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BIOPHYSICS

Adaptive sampling-based structural prediction reveals
opening of a GABA, receptor through the aff interface

Nandan Haloi', Samuel Eriksson Lidbrink?, Rebecca J. Howard'", Erik Lindahl'>*

y-Aminobutyric acid type A (GABA,) receptors are ligand-gated ion channels in the central nervous system with
largely inhibitory function. Despite being a target for drugs including general anesthetics and benzodiazepines,
experimental structures have yet to capture an open state of classical synaptic «1$2y2 GABA4 receptors. Here, we
use a goal-oriented adaptive sampling strategy in molecular dynamics simulations followed by Markov state
modeling to capture an energetically stable putative open state of the receptor. The model conducts chloride ions
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with comparable conductance as in electrophysiology measurements. Relative to experimental structures, our
open model is relatively expanded at both the cytoplasmic (—2') and central (9’) gates, coordinated with distinc-
tive rearrangements at the transmembrane af subunit interface. Consistent with previous experiments, targeted
substitutions disrupting interactions at this interface slowed the open-to-desensitized transition rate. This work
demonstrates the capacity of advanced simulation techniques to investigate a computationally and experimen-
tally plausible functionally critical of a complex membrane protein yet to be resolved by experimental methods.

INTRODUCTION

y-Aminobutyric acid type A (GABA,) receptors are pentameric
ligand-gated ion channels that mediate fast inhibitory synaptic trans-
mission in the vertebrate central nervous system. The neurotransmit-
ter GABA, upon release at the synaptic cleft, binds to the extracellular
domain (ECD) of these receptors in the resting-closed state. This
triggers an allosteric signal to the transmembrane domain (TMD) to
transiently open the pore for the selective flow of chloride ions across
the plasma membrane, before the channel enters a desensitized state
refractory to activation upon sustained GABA binding (Fig. 1A).
This process is proposed to be regulated by a “dual gate mechanism”:
(i) The upper half of the pore, 9’ gate, is shut in the resting state; (ii)
upon activation, the contraction and the rotation of the ECD (“un-
blooming” and “twisting”) widens the 9’ gate and opens the pore; and
then (iii) a gate located at the intracellular end of the pore, —2’ gate,
closes during desensitization (Fig. 1B) (1).

Nineteen human GABA , subunits have been identified so far in-
cluding a1-6, p1-3, y1-3, §, €, 6, &, and p1-3 (2-4). In the brain,
most GABA 4 receptors exist as heteropentamers that contain two o
and two f subunits and either one y or one & subunit. Mainly due to
this heterogeneity, a diverse set of ligands, including anesthetics
such as propofol and etomidate and benzodiazepines such as diaze-
pam, bind and modulate the functional characteristics of these
channels (2-7).

Despite their biomedical relevance and informative structures
solved by cryo—electron microscopy (cryo-EM) in apparent resting and
desensitized states (6, 8-12), structures of classic synaptic (x1p2/3y2)
GABA, receptors have yet to be clearly defined in an open state. At
least in part, this lack is likely attributable to the transient nature of
opening, which may persist for only milliseconds before proceeding to
desensitization (13-15)—briefer than the typical preparation time of
cryo-EM grids. Even with a variety of expression and reconstitution

'SciLifeLab, Department of Applied Physics, KTH Royal Institute of Technology,
Tomtebodavagen 23, Solna, 17165 Stockholm, Sweden. ZSciLifeLab, Department of
Biochemistry and Biophysics, Stockholm University, Tomtebodavéagen 23, Solna,
17165 Stockholm, Sweden.

*Corresponding author. Email: erik.lindahl@dbb.su.se

Haloi et al., Sci. Adv. 11, eadq3788 (2025) 8 January 2025

conditions and in the presence of positive modulators such as anesthet-
ics, benzodiazepines, and neurosteroids, no reported structure of this
GABA ,-receptor subtype contains a transmembrane pore large enough
to permeate a hydrated chloride ion (Fig. 1C and figs. S1 and S2) (6-
12, 16).

Molecular dynamics (MD) simulation offers complementary ap-
proaches to explore experimentally unseen states. However, conven-
tional MD simulations fail to capture the timescale at which these
channels function. Although enhanced sampling methods may ad-
dress this problem (17), most of these methods require predefined
knowledge of reliable reaction coordinates of the underlying biologi-
cal process and the application of artificial biasing force. None of these
criteria were satisfied in our case due to the (i) complex heteromeric
assembly of the channel and (ii) subtlety of the pore opening/closing
that may differ as little as 1 A between the open and desensitized
states. To tackle these issues, a combination of adaptive sampling and
Markov state modeling (MSM) has successfully been applied to ex-
ploring the protein conformational landscapes of systems such as Eb-
ola viral protein 35 (18), epidermal growth factor receptor (19), and
membrane transporters (20). In particular, a goal-oriented adaptive
sampling method named fluctuation amplification of specific traits
(FAST) (21) was able to successfully predict an experimentally unseen
open state of the SARS-CoV-2 (severe acute respiratory syndrome
coronavirus 2) spike complex (22). It has yet to exploit the power of
such methods to study ion channel structure and function.

Here, we applied FAST to first explore regions of conformation-
al space relevant to the opening of the pore in the TMD of the
alP2y2 GABA, receptor. MSM analysis of all the simulation tra-
jectories revealed an energetically metastable state with a pore
wide enough to conduct hydrated CI™ ions and recapitulate previ-
ously measured experimental conductance (Fig. 1, D and E) (23).
Our analysis also revealed asymmetric rearrangements particularly
at the aff interface in the open model; mutant simulations targeting
this interface exhibited a decrease in desensitization rate, consistent
with previous electrophysiology experiments (Fig. 1F) (15). Our
proposed open state offers testable hypotheses for GABA s -receptor
activation, with implications for mechanistic modeling and pharma-
cological development.
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Fig. 1. Overview of structural, energetic, and kinetic aspects of GABA, receptors explored in this work. (A) Architecture of a GABA receptor, colored by subunit (a in
green, B in blue, and y in yellow), viewed from the outside (left, top), cytoplasm (left, bottom), and membrane (right). In outside and membrane views, two GABA molecules at
the painterfaces are represented as van der Waals spheres. In the cytoplasm view, four helices of one p subunit are labeled. (B) TMD zoom view of a desensitized structure (PDB
ID: 6x32), with the y subunit removed, colored as in (A). Surface shows the permeation pathway determined using HOLE (63), colored in green, where it is narrower than a water
molecule. Residues at the 9’ and —2’ gates are shown as sticks, labeled by local pore radius. (C) Pore radius profiles of representative a132y2 GABA, receptor structures from
humaninthe presence of GABA (6x32), bicuculline (6x3s), GABA+methaqualone (8vqy), GABA+PPTQ(8vrn), GABA+pregnenolone sulfate (8sgo), GABA+dehydroepiandrosterone
sulfate (8sid), or GABA-+allopregnanolone (8si9) (6, 8, 64) or from mouse in the presence of GABA+allopregnanolone (8foi), GABA+zolpidem-+allopregnanolone (8g4n), or
GABA+didesethylflurazepam (8g40) (7). Dashed line represents the radius of a hydrated chloride ion. For additional a1p2y2 structures reported before September 2022, see fig.
S1. (D) Conceptually simplified free-energy profile for GABAa receptor desensitization. Lines represent WT (black) and a mutant that slows desensitization by increasing the
energy barrier between open and desensitized states (red). (E) TMD zoom view as in (B) of the open model proposed in this study. A chloride ion (green) can readily permeate

the pore. (F) Schematic two-state kinetic model of the WT and mutant systems studied here.

RESULTS

Adaptive sampling widens the channel pore

To maximize the chance of discovering pore openings that allow
ion permeation, we launched simulations from a cryo-EM struc-
ture of the a1B2y2 GABA4 receptor determined in the presence of
GABA and stabilizing Fab fragments (the latter removed in our
simulation) in an apparent desensitized state [Protein Data Bank
(PDB) ID: 6x3z (8)]. We used an adaptive sampling method, FAST,
that encourages the widening of the intersubunit distances at the
TMD as the MD simulations progress (see Materials and Methods
for details) (Fig. 2A) (21). We started simulations from the desensi-
tized state, presuming it has a similar ECD conformation as in the
open state, including the agonist binding. For efficiency, our simu-
lations were designed to capture the transition between only open
and desensitized states, with the resting state presumed to con-
tribute relatively little in the presence of an agonist. Within 30 FAST
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simulation generations, we observed around a twofold increase
in hydration along the pore, associated with a widening of the
pore (Fig. 2B).

MSM captures an energetically metastable open state

To identify key conformational states of the GABA receptor, their
underlying free-energy and kinetics of state transitions, we con-
structed an MSM using all the FAST-sampled MD trajectories (see
Materials and Methods for details). The free energy was projected
on the first two time-lagged independent components (tICs), which
capture the slowest transitions of the system (24). The energy land-
scape revealed three metastable states (Fig. 2, C to E). Whereas all
experimental structures determined in the presence of an agonist
projected to desensitized or sheared states (described below; Fig. 2D
and fig. $3), our analysis also revealed a putative open state in which
both the central (9) and intracellular (—2’) gates are wide enough to
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Fig. 2. Structural and energetic characterization of the GABA, receptor during our FAST sampling and MSM analysis. (A) Schematic depiction of the feature selec-
tion criteria for the FAST sampling. All possible combinations of pairwise distances among the M2 helix of all the subunits, spanning from the —4’ to 22’ were chosen as
an input feature in FAST. (B) Increased water hydration, along the progression of FAST generations, characterized by counting water in between the two gates (left). A
representative snapshot of water hydration in the first and last generation of FAST sampling is shown on the right. (C to E) Structural characteristics of the metastable
states captured in the free-energy landscape, projected onto the top two tICA eigenvectors from our MSM. The pore radius profiles [calculated using CHAP (65)] with a
mean (solid) and SD (shaded) are shown in blue. The pore radius profiles of experimental closed (PDB ID: 6x3s) and desensitized (PDB ID: 6x3z) state structures are shown
in gray dashed line and gray solid line, respectively. The structural feature of the third metastable state (rightmost) on the free-energy landscape is shown in fig. S6.

permeate hydrated chloride ions, with average radii of ~4 and ~3 A,
respectively (Fig. 2C). Notably, MSM analysis showed that the open
state is energetically less favorable, as expected relative to the long-
lived desensitized state (Fig. 2, C and D). This notion was further
supported by our computed open-state probability of 3.4%, using
the first eigenvector of the transition probability matrix (TPM) in
our MSM analysis. A similarly low open-state probability of around
16% was reported in previous experiments (25). To further check
the structural stability of this open state in additional MD simula-
tions, we performed six replicates of simulations, each for 200 ns. In
five of these replicates, the pore remained stably open, as evident by
the minimal pore radius persisting at 3 A at the end of the simula-
tions (fig. S4).

To test the dependence of our putative open state on the starting
structure (GABA-bound a1(32y2 subtype), we launched an indepen-
dent set of FAST simulations followed by MSM analyses based on
the structure of an a1p3y2 GABA4 receptor with GABA and alpra-
zolam (PDB ID: 6huo). For consistency with our initial setup, all
simulations were run with GABA alone as a ligand. The resulting
free-energy landscape again contained a distinct well with open-like
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features; snapshots from this basin largely projected to the open
state in our initial «1B2y2 landscape (fig. S5).

In addition to the apparent open state, two other prominent wells
were apparent in our free-energy landscapes. In one of these, pore
profiles were comparable to the GABA-bound desensitized struc-
ture (PDB ID: 6x3z), with an average radius of ~2.0 A atthe —2" and
~2.3 A at the 9 gate (Fig. 2E). We accordingly assigned this basin to
the desensitized state; most desensitized experimental structures
projected here (Fig. 2D and fig. S1). In the other prominent basin,
the 9’ gate was relatively expanded (radius ~ 3.0 A), but the —2’ gate
was again too narrow (radius ~ 2.2 A) for a hydrated chloride to
pass (fig. S6). Representative models from this basin were notably
asymmetrical, with three subunits collapsing inward toward the
channel pore and one f subunit displacing outward. Given its asym-
metry, we characterized this state as “sheared.” Three recent struc-
tures from native mouse brains (7) projected near this basin (Fig. 2D
and fig. S6). However, given the apparent lack of conductance and
limited experimental evidence for this latter state, we focused our
subsequent analyses on the transition from predicted open to experi-
mental desensitized states.
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Simulated conductance of the open state agrees with
experimental results

To validate the functional characteristics of our open-state model,
we performed electric field simulations corresponding to an electric
potential difference of 200 and —200 mV across the membrane, each
for six replicates. These simulations revealed a conductance of
17 +£ 8.9 pS at 200 mV and 9.3 + 5 pS at —200 mV, similar to previ-
ous electrophysiology experiments reporting conductances values
of 16.6 = 3.6 (Fig. 3A) (23). Note that, at 200 mV, the chloride flows
inward which is the predominant direction of ionic flow in neurons.
Our desensitized model exhibited virtually no conductance at either
voltage, confirming the presence of a constricted gate (Fig. 3A).

We further characterized the energetics of chloride ion perme-
ation from these two states by performing potential of mean force
(PMF) calculations using the accelerated weight histogram (AWH)
MD simulation method (Fig. 3B and fig. S7) (details in the Materials
and Methods section) (26). The ion faces lower energy barriers at
both gates in the open state compared to the desensitized state, con-
sistent with the higher conductance through the former model. In
the open state, the highest barrier is still around 4 kcal/mol at the
—2' gate. This is possibly due to the partial dehydration, as defined
by losing one water molecule in the first hydration shell, of the ion.
This loss cannot be completely compensated by uncharged residues
at this location (Fig. 3, B and C).

Open model features distinctive expansion at the

af interface

Given that our open model was primarily distinguished by pore ex-
pansion spanning the —2’ and 9’ gates (Fig. 1C), we next sought to
identify specific rearrangements in proximal regions of the TMD. We
first noticed that pore expansion was asymmetric: At the cytoplasmic
end of the pore, the open model featured a pronounced expansion at
the af interface, relative to closed or desensitized experimental
structures (Fig. 4A). Specifically, in contrast to other subunit inter-
faces (fig. S8), the median distance between —2’ Cax atoms at the af
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interface was >3 A larger in our open than in either the closed or
desensitized states.

Open-state expansion in this region corresponded to increased
solvent-accessible surface area (SASA) in a pocket at the off inter-
face, facing the inner membrane leaflet. SASA in this pocket was
>20% larger in our open model than in closed or desensitized struc-
tures (Fig. 4B). Similar trends were apparent in the alp3y2 system
(Fig. 4 and fig. S8). An equivalent pocket at the Pa interfaces was
recently shown to bind the endogenous modulator allopregnano-
lone, both in heterologously expressed human receptors and native
mouse receptors (6, 7); it is interesting to consider whether the af
interface might offer an alternative druggable site, potentially even
more selective for the open versus desensitized states.

On the basis of experimental structures in closed versus desensi-
tized states, GABA binding has also been shown to expand the aff
interface in a region facing the outer membrane leaflet (8). Such ex-
pansion enables state- and interface-selective binding of the barbi-
turate drug phenobarbital. As predicted, this pocket was also
accessible to phenobarbital in our open model (fig. S9), supporting
its relevance to barbiturate potentiation and the feasibility of modu-
lation via the ap interface. Thus, regions of the of interface facing
both inner and outer membrane leaflets expand upon GABA activa-
tion; upon desensitization, the inner-leaflet pocket is restored to a
contracted configuration (Fig. 4B), whereas the outer-leaflet pocket
remains accessible to drugs (fig. S9).

We further sought to identify specific amino acid contacts that
might influence distinctive rearrangements of the open state. In
contrast to other interfaces (fig. S10), a-V263 (M2 position 8’)
formed a >1-A closer contact with -V238 (M1) in our open model
than in either closed or desensitized structures (Fig. 4C). This tight-
ened interaction appeared to be coordinated with translocation of
the pore-lining a-M2 helix outward from the pore (toward f-M1)
upon activation and inward (toward the pore) upon desensitization.
Again, similar trends were apparent in the a1f3y2 system (Fig. 4C
and fig. S10).
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Fig. 3. Simulated conductance of the open state agrees with experimental results. (A, top) Mean and SD of conductance for the open (blue) and desensitized (black)
states, determined using six independent electric field simulations for each state. The experimental values are depicted in a green horizontal line (23). (A, bottom) Cumu-
lative net number of channel-crossing events by a chloride ion, tracked over the time course of six independent MD simulations (colored differently) for the open state at
200 mV. (B) Free energies for chloride ion permeation along the pore axis (with 9’ gate at 0 A), for the open (blue) and desensitized state (black) of the receptor. The loca-
tion of the TMD is highlighted. The convergence of the free energies can be found in fig. S7. (C) Water coordination at the first hydration shell of a chloride ion. Molecular
snapshots at different locations of the ion are shown on the left. The water coordination number along the pore axis, calculated using all the simulation trajectories of the

ion permeation free energy, is shown on the right.
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Fig. 4. Open-to-desensitized transition characterized by contraction, and slowed by mutagenesis, at the af interface. (A) Left: Zoom view of the transmembrane
pore proximal to the —2’ gate, viewed from the cytoplasm, showing the open model (colored) superimposed with the desensitized structure (PDB ID: 6x3z, white) based
on the entire TMD. Arrow indicates contraction between —2' residues at the aff interface upon desensitization. Right: Violin plots showing Ca distances between -2’ resi-
dues at the ap interface in open models proposed for the WT-a1p2y2, WT-a13y2, and a1-L301V2-L296Vy2 (mutant) systems. Horizontal lines indicate closed (PDB ID:
6x3s, dashed) and desensitized (PDB ID: 6x3z, solid) experimental structures. (B) Top: Zoom views of the ap interface in the open model (left) and desensitized structure
(PDB ID: 6x3z; right), shown as cartoons with semitransparent surfaces. Magenta volumes indicate SASA, calculated in VMD based on the inner leaflet-facing halves of the
principal M2-M3 and complementary M1-M2 helices. Bottom: Violin plots showing the corresponding af-interface SASA in open models proposed for a1p2y2, a143y2,
and mutant systems. (C) Left: Zoom view of the TMD proximal to the 9’ gate, viewed from the membrane and colored as in (A). Arrow indicates expansion between a-V263
and B-V238 upon desensitization. Right, violin plots showing distances between Ca atoms of «-V263 and $-V238 in open models proposed for «142y2, a1p3y2, and mu-
tant systems. (D) Rates for the open-to-desensitized transitions in the WT and mutant a182y2 systems, calculated using the transition path theory in pyEmma (43), with
thicker lines indicating faster rates. Experimentally derived rate for the WT system (73) is shown for comparison.

In silico mutagenesis slows desensitization, in accordance
with experiments
We noted that mutations at a conserved leucine residue (a1-L301
and B2-L296) have been shown to decrease desensitization rates in
electrophysiology measurements (15). Located on the principal face
of the M3 helix, a-L301 faces both a-V263 and p-V238, as well as
the inner-leaflet pocket described above (Fig. 2, B and C). We there-
fore predicted that introducing equivalent mutations in our compu-
tational pipeline would modify interfacial interactions and slow the
open-to-desensitized transition.

To test this hypothesis, we used in silico mutagenesis to substi-
tute valine at a1-L301 and 2-1296 in the GABA-bound desensi-
tized structure [PDB ID: 6x3z (8)]. Then, we repeated our adaptive
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sampling method followed by MSM analysis to identify a mutant
open model. Using transition path analysis (27), we calculated a de-
sensitization timescale of 27 ms™" for the wild-type (WT) system,
comparable to estimates from previous electrophysiology record-
ings (14 ms™}) (Fig. 4D and fig. S11) (13). Consistent with mutagen-
esis experiments (I15), desensitization in the mutant system was
1000-fold slower, with a timescale of 0.02 ms™".

The open-state ensemble for the mutant system generally pro-
jected onto the open-state free-energy well in the WT landscape
(fig. S5), indicating that our WT and mutant open models were con-
vergent. Furthermore, our representative open model for the mu-
tant receptor exhibited similar asymmetric features as for WT,
including expansion of the af interface (Fig. 4A and fig. S8) and the
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inner-leaflet pocket (Fig. 4B). Proximal to the truncated a-L301V
side chain, the contact between a-V263 and B-V238 tightened even
more markedly in the mutant versus WT open models (Fig. 4C and
fig. S10). Although our engineered mutant also contained valine
substitutions at the fa and oy interfaces, M2-M1 contacts at those
interfaces were not tightened (fig. S10), indicating that this rear-
rangement is specific to the af interface.

Limitations to artificial intelligence-based prediction of a
plausible open GABA, receptor

Given the recent success of artificial intelligence-based methods such as
AlphaFold (AF) in sampling divergent protein conformations (28-30),
we also sought to compare our FAST/MSM-based approach to AF
prediction of an open GABA, receptor. To this end, we generated
1000 a1p2y2 GABA 4-receptor conformations using AF by stochas-
tically subsampling the multiple sequence alignment (MSA) depth (see
Materials and Methods for details) and screened them on the basis of
pore radius and physical plausibility. Of these 1000, 8 models contained
pore profiles consistent with an open GABA4 receptor (radius of 2.8 to
5.0 A across both gates) (fig. S12). However, typical AF implementations
do not enable specification of subunit arrangement in heteromeric com-
plexes; only two of these eight models featured the physiological fofory
arrangement, viewed counterclockwise from the extracellular side
(Fig. 1A). Among these two, both contained oversized, solvent-
accessible gaps at transmembrane subunit interfaces (fig. S12). Thus, AF
modeling in our hands, even starting from 1000 initial conformations,
has yet to predict a plausible open a132y2 GABA 5-receptor model.

DISCUSSION

Although yet to be directly visualized by laboratory methods, the model
we propose here—based on an integrative computational strategy
involving adaptive sampling and Markov-state modeling—satisfies
several key conditions for the elusive open-state ®1p2y2 GABA,
receptor. Our model contains a fully hydrated pore and conducts
chloride ions to a similar extent as in electrophysiology experiments
(Fig. 3A) (23). It is also representative of a free-energy basin (Fig. 2D),
metastable in extended simulations (fig. S4), and largely reproducible
from multiple starting structures (fig. S5). Relative to the desensitized
state, it features rearrangements in a druggable pocket at the trans-
membrane subunit interface, where mutations have also been shown
to decrease desensitization rates (15). This model may therefore prove
applicable to developing mechanistic hypotheses as well as pharma-
cological or therapeutic tools.

On the basis of our open model, receptor activation and desensi-
tization were associated with expansion and contraction (respec-
tively) throughout the transmembrane pore, spanning the —2’ and 9’
gates (fig. S13). This mechanism may highlight a fundamental com-
plexity of the “dual gate” model, which—in more simplistic terms—
associates activation with expansion around 9’ and desensitization
with contraction at —2’ (1). Although no open structure has been
reported for the classical synaptic human GABA 4 receptor, related
receptors for glycine (31) and acetylcholine (32) are now available in
apparent closed, open, and desensitized states, enabling more de-
tailed mechanistic modeling. These family members exhibit similar
patterns of expansion and contraction spanning both gates (fig. S13),
indicating that it may be a generalized feature. Still, we note that the
present work focuses on predicting a plausible open state; it does not
resolve a complete gating mechanism of GABA -receptor function,
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which would include additional functional states and their precise
interconversion pathways. For instance, the complex coupling of
pore opening to ECD-ligand binding in the closed-to-open transi-
tion remains of critical interest to past and future studies.

Our open model did reveal distinctive rearrangements at the af
interface associated with channel gating (Fig. 5). Open-state expan-
sion between neighboring a-M2 and B-M2 helices, particularly
around —2' (Fig. 4A), was coordinated with tightened contacts be-
tween a-M2 and B-M1 (Fig. 4C). Tightening this M2-M1 contact
even further (in the presence of a-L301V) was associated with slow-
er desensitization, i.e., a heightened free-energy cost to disrupting
open-state contacts (Fig. 4D). Notably, a similarly tightened M2-M1
contact has been described as a key feature of gating in other penta-
meric ligand-gated ion channels (33). This feature may support
translocation of M2 away from the channel pore or even local dis-
tortion of M2 helices, as reported recently for the open o7 nicotinic
receptor (34).

On the basis of our open model, receptor activation is further associ-
ated with the evolution of two types of intersubunit pockets, particularly
at the of} interface (Fig. 5). A pocket facing the outer membrane leaflet is
relatively expanded in both open and desensitized states, enabling it to
bind positive allosteric modulators such as phenobarbital (fig. S9) (8). A
pocket facing the inner membrane leaflet expands upon GABA acti-
vation and then contracts upon desensitization (Fig. 4B). To our
knowledge, the pocket has yet to be implicated in binding any known
modulators, suggesting a pathway for pharmacological development.

In addition to mechanistic details, our study provides thermody-
namic and kinetic measures of channel function that can be com-
pared to experiential findings. As seen in Fig. 2D, the free energy of
the open state is relatively high, corresponding to an open probabil-
ity of 3.4%, reminiscent of experimental values of 16% (25). Our
transition path analysis shows that the receptor desensitizes from
the open state with a rate of around 27 ms™', qualitatively agreeing
with values from single-channel recordings of 14.07 ms™" (13). Al-
though not perfectly precise, such measures offer benchmarks for
further refinement of structural and mechanistic models.

Given that the free-energy basin for the sheared state was lower
than other states, we were initially surprised that such a conforma-
tion had yet to be described in the experimental literature. It is pos-
sible that sheared-state particles are not readily extracted from
cryo-EM data by class averaging and/or that its prominence in our
free-energy landscapes is biased by limited sampling using the FAST
method. Although this was anticipated in our experimental design,
our simulations excluded sampling of the closed state, as indicated
by the absence of any free-energy well corresponding to the 9’ ra-
dius of closed experimental structures (1.2 A, Fig. 1C).

Subsequent to the initiation of this work, three a1f2y2 GABA,
receptor structures were reported (7), which did approach the
sheared state in our free-energy landscape (fig. S6). Derived from
native mouse brains, these structures were resolved with endoge-
nous ligands including GABA and allopregnanolone (7), enabling
direct comparison to recombinant human variants resolved under
equivalent conditions. Relative to a comparable human structure
[PDB ID: 8si9 (6)] that projected to the desensitized state, the mouse
structure [PDB ID: 8foi (7)] exhibited inward collapse of at least
three subunits around the —2’ gate (fig. S14), similar to our repre-
sentative sheared model (fig. S6). Although it remains unclear
whether these differences are primarily attributable to species, ex-
pression system, or other physiological or experimental variations,
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Closed

Open

Desensitized

Phenobarbital
binding sites

Possible druggable
site?

Fig. 5. Graphical overview of GABA, receptor open-state transitions at the af interface as proposed in this study. (Left) View from the membrane plane of the in-
terface between M2-M3 of an « subunit (green) and M1-M2 of a f subunit (blue) in the resting-closed state. (Middle) Rearrangements upon pore opening expand the
interface between a-M2 and -M2 helices (bottom arrow). In conjunction with these rearrangements, the a-M2 helix displaces outward from the pore toward $-M1
(middle arrow). These motions are associated with the evolution of lipid-accessible pockets facing the outer and inner membrane leaflets (circles). (Right) Rearrange-
ments upon desensitization partially release contacts between a-M2 and p-M1 (middle arrow) and restore closer contacts between a-M2 and -M2 helices (bottom arrow).
Whereas the outer-leaflet pocket remains accessible to phenobarbital in the desensitized state, the inner-leaflet pocket appears to be specific to the open state and may

constitute a druggable site to promote channel opening.

the observation expands experimental sampling of the conforma-
tional landscape and supports the potential relevance of a sheared-
like state.

Overall, this study demonstrates the power of advanced sam-
pling strategies and MSM analysis that can be used to address chal-
lenging biological questions. Given the fact that we did not use
information on the open state from a homologous protein, this
method appears to be a promising approach for sampling the con-
formational landscape of a range of proteins lacking mechanistic
detail, in particular to propose testable models for previously un-
identified functional states of ion channels and drive prospective
pharmacological development.

MATERIALS AND METHODS

System preparations

Initial simulations were launched from a cryo-EM structure of an
alP2y2 GABA, receptor in a GABA-bound desensitized state (PDB
ID: 6x3z). For consistency with a past work, we used a simulation
system previously embedded and equilibrated in a model membrane
using coarse-grained methods; for details, see ref. (8). Briefly, the ex-
perimental structure was coarse-grained through the representation
of about four heavy atoms as a single bead, using Martini Bilayer
Maker in CHARMM-GUI (35). Then, the protein was embedded in
a symmetric membrane containing 44.4% cholesterol, 22.2% POPC
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), 22.2% POPE
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine), 10% POPS
(1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine), and 1.1%
PtdIns(4,5)P2 (phosphatidylinositol 4,5-bisphosphate), previously
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shown to approximate the neuronal plasma membrane (36). Following
20-ps equilibration, this coarse-grained system was backmapped to
an all-atom system, solvated with transferable intermolecular poten-
tial with 3 points (TIP3P) water (37) and neutralized with 0.15 M
NaCl, resulting in a system containing 270,000 atoms with dimen-
sions of 140 by 140 by 160 A”.

For simulations of the a1B3y2 GABA, receptor, for which no
structure was readily available with GABA alone, we used a cryo-EM
structure with GABA+alprazolam (PDB ID: 6huo) (11), with alpra-
zolam removed. As an alternative to coarse-grained equilibration of
the membrane, we constructed the initial generation of FAST sam-
pling (described in detail below) from 25 independent replicas built
by randomly configuring initial lipid placement around the GABA-
protein complex using the Membrane mixer plugin in VMD (38, 39).

The systems were energy minimized and then relaxed in simula-
tions at constant pressure (1 bar) and temperature (310 K) for 30 ns,
during which the position restraints on the protein and GABA were
gradually released. The restraints were directly used as recommend-
ed by CHARMM-GUL. Then, production runs were performed with
a mild flat-bottom restraint of 20 k] mol™! nm ™ between the atoms
of GABA and residues at the binding sites to prevent spontaneous
release of GABA from the binding sites as seen in a previous study (8).

Adaptive sampling

To explore pore opening in the TMD, we applied the FAST goal-
oriented adaptive sampling method (21). Briefly, this method runs
successive swarms of simulations where the starting points for each
swarm are chosen from the set of all previously found conforma-
tions based on a reward function. This function balances (i)
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preferentially simulating structures with maximum pairwise dis-
tances (with a total of 540 pairs; Fig. 2A) to encourage the pore to
adopt a more open conformation that may allow ion permeation,
with (ii) broadly exploring of the conformational space of the entire
receptor. The broad exploration phase was implemented by favoring
states that are poorly sampled compared to other states, based on
the root mean square deviation of the TMD residues. During FAST,
we performed 30 generations of simulations with 25 simulations per
generation and 40 ns per simulation, totaling to 30 ps. Because no
biasing force is applied to any individual simulation, the final data-
set can be used to build an MSM to extract thermodynamic and ki-
netic properties (40-42), as detailed below.

Markov state modeling

We used our trajectory dataset from FAST to construct an MSM us-
ing pyEmma (43), by first featurizing the trajectory dataset using (i)
the pore radii, spanning from —2’ to 9', every 1 A, and (ii) M2-M2
intersubunit distances and M2-M1 and M2- M3 intrasubunit dis-
tances spanning the same region as above. To remove redundant in-
formation within the feature space and identify the slowest reaction
coordinates, time-structure-based independent component analysis
(tICA) was used to reduce the dimensionality of the feature space
[X(#)] to the eigenvectors of an autocovariance matrix, (X(t)XT
(t+7)), with a lag time, T = 1 ns (24, 44, 45). It is important to choose
an optimal number of tICA eigenvectors because an MSM built using
too many eigenvectors would have microstates with low statistical
significance due to finite sampling error (46). We found that the first
12 tICA eigenvectors are sufficient to construct the MSM, as assessed
by the convergence of the VAMP-2 score (fig. S15) (47).

The conformational space was then discretized into multiple mi-
crostates using k- means clustering. To choose the number of micro-
states to use in the model, we used the VAMP-2 score (47) to
evaluate the quality of MSMs built with different numbers of micro-
states (fig. S15).

Then, a TPM was constructed by evaluating the probability of
transitioning between each microstate within a lag time, 7. To choose
an adequate lag time to construct a TPM that ensures Markovian
behavior, multiple TPMs were first created using multiple maximum
likelihood MSMs with different lag times. The implied timescales
were evaluated for each of these transition matrices, and saturation
was observed at T = 5 ns for the WT and © = 8 ns for the mutant
system (fig. S16). Thus, we built our final TPM using a maximum
likelihood MSM with the corresponding lag times. This final TPM is
symmetrized using a maximum likelihood approach to ensure de-
tailed balance (43). Convergence was verified in pyEMMA using
Chapman-Kolmogorov tests (48) for each system (figs. S17 to S19).

MD simulations

MD simulations in this study were performed using GROMACS-
2023 (49) using CHARMM36m (50) and CHARMM36 (51) force
field parameters for proteins and lipids, respectively. The force field
parameters for the ligands were generated using the CHARMM
General Force Field (52-54). Cation-n interaction-specific NBFIX
parameters were used to maintain appropriate ligand-protein inter-
actions at the aromatic cage, located at the binding sites (55). Bonded
and short-range nonbonded interactions were calculated every 2 fs,
and periodic boundary conditions were used in all three dimensions.
The particle mesh Ewald method (56) was used to calculate long-
range electrostatic interactions with a grid density of 0.1 nm™. A

Haloi et al., Sci. Adv. 11, eadq3788 (2025) 8 January 2025

force-based smoothing function was used for pairwise nonbonded
interactions at 1 nm with a cutoff of 1.2 nm. Pairs of atoms whose
interactions were evaluated were searched and updated every 20 steps.
A cutoff of 1.2 nm was applied to search for the interacting atom
pairs. Constant pressure was maintained at 1 bar using the Parrinello-
Rahman algorithm (57). Temperature coupling was kept at 300 K
with the v-rescale algorithm (58).

lon permeation free-energy calculations

The free energy along the pore axis for chloride was calculated using
the AWH method (26). In brief, for each structural model of open
and desensitized state captured in our MSM analysis, we applied one
independent AWH bias and simulated for 500 ns each with eight
walkers sharing bias data and contributing to the same target distri-
bution. Each bias acts on the center-of-mass z-distance between one
central chloride ion and the —2' residues, with a sampling interval
across more than 95% of the box length along the z axis to reach pe-
riodicity. To keep the solute close to the pore entrance, the coordinate
radial distance was restrained to stay below 10 A by adding a flat-
bottom umbrella potential. During these simulations, the protein-
heavy atoms were harmonically restrained using a relatively weak
force constant of 100 k] mol ™! A7 to the backbone atoms to maintain
the respective conformational state of the protein.

Electric field simulations

Ionic current was calculated by performing simulations with a con-
stant electric field normal to the membrane. Six replicas of ionic
current simulations were performed with an open and desensitized
state GABA, receptor model, derived from MSM analysis. Each
production simulation was then performed for 500 ns with an elec-
tric field corresponding to a membrane electric potential difference
of 200 and —200 mV. During these simulations, the protein-heavy
atoms were harmonically restrained using a relatively weak force
constant of 100 k] mol™! A2 to the backbone and 20 k] mol™ A~2
to the side-chain atoms to maintain the respective conformational
state of the protein.

Ionic current (I) was computed by counting the number of ions
(Na't and CI7) that cross the pore over time, i.e., I = N X g/t, where N
is the number of ion crossing events over a time interval 7, and g is the
charge oftheion (1.60217662x10™" CforNa*and —1.60217662x 10"
C for CI"). The total current was simply the sum of the net Na* current
minus the net CI~ current. The conductance (C) was then calculated as
cC=1V.

AF sampling

AlphaFold2 conformations were generated by running AlphaFold-
Multimer (59) in ColabFold (60), where all the MSAs are obtained
from the MMseqs2 database (61). The MSA depth was subsampled
according to methods proposed by del Alamo et al. (28), using a
single recycle and no energy minimization. The sequence number
parameters were selected by initially generating conformations with
max-extra-seq = 100, 120, . . ., 380, 400 and max-seq = max-extra-
seq/2 using all five different AlphaFold-Multimer models (num-
models = 5), resulting in a total of 1000 conformations.

Statistical analysis

System visualization and analysis were carried out either using
VMD (39) or PYMOL (62). Violin plots were prepared in Python
using seaborn.violinplot with default settings.
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