SB-ILDN N-terminal glutamate parameters; carboxyl end
partial charges were obtained from C-terminal glutamate and Ca and
Ha partial charges were adjusted to achieve a total —1 charge of the
molecule. Bonds, angles, and dihedrals were generated with the
pdb2gmx tool in gromacs using AMBER99SB-ILDN force field
parameters (Table S6).

The system without glutamate was minimized for 5000 steps
excluding protein—protein nonbonded interactions, and another
10,000 steps including all interactions, followed by a three-step
successive relaxation protocol; 1000 kj/mol/nm2 position restraints
were applied first to all heavy atoms for 50 ns, then protein backbone
for 10 ns, and finally Car atoms for 10 ns. IVM was restrained during
the first two equilibration steps. The system with glutamate was
minimized for 10 000 steps including all interactions, and then relaxed
in a series of three consecutive 10 ns simulations with position
restraints (1000 kJ/mol/nm?®) applied to heavy atoms, protein
backbone and Ca atoms, respectively. IVM was restrained during
the first two equilibration steps and glutamate was restrained in all
three steps. Using the equilibrated structures, five production runs
were generated for both systems (—GLU, +GLU) with velocities
generated by a random seed in Gromacs with the temperature set to
310 K. All simulations were run with Gromacs 4.5 and a 2 fs time step,
using the LINCS algorithm to constrain all bond lengths.”> Particle
mesh Ewald (PME) electrostatics was used with a 10 A cutoff.>® For
both systems protein and ligands, water and ions and lipids were
coupled separately to temperature baths of 310 K using the Bussi
velocity-rescaling thermostat.>* Pressure was adjusted with a semi-
isotropic Berendsen weak barostat® to a pressure of 1 bar with 7, = $
ps and compressibility 4.5 X 107 bar™". No position restraints were
applied to either the protein or ligands in the production runs.

For the PMF calculations, the largest cluster centers identified by
the single linkage clustering method implemented in the Gromacs
package52 (with a 0.16 nm cutoff, based on the RMSD distribution)
from the second half of the production runs were chosen as starting
points. A CI” ion was positioned at the ECD/TMD interface guided
by the center-of-mass of the conserved residue Arg 211 for each
subunit. Deletion of overlapping water molecules within 3 A of the C1~
ion was followed by a 10 ps nonrestrained simulation step to allow
equilibration of the ion hydration shell. Equilibrated structures were
then used for steered MD simulation where a pull rate of 5 A/ns was
applied to the CI™ ion for 10 ns using the Gromacs pull code with a
direction along the normal to the lipid bilayer. A force constant of
1000 kJ/mol/nm?* was applied to a reference group consisting of Arg
211 from the five subunits. The pull simulation resulted in start and
end positions with respect to the Arg 211 reference point of 0.5 and 45
A, respectively. In the umbrella sampling procedure, each 0.5 A
window was equilibrated for 100 ps with 1000 kJ/mol/nm? position
restraints on the CI™ ions followed by a 2 ns production run. For the
system without GLU, additional sampling windows and a 3000 kJ/
mol/nm? force constant were required for the 9" region (=2.5At025
A in Figure 3C) due to side-chain crowding. The PMF profiles were
generated using the Weighted Histogram Analysis Method
(WHAM)*® implemented in the g wham Gromacs tool. The
extracellular domain was not included in the PMF calculations, and
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the g wham analysis was performed using periodic option (cycl).
Errors were estimated using bootstrap analysis. Histograms were
generated with the autocorrelation (-ac) option to perform the
bootstrap (-traj option).

All analyses were performed using Gromacs> or VMD.*® The pore
radius was computed using the HOLE software.”” Secondary structure
calculations were performed with STRIDE in VMD.*® Secondary
structure probability plots were generated in WebLogoSg'60 with
weight set to 7, the number of possible secondary structures defined in
STRIDE. Statistical tests (one-way ANOVA with post tests (Dunnet
and Tukey) and the Pearson correlation analysis) were performed
using GraphPad Prism version 6.0f for Mac (GraphPad Software, La
Jolla CA). Molecular graphics were 6§enerated with VMD,* the UCSF
Chimera package,®' and POV-Ray.
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