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conversion by binding to two co-agonist neurotransmitters, glycine and gluta-
mate, which results in conformational changes that ultimately lead to the open-
ing of a cation-permeable pore in the plasma membrane. It has been observed
previously that the two co-agonists glycine and glutamate exhibit negative co-
operativity, that is, the affinity of one agonist is reduced by the presence of the
other agonist. The mechanism of this negative cooperativity, however, has not
been elucidated. We have utilized single molecule FRET measurements, as
well as molecular dynamics simulations and electrophysiological measure-
ments, to examine the mechanism of negative cooperativity in the NMDA re-
ceptor. We have found that the binding of one agonist leads to a conformational
change in the binding site for the other agonist that disfavors agonist binding
and causes an increase in conformational dynamics. The loss of this conforma-
tional change in a mutant receptor that does not exhibit negative cooperativity
confirms the involvement of the identified conformational states in mediating
the negative cooperativity. Additionally, measurements at the transmembrane
region of the receptor indicate that the binding of both agonists is required to
induce the opening of the cation pore. These results demonstrate the importance
of using single molecule measurements to elucidate all of the conformational
states that a protein probes and also serve to increase our understanding of
the mechanisms underlying agonist affinity in the NMDA receptor.
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N-Methyl-D-aspartate receptors (NMDARs) are glutamate-gated channels that
mediate excitatory neurotransmission in the central nervous system. They are
heterotetrameric channels composed of two GluN1 and two GluN2 subunits,
each containing four (M1-M4) membrane-embedded helices. Glutamate and
glycine binding results in closure of the ligand binding domain and results in
opening of the Naþ/Ca2þ-permeable pore by direct tethering to the gate at
the M3 helix. The role of the peripheral M4 helix in modulating channel gating
is unclear. To determine if the M4 helix controls gating by direct allosteric in-
teractions with the gate, we performed a cysteine mutagenesis scan and western
blot analyses to identify putative regions of direct contact between GluN1 M4
and GluN2A M3. We identified strong crosslinking at GluN2A-F636 with
GluN1-G815 and GluN1-L808. We performed alanine mutagenesis on these
sites and recorded single-molecule steady-state currents using cell-attached
patch clamp. We performed kinetic modelling and used estimated rate con-
stants to execute a double mutant cycle analysis on these recordings to deter-
mine the functional impact of these interactions. Each mutant significantly
impacted gating open probability (GluN1/GluN2A 0.53 5 0.10;
GluN1G815A/GluN2A 0.32 5 0.11; GluN1/GluN2AF636A 0.81 5 0.04;
GluN1G815A/GluN2AF636A 0.885 0.04). We found GluN1-G815 made contact
with GluN2A-F636 and contributed 1.9 kJ to desensitization. This indicates a
functional interaction between the residues that coincides with the physical
interaction observed between GluN1-G815 on the M4 helix with GluN2A-
F636 on the M3 helix. Our results suggest a model whereby the GluN1 M4 he-
lix makes direct, functionally important contacts with the GluN2A channel
gate. This may serve as a mechanism by which intracellular changes in the
c-terminal domain can communicate with the channel gate. The GluN1 M4
also houses several disease-associated sites. Mutations that disrupt M3-M4
coupling may be a novel mechanism of disease pathology.
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In all kingdoms of life, pentameric ligand-gated ion channels mediate electrical
activity in response to chemical stimuli including pH, neurotransmitters, alco-
hols, and a wide range of pharmacological agents. Recent biochemical and
structural studies in this family of receptors have identified putative binding
sites for various agonists and modulators, but leave open questions as to the
mechanisms of coupling between ligand binding and pore opening. Here, we
used voltage-clamp electrophysiology and molecular dynamics to investigate
transmembrane gating determinants in GLIC, a structurally accessible model
channel from cyanobacteria. As measured by two-electrode voltage-clamp
electrophysiology, mutations in the pore or at the subunit interface enhanced
proton sensitivity, but had opposing effects on ethanol potentiation. Molecular
dynamics simulations indicated these mutations enhanced gating by different
mechanisms, primarily involving either extracellular blooming or transmem-
brane electrostatic networks. Ethanol flooding in closed and open states sub-
stantiated the presence of multiple modulatory binding sites, with mutations
modifying state-dependent occupancies in different regions. Modifications to
both closed- and open-state models were required for stable extended simula-
tions, highlighting tractable uncertainties in experimental structures. Finally,
comparative modeling of eukaryotic family members provided a rationale for
differential sensitivities to allosteric modulators. These results reveal distinct
networks influencing gating and modulation in the pentameric ligand-gated
ion channel family, processes likely critical to elucidating channel evolution
and designing novel therapeutics.
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The mechanism by which ligand binding causes channel opening in pentame-
ric ligand-gated ion channels (pLGICs) is not yet fully understood. The outer,
lipid-facing helix (M4) and the lipid bilayer in which the channel is embedded
have emerged as factors that affect channel opening, though details remain to
be determined. Alanine mutations in the M4 helix of anionic pLGICs M4 are
neutral or detrimental to channel opening, but there has so far been no clear
pattern in cationic pLGICs. Alanine mutations in the a7 nicotinic acetylcho-
line receptor (nAChR) M4 are generally beneficial to channel opening, but are
neutral or ablate function 5-HT3A M4. This apparent discrepancy in the
importance of M4 led us to assess its role in a third cationic pLGIC, the
a4b2 nAChR, using fluorescence and two-electrode voltage clamp to eluci-
date the determinants of M4 requirement. When expressed in HEK cells, 9
alanine mutations along the length of the M4, of residues of varying charge,
size, and aromaticity, ablated function. However, when expressed in Xenopus
oocytes, 7 of these 9 were fully functional. Thus the cellular environment con-
tributes to determining whether certain M4 residues are required for function,
and we suggest the composition of the lipid bilayer may be of major impor-
tance here.
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Ligand-gated ion channels (LGICs) are responsible for propagating electro-
chemical signals in neurons and other excitable cells, by rapidly cycling be-
tween functional states upon appropriate chemical stimuli. However, few
LGICs have been characterized in both open and closed conformations, and
the timescales of the gating transitions, initiated by ligand-binding, are typi-
cally too slow for classical molecular dynamics simulations. Consequently,
the precise landscape of LGIC transitions is poorly understood.
We have utilized enhanced sampling to run unbiased molecular dynamics sim-
ulations in a massively parallel fashion, and construct Markov state models of a
structurally rich, pH-gated bacterial LGIC, GLIC from Gloeobacter violaceus.
We then tested the ability of these models to recapitulate functional effects of
protonation and mutagenesis on channel opening. Consistent with functional
recordings, our models reveal deepening of the open state free energy well
upon protonation in the extracellular domain or mutation (I233T) of the trans-
membrane gate, with relatively low maximal open probability. Analysis of
states along the main reaction coordinate confirms multiple previously sug-
gested mechanisms, but we note that the blooming and twisting motions of
the extracellular domain mainly depend on pH and not the conformational state
of the channel. Additionally, analysis of the conformational symmetries reveals
a highly asymmetric intermediate and symmetric open state, while the closed
states display mixed asymmetric extracellular and symmetric transmembrane
domains.
This work demonstrates the construction of plausible Markov state models
from limited sampling of LGIC variants, capable of predicting allosteric effects
from chemical perturbation, and identifying geometric variables in functional
transitions. Such statistical tools constitute a promising approach to elucidate
LGIC gating mechanisms, with practical implications for modeling neuronal
function and the development of state-selective drugs.
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