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Glutamate transmission and activation of ionotropic glutamate receptors are the
fundamental means by which neurons control their excitability and neuroplasticity'.
The N-methyl-D-aspartate receptor (NMDAR) is unique among all ligand-gated
channels, requiring two ligands—glutamate and glycine—for activation. These
receptors function as heterotetrameric ion channels, with the channel opening
dependent on the simultaneous binding of glycine and glutamate to the extracellular
ligand-binding domains (LBDs) of the GluN1 and GIuN2 subunits, respectively?*. The
exact molecular mechanism for channel gating by the two ligands has been unclear,
particularly without structures representing the open channel and apo states. Here
we show that the channel gate opening requires tensionin the linker connecting the
LBD and transmembrane domain (TMD) and rotation of the extracellular domain
relative to the TMD. Using electron cryomicroscopy, we captured the structure of
the GIuN1-GIluN2B (GIuN1-2B) NMDAR in its open state bound to a positive allosteric
modulator. This process rotates and bends the pore-forming helices in GluN1and
GIuN2B, altering the symmetry of the TMD channel from pseudofourfold to twofold.
Structures of GluN1-2B NMDAR in apo and single-liganded states showed that binding
of either glycine or glutamate alone leads to distinct GluN1-2B dimer arrangements
butinsufficient tensionin the LBD-TMD linker for channel opening. This mechanistic

framework identifies a key determinant for channel gating and a potential
pharmacological strategy for modulating NMDAR activity.

Excitatory neurotransmission and cellular signalling mediated
by N-methyl-D-aspartate receptors (NMDARs) are crucial for brain
function, development and health’. NMDARs are ligand-gated
cation-selective ion channels that assemble as heterotetramers com-
prising two GluN1and GluN2 (A-D) subunits. A defining characteristic
of NMDAR functionality liesin the unique requirement for simultaneous
binding of glycine or D-serine to GluN1 and glutamate to GluN2 to acti-
vate the channel. This distinctive mechanism standsin stark contrast
to the other members of ionotropic glutamate receptors (iGIuRs),
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPAR) and kainate receptors, inwhich activation is mediated solely
by glutamate' . Opening of the NMDAR channels and subsequent relief
of the Mg?* blockade by membrane depolarization*® can lead to an
influx of sodium and calcium®’, which orchestrates neuroplastic sig-
nalling and is intimately associated with high-order brain functions,
including learning and memory®. Dysfunctional NMDARs have been
implicatedinaplethoraof neurological diseases and disorders, such as
schizophrenia, Alzheimer’s disease, depression, intellectual disability,
autismspectrum disorder, epilepsy and acute neuronal damage result-
ing from stroke or traumatic brain injury’.

The inaugural structural analyses of the intact tetrameric GluN1-2
NMDAR channel in 2014 showed a heterotetrameric subunit

arrangement, showcasing a dimer of GluN1-2 heterodimers atboth the
amino-terminal domain (ATD) and the LBD, whereas the TMD showed
apseudofourfold symmetry around the channel pore®™°. The most
recent study showed that the GluN1-3A NMDAR channel assembles
as a dimer of GIuN1-3A heterodimers at ATD and LBD, yet exhibits a
conformational pattern distinct from those of the GluN1-2 NMDARs".
Subsequent studies expanded on these findings, presenting structures
in various liganded states that prompted speculations on allosteric
modulation'>™, competitive inhibition>'¢, channel blockade” " and
allosteric mechanisms'>'*?°, The overarching interpretation from these
structural studies, together with studies on theisolated domains, pro-
poses that the bi-lobe architectures of GluN1and GIuN2 LBDs undergo
closure on agonist binding® 23, and the GluN1-2 LBD heterodimers
undergo rigid-body rotational movements'>****—a process regulated
by the ATDs>* 2, These motions are thought to collectively influence
tension in the GluN2 LBD-TMD linker?, ultimately affecting channel
gating. Despite years of enthusiasm, understanding how the binding
of the two agonists translates into the opening of the channel gate in
the NMDAR has remained elusive due to the absence of a structure
representing the open state. Rigorous past endeavours to structur-
ally explain the open NMDAR channel have been met with challenges
stemming primarily from a prevalence of mostly non-active and some
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Fig.1|Structural analysis of GluN1-2BNMDAR in the openstate. a, Chemical

structure of EU-1622-240 alongside arepresentative TEVC recordi

modelled structure of GluN1-2B NMDAR in the non-activelstate and open
state complexed with EU-1622-240. GluN1 and GIuN2B subunits are coloured
inmagentaand deep teal, respectively, with glycine, glutamate and GIn662

ngofrat

GIuN1-2BNMDAR expressed in Xenopus oocytes. We performed recordingsin
the presence of 30 uM glycine, 100 pM glutamate and various concentrations
of EU-1622-240 ata holding potential of ~40 mV. The concentration-response
curve, calculated from TEVCrecordings, showed a5.3 + 0.57-fold increasein
maximum NMDAR current with a half maximal effective concentration (EC,)
of 0.75 £ 0.1 uM (n = 6; Hill coefficient n,, =1.55 + 0.05). Dataare presented as
mean +s.e.m.; n=number of oocytes measured. b, Cryo-EM density and

pre-active (formerly referred to as active and active-SS) conformations
in which the receptors bind agonists (glycine and glutamate) but the
ion channel pore remains closed'*'®. Therefore, the pre-active state rep-
resents the state primed for channel opening, whereas the non-active
state represents the more extensively closed state'®.

Here we bridge these critical knowledge gaps by presenting the open
channel structure of GluN1-2B NMDARs captured in the presence of
glycine, glutamate and a positive allosteric modulator (PAM): EU-1622-
240. In addition, we present a series of apo states in which both GluN1
and GluN2 are unoccupied with ligands, only GluN1 is occupied with
an agonist and only GluN2 is occupied with an agonist. Our findings
showthat the activation mechanisminvolves tensiongenerationinthe
GIuN2B LBD-TMD linkers, along with arobust rotation of the extracellu-
lar domain relative to the TMD channel. This action breaks the symmetry
ofthe channel gate and pore from pseudofourfold to twofold symmetry,
introduceskinksinthe GluN2B M3’ helices and rotates GluN1M3 helices
to facilitate gate opening. The gate opening is stabilized by binding of
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Casshown as spheres. ¢, Comparison of GluN2B TMD in non-activel, pre-
active (PDB code 6WI1) and openstates. d, Top view of the channel pores across
various states, highlighting the alterations in the opening of the M3/M3’ gates
clustered with hydrophobic residues (GluN1Ala652 and Val656 and GIuN2B
lle655and Ala651). Anotable13.1° rotation between the LBD and TMD in the
openstate compared with the pre-active stateis critical for gate opening.

EU-1622-240 to a new site surrounded by GIuN2B pre-M1’, M1’ and M4’
helices, which favours bending of the GluN2B M3’. The apo state struc-
tures demonstrate that glycine binding to GluN1 primes the NMDAR
channel, resembling the pre-active state. Conversely, the absence of gly-
cinerearranges the subunitsintoapositionakinto the non-activel-like
states, in which the GluN1-2B LBD dimers are rotated downward towards
the plane of the membrane, reducing the GluN2B LBD-TMD tension. The
comprehensive scheme of conformational patterns and the newly identi-
fied PAMssite outline potential therapeutic approaches for neurological
diseases and disorders linked to NMDAR dysfunction.

Conformational changes leading to channel opening

To enhance the likelihood of capturing the open state, we introduced
aPAM, EU-1622-240, which potentiates the macroscopic current when
added with agonists (Fig. 1a). Single-particle electron cryomicros-
copy (cryo-EM) on the GIuN1-2B NMDAR in the presence of glycine,
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Fig.2|Pore analysis of structures of GluN1-2BNMDARsin various functional states. a-d, Pore radius measurement (a) and side views of the channel poresin
open (b), pre-active (c) and non-activel (d), as analysed by the program HOLE, which distinctively illustrate gate widening and pore dilation specifically inthe openstate.

glutamate and EU-1622-240 resulted in two main three-dimensional (3D)
classes, one with a closed channel (non-activel at 3.13 A) and the other
withan open channel (openstateat 3.72 A) (Fig. 1b and Extended Data
Fig.1). The quality of the TMD cryo-EM density was further improved by
implementing focussed refinement to facilitate reliable model build-
ing (Extended Data Fig. 1). Consequently, incorporating EU-1622-240
along with glycine and glutamate into the GluN1-2B NMDAR sample
enabled the visualization of the open channel.

The extracellular region of the open state structure resembles the
pre-active state (formerly called Active-SS, PDB code 6WI1)2¢, This
similarity is particularly evident inthe arrangement of subunits inthe
LBD layer, in which intersubunit and interdomain interactions occur.
These interactions in the pre-active and open states are prominent at
the interface of the GluN1-2B dimers (Extended Data Fig. 2a,b). Espe-
cially, GluN1loop 2 (L2) and GIuN2B loop 1 (GIuN2B L1’) are proximal
tothe a4’ helix located in the GIuN2B ATD (Extended Data Fig. 2b). By
contrast, the non-activel state features a downward rotation of the
GluN1-2B LBD dimers towards the plane of the membrane compared
with the open and pre-active states, leading to movement of GIuN1L2
away from the GIuN2B a4’ helix (Extended Data Fig. 2c). This variance
at the LBD layer correlates with changes at the GIuN1-2B ATD dimer
interface, at which the open and pre-active states have reduced dis-
tances between the lower lobes (R2) of GluN1 and 2B ATDs compared
with the non-activel state (14.2,12.3and 19.2 A for open, pre-active and
non-activel states, respectively; Extended Data Fig. 2d,e). The open
and pre-active states are characterized by an openbi-lobe structure of
GIuN2B ATD, in contrast to the closed bi-lobe in the non-activel state
(Extended DataFig. 2d,e) that resembles the inhibited state stabilized
by a negative allosteric modulator (NAM), such as ifenprodil, Zn* or
aninhibitory antibody'>'>3%3!,

Inthe openstate, thereisanotableincreaseintensioninthe GluN2B
LBD-M3’ loop as quantified by the distance between GIuN2B GIn662
Caatoms (Fig.1c). The tensionin the open stateis substantially higher
compared with the non-activel (63.6 A versus 51.0 A) but similar to
the pre-active state with a closed channel gate® (63.6 A versus 61.0 A)
(Fig.1c). Thecritical step driving the opening of the channel gate from
the pre-active state involves a13.1° clockwise horizontal rotation of the
extracellular domainrelative to the TMD, which has not been predicted
(Fig.1d). Thisrotationin turninduces acorresponding rotation of the
GluN1M3 helices and a bending of the GIuN2B M3’ helices (Fig. 1c,d).

These structural changes transform the pseudofourfold symmetry of
the TMD in the pre-active state into twofold symmetry and result in
gate opening through displacement of the hydrophobic residues at
the pore entrance (Fig. 1d and Supplementary Video 1).
Thenon-activelstate had aclosed channelin which the agonist-bound
GluN1-2B LBD dimers were not ina position to generate sufficient ten-
sionin the GluN2B LBD-M3' loop for gating'>'*?’ (non-activel; Fig. 1b,c).
Specifically, the lack of tension caused by the downward rotation of the
GluN1-2B LBD dimers towards the plane of the membrane (described
above; Extended Data Fig. 2c) leads to a clustering of hydrophobic resi-
dues (GluN1Ala652 and Val656 and GIuN2B Ala651 and 1le655) in GIluN1
M3 and GIuN2B M3’ helices around the channel entrance and gate that
prohibits ion passage (non-activel; Fig. 1c,d). Overall, our structural
analysis delineated the cascade of conformational alterations coupling
changes in the extracellular domains to the channel gate opening.

Analysis of channel gate and pore in multiple states

We next measured and compared channel diameters between the open,
pre-active and non-activel states to assess which regions of the TMD
undergo conformational alterations. We observed substantial diameter
expansions in the open channel structure of the VIVI gate at the tip of
the M3/M3’ helices and the conserved region, known asthe SYTANLAAF
motif, compared with pre-active and non-activel structures (Fig. 2a-d).
The hydrophobic cavity is more confined in the non-activel structure
thanthe pre-active and openstate structures, whereas the Asn-rings at
the entrance of the cation selectivity filter are equally narrow among
all structures (Fig. 2a-d). Structurally, the VIVI gate is located next to
the SYTANLAAF motif andis distinct from another gate at the M2 loop,
which was suggested recently to exist®.

Consistent with the structural analysis above, potential of mean
force (PMF) calculations confirmed that only the open channel struc-
ture allows for the permeation of sodiumions (Extended Data Fig. 3).
PMF calculations showed substantial energy barriers at the VIVI
gate of 5 kcal mol™ for non-activel, and at the SYTANLAAF motif of
6.7 kcal mol™ for non-activel and 8 kcal mol™ for the pre-active state,
ruling out the possibility of ion passage (Extended Data Fig. 3). By
contrast, the PMF atequivalent regions in the open channel structure
hovers around 0 kcal mol™, denoting substantially more favourable
conditions for ion passage (Extended Data Fig. 3a). We also observed
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Fig.3|PAMsite and channel gate determinants. a, EU-1622-240 is bound
exclusively to the openstate as evident from the cryo-EM density (blue mesh) in
apocket formed by residues from GluN2B MY, pre-M1’ and M4".b, Comparison
oftheregionaround the PAMssite between the open and pre-active states,
inwhich differences are shown by the Ca positions of Met654 on M3’ and
Asn817 on M4’. EU-1622-240 density is shown as blue mesh. ¢, Estimation of
Po by measurement of MTSEA potentiationin GluN1-A652C/GluN2B NMDARs.
Representative TEVC traces (left) and the estimated Po for site-directed
mutants on the basis of MTSEA potentiation; n (left toright) = 41,18,10, 15,19,
14,22 and12.d, Representative TEVC traces (left) and changesin PAM activity
([EU-1622-240] =3 uM) expressed as a percentage of control for each mutant.
The height of the bars represents the mean, and the whiskers represent +99%

negative PMF for Na* (-11.5 kcal mol™) around the hydrophobic cavity in
thenon-activel, butnotinthe pre-active state or openstate. Although
the closed gate prevents Na* from permeating through the channelin
the non-activel conformation, its narrower hydrophobic cavity may
accommodate some cation binding. Finally, the PMF unequivocally
established the impermeability of CI7, consistently showing a positive
PMF throughout the channel (Extended Data Fig. 3a,b).

PAM stabilizes open state via gating determinants

Our current structural analysis showed an unprecedented binding
pocket occupied by EU-1622-240 and crucial determinants for chan-
nel gating. The cryo-EM density, consistent with the approximate
shape and size of EU-1622-240, was present at the juxtamembrane
pocket, formed primarily by residues on GIuN2B pre-M1’, M1’ and M4/,

212 | Nature | Vol 632 | 1August 2024

Lo

10s

confidenceintervals; n (lefttoright)=8,6,10,7,12,7,7and 8. e,f, Representative
traces (e) and the analysis (f) of the NMDAR current show that disulfide
crosslinking between M654C and N817C locks asubset of receptorsin the

open state without agonists, which could be blocked by Mg** (red arrow). This
current observed inthe absence of agonistsis diminished in the presence of
dithiothreitol (DTT). Wild-type (WT) or single point mutants do not show this
current; n (f, left toright) =16,7,30,14,10,7,16 and 6. In cand f, error bars
represent mean +s.d. One-way analysis of variance with post hoc Dunnett’s
(c,d) or Tukey’s (f) test was used to determine the significant differences
between the two experimental datasets. Asterisks, P< 0.001; NS, not significant.
TEVCrecordings were conducted at a holding voltage of -60 mV; n = number of
recordings fromindividual oocytes.

including Phe550, Leu551, Trp559 and Met824 (blue mesh; Fig. 3a).
This density was detected only when EU-1622-240 was added to the
sample; however, it lacks sufficiently clear features to allow precise
model fitting, probably stemming from several binding poses differ-
ing slightly from each other (Extended Data Fig. 1j). This observation
aligns withthe EU-1622-240 binding being facilitated almost exclusively
through hydrophobicinteractions. Similar to NMDAR channel block-
erslike S-(+)-ketamine?, it is probable that several modes of EU-1622-
240 binding resultin an averaging effect on the cryo-EM density. The
binding of EU-1622-240 induces a conformational shift in GIuN2B
pre-M1" and its preceding loop, pulling them away from the channel
(asterisks and arrow; Fig. 3b). This movement consequently creates
space, accommodating the bending of the GIuN2B M3’ that is essen-
tial for channel gate opening. We reasoned that the residues around
the EU-1622-240 binding site (Fig. 3a) are critically involved in the
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Fig.4|Comparisonbetween NMDAR and AMPAR openstates. a, Side view of
the openstate GluN1-2BNMDAR and GluA2 AMPAR (PDB code SWEO) structures.
Thelinker residues, GluN2B GIn662 and GluA2 Ser631, are shown as spheres.
The ATD-LBD interaction modes are distinct between NMDAR and AMPAR,
especially around the dimer-of-dimersinterface, whichinvolves the cluster

of GIuN1L2, GluN2B L1’ and GIuN2B a4’ from the ATD.b, NMDAR and AMPAR
channel gatesin different functional states are viewed from the LBD layer
(‘eyes’ina).Helices Hand lare marked inblack as referencesinaandb. Gate
residues areshown as spheres. The Cas of GIuN2B GIn662 and GluA2 Ser631in

channel gate control as EU-1622-240 manipulates them to favour chan-
nel gate opening. To test this hypothesis, we performed site-directed
mutagenesis and evaluated the channel open probability (Po) using
two-electrode voltage clamp (TEVC) on Xenopus oocytes injected with
cRNA encodingthereceptors. Our methodology involved anindirect
approach in which the GIuN1-A652C mutant was co-expressed with
GluN2B mutants. These mutant receptors were then covalently modi-
fied by 2-aminoethylmethanethiosulphonatehydrobromide (MTSEA)
at GluN1-A652C—a process designed to lock the channel in its open
state®. We assumed Po = 1.0 for MTSEA-modified receptors, indicat-
ing that the maximal agonist response potentiation would inversely
correlate with Po (Fig. 3¢). Our analysis showed that most mutations
reduced Po, except GIuN2B-P547A, which had significantly increased
Po, and GIuN2B-A827W, which produced no detectable change. The
alanine mutation of GluN2B Trp559 on GIuN2B M1’ resulted inno chan-
nel activity. These observations indicated that the EU-1622-240 bind-
ing region is crucial for gating control. The GluN2B pre-M1’ residue
mutants (GIuN2B-F550A and GluN2B-L551A) had the largest enhancing
effects onthe PAM activity of EU-1622-240, validating the binding site

Radius (A)

the LBD-M3loop are connected with dotted lines to show the degree and
direction of tensions necessary for channel gating. The angles between these
connectinglines are shown with curved arrows between functional states.
¢, Structural comparisons of the pore-forming helices (M2 and M3) between
the NMDAR and AMPAR open states. The distances between the Cas of pore-
formingresidue pairsinthe GluNl1and GluA2 A/C chains (left panel) and
thoseinthe GIuN2B and GluA2 B/D chains (right panel) are shown. d, Radius
measurements alongthe channel pores of the open NMDAR and open AMPAR
structures.

observedinthecryo-EMstructure (Fig.3d). The mutations, including
GIuN2B-M824W and others around the binding pocket that do not
interact directly, have minimal and statistically insignificant effects
(Fig. 3d).

Next, we investigated whether the open channel conformation
observed in the presence of EU-1622-240 also occurs naturally with-
outthe compound. To address this question, we sought to capture the
open channelstate by creating a disulfide bond through site-directed
mutagenesis. Animportant structural change between the pre-active
and open states is the bending of GIuN2B M3’ helices towards the
GluN2B M4 helices (Fig. 3b). Based on this, we engineered a disulfide
crosslinking by introducing cysteine residues at the GluN2B M3’
(M654C) and M4’ (N817C). This modification was intended to stabilize
the open channel during conformational transitions, thereby inducing
some constitutive activity. Our TEVC recordings from oocytes express-
ing this mutant pair showed an increased current in the absence of
applied co-agonists, which magnesium ions (2 mM) could block (left
panel; Fig.3e). This result implies that the crosslinking of these residues
stabilizes open NMDAR channels, accounting for about 30% of the
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Fig.5|Structural analysis of GluN1-2BNMDAR in apo/apo state.a, Cryo-EM
density and modelled structure of GluN1-2BNMDAR in the apo/apo state.

b, Comparisonof LBDsintheapo/apo and pre-active (grey) states. Superposition
oftheapo/apoand pre-active structures at GluN2B D1 (upper lobe) and GluN1
D2 (lower lobe) demonstrates 17.4° and 8.2° domain openings, respectively,
inthe apo/apostate. Glutamate and glycine binding pockets are indicated by
orangeand cyandotted ovals, respectively. ¢, Inthe apo/apo state, the GluN1-
2BLBD dimers undergoes downward rotation of around 9° towards the

agonist-induced macroscopic NMDAR current. When we disrupted
the disulfide bond using the reducing agent dithiothreitol, there was a
marked decreasein the holding current (right panel; Fig. 3e). Further-
more, the double mutant effect was not observed in oocytes expressing
the single point mutant (GIluN2B-M654C or GIuN2B-N817C; Fig. 3f), con-
firming that the current we measured in the nominal absence of agonists
resulted from the formation of the engineered disulfide bond. Overall,
these experiments collectively affirm that our EU-1622-240-bound
structure highly resembles the authentic open channel.

Comparing NMDAR and AMPAR open conformations

Before this study, the only open channeliGluR structures available were
those of Stargazin complexed AMPARs**"*¢, Our research presents an
opportunity to directly compare the channel-gating mechanisms of
AMPARs and NMDARs, offering insights into their functional differ-
ences. Given the differences in ATD structures between NMDAR and
AMPAR?**¥, our analysis compared the LBD and TMD along with their
respective orientations. Whereas the LBD architectures of NMDAR and
AMPAR share broad similarities, with many of the secondary structures
being conserved, notable differences are observed in the tetrameric
arrangements. These are attributed primarily to the NMDAR-specific
loops L1and L2, whichare situated at the dimer-of-dimers interfaces of
the LBD layer (Fig.4a). The GIuN1L2, GluN2B L1’ from LBD and GluN2B
a4’ from ATD are closely positioned, thereby influencing each other
through steric effects (Fig. 4a). The involvement of ATD in these associa-
tionsis pivotal in determining the degree of rotation in the GluN1-2B
LBD dimers, thereby exerting critical control over the tension in the
GIuN2BM3’-LBD loop in NMDARs (Fig.4a,b and Extended Data Fig. 2).
Contrasting this, AMPARs and kainate receptors lack such motifs or
interactionsinvolving ATD, underscoring these features as distinctive
to NMDARs, characterizing their unique motif and conformational
dynamics.
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membrane plane compared with the pre-active state, which resultsinan
increased distance between GIuN2B L1’and GIuN1L2 (represented by the
distancebetween GluN1Leu425 and Arg510).d, Tensionin the GluN2B LBD-M3’
linkersisreducedinthe apo/apo state compared with the pre-active state,
which favours closure of the channel gate. e, Cartoonrepresentations of the
structural transition between the pre-active state and apo/apo state. Asterisks
inb-dindicate thelocation of the D2loop in GIuN2B.

In exploring the TMD channels of NMDARs and AMPARs, we find
that the central pores, formed primarily by the M3 helices, exhibit
similar structural architectures. The open states of both NMDAR and
AMPAR feature a bending of two M3 helices, observed in the GluN2B
subunits for NMDAR and the B/D subunits in GluA2 homotetramers>*
or GluA2 subunits in GluAl/2 heterotetramers. The bending of the M3
helicesinbothreceptor types occursatthefirstalanineresidueinthe
SYTANLAAF gating motif conserved in the iGluR family. Despite these
similarities, notable differences emerge in the domain orientation
betweenthe LBD and TMD. Thisis evidentinthe relative positioning of
the helicesinthe LBD (HelixH, H’,1and I’ inblack; Fig.4a,b) compared
with the central M3/M3’ pore. Additionally, the directionality of the M3~
LBD linkers, marked by the positions of the GIuN2B GIn662 and GluA2
Ser631residues, further distinguishes the two structures (Open state,
arrows; Fig.4b). Thisindicates that the gating force emanating from the
LBD layer, which involves pulling of the M3-LBD linker, is transduced
in different directions for AMPAR and NMDAR. Further comparison
of the pre-active, non-activel and desensitized states shows distinct
LBD-TMD orientations. This rotation causes the GluN1 M3 helices in
NMDAR to move Val656 away from the central pore, whereas,in AMPAR,
the GluA2 (A/C) M3 helices move translationally, dilating the gate.
Therefore, NMDAR and AMPAR have distinct ways to transduce LBD
information to the channel gate opening. The pore regions of NMDAR
and AMPAR channels exhibit a few differences. Specifically, the VIVI
gateregion (TTTT in GluA2) is more open in GluA2 than in GluN1-2B.
Conversely, the SYTANLAAF motifis marginally more expanded in
GluN1-2B thanin GluA2 (Fig. 4¢,d).

Mechanism of dual-agonist NMDAR activation

We next sought to explain the mechanism underlying the dual-agonist
requirement of GluN1-2 NMDAR channel activation. This unique func-
tional feature of NMDAR was explored by comparing the agonist-bound
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the pre-active state as aresult of the GIuN2B LBD bi-lobe opening. e, Cartoon
representation of the structural transitioninb-d. f, Cryo-EM densityand a

structure with three apo states: apo/apo (no ligand bound to) (Fig. 5),
gly/apo (glycine only bound) (Fig. 6a-e) and apo/glu (glutamate
only bound) (Fig. 6f-j). Using single-particle cryo-EM, we determined
structures at4.05,3.69 and 3.90 A for the apo/apo, gly/apo and apo/glu
states, respectively (Extended Data Figs. 4-6). Our analyses immedi-
ately showed the closed channel gate in all structures as expected for
the apostates (Extended DataFig. 7a,b,d). Here we first compare these
three apo state structures with the pre-active state, which isbound to
bothglycine and glutamate but has not yet undergone further confor-
mational changes for channel opening (Fig. 1c,d)'>*.

In the apo/apo state, two distinct types of conformational change
occur in the LBDs, which promote the closure of the channel gate
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structural model of the apo/glu state. g, Superposition of the apo/glu and pre-
active structures at GluN2B D1and GluN1D2 demonstrates domain openings of
approximately 0°and 15°, respectively, inthe apo/glu state. h, Inthe apo/glu
state, the GIluN1-2B LBD dimers undergoes downward rotation of around 12°
compared withthe pre-active state, whichresultsinanincreased distance
between GIuN2B L1’ and GIuN1L2.i, Tensionin the GluN2B LBD-M3'’ linker is
reducedinthe apo/glu state compared with the pre-active state as aresult of
dimer rotation towards the membrane plane. j, Cartoon representation of the
structural transitionin g-i. Asterisksinb-d and g-iindicate the location of the
D2loop in GIuN2B.

(Fig. 5a-e). First, there is an opening of the LBD bi-lobes: the GluN1
and GluN2B LBDs open by 8.2°and 17.4°, respectively, compared with
the pre-active state in which agonists are bound (Fig. 5b). Second, the
GluN1-2B LBD dimersundergo a downward rotation of approximately
9° towards the membrane plane (Fig. 5c). These movements synergisti-
cally reduce tension in the GluN2B M3’-LBD linker, as measured by the
shorter distance between the two GIuN2B GIn662 residues, compared
with thatin the pre-active state (Fig. 5d,e). The reduced GIluN2B M3’-
LBD linker tension favours channel closure®?,

In the gly/apo state, the GluN1 LBD bi-lobes are in a closed con-
formation similar to the pre-active state, whereas the GluN2B LBD
bi-lobes are openby16.7° compared with the pre-active state (Fig. 6a,b).
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Furthermore, the GluN1-2B LBD dimers are arranged similarly to the
pre-active state (Fig. 6¢). The resemblance in the orientation of the
GluN1-2B LBD dimersis particularly noticeable in the similar arrange-
ment of GIuN2B L1’ and GIuN1 L2 (Fig. 6¢). Inthis state, the 16.7° opening
ofthe GIuN2B LBD bi-lobe serves as adirect factor for channel closing
by relaxing the GluN2B M3’-LBD linkers (Fig. 6¢c-e). The inter-residue
distance between the GIuN2B GIn662 sites is reduced to 49.5 A in the
gly/apo state, down from 61.0 A in the pre-active state (Fig. 6d,e and
Supplementary Video 2).

The apo/glu state represents a theoretical functional state in
which glutamate is transmitted from the presynaptic neuron, yet the
co-agonist, glycine or D-serine, is available in restricted quantities in
the synaptic cleft. AMPAR and kainate receptors are activated in this
scenario, whereas NMDAR remainsinactive. In this state, the GluN1LBD
bi-lobes open by 15° relative to the pre-active state (Fig. 6g)—a more
pronounced bi-lobe opening than the apo/apo structure (Fig. 5¢). This
is accompanied by a downward rotation of the GIuN1-2B LBD dimers
by approximately 12° (Fig. 6h)—afeature also observed in the apo/apo
and non-activel states. Despite the closing of the GluN2B LBD bi-lobes
dueto glutamate binding, thisdownward rotation relaxes the GluN2B
M3’-LBD linkers (Fig. 6h-j), hindering the opening of the channel gate.
The downward rotation of the GluN1-2B LBD dimers is linked to the
dimericarrangement of the GluN1-2B ATDs, resultingin a greater dis-
tance betweenthe R2lobes (Extended DataFig. 7cand Supplementary
Video 3). This structural interplay between the ATDs and LBDs enables
ATD-binding compounds, such asifenprodil, to control channel gating
indirectly—a function unique to NMDARs™.

The structural comparison of the gly/apo and apo/glu states with
the apo/apo state provides insightsinto changes that occurinthe LBD
layer on agonist binding. The glycine binding to the apo/apo state
closes the GluN1LBD bi-lobe by around 8.1° (Extended Data Fig. 8a),
which, inturn, results inrotation of the GluN1-2B LBD dimers upward
by approximately 4° relative to the membrane plane (Extended Data
Fig. 8b). These rotations prime the gly/apo state glutamate binding
away from transitioning to the pre-active state; thus, the GluN2B LBD-
M3’ linker tension remains similarly loose compared with the apo/apo
state (Extended Data Fig. 8c,d). Glutamate binding to the apo/apo
state closes the GIuN2B LBD bi-lobe by 16.1° and further opens the
GIuN1LBD by 10.7°, which is coupled to the 8° downward rotation of
the GIuN1-2B LBD dimers relative to the membrane plane (Extended
Data Fig. 8e,f). These rotations prevent the GluN2B LBD-M3’ linkers
from forming tension, thereby ensuring channel closure (Extended
DataFig. 8g,h).

Overall, NMDARs exhibit a distinctive mechanism to prevent channel
openinginresponseto asingle ligand, varying between the GluN1and
GluN2 subunits. Furthermore, these three apo state structures dem-
onstrate that the binding of glycine, or another co-agonist (D-serine)
to GluN1 primes the NMDAR channel to become activated following
synaptic transmission, transitioning from pre-active to the open state.

Discussion

Insummary, we demonstrate that NMDAR channel gating involves the
generationof tensionin the GluN2B M3’-LBD linker by agonist binding
followed by the global rotation of the extracellular domain relative to
the TMD channel. These movements facilitate bending of the GluN2B
M3’ helix and rotation of the GluN1 M3, which steer hydrophobic resi-
dues away from the gate entrance, allowing for ion permeation. The
extracellular regions and TMD channels are coupled distinctly between
AMPAR and NMDAR owing to robust differences in the relative orien-
tation of LBD and TMD, indicating that NMDAR and AMPAR undergo
distinct gating mechanisms. Furthermore, the NMDAR becomes
primed for channel gating by the presence of tonic concentrations of
co-agonists glycine or D-serine bound to GluN1LBD. In the absence of
co-agonist binding to GIuN1, regardless of the occupancy of GIuN2B
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LBD by glutamate, a downward rotation of the GluN1-2B LBD dimers
occurs, reducing the GluN2B M3’ tension necessary for channel gating
(Supplementary Video 4). This unique requirement of dual-ligands
for NMDAR activation depends on glutamate availability by means of
synaptic transmission and co-agonists, glycine or D-serine, controlled
by serine racemase® as well as ASCT1and 2 (ref. 40) and Asc-1amino
acid transporters*. Finally, our study unveils a previously unidentified
PAM site in the juxtamembrane region of GIuN2B that controls chan-
nel gating. When occupied by the compound EU-1622-240, this site
promotes bending of the GIuUN3B M3’ segment—acritical action neces-
sary for channel gating. The gained insightsinto the dual-ligand-gated
ion channel opening and the new PAM site hold the potential to open
new avenues for developing therapeutic approaches in conditions
like cognitive impairment* and schizophrenia®, for which enhancing
NMDAR activity has demonstrated potential benefits.
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Methods

Protein expression and purification

Expression and purification methods for apo/apo, gly/apo, apo/gluand
glycine-, glutamate- and EU-1622-240-bound (open) GIluN1-GIuN2B
NMDARs were adopted from the Earlybac insect expression system**
and previously established purification protocols®. In brief, the 59
insect cellswere infected by baculovirus harbouring GluN1and GIuN2B
genes at a cell density of 4 x 10° cells mI™. Cells were collected 48 h
postinfection, resuspended in purification buffer (20 mM HEPES-Na
pH 7.5,150 mM NaCl (apo/apo), with 1 mM glycine (gly/apo), 1 mM
glutamate (apo/glu) or 1 mM glycine and glutamate (open)) supple-
mented with 1 mM phenylmethylsulfonyl fluoride, and lysed using a
high-pressure cell homogenizer (EmulsiFlex-C5, Avestin). Cell debris
was removed by centrifugation at 5,000g, and the membrane frac-
tion was collected by ultracentrifugation (40,000 rpm at 4 °C) of the
supernatant. The pelleted membrane was then dissolved in 0.5% lauryl
maltose neopentyl glycolin the purification buffer with gentle stirring
for2 hat4 °Cfollowed by ultracentrifugation. The supernatant was sub-
jectedtoStrep-tactin Sepharose by gravity flow followed by washes with
the purification buffer and the purification buffer with 3 mM Mg-ATP.
The proteinwas eluted in purification buffer containing 3 mM desthio-
biotin. The eluted proteins were subjected to size-exclusion chroma-
tography. For the open state, 100 pM EU-1622-240, 1 mM glycine and
1 mM glutamate were added to the sample. For the apo/apo and apo/
gluNMDARs, more buffer wash of the corresponding purification buff-
ers with glycine-specific antagonist1 uM L689,560 was introduced to
compete away any bound glycine. L689,560 was removed by extensive
buffer wash before elution. The detailed chemical synthesis of EU-1622-
240 compound is provided in Supplementary Information.

Single-particle cryo-EM

Purified and concentrated (4 mg ml™) proteins were vitrified on the
glow-discharged UltrAufoil holey gold grids and Holey carbon grids
(Quantifoil). Glow discharge took place in PELCO easiGlow glow dis-
charge cleaning system (Ted Pella) for 35 sunder 15 mA. The grids were
blotted using FEI Vitrobot Mark IV (ThermoFisher Scientific) at 12 °C
with 85% humidity with a blot time of 3-5 s under level 7 blot force.
The electron micrographs were acquired using an FEI Titan Krios G3
(ThermoFisher Scientific), operating at 300 kV with the GIF quantum
energy filter (Gatan Inc.) under x105,000 magnification. Micrographs
were recorded as dose-fractionated video frames by the K3 direct elec-
tron detector (GatanInc.) forapo and open NMDARs and the K2 direct
electrondetector (GatanInc.) for gly/apo and apo/gluNMDARs at elec-
tron counting mode. The applied defocus was set with a range from
-1.4to -2.8 um. Semi-automated data acquisition was executed by
EPU. Micrographs were taken at x105,000 magnification. The images
were fractionated into 30 frames between 0.06 and 0.07 s of exposure.
Total exposure times between1.8 and 2.1 s were accumulated under the
electron flux of 1.96-2.27 e /A2 per frame, yielding total doses between
58.8-68.1e7/A%on the specimens. Video alignment, contrast transfer
function estimation, particle picking, two-dimensional classification,
abinitio 3D map generation, 3D classification and non-uniformrefine-
ment were done using the program CryoSPARC3.1.0 (ref. 46). Model
fitting and building were done using UCSF Chimera* and COOT*.
The final models were refined against the cryo-EM maps using Phenix
real space refinement* with secondary structure and Ramachandran
restraints. Fourier shell correlations (FSCs) were calculated by phe-
nix.mtriage. A summary of data collection and refinement statistics
is shown in Extended Data Table 1. Presentations of structures were
illustrated by the program PyMOL2.5 (Schrédinger, LLC).

Two-electrode voltage clamp
cRNAsencodingrat GluN1-1aor GluN1-4aand rat GluN2B wereinjected
into defolliculated Xenopus laevis oocytes atal:1ratio (total of 0.3-1ng).

Some oocytes were then incubated in recovery medium (0.5x L-15
medium (Hyclone) buffered by 15 mM Na-HEPES at a final pH of 7.4),
supplemented with 100 pg ml™ streptomycin and 100 U mI™ penicillin
at18 °C. We performed TEVC (Axoclamp-2B or Warner 725B/C) record-
ings between 24 and 48 h after injection. Crosslinking experiments
used an extracellular solution containing 5 mM HEPES, 100 mM NaCl,
0.3 mM BaCl, and 10 mM Tricine at final pH 7.4 (adjusted with KOH).
The current was measured using an agarose-tipped microelectrode
(0.4-0.9 MQ) ataholding potential of -60 mV. Maximal response cur-
rents were evoked by 100 pM of glycine and 100 pM of L-glutamate.
Datawereacquired by the program PatchMaster (HEKA) or EasyOocyte
(Emory) and analysed by Origin 8 (OriginLab Corporation) or custom
software. We performed experiments to assess the potency and efficacy
of EU-1622-240 and NMDAR mutations in solution containing 90 mM
NaCl,1 mMKCl, 0.5 mMBaCl,and 10 mM HEPES at pH 7.4 (adjusted with
NaOH) using borosilicate microelectrodes (2-10 MQ) filled with 0.3-3 M
KClataholding potential of —40 mV. The channel open probability was
estimated from the fold Potentiation observed in MTSEA using;:

Open probability = (V,yrgea ) X (1/potentiation)

/VCONTROL

inwhich yyrsea and YeontroL Were the single channel chord conductance
values estimated from GIuN1/GIuN2A receptors (Vursea/Vcontro Was 0.67
(ref. 50)) and fold potentiation was defined as the ratio of currentin the
presence of MTSEA to currentin the absence of MTSEA. All recordings
were made at room temperature.

Molecular dynamics simulation

Missing atoms on initial cryo-EM models were fixed with MODELLER
v.9.12 (ref. 51) before simulation, with only the TMDs used to improve
sampling. Umbrella sampling with the Gromacs weighted histogram
analysis method (WHAM) was used to determine a one-dimensional
PMF. Initial configurations for each window were generated by posi-
tioning the monovalent ion in question at the centre of geometry of
the Co carbons of the Asn-ring and then adjusting the position of the
Caion manually by 0.5 A to 1A increments along the z dimension of
the channel pore perpendicular to the phospholipid bilayer, between
+3.5 nmof this position. Each window was energy-minimized using the
steepest descent until converged, with protein-heavy atomrestraints
0f 1,000 k) mol™ nm™and a100,000 k) mol™ nm™ restraint on the
monovalent PMF ion. Each window was then subjected to 2 ns of equi-
librationintheisothermalisobaric ensemble with umbrella harmonic
restraints on. A1,000 k) mol™ nm2umbrella restraint was applied to
most windows, with a2,000 or 3,000 k] mol™ nm2restraint applied
onwindows occurring at steep energy barriers/saddles. For the Open
state Na* system, a total of 220 windows of 6 ns in length for a total of
1.32 ps sampling was obtained. The Open state CI" PMF comprises 144
windows of 14 ns each for a total of 2.016 ps. The pre-active Na* PMF
possessed 71windows of 18 ns each for a total of 1.278 ps of sampling,
andthe non-activel Na* PMF comprises 80 windows of 18 ns each, giving
1.44 ps sampling. The AMBER ff99sb-ildn forcefield*? was used to model
the protein with TIP3P water>* and AMBER Slipids for POPC**; 150 mM
NaClwasaddedtotheresulting system with furtherions to neutralize
the overall system charge. Electrostatics were calculated according to
particle mesh Ewald*and the LINCS algorithm was used for holonomic
constraints to heavy atom H-bonds®. The timestep chosen was 2 fs.
The system was coupled to a heat bath by means of the Nosé-Hoover
temperature coupling algorithm® at 298 K, with a T (time constant for
coupling with temperature) of 0.5. Pressure was maintained at 1 bar with
a4.5x107 isothermal compressibility using the Parrinello-Rahman
algorithm®® with semi-isotropic pressure coupling type and T, (time
constant for coupling with pressure) value of 1. Protein Ca.atoms were
restrained with a force constant of 1,000 kJ mol™ nm™. We performed
simulations in Gromacsv.2021.3. The inbuilt Gromacs WHAM method*
was used to calculate the PMF, and statistical uncertainty measured by



using five rounds of bootstrapping. Convergence of PMFs were assessed
with block analysis, in which 2 nsincrements were added to each suc-
cessive WHAM calculation to determine whether the overall changein
energy between successive profiles was within thermal energy. Open
Na*,openCl, pre-active Na* and non-activel Na* achieved convergence
after 8 ns, 6 ns, 6 nsand 6 ns, respectively, with the final successive 2 ns
blocks within thermal energy for all systems. The results of this block
analysis are included in Extended Data Fig. 3b.

Quantification and statistical analysis

Data processing and statistical analysis of electrophysiology data
were conducted using the software Origin. Analysis of variance was
implemented for analyses and comparison of all site-directed mutants
with Dunnett’s post hoc test. The nvalues in these experiments repre-
sent the numbers of Xenopus oocytes from which electrophysiologi-
cal experiments were conducted. The datapoints are represented as
mean +s.e.m. or mean *s.d., as indicated. No method was applied to
determine whether the data met the assumptions of the statistical
approach. The resolution of the cryo-EM maps was estimated by the
FSC = 0.143 criteria, calculated from two half maps with a soft mask.
Details of data processing statistics and map quantifications are listed
in Extended Data Table 1.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Cryo-EM density maps have been deposited in the Electron Micros-
copy Data Bank (EMDB) under accession codes, EMD-43779 (GluN1-2B,
EU-1622-240-bound, open conformation, C2 symmetry), EMD-44586
(GIluN1-2B, EU-1622-240-bound, open conformation, C1 symmetry),
EMD-43780 (GluN1-2B, non-activel conformation), EMD-43781 (GluN1-
2B, apo/apo conformation), EMD-43782 (GluN1-2B, glycine/apo), EMD-
43783 (GIuN1-2B, apo/glutamate). The structural coordinates have
been deposited inthe RCSB Protein Data Bank (PDB) under accession
codes, 9ARE (GluN1-2B, EU-1622-240-bound, open conformation, C2
symmetry), 9BIB (GluN1-2B, EU-1622-240-bound, open conformation,
Clsymmetry), 9ARF (GluN1-2B, non-activel conformation), 9ARG
(GIluN1-2B, apo/apo conformation), 9ARH (GluN1-2B, glycine/apo),
9ARI (GIuN1-2B, apo/glutamate). The structure of pre-active GluN1-
2BNMDAR s available in the PDB under the accession code 6WI1. The
structural coordinates of pre-active, open and desensitized GluA2
AMPAR are availablein the PDB under the accession codes 4U5C, SWEO
and 7RZA, respectively. Source data are provided with this paper.
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Extended DataFig.1|Single-particle cryo-EMonglycine-, glutamate-,

and EU-1622-240-bound rat GluN1-2BNMDAR. a, Arepresentative EM
micrograph, 2D classes, and the 3D classification and refinement workflow.
Thescalebar onthe micrographequatesto49.5nm.b,d,and g, Orientation
distribution maps of the particles used inreconstructing the finalmap of the
non-activel (b), open C1(d),and open C2(g) structures.c, e,andf, Local
resolution estimation calculated by ResMap for the non-activel(c), open C1 (e),
and open C2 (f) structures. hand k, Post-processing analysis of open (h) and

GluN2B

non-activel (k) state structures. The masked (blue) and unmasked (red) Fourier
shell correlation (FSC) curves of two half maps (top), map vs. model (bottom).
iand|l, Representative zoom-in views of the cryo-EM density in conserved
regions for both open (i) and non-activel (I) states fitted with molecular
models. Ared arrowhead indicates the starting residue of the GIuN2B M3’ helix
bendinginthe openstate structure.j, Azoom-in view of the cryo-EM density
ofthebound EU-1622-240 compound inthe open state structure (red arrow).
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Extended DataFig.2|Structural comparison of openstate, pre-active, and
non-activelstates. a, Cartoonrepresentation of GluN1-2BNMDARs in the
openstate. Dotted lines on the left panel enclose one GIluN1-2B ATD dimer and
two GluN1-2B LBD dimers, whereas the ones on the right panel enclose the
GluN1-2BLBD heterodimer. The color codes are asin Fig. 1. b-c, Comparison of
the LBD dimer arrangements and the interfaces involving GluN2B ATD, GIuN2B
LY, and GIuN1L2 (arrows) between the open and pre-active (gray) states (b) and
the openand non-activel (gray) states (c). The arrangements are similar
betweenthe openand pre-active states but show divergence between the open
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and non-active states, especially the positionings of the L1’and L2 due to the
dimer rotation (double-line arrows). d-e, Comparison of the GluN1-2B ATD
dimersand GIuN2B ATD bi-lobe structures between the openand pre-active
(gray) states (d) and between the open and non-activel states (e). Openand
pre-active states exhibit similar conformations, whereas substantial changes
areevidentbetween the openand non-activelstates, as highlighted by the
differencesinthe a4’-a5 distances (panel e, left). GIuN2B ATD bi-lobe structure
is-13°more openinthe openstate than the non-activel state (e, right).
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apo,and apo/glustates. The gateresidues are shownin spheres. ¢, Structural
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comparisons of GIuN1-2B ATD heterodimers in different functional states.
Distances between the GluN1 a5 and GIuN2B a4’ ineach state are shown for
each functional state. d, Measurement of the central pore radii of the apo/apo,
gly/apo,and apo/glu state structures.
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Extended Data Table 1| Cryo-EM data collection and refinement statistics

GIuN1-GluN2B in
complex with glycine,
glutamate, and EU-
1622-A in open
conformation. C2

GIuN1-GluN2B in
complex with glycine,
glutamate, and EU-
1622-A in open
conformation. C1

GIluN1-GluN2B in
complex with glycine,
glutamate in non-
activel conformation

GluN1-GluN2B in apo
conformation

(apo/apo)

GluN1-GluN2B in
complex with glycine
(gly/apo)

GIluN1-GluN2B in
complex with
glutamate (apo/glu)

(EMDB-43779) (EMDB-44586) (EMDB-43780) (EMDB-43781) (EMDB-43782) (EMDB-43783)
(PDB 9ARE) (PDB 9BIB) (PDB 9ARF) (PDB 9ARG) (PDB 9ARH) (PDB 9ARI)

Data collection and processing
Microscope Titan Krios Titan Krios Titan Krios Titan Krios Titan Krios Titan Krios
Camera K3/counting K3/counting K3/counting K3/counting K2/counting K2/counting
Magnification 105,000 105,000 105,000 105,000 130,000 130,000
Energy filter Gatan Gatan Gatan Gatan Gatan Gatan
Energy filter slit width (eV) 8 8 8 20 20 20
Collection software EPU EPU EPU EPU EPU EPU
Voltage (kV) 300 300 300 300 300 300
Cumulative exposure (e—/A2) 66.3-68.1 66.3-68.1 66.3-68.1 59.7 63.9-65.4 58.8-67.2
Exposure rate (e—/A%frame) 221-227 221227 2.21-2.27 1.99 2.13-2.18 1.96-2.24
Defocus range (pum) 14-2.8 14-2.8 1.4-2.8 1.4-2.8 1.6-2.8 1.6-2.8
Pixel size (A) 0.861 0.861 0.861 0.856 1.07 1.07
Symmetry imposed C2 Cl (67] C2 (67] Cc2
Number of micrographs 18,170 18,170 18,170 8,093 8,936 9,171
Initial particle images (no.) 1,426,240 1,426,240 1,426,240 641,701 1,176,984 966,629
Final particle images (no.) 293,641 293,641 396,327 60,195 449,208 230,178
0.143 FSC half map masked (A) 3.72 3.81 3.13 4.05 3.69 3.90
0.143 FSC half map unmasked(A) 3.88 3.96 342 4.26 3.80 4.40
Refinement
Refinement package Phenix Phenix Phenix Phenix Phenix Phenix
Initial model used (PDB code) TSAA 9ARE TSAA 7SAA 6WHR 6WHR
0.5 FSC model resolution masked (A) 4.04 4.18 3.24 4.50 3.85 4.14
0.5 FSC model resolution unmasked (A)  4.19 436 341 4.76 399 430
Model resolution range (A) 3-6 3-6 2.5-6 3-6 3-6 3-6
Map sharpening B factor (A2?) 150.2 150.2 122.6 120.9 152.0 164.6
CC (model vs map, mask) 0.65 0.64 0.76 0.66 0.74 0.71
Model composition

Non-hydrogen atoms 19,280 19,327 23,034 21,008 22,792 20,756

Protein residues 3,172 3,172 3,166 3,166 3,182 3,178

Ligands 6 6 10 0 8 2
Rms. deviations

Bond lengths (A) 0.007 0.004 0.010 0.002 0.013 0.008

Bond angles (°) 1.027 0.629 1.148 0.558 1.579 1.125
Validation

MolProbity score 244 1.81 2.32 2.00 297 2.79

Clashscore 10.67 3.25 831 3.93 18.66 12.43

Poor rotamers (%) 524 4.65 5.07 4.82 3.48 9.27
Ramachandran plot

Favored (%) 95.07 96.91 95.32 95.67 92.26 92.95

Allowed (%) 4.80 2.99 4.56 433 7.36 6.80

Disallowed (%) 0.13 0.10 0.12 0.00 0.38 0.25
C-beta deviations (%) 1.22 0.41 1.42 0.00 2.49 1.48
CaBLAM outliers (%) 3.12 3.99 3.95 3.21 4.87 5.25
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Data collection  EPU 2.10.0.5 was used for Cryo-EM data collection. PatchMasterv2x32 and EasyOocyte v1 softwares were used for electrophysiological data
collection.

Data analysis CryoSPARC 3.1.0 was used for Cryo-EM single-particle analysis. PHENIX 1.15.2, Coot 0.8.9, Chimera 1.11.2 and Pymol 2.5 were used for model
building, real-space refinement and analysis. Origin 8 and OriginPro 2022b were used for electrophysiological data analysis. For MD
simulation, Modeller 9.12, Antechamber, Gromacs 2021.3, LINCS algorithm, Python 3.0, and Open MM version 7.5.1 were used for fixing
residues, ligand parameterization, setting up/performing simulations, analysis, and unbiased simulations, respectively.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

o]
Q
==
=
(D
°
©)
=,
g
>
®
o
©)
=
-]
Q
wn
C
3
3
Q
=
<




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability
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The cryo-EM maps and structure coordinates of rat GIUN1-GluN2B NMDA receptor channel in complex with glycine, glutamate, and EU-1622-A in open-channel
conformation (C2), open conformation (C1) and non-activel conformation were deposited in the Electron Microscopy Data Bank under accession numbers of
EMD-43779, EMDB-44586, and EMD-43780 and in the Protein Data Bank under accession numbers of 9ARE, 9BIB, and 9ARF, respectively. The cryo-EM maps and
structure coordinates of rat GIuN1-GluN2B NMDA receptor channel in apo/apo, gly/apo, and apo/glu state were deposited in the Electron Microscopy Data Bank
under accession numbers of EMD-43781, EMD-43782, and EMD-43783 and in the Protein Data Bank under accession numbers of 9ARG, 9ARH, and 9ARI,
respectively.

There structure of pre-active GIuN1-2B NMDAR is available in PDB under the accession number of 6WI1.

The structure coordinates of pre-active, open, and desensitized GIuA2 AMPAR PDB under accession numbers of 4U5C, SWEO, and 7RZA, respectively.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were not predetermined by any statistical approach in this study. The sample sizes of Cryo-EM data were governed by the
availability of the microscope. As for the electrophysiological experiments, we only selected the healthy oocytes, which retained spherical
shape with distinguishable animal and vegetal hemisphere, and showed NMDAR current induced by glycine and glutamate. The data for each
construct were measured on at least six construct-expressing oocytes. The exact number of measurements for each construct are reported in
figure legends.

Data exclusions  In cryo-EM single-particle analysis, particles in 2D and 30 classes which did not possess high-resolution features were removed in the final 3D
reconstruction.

Replication Cryo-EM related experiments including protein expression, purification were successfully reproduced at least three times independently.
Cryo-EM data collections for each condition were performed at least two times in two different dates. Electrophysiology experiments were
repeated at least on six different oocytes for each construct. Only one measurement was conducted in each oocyte.

Randomization  Incryo-EM related experiments, all micrograph movies were acquired in random places on the EM grids and particles were randomly
partitioned for resolution and quality assessment in single-particle analysis. Electrophysiological experiments were not randomized due to the
need to inject the predetermined cRNA and optimize protein expression for each construct.

Blinding The investigators were not blinded. Blinding is not feasible technically and practically in cryo-EM single-particle analysis, MD simulation, and
electrophysiological experiments. Researchers conducted these studies were involved in design and execution of the experiment. Therefore
made the blinding not possible.
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Sf9 insect cells used in the study were provided by Cold Spring Harbor Laboratory. Xenopus oocytes were either harvested
from the frogs raised in the animal facilities of Cold Spring Harbor Laboratory and Emory University or purchased from
Ecocyte Bioscience.

Authentication The cells were routinely maintained in our laboratory They were not authenticated for these cell lines.

Mycoplasma contamination The cell lines were tested negative for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified lines were used in this study.
(See ICLAC register)

Plants

Seed stocks We didn't conduct any research involving materials from or related to plants in this study.

Novel plant genotypes  N/A

Authentication N/A
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