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lon-channel activity reflects a combination of open probability and unitary
conductance’. Many channels display subconductance states that modulate
signalling strength??, yet the structural mechanisms governing conductance levels

remainincompletely understood. Here we report that conductance levels are
controlled by the bending patterns of pore-forming transmembrane helicesin

the heterotetrameric neuronal channel GluN1a-2B N-methyl-D-aspartate receptor
(NMDAR). Our single-particle electron cryomicroscopy (cryo-EM) analyses
demonstrate that an endogenous neurosteroid and synthetic positive allosteric
modulator (PAM), 24S-hydroxycholesterol (24S-HC), binds to a juxtamembrane
pocketinthe GIuN2B subunit and stabilizes the fully open-gate conformation, where
GluN1aM3 and GIuN2B M3’ pore-forming helices are bent to dilate the channel pore.
By contrast, EU1622-240 binds to the same GIuN2B juxtamembrane pocket and a
distinct juxtamembrane pocket in GluN1a to stabilize a sub-open state whereby only
the GIuN2B M3’ helix is bent. Consistent with the varying extents of gate opening, the
single-channel recordings predominantly show full-conductance and subconductance
statesin the presence of 24S-HC and EU1622-240, respectively. Another class of
neurosteroid, pregnenolone sulfate, engages a similar GIuN2B pocket, but two
molecules bind simultaneously, revealing a diverse neurosteroid recognition pattern.
Our study identifies that the juxtamembrane pockets are critical structural hubs for
modulating conductance levelsin NMDAR.

Many ion channels exhibit subconductance states that fine-tune ion
flows and subsequent downstream cellular signalling. NMDARs are
also known to display multiple conductance states**, suggesting the
presence of multiple open conformations with distinct permeabilities
that contribute to neuronal activity regulation* ¢, However, the mecha-
nism of the conductance control is not well understood. NMDARs are
ligand-gated ion channels that have a pivotal role in neurotransmission
and plasticity, essential for learning and memory”®. They are heterote-
trameric receptors composed of two glycine-binding GluN1 subunits
and two glutamate-binding GIuN2 subunits (GluN2A-D)° ™. The open-
ing of the NMDAR channel requires concurrent binding of glycine to
the GluN1ligand-binding domain (LBD) and glutamate to the GIuN2
LBD during neurotransmission, and the postsynaptic membrane must
be depolarized to relieve the Mg block within the transmembrane
domain (TMD)* ™, Once the central pore formed by the GluNla M3
and GluN2B M3’ helices opens, the NMDAR channel conducts Na* and
Ca* influx and K* efflux, with Ca*  entry having a key role in initiating
downstream neuroplastic signalling™®.

Over the past three decades, numerous modulators of NMDARs have
beenidentified, including neurosteroids that are naturally presentin
thebrain'”®, These endogenous compounds regulate neuronal activity,
and deficienciesintheirlevels have beenlinked to various neurological

and psychiatric disorders, such as anxiety, depression, epilepsy and
neurodegenerative diseases”. Neurosteroids exert many of their effects
by modulating ligand-gatedion channels, including GABAAreceptors
and NMDARs, thereby influencing synaptic transmission, neuronal
excitability and plasticity”. Two classes of neurosteroids—pregne-
nolone sulfate (PS), a sulfated steroid, and 24S-hydroxycholesterol
(24S-HC), a hydroxylated cholesterol derivative predominantly pre-
sent in the brain—have been shown to enhance NMDAR activity®.
Hydrophobic compounds similar in size to neurosteroids are a class
of synthetic modulators known as EU1622 that potentiate NMDAR chan-
nel activity by increasing the open probability (P,) while stabilizing a
subconductance state” 2, However, the modulator binding sites and
the mechanistic understanding of potentiation remain unclear. Here
we show that the neurosteroids PS and 24S-HC bind distinctively to the
juxtamembrane pockets in the GluN2B subunit, where two PS molecules
bind per subunit and one 24S-HC molecule binds per subunit, overlap-
ping with one of the two PS-binding sites. 24S-HC stabilizes the fully
openstate, inwhich pore-forming GluNlaM3 and GIuN2B M3’ helices
bend and widen the channel gate. EU1622-240 has two binding sites,
onesimilar to 24S-HC and the other located inajuxtamembrane pocket
in GluN1a that prevents GluNla M3 from bending. The single-channel
recordings on 24S-HC and EU1622-240 indicate the full conductance
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and subconductance levels, indicating that the two structural patterns
of channel opening regulate the conductance states.

Channel regulation by neurosteroids

The natural neurosteroids 24S-HC and PS have hydrophobic choles-
terol backbones, similarin size to the synthetic compound EU1622-240
(Fig.1a). All three compounds allosterically potentiate the channel
activity, therefore serving as PAMs* %, At the single-channel level,
both 24S-HC and PS enhance the activity of GluN1a-2B NMDAR by
increasing the channel P, (Fig. 1b and Supplementary Table 1). With
0.5 mM CaCl, and 150 mM NacCl in the external solution, the channel
predominantly exhibits a full conductance state (around 65 pS chord
conductance/90%) with an occasional subconductance level (about
54 pS/10%) (Fig. 1b). While numbers of conductance levels have been
reported depending on the extracellular calcium concentrations,
the observation of the two conductance levels at 0.5 mM CaCl, are
consistent with the previous reports?*-*°, Addition of 24S-HC or PS
does not detectably alter the conductance level, indicating that the
neurosteroid bindinginduces intrinsic channel opening with a higher
P,.By contrast, EU1622-240 upregulates channel activity by increasing
the P, (Fig.1b), but it stabilizes subconductance states (40 pS/75% and
56 pS/25%), indicating that it may not fully induce the channel open-
ing. These observationsled to a hypothesis that binding sites for these
compounds may have arole in regulating conductance levels.

PS and 24S-HCbind distinctly at the TMD

We attempted toidentify binding sites for PS and 24S-HC by obtaining
cryo-EM structures of GluN1a-2B NMDAR in a complex with agonists
and either PS or 24S-HC (Fig. 2a,b). To capture binding patterns of these
neurosteroids (Extended Data Figs.1and 2 and Supplementary Table 2),
weimplemented 3D classification followed by local refinement of the
TMDregion. Both PS and 24S-HCbind to the juxtamembrane pockets,
surrounded by GluNla M3, and GIuN2B Pre-M1’, M1’, M2’ and M4 heli-
ces (Fig. 2a,b (right)). The PS-bound structure revealed that the two
binding pockets, site-1and site-2, are occupied by two PS moleculesin
distinct binding modes, resulting in a total of four PS-binding sites in
the GluN1a-2B heterotetramer (Fig. 2a). The sterol-ketone backbones
ofthe two PS molecules are within 4 A of one another and surrounded
by GIuN2B (Leu551, Trp559, Trp610, Trp614, Tyr823 and Met824) and
GluN1a (Val635, Gly638 and lle642) to form hydrophobicinteractions
(Fig.2a(right)). The sulfate groups point out towards the extracellular
space, of which the oneinsite-2 interacts with GluN2B Tyr823 (Fig. 2a).
The site-2 PSis placed roughly orthogonal to the membrane plane,
whereas the site-1PSis tilted relative to site-2 PSby around 30° (Fig. 2a).

IncontrasttoPS, one 24S-HC binds to site-1but not to site-2, resulting
inatotal of two 24S-HC-binding sites per GluN1a-2B NMDAR tetramer.
Parts of site-1and site-2 are occupied by phospholipid acyl chains,
which also interact with 24S-HC (Fig. 2b). 24S-HC directly interacts
closely with similar hydrophobic residues to PS but more extensively
with the ones from GIuN2B M1’ and M2’ (Fig. 2b). A notable feature of
the 24S-HC binding is the hydrogen bond between the 24S hydroxyl
group of 24S-HC and the main chain carbonyl of GluN2B Phe563 in the
TMD, which affects the local architecture of the GluN2B M1’ helix. The
lipid acyl chains in site-1and site-2 are surrounded by GluN1a Val635,
Gly638 and lle642, and GIuN2B Trp610, Phe614 and Met824 (Fig. 2b).

Tovalidate the PS-and 24S-HC-binding sites observed in the cryo-EM
structures, we tested the site-directed mutants for their potentiating
effects of PS and 24S-HC using two-electrode voltage-clamp (TEVC)
electrophysiology (Fig. 2c,d). Mutations of the directly interacting
residues affected the extent of potentiation by PS (/(PS)/I,) compared
with the wild-type (WT) receptor. GluNla(Val635Ala) showedincreased
potentiation, while all the other mutants displayed decreased poten-
tiation (Fig. 2c). For 24S-HC, the pre-M1’ mutant, GluN2B(Leu551Ser),

showed a significant increase in potentiation (/(24S-HC)/I,) while the
M2’ mutant, GluN2B(Trp610Ala), displayed a decreased level of poten-
tiation compared to the WT receptor (Fig. 2d). The single point muta-
tions of residues on GluN1a M3, GluN2B M1’ and GluN2B(lle606Ala)
on GluN2B M2’ did not alter the potentiation effects significantly.
GIluN2B(Phe614Ala) and GluN2B(Met824Ala), which are in direct
contact with the phospholipid acyl chains but not 24S-HC, showed
decreases in the potentiating effects, indicating that bindings of the
lipid and 24S-HC may be cooperative (Fig. 2d). Overall, the site-directed
mutagenesis results are consistent with the structural observations
that show distinct binding modes between PS and 24S-HC.

We further validated the distinct binding patterns between PS and
24S-HCby testing the additive effects of 24S-HC at various PS concen-
trations (0-50 puM). While there were minor changes in the 24S-HC
half-maximum effective concentration (ECs,) values, the extent of
potentiation increased with higher PS concentration, possibly indicat-
ing synergistic effects (Extended Data Fig. 3a,b).

24S-HC stabilizes the open gate

The 24S-HC-bound GluN1a-2B NMDAR structures are captured with
closed and open gates at the extracellular entrance, with cryo-EM
density for 24S-HC resolved in both states (Extended Data Fig. 2b,c).
Importantly, the channel gate of the 24S-HC-bound GluN1a-2B NMDAR
iswider than that capturedin the presence of EU1622-240 (refs.22,31)
(Fig.3a). This broader opening stems from the bending of both GluN1a
M3 and GIuN2B M3’ helices in the 24S-HC-bound structure, in con-
trast to the EU1622-240-bound structure, in which only the GluN2B
M3’ helices are bent (Fig. 3a (bottom, arrows)). The GluN2B LBD-M3’
linker tension, which is crucial for ligand gating of NMDAR, is similar
between the 24S-HC-bound and EU1622-240-bound structures, and
substantially lower in the closed state, as measured by the distances
between GIuN2B GIn662 (Fig. 3a (top); 49.3 A, 64.1 Aand 63.6 A for the
closed, 24S-HC-bound fully open and EU1622-240-bound sub-open
states, respectively). On the basis of the single-channel recordings,
in which 24S-HC retains the full conductance while EU1622-240
stabilizes the subconductance state (Fig. 1b), we propose that the
24S-HC-bound structure represents the fully open gate, whereas the
EU1622-240-bound structure may represent the sub-open gate (Fig. 3).

In the closed state, the entrance of the channel gate (VIVI-gate) is
locked by a cluster of hydrophobic residues—GluN1a Val656 and Leu657
and GIuN2B lle655 (Fig. 3a (left, spheres)). The hydrophobic interac-
tions are disrupted by the GIluN2B LBD-M3’ loop tension caused by
glutamate binding to the GIuN2B LBD**""* which facilitates bending
of the GIuN2B M3’ helices (Fig. 3a (bottom middle, arrows)). In this
channel-opening step, the GIuN2B pre-M1’ and the connecting loops
move toaccommodate the bent GIUN2B M3’ helices (Fig. 3b (left, dotted
arrows1-2)). The 24S-HC (Fig. 3b (middle, asterisk)) interacts with the
GIuN2B pre-M1’ region to favour this process (Extended Data Fig. 4a).
The GIuN2B M3’ bending is accompanied by movement of the GluN1a
LBD-M4 loop and pre-M1, asrepresented by the substantial positional
change of GluN1a Leu551 (Fig. 3b (left, dotted arrows 3-4; and right,
dotted arrow). These concerted rearrangements create the space to
accommodate the bent GluN1a M3 (Fig. 3b). In this fully open confor-
mation, the hydrophobicresidues at the VIVIgate (GluN1a Val656 and
Leu657, and GluN2B Ile655) interact with new sets of residues, GluN1a
Ala806/Leu808 (pre-M4) and GIuN2B Val545/Leu813 (pre-M1’/pre-M4’)
(Fig. 3a,b (spheres, light pink and light cyan)). The primary determi-
nant of ligand gating in ionotropic glutamate receptors (iGluRs) is
the increased tension in the GIuN2B LBD-M3’ loop, evidenced by the
greater distance between the two GIuN2B GIn662 residues inthe open
state compared with in the closed state (Fig. 3a and Extended Data
Fig.4b). By contrast, the positions of the corresponding GluNla LBD-M3
loop residue GluN1alle664 remain mostly unchanged, indicating mini-
mal alteration in the loop tension in GluN1a (Extended Data Fig. 4b).
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Fig.1|Neurosteroids and EU1622-240 upregulate GluNla-2BNMDAR activity.
a, The chemical structures of PS,24S-HC and EU1622-240. Note that EU1622-240
has asimilar size and hydrophobicity to PS and 24S-HC. b, Representative single-
channelunitary currents of GluN1-2BNMDAR in the absence or presence of
PS,24S-HC or EU1622-240 at —80 mV holding potential in the outside-out
configuration. Here, current responses were filtered at 1 kHz (-3 dB) using a
Gaussianfilter. Theregionsindicated by the box and the dashed lines show
currents onanexpanded time base. Representative amplitude histograms

of the unitary current amplitudes are shown for the patches. The unitary
currentamplitudes for the representative control recordings at -80 mV for PS,
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Amplitude (pA)

24S-HCand EU1622-240 were as follows: PS control: =5.0 pA, 93%; 3.9 pA, 7%;
24S-HCcontrol: -5.2 pA, 89%; -4.3 pA, 11%; and EU1622-240 control: -5.2 pA,
91%; 4.2 pA, 9%. The unitary currentamplitudes for PS, 24S-HC and EU1622-
240representative recordings at -80 mV were as follows: PS: -5.2 pA, 90%; -4.3
pA,10%;24S-HC: -5.1pA, 83%; —4.4 pA,17%; and EU1622-240: -4.6 pA, 29%; 3.2
pA,71%. The control histogramis shown in white, and PS, 24S-HC and EU1622-
240 histograms are showningrey. The amplitude histograms were fitted by
two Gaussian functions (smoothlines and dashed lines) and the result of the fit
issummarizedin Supplementary Table1.
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Fig.2|Structures of GluN1a-2B NMDARs in acomplex with PS and 24S-HC.
a, Cryo-EM density and structural models of the PS-bound GluN1a-2B NMDAR.
Bound Gly, Gluand PS areshown as spheres; PSis colouredinlight orange

(left). Right, the magnified view shows the PS-binding site at the GIuN2B
juxtamembrane pocket, showing two PS molecules, site-1and site-2, and
interacting residues. ATD, amino-terminal domain. b, Cryo-EM density and
structuralmodelsasina, but for the 24S-HC-bound GluN1a-2B NMDAR. 24S-HC
and the associated lipid are shown as yellow and grey spheres, respectively
(left). Right, magnified view of the binding site, showing 24S-HC at site-1and
thelipidinthe portion of the site-2 pocket. ¢,d, Structure-based site-directed
mutagenesis at the PS-and 24S-HC-binding sites. Representative concentration
response curves and plots of PS (c) and 24S-HC (d) obtained by TEVC recordings
fromindependentoocytes.n=12 (PS)and n =14 (24S-HC). The 95% confidence

GIluN2B

interval (CI) for PSwas 56.4-824.0 uM; and for 24S-HC,166-468 nM. The Hill
slope for PSwas 0.9; and for 24S-HC, 0.87. Potentiation was calculated as the
foldincreasein current (/(PS) or /(24S-HC)) relative to the Gly/Glu current (/,).
The mutational effects were measured using 150 pM PS or 10 pM 24S-HC. The
mutated regions areindicated along the x axis. Dataare mean +s.e.m. from
independentoocytes.PS:n=16 (WT),n=6 (GIuN1:V635A,1642A), n =7 (GluN1:
G638A),n=6(GIuUN2B: W610A), n=7 (GIuN2B: F614A,Y823A), n =9 (GIuN2B:
L551S,M824A);24S-HC: n=11(WT),n=7 (GluN1: V635A, G638A,1642A),n=6
(GIuN2B:V564A,1568A, W610A), n = 7 (GIuN2B: L551S, V56 0A, 1606A, M824A),
n=14 (GIuN2B: F614A). Statistical significance was assessed using one-way
analysis of variance (ANOVA) followed by Dunnett’s test (two-sided) comparing
eachgroup withthe WT. Pvalues were adjusted for multiple comparisons with
family-wise & = 0.05.****P < 0.0001; NS, not significant.

Nature | Vol 648 | 4 December 2025 | 223



Article

24S-HC bound 24S-HC bound EU1622-240 bound
Closed state Fully open state Sub-open state (PDB: 9ARE)
i ot ' "1-”:’ " LBD
[ S H
. : - : £ ¥ L
m > L St o e
Q662 Y
VIVI gate - 1655
V545 V546 % Cvees
"T“@ b, L@@@; Lsis
TMD [
Mt
M1 M4 i #, M4’
ry M4’ M2, vy W
1 J L A iy
—(—-~90° -G ~90°
3 r
{ V656-V656 = 10.2 A : @ ves6-vese =30.6 A : V656-V656 = 14.7 A
1655-1655 = 10.5 A @, 1655-1655 = 28.9 A [ = 16551655 = 28.3 A
<N
'Y S
¥ Q862
b 24S-HC bound 24S-HC bound > M3/M3’ bendi it
Closed state Fully open state encing sites Closed staft > Fully open state
LBD LBD
L857 vess LBD LBD 1
)
5 1 L8s7 | Vese F853
L8138 aﬁ' '
L8i8 ~60°
X <
a == Pre-M1’ I
Pre-M1 g
s Pre-M1 ¢ g
y .
M3
M1 . M1 M3
i L
c 24S-HC-bound GluN1a-2B NMDAR
Fully open state
60
50 -|
V656/1655 — — V656/1655 VIVI-gate
AB52/A651 — < — A652/A651
o 404 SYTANLAAF motif
T648/T647 — 5 — T648/T647
L644/L643 — g’ 2 — L644/1.643 Hydrophobic-ring
N616/N615 —, © — N616/N615  Asn-ring
/ / 4 204 248-HC bound
M4 M4’ \M4’ a GluN1a-2B closed state
! 10 A _ EU1622-240 bound
4 GluN1a-2B sub-open state
0 ; ; ; ; ; . 248-HC bound
0 1 2 3 4 5 6 GluN1a-2B fully open state
Pore radius (A)
Fig.3|24S-HCstabilizes the fully opengate.a, Comparisonbetween the The GIuN2B pre-M1’ loop, GluNla M4 and GluN1la pre-M1 move toaccommodate

24S-HC-boundstructuresinthe closed and opengate and the EU1622-240-bound  thebending of GluN1a M3 and GluN2B M3’ (short arrows; middle and right).
structure (PDB: 9ARE) viewed from the side (top) and top (bottom) of the TMDs, Thesuperposition of fully open (magentaand deep teal) and closed (grey)
showing different extents of the gate opening. GluN2B LBD-M3’loop tensionwas  structures demonstrates a pronounced GluNla pre-M1movementrepresented

quantified as the distance between the o carbons of GIUN2B GIn662 (spheres). by the GluN1a Leu551 positions (dotted arrow; right). ¢, HOLE analysis of the
Thehydrophobic gate residues areshown as magenta and deep teal spheres, 24S-HCbound GluN1a-2BNMDAR in the fully open state. Awider dilation of
andtheinteractingresiduesinthe openstateare coloured light pink (GluN1a) poreradiusis observed around the VIVI-gate compared with the closed state
andlight cyan (GluN2B). b, The structural hub for channel gating, showing the and sub-openstate (EU1622-240-bound). The arrows on the models represent
sequential movement crucial for full channel opening (dotted arrow 1-4; left). thekinked region of the GluNlaM3 and GIuN2B M3’ helices.

224 | Nature | Vol 648 | 4 December 2025


https://doi.org/10.2210/pdb9ARE/pdb

GluN1a

GluNzB EU1622-240
LBD H =
EU1622-240 H ]
H EU1622-240 1/ M4g"'KPre—M1
o) @ M1 s
GluN1a site @
S - 900 M3 i
Preai M3’ M4
re- ’
M3’ ME M& g o M Sterol
Sterol « Sterol H _\LQ
M3 - M1 ¥
” | o
v/ & TMD Pre-M1 &‘ Ma M1"EU1622-240
M1 M4 M4 GIuN2B site &
M2 EU1622-240 H
EU1622-240
b d EU1622-240 bound (sub-open)
GluN1a site GIUN2B site 24S-HC bound (fully open)
L655
P547
L551 L808 : Site-1 H ,
: ¥ ¢ Pre-M1
M3 .l EU1622-240 ¢
L651
F554
Pre-M1’
M1 $ ’
EU1622-240 M818 M1
M4
¢ 545 551 556 559560 563 576 600 610 614 616 819 824 828
GluN2B  v|s|P|S|A|F[L|E|P[F|S|A[D|V|W[VIMIM[E[VIM|L[L|I|V[S|A|V[A|V|F|V FIT]L{G[K|A[I|W|L|L|W[G|L|[V[F|N[N A[G|V|F[Y|M[L|G|A[A
GluN2A - v[s[p[s[a[F[L{E[P[F[s|Als]vw[vIMM[E[vIM[L]L]I]v[s[a[i]a]v]F[v .. FlT[i]c[k][ali|w|c[ciwla]L]v]FIN]N Alg|v[F[Y[M[L]A]A[A
GIuN2C s|p[s|a[F[LIE[P]Y[s[P]A]vIW]VIM[M[E[vIM[c[L]T]v][V]A]1]T]V]F]™m FlT[]a][s]vIw[L[LwW[A[L[V]E[N[N Algv[F[Y[M[L]L]v]A
GuN2D -~ TsTr[s[a[FILIE[P[Y[sIPIA[VIWVIMIMIEIVIM[CIL[TIVIVIAIVITIVIFI FlT]r]alk[s]rw[L]cw[AL]V]EIN]N Algv[F[yIm[L]L]v]A
Pre-M1’ M1’ M2’ M4’
EU1622-240-

Fig.4|Sub-openstructuresare stabilized by binding of EU1622-240 at two
locations. a, Cryo-EM density of the TMD region of the EU1622-240-bound
GluN1a-2BNMDAR. There are two binding sites of EU1622-240 (cyan density

of spheres), onein GluNlaand the other GIuN2B, totalling four molecules per
tetramer. The GluN2B site also contains sterol (lime green density and spheres),
whichisarbitrarily modelled as cholesterol in this figure. b, Magnified views of
the EU1622-240-binding sites in GluNlaand GluN2B, showing different binding
modes. In GIuN2B, EU1622-240 occupies the site equivalent to site-1in the
PS-and 24S-HC-binding sites, whereas sterol occupies site-2. ¢, Sequence

The GluN2B M3’ bending patternis highly similar between the EU1622-
240-bound® and the 24S-HC-bound structures (Fig. 3a (middle and
right)). However, the movement in GluNla LBD-M4 loop and pre-M1was
notobserved; the reason for thisis explained by the EU1622-240-bound
GluN1a-2BNMDAR with improved resolutionin the next section (Fig. 4).

The channel pore analysis performed using HOLE* revealed a more
pronounced opening of the VIVI-gate and SYTANLAAF motif in the
24S-HC-bound form than in the EU1622-240-bound structure and the
closed state (Fig. 3c and Extended Data Fig. 5a,b). This pore expansion
accommodates an increased number of water molecules that are net-
worked (Extended Data Fig. 6). In the 24S-HC-bound open structure,
the M3/M3’ helices are kinked at GluN1a Thr648 and GIuN2B Thr647
(Thr-ring), disrupting the a-helical structure and exposing the backbone.

interacting residue

alignment of GluN2 subunits at the EU1622-240-binding region. Residues
interacting with EU1622-240 are highlighted in grey. Most interacting residues
are conserved across subunits, except for Ala556, whichis replaced by Pro

in GluN2C and GIuN2D. d, Superposition of sub-open (EU1622-240-bound,
magenta and deep teal) and fully open (24S-HC-bound, grey) structures,
illustrating the positional overlap of GluNlaLeu551in pre-M1and EU1622-240.
Thisdemonstrates that EU1622-240 prevents rearrangement of GluN1a pre-M1
necessary for the GluNl1aM3 bending.

This enables the backbone carbonyl group tointeract with surrounding
waters, forming awater network near the SYTANLAAF motif (Extended
Data Fig. 6a). The EU1622-240-bound structure has fewer waters com-
pared withthe 24S-HC, consistent with the intermediate pore dimension
(Extended Data Fig. 6a). Potential of mean force (PMF) calculations
also suggest that the wider opening of the SYTANLAAF motifin the
24S-HC-bound open structure makes Na* interaction less favourable
(around 1.7 kcal mol™) compared with the EU1622-240-bound struc-
ture (around -2 kcal mol™) at the equivalent position (Extended Data
Fig. 5c (around 15 A reaction coordinate) and Supplementary Fig.1). The
modest PMF values around the SYTANLAAF motifin the 24S-HC-bound
openstructureimply areduced permeationbarrier at this gate, consist-
ent with a higher conductance level. While the upper gate, composed
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of the VIVI-gate and SYTANLAAF motif, is substantially wider in the
24S-HC-bound structure, the narrowest constriction in the permea-
tion pathway around the Asn-ring is similar to the EU1622-240-bound
sub-openstructure (Fig. 3cand Extended DataFig. 5a,b). Thisregion has
recently been shown to serve as the second gate®, and may therefore
undergo greater dilation than observed in our current structures.

Finally, while the 24S-HC-bound structure was stabilized inamixture
ofthe open and closed states, the PS-bound structure was confined to
the closed state, predominantly adopting the non-active and pre-active
conformations®* (Extended DataFig. 7). In the non-active conforma-
tion, the GluN1a-2B LBD dimers are rotated downwards towards the
membrane, relieving tension in the GIuN2B LBD-M3’ loop, crucial for
ligand-gating (Extended DataFig. 7 (left)). By contrast, in the pre-active
conformation, the GluN1a-2B LBD dimers rotate upward relative to
the non-active form, increasing tension in the GluN2B LBD-M3'’ loop,
although not to a degree that is sufficient to trigger gate opening
(Extended Data Fig. 7 (left)). 24S-HC and PS bind to a similar juxtam-
embrane pocketin GIuN2B and potentiate the channel function; how-
ever, our structures do not explain why the channel conformations
are different. The potency of 24S-HC is substantially higher than PS;
24S-HC may therefore have stabilized the open gate more effectively
under the cryo-EM condition.

EU1622-240 stabilizes a sub-open state

The EU1622-240-bound structure adopts asub-open conformationin
which the GIuN2B M3’ helices are bent, but the GluN1a M3 helices are
not? (Fig. 3a). This aligns with the unique ability of EU1622-240 to sta-
bilize the subconductance state; however, the underlying mechanism
has remained unclear because the precise binding site could not be
resolvedin the previous study, owing to limited resolution at putative
binding region?. Here, our improved protocol for effectively binding
EU1622-240 to the NMDAR protein sample (Methods), combined with
asingle-particle analysis workflow that locally refines and 3D classifies
the TMD region (Extended Data Fig. 8 and Supplementary Table 2),
enabled unambiguous identification of the EU1622-240-binding sites
within the juxtamembrane pockets (Fig. 4a).

Our analysis revealed that EU1622-240 binds to both GluN2B and
GluNlaat the distinct juxtamembrane pockets, yielding four binding
sites per tetramer (Fig. 4a). The EU1622-240-binding site in GIuN2B
is equivalent to site-1, where the neurosteroids PS and 24S-HC bind
(Figs. 2a,b and 4b (right)). Site-2 in this pocket is consistently filled
by a sterol-like molecule, probably carried over from the expression
host cells (Fig. 4a). In the 24S-HC-bound structure, a phospholipid
occupies part of site-2 (Fig. 2b), suggesting that the lipid type at site-2
may influence the binding preferences of 24S-HC and EU1622-240. The
GluN1la pocket is formed by residues from GluN1a pre-M1, M3 and M4
(Fig. 4b (left)). In both cases, hydrophobic interactions are the major
driver for the binding; however, the interaction modes in the GluNla
and GluN2B bindingsites are distinct from each other. The interacting
residues are conserved among GIuN2(A-D) subunits, except at the
556 position (Fig. 4c), indicating that EU1622-240 may be able to bind
to all NMDAR subtypes containing GIuN2 subunits. Closely related
compounds, EU1622-1and EU1622-14, have been shown to display PAM
enhancement of the maximal current response of GIuN2B, GIuN2C
and GluN2D-containing NMDAR, but have minimal if any effect on
the maximal response amplitude of GluN2A-containing NMDARs?.

Importantly, the EU1622-240 binding to the GluNla site prevents
GluNla M3 helices from bending, leaving the channel in the sub-open
state in which only the GluN2B M3’ helices are bent (Fig. 4a). Consist-
ent with the partial opening, EU1622-240 reduces Ca*" permeability
relative to monovalentions (Extended Data Fig. 9 and Supplementary
Table 3), suggesting that the unbent GluN1a M3 hinders Ca** permea-
tion. Specifically, this binding pocket in the 24S-HC-bound fully open
stateisoccupied by the GluNla pre-Ml residues, such as GluNlaLeu551
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(Fig.4d), anecessary arrangement to allow GluN1a M3 helices to bend
asmentioned above (Fig.3b).Instead, in the EU1622-240-bound struc-
ture, EU1622-240 interacts with GluN1a Leu551 to place the pre-M1
towards the GluNlaM3 helices to prevent its bending. The mechanism
of channel potentiation by EU1622-240 resembles that of 24S-HC in
GIuN2B, which places the GIuN2B pre-M1’ in a position to allow bend-
ing of the GluN2B M3’ helices for the channel gate opening? (Fig. 3b
and Extended Data Fig. 4a).

Discussion

Here we elucidate the molecular mechanism of WT NMDAR conduct-
anceregulation by revealing distinct channel conformations associated
with full and subconductance states. These discrete conformations
were resolved through the binding of an endogenous neurosteroid,
24S-HC, and asynthetic PAM, EU1622-240, to previously uncharacter-
ized juxtamembrane pockets, stabilizing the fully open and sub-open
states. Given that single-channel recordingsindicate that 24S-HC and
EU1622-240 promote fulland subconductance levels, respectively, itis
reasonable to associate these conformations with fulland subconduct-
ance states (Fig. 5a). Our findings further suggest that these binding
pockets could be strategically targeted to modulate NMDAR activity
for therapeutic intervention.

The fully open NMDAR structure revealed pronounced bending of
the pore-forming GluNlaM3 and GluN2B M3’ helices. By contrast, the
sub-open state stabilized by EU1622-240 exhibited bending only in the
GIuN2B M3’ helices. Our single-particle cryo-EM analysis identified
two EU1622-240-binding sites: one at the neurosteroid-binding sitein
GluN2B and the other at a GluN1asite that effectively prevents GluNla
M3 helices from bending. Thus, EU1622-240 uniquely stabilizes the
subconductance state at the GluN1a site while enhancing the P, at the
GluN2Bsite, resulting in net potentiation. This dual binding mode sug-
gests that the secondary GluN1a site could be selectively targeted to
attenuate NMDAR activity. EU1622-240 mediates two subconductance
states:apredominantstate at 40 pS and a minor state at 56 pS (Fig. 1b).
Our single-particle analysis captured only one sub-open conforma-
tioninthe presence of EU1622-240, preventing us from distinguishing
between these two subconductance states.

The fully open NMDAR state exhibits a substantially wider gate than
those observed in the open states of other iGluRs, such as AMPA and
kainate receptors®*¥ (Fig. 5b). NMDARs, including the GluN1a-2B sub-
type studied here, display notably higher Na* unitary conductance
levels and Ca®/Na* relative permeability compared with AMPAR and
kainate receptors*>**#3840 potentially attributable to this wider gate.
Supporting this notion, the subconductance state stabilized by EU1622-
14, a closely related analogue of EU1622-240 that probably stabilizes
thesub-openstate, hasbeen previously shown to exhibit reduced Ca?*
permeability*. The mechanism of conductance control in NMDAR dif-
fers fromthat of AMPAR. AMPARs can open with as few as one glutamate
bound*and may exhibit multiple subconductance states through con-
formational dynamics at the LBD*. Furthermore, auxiliary subunits can
control conductance states*. By contrast, NMDAR activation requires
concurrent binding of two glycine and two glutamate molecules®,
and their subconductance levels are not determined by the number of
agonists. Multiple conductance levels in AMPAR have been proposed
to arise from distinct arrangements of the LBD tetramer, which may
cause the varying bending pattern of the M3 helices**®.

Physiologically, multiple conductance levels are observed in
NMDARs??, and the sub-open states observed in this study in the pres-
ence of the PAM could be similar to physiological sublevels. However,
the PAM may also endow the observed sublevels with distinct properties
thatdo not detectably alter the conductances measured in this study.
The primary driver of channel opening is the tension generated in the
GIuN2B LBD-M3'’ linker after glutamate binding to the GIuN2B LBD,
which disrupts the hydrophobic interactions at the VIVI gate (Fig. 3).
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Fig.5|Overallmechanism and comparison with AMPAR and Kainate
receptor. a, The proposed mechanism of channel pore opening and
conductancelevel control. The closed, sub-open, and fully open states have no
bending, bendingin GluN2BM3’, and bending inboth GluNlaM3 and GIuN2B
M3, respectively. GluNla Leu551 (pre-M1), GluNlaLeu808 and Pro805
(pre-M4), GluN2B Phe653 (M3’) and GIuN2B Pro553 (pre-M1’) are networked
with one another. The GIluN2B M3’ bending is mediated by tensionin the
GIuN2B LBD-M3’loop after glutamate bindingin the LBDs. Thisrearranges
the network of the residues to substantially move the GluNla pre-M1loop,
especially GluNla Leu551, whichis essential for accommodating GluN1a M3

bending. These conformational states are represented by aclosed channel,
asubconductingstate and a full conductingstate, respectively, at the
single-channellevel (bottom). b, Top and side views of the channel pore of
NMDAR, Kainate receptor and AMPAR. The distances between GIuN2B
GIn662s,between GluK2 Pro667s and between GluA2 Pro632s represent

the LBD-M3’ tension. The gate dimensions were measured as the distances
between GluN1aVal656s (magenta) and GluN2B Ile655s (deep teal), GluK2
Thr660s (A/C subunits are shown inwheat and B/D subunits are shown in
limegreen) and GluA2 Thr625s (A/C subunits are showninlight purple and B/D
subunitsare shownincyan).
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By contrast, the GluN1la LBD-M3 linker does not generate sufficient
tension toinitiate GluNlaM3bending. Instead, the bending of GluN1la
M3 probably arises as a secondary effect of conformational changes
initiated by GluN2B M3’ bending, particularly the movement of the
GluNla pre-Mlregion (Fig. 3b and Supplementary Video 1). Thus, the
sequence of channel gate opening likely proceeds with GIuN2B M3’
bending, followed by GluN1aM3 bending, but notinthereverse order.

Finally, the 24S-HC-bound and PS-bound structures represent to our
knowledge the first identified neurosteroid-binding sites within the
iGluR family, revealing distinct binding modes and stoichiometries at
the juxtamembrane pocket. Considering the functional diversity and
endogenous presence of neurosteroids, the binding informationidenti-
fied in this study provides a strategic framework for safe therapeutic
targeting of NMDAR activity.
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Methods

Purification of GluN1a-2B NMDAR

Human GluN1a-2B NMDAR proteins were expressed in the EarlyBac
system* with slight modification. In brief, GluN2B was attached to the
Xenopus GluN1 signal sequence and inserted into the pFP10 vector.
GluNlawas inserted into the pUCp10 vector and recombined with
the pFP10-GIuN2B vector using Cre recombinase. This fused vector
was used to make baculovirus using the Bac-to-Bac system. Sf9 cells
were cultured to 4.0 x 106 cells per ml and were infected with freshly
made P2 baculovirus. After 48 h of infection, cells were collected and
resuspendedin20 mM HEPES 7.5 mM, 150 mM NaCl,1 mM ethylenedi-
aminetetraaceticacid (EDTA) and 1 mM phenylmethylsulfonyl fluoride.
Cell lysis was done using Emulsiflex C3 (Avestin) and centrifuged at
40,000 rpmfor30 minat4 °Ctoretrieve the membrane fraction. The
collected membrane fraction was resuspendedin 20 mM HEPES pH 7.5,
150 mMNaCl,1 mMglycine,1 mM EDTA, 0.5% lauryl maltose neopentyl
glycol (LMNG), and solubilized for 2 hat 4 °C. Insoluble fractions were
removed through centrifugation at 40,000 rpm for 45 minat4 °C.The
supernatant wasloaded onto Strep-Tactin column, washed thoroughly
and eluted with 3 mM D-desthiobiotin (Sigma-Aldrich). The eluted
fractions were concentrated and loaded onto a Superose 6 10/300
column (Cytiva) equilibrated with 20 mM Tris pH 8.5, 150 mM NacCl,
1mMglycine,1mM EDTA, 0.002% LMNG using the Acta Go system
(Cytiva). Peak fractions containing GluN1a-2B NMDAR were collected,
concentrated to around 3 mg ml™, and subjected to cryo-EM studies.

Cryo-EM sample preparation, data collection and data
processing

Vitrification was done on a glow-discharged Quantifoil 1.2/1.3 Cu200
meshgrids (EMS, for PSand 24S-HC), and Quantifoil 1.2/1.3 Cu300 mesh
+2nm C grids (EMS, for EU1622-240) using the FEI Vitrobot Mark 4 at
100% humidity and 8 °C. Purified fresh samples were incubated with
100 pM of 24S-HC, PS or EU1622-240 for atleast1 h atroom temperature.
For 24S-HC, right before vitrification, 3.5 pl of GluN1a-2B was mixed with
0.8 pulof 0.5% GDN/5 mM glutamate, loaded onto the grid and blotted
for4-6s.For EU1622-240, right before vitrification, 3.5 pl of GluN1a-2B
was mixed with 0.4 pl of 0.5% GDN/5 mM glutamate and MgCl,, loaded
ontothegridandblotted for2.2-3 s. Videos were acquired on the Titan
Krios G3at 300 keV system coupled to the K3 BioQuantumdirectimage
detector and a GIF energy filter using EPU v.2.10.0.5. Magnification
was set to x105,000 using a defocus range of between —2.2 pm and
-0.8 um, and the sample was exposed to a total dose of around 58 A.
All datasets were processed using Cryosparc (v.4.6.2)**°, Collected
videos were motion corrected and CTF-estimated and micrographs
with CTF estimation lower than 5-6 A were removed. Templates were
made by processing 500 videos and picking particles using 200 Aasa
particlesize. The template-picked particles were extracted and binned
x4 to enhance the processing speed. Extracted particles were passed
through multiple rounds of 2D classification, ab initio and heterogene-
ousrefinement toremove junk particles and separate different classes
fully. Final particle sets were re-extracted to 400 box size and refined
using non-uniform refinement. To enhance the overall resolution,
reference-free motion correction was done, and the particles were fur-
ther refined using non-uniformrefinement and local refinement. The
final composite map was made with vop-maximum in ChimeraXv.1.4,
combining the ATD-LBD local refined map and the TMD local refined
map. Model building was initially done by fitting GluN1a-2B (Protein
Data Bank (PDB): 7SAA or 9ARE)?** to the cryo-EM density map using
ChimeraX (v.1.4)% Further processing was done using Phenix (v1.20.1-
4487)% and manually refined using winCOOT (v.0.9.8.95)%.

TEVCelectrophysiology
We expressed WT and mutant GluN1-1aand GluN2B NMDARs in Xenopus
laevis oocytes. Linearized DNAs were transcribed using mMessage

mMachinet7 transcriptionkit (Invitrogen). The resulting cRNAs encod-
ing GluN1-1a and GIuN2B were injected into defolliculated X. laevis
oocytes at al:1ratio (10 ng total). Injected oocytes were maintained
in x0.5 L-15 medium supplemented with 20 mM HEPES at pH 7.5,100x
penicillin-streptomycin solution (Thermo Fisher Scientific),and 0.6%
FBS for 1-2 days at 18 °C. TEVC (Axoclamp-2B) recordings were per-
formed using an extracellular solution containing 5 mM HEPES, 100 mM
NacCl, 0.3 mMBaCl,, 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) at the holding potential of -60 mV. Maximal response
currents were evoked by 100 pM of glycine and 100 pM of L-glutamate.
Data were acquired by the PatchMaster v2x32 (HEKA) and analysed
using Exceland GraphPad Prism 10. For the EC5, measurement, the late
portionof the plateau phase was used, specifically just before any signal
spikes after compound removal. Nonlinear regression (agonist versus
response) was performed using equation (1), where Yis the measured
effect, Xis ligand concentration and nis Hill slope.

(Maximum_response — Basal_response)
X" +ECq,"

Y=Basal_response +

@

All concentration points were measured within a single oocyte; six
independent oocytes were used for 24S-HC and, for PS, two differ-
ent sets of concentration points (0 pM, 0.2 M, 2 uM, 10 pM, 25 uM,
50 tM, 100 M, 200 puM) or (0 M, 1 M, 10 pM, 30 pM, 60 M, 150 pM,
250 uM) were measured with12 independent oocytes. For the mutant
data, one-way ANOVA was used followed by Dunnett’s test (two-sided)
comparingeach group to WT. Pvalues were adjusted for multiple com-
parisons with family-wise a = 0.05.

Single-channel recording and analysis

Single-channel recordings were made from human embryonic kid-
ney (HEK293T, CRL 3216, ATCC) cells cultured in Dulbecco’s modified
Eagle’s medium (Thermo Fisher Scientific, 10566016) and supple-
mented with 10% FBS (R&D Systems, $S12850), 10 ug ml™ streptomy-
cinand 10 U mI™ penicillin, maintained in a 37 °C incubator with 5%
CO,. Then, 24-48 h before patch-clamp recordings, cells were plated
onto poly-D-lysine-coated glass coverslips (0.1 mg ml™, Sigma-Aldrich,
P7280). Cells were transiently transfected with cDNA encoding GluN1-
GIuN2B-GFP using the calcium phosphate method in a 24-well plate
with500 ng of cDNA ataratio of 1:1:1 (GluN1:GluN2B:eGFP). Then,4-6 h
after transfection, the medium was replaced and supplemented with
200 uM D,L-APV and 200 pM 7-chlorokynurenic acid to reduce NMDA
receptor-mediated cytotoxicity. Patch pipettes were pulled ona Sutter
P-1000 from aluminosilicate (1.5 mm (outer diameter) x 1 mm (inner
diameter); Sutter Instruments) and had a resistance of 7 to 16 MQ.
The external bath solution contained 150 mM NaCl, 3 mM KCI, 10 mM
HEPES, 5 mM mannitol, 0.01 mM EDTA and 0.5 mM CacCl,. The pipette
internal solution contained 110 mM D-gluconate, 110 mM CsOH, 30 mM
CsCl,5 mMBAPTA, 5 mM HEPES, 4 mM NaCl,2 mM MgCl,,2 mM Na-ATP,
0.5 mM CaCl,, 0.3 mM Na-GTP (pH 7.35). Outside-out patches excised
from HEK293T were held under voltage clamp at —-80 mV using a
Warner Patch Clamp PC-505B amplifier (Warner Instruments). Cur-
rent responses were filtered at 10 kHz (-3 dB, Bessel) and digitized at
50 kHz using a Digidata 1440 A and Clampex10.7 (Molecular Devices).
Test solutions were applied using a gravity-fed dual barrel theta tube
(Siskiyou Corporation). Solutions contained 100 pM glutamate and
100 pM glycine (plus 0.1-0.25% DMSO and 0.01% cremophor EL) with
orwithout10 pM 24S-HC and/or 150 pM PS. All recordings were made
atroomtemperature (23 °C). Single-channel current recordings were
filtered off-line at 1 kHz (-3 dB, Gaussian filter?®), and single-channel
openings were idealized using a custom threshold crossing algorithm
to detect openings that reached 30% of full amplitude and closings
that dropped to 70% of a given open level?. To obtain the dwell time
of open and closed events, we calculated the exact time at which the
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openingreached 50% of the fitted amplitude by interpolation from the
datapoints defining the transitions for each open and closed period.
We then corrected the duration of brief open and closed periods by
determining the changein duration of simulated square steps of various
durations duetofiltering. Changes of more than 1.5 pA were considered
to be areal difference between events for open durations; direct transi-
tions that changed amplitude less than 1.5 pA were concatenated and
were marked as a single open period. The open resolution was 50 ps,
and openings that were briefer than this were concatenated to the
adjacent preceding dwell time (open or closed). Closures that were
briefer than the 50 s resolution were added to the sum of the two
adjacent open segments. The maximume-likelihood method was used
tofitthe open duration histograms with the sum of two or three expo-
nential functions. The amplitude histograms were made from the mean
amplitudes of datapoints that were longer than 2.5filter rise times and
more negative than -1 pA, to ensure amplitudes reached 99.8% of the
maximum value and that we did notinclude baseline noise. For sublevel
analysis, changes of more than 0.5 pAbetween openamplitudes were
considered areal difference. The amplitude histograms were fitted
using the maximume-likelihood method with the sum of two Gaussian
components. We did not correct for the estimated junction potential,
andreport chord conductance values assuming the reversal potential
is 0 mV. To estimate the channel open probability (nP,), we divided
theintegral (Q) of the baseline-corrected recording by the product of
the mean channel amplitude (i) and the recording duration (time) to
obtain the product of the estimated number of channels (n) and the
open probability (P,):

Q

ixtime

nxp, 2)

Conductancelevels were determined for neurosteroids for patches
that showed unambiguous enhancement of open probability, toremove
the potential confound of channel rundown, and to ensure that the
lack of an effect on conductance was not a result of the lack of effect
ofthe neurosteroid.

Measurement of Ca’' permeability

The current-voltage relationship was determined from HEK cells
expressing GluN1/GluN2B by applying a voltage-step protocol, which
beganfromaholding potential of —-60 mV thenincreased by 5 mV every
250 msuntil itreached +30 mV. Receptor responses were measured in
the presence 100 pM glutamate and 30 uM glycine, and the seal leak
current-voltage curve obtained in the absence of agonist subtracted.
Cells were patched in a bath solution containing 1 mM Ca*" and the
low Ca*" test solution contained 0.1 mM Ca?" and the high Ca** test
solution contained 10 mM Ca?". The current-voltage relationship was
calculated in the presence of vehicle (DMSO) or EU1622-240 (3 pM).
Asub-saturating concentration of EU1622-240 was used to attempt to
limit excessive receptor response amplitudes. Only current responses
of <3,000 pA were analysed, and recordings were omitted from cells
where the leak current in the absence of agonist was more than 100%
of the response to agonist, and if the leak current in 10 mM Ca*" was
more than twofold greater than the leak in 0.1 mM Ca?*. All solutions
contained a constant[Na*], but varied [Ca*']. The patch pipette was first
placedinourstandard recording (bath) solution that contained 150mM
NaCl, 3 mM KCI, 1 mM CacCl,, 10 mM HEPES (adjusted to pH 7.2 with
NaOH). To mitigate any variations of junction potential at the ground
pellet, weused a3 MKClagar bridge, which was replaced multiple times
per recording day (replaced every 2 h). The pipette internal solution
contained 140 mM KCI, 10 mM M-BAPTA, 10 mM HEPES (adjusted to
pH 7.2 withNaOH). We determined the reversal potential for each curve
by fitting a fourth-order polynomial function to the current-voltage
relationship. All voltages reported were corrected for junction potential
(all base solutions matched those used previously? and were therefore

corrected by the same calculated liquid junction potentials reported).
Theexternal patching solutionhad a+6.6 mV, thelow Ca* hada-0.1 mV
and high-Ca? solutions had a+1.1 mV junction potential referenced to
the pipette solution. The relative calcium permeability (Ca** to mono-
valent cations) was calculated as previously reported (high monovalent
method)?. We used amodified version of the Lewis equation® and our
experimentally determined reversal potentials to calculate the relative
permeability of Ca* toNa*, as described in equations (3) and (4) below
and inrefs. 21,56, where Ris the ideal gas constant (joules per kelvin
per mole), Fis the Faraday constant (coulombs per mole) and T'is the
temperature inkelvin.

Pca 2+
RT o (€3 Lo
Vrev,Ca_ l/rev,Nal= Al/rev= ?Iﬂ 1+ . ) Viev,Cca )
[Na ]0[1 +exp (W)}
F + Vrev,Ca
Py _LOP(8evir) -1 N, e () | )
Pra 4[Ca™"],

Molecular dynamics simulation

Cryo-EMstructures were refined before simulation by adding missing
atoms with MODELLER (v.9.12)*, with only the TMDs retained to facili-
tate sampling. The free-energy profile was obtained using umbrella
sampling combined with the GROMACS weighted histogram analysis
method (WHAM). For each umbrella window, the starting configu-
ration was prepared by initially positioning the monovalention at
the centre of geometry of the Asn-ring Ca atoms. The ion was then
shifted stepwise by 0.5 A along the pore’s zaxis (perpendicular to the
membrane plane), extending into bulk water on both extracellularand
intracellular sides to ensure adequate sampling. Each configuration
underwent steepest-descent minimization until convergence, with
harmonic restraints of 1,000 k] mol™ nm2 applied to protein heavy
atomsand 10,000 kJ mol™ nm~to theion. After minimization, systems
were equilibrated for 2 ns in the isothermal-isobaric ensemble (NPT
ensemble) under umbrella restraints. Most windows used arestraint of
1,000 k) mol™ nm, although those located near steep barriers or sad-
dle points employed stronger restraints of 2,000-3,000 k] mol™ nm™.
Forthe openstate Na*"system, 150 umbrellawindows of 14 nseach were
collected, yielding a cumulative sampling time of 2.1 us. Molecular
interactions were modelled withthe AMBER ff99sb-ildn protein force
field®®, withJoung-Cheathamion parameters for ions®. Fixed-charge
force fields are suitable for monovalent ions, as they are less likely to
induce polarization of surrounding residues, obviating the need for
expensive polarizable force fields. Explicit water is essential for ion
hydration and dehydration and, therefore, TIP3P water was chosen®,
striking abalance between speed and accuracy. AMBER Slipids param-
eterswereselected for POPC. The system contained 150 mM NaCl plus
additional counterionsto neutralize the charge. Each system contained
atotal of 116,567 atoms, including 25,296 water molecules and 237 POPC
molecules, withinitial box dimensions 0f10.63 nm x 9.6 nm x 11.14 nm.
Long-range electrostatics were computed using the particle mesh
Ewald approach® and bond constraints involving hydrogen atoms
were enforced with LINCS®2. A2 fsintegration timestep was used. Tem-
perature was regulated at 298 K with the Nosé-Hoover thermostat
(r;=0.5 ps)®. Pressure was held at 1 bar using the Parrinello-Rahman
barostat (semi-isotropic, compressibility 4.5 x 10° bar™, 7,=1ps). The
protein Ca atoms were harmonically restrained with a force constant
0f1,000 k] mol™ nm™. All simulations were performed with GROMACS
(v.2021)%*. PMFs were reconstructed using the built-in WHAM imple-
mentation. Statistical deviation estimates were derived from 200
rounds of bootstrap resampling. Convergence was monitored by
block averaging: successive WHAM calculations were repeated with



data extended in 2 ns increments, and PMFs were considered to be
converged once differences between profiles were within the thermal
energy. Thereliability and reproducibility checklist for MD simulations
is provided in Supplementary Table 4.

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

Data availability

Cryo-EMdata have been deposited to the PDB and Electron Microscopy
Data Bank (EMDB): non-active-state Gly, Glu, PS-bound hGluN1a-2B
NMDAR (PDB: 900S; EMDB: EMD-70671), pre-active-state Gly, Glu,
PS-bound hGluN1a-2B NMDAR (PDB: 900T; EMDB: EMD-70672),
closed-state Gly, Glu, 24S-HC-bound hGluN1a-2BNMDAR (PDB: 900Q;
EMDB: EMD-70669), open-state Gly, Glu, 24S-HC-bound hGluN1a-2B
NMDAR (PDB: 900R; EMDB: EMD-70671) and sub-open-state Gly, Glu,
EU1622-240-bound rGluN1a-2B NMDAR (PDB: 900U; EMDB: EMD-
70673).Source data are provided with this paper.
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Extended DataFig.1| Cryo-EM workflow for PS-bound GluN1a-2BNMDAR were identified. Data processing was performed on sets of movies listed in
structures. a, Single-particle cryo-EM analysis of the glycine, glutamate, and Supplementary Table 2. The white bar in the micrographindicates 20 nm.
PS-bound GluN1a-2BNMDAR.In this dataset, non-active and pre-active states b-c, Map quality assessment of non-active state (b) and pre-active state (c).
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Extended DataFig.2|Cryo-EM workflow for 24S-HC-bound GluN1a-2B were identified. Data processing was performed on sets of movies listed in
NMDARs tructures. a, Single-particle cryo-EM analysis of the glycine, glutamate,  Supplementary Table 2. The white bar in the micrographindicates 20 nm.
and 24S-HC-bound GluNla-2BNMDAR. Inthis dataset, the closedand openstates  b-c, Map quality assessment of closed state (b) and open state (c).



M3’ pre-M1’

Extended DataFig. 3| Additive potentiating effects of PS and 24S-HC.

a, Superposition of the PS (light orange) and 24S-HC (yellow) binding sites
demonstrating distinct binding modes. At Site-1, the hydroxyl group at the tip
of24S-HC and the sulfate group of PSreside in asimilar areasurrounded by
GIuN2B pre-M1’and M1.24S-HC binds parallel to GluN2B M1’ helix, while PS
wedgesinto the GluN2B M2’ and M3’ helices. At Site-2, the ketone group of PS
overlaps with the phospholipid acyl group (grey). b, Concentration-responses
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of24S-HCin the presence of various concentrations of PS. For each PS
concentration, ECs, values with 95% Clwere 531 nM (([411 nM, 941 nM],2 pM PS),
568 nM (([383 nM, 2.2 uM], 10 uM PS), 714 nM (([444 nM, 2.25 uM], 50 uM PS).
TheHillslope was1.19 for 2 uM, 1.14 for 10 uM, and 0.768 for 50 pM. Experiments
were done with six or sevenindividual oocytes per PS concentration. Data for

0 pM PS condition were previously showninFig.2d. Error barsindicate

mean +SEM.
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Extended DataFig.4|Mechanism of24S-HC potentiation. a, Superposition
ofthe 24S-HC stabilized open (deep teal) and closed (grey) structures. Binding
of 24S-HC at the GIuN2B juxtamembrane pocket favours movement of GIuN2B
pre-MI’ (dotted arrow). This pre-M1’ movement is essential toaccommodate the
bending of the pore-forming GluN2B M3’ helices. b, Conformational coupling of
LBDs and TMDsin GluN1 (upper panel) and GluN2B (lower panel). Shown here
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arethesuperpositions of the closed (grey) and open (magenta and deep teal)
states. The Caatoms of the gating ring residues, right above the channel gate,
for GluN1a (Ile664) and GIuN2B (GIn662), are shown as spheres. Note the
substantial positional shift of GIuUN2B GIn662 residues between open and
closed states, contrasted with the minimal displacement of GluNlalle664
residues (dotted lines).
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closedstate and EU1622-240-bound GluN1a-2BNMDAR in sub-openstate, openstate. The wider pore radius at the Thr-ring in the fully open state (2.2 Ain
and PMF calculation of24S-HC-bound GluN1a-2BNMDAR nfullyopenstate.  thesub-openstate,3.0 Ainthe fully openstate) corresponds to amodest
a,Intheclosed state, the channelis highly constricted at both VIVI-gate and the energy barrier (- 1.7 kcal mol™) that permits Na* permeation without stable
Asn-ring.b, Inthe sub-openstate, the channelis dilated at the VIVI-gate, with binding, whereas the Asn-ring displays favourable free energy consistent with
partial dilation at the Asn-ring. Arrows on the model represent the kinked region  itsroleasasecondary gate. PMF calculation of EU1622-240-bound GluN1a-2B
ofthe GIuN2B M3’ helices. ¢, All-atom potential of mean force (PMF) calculation was adapted fromref.21.
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Extended DataFig.7 | Conformational states of the PS-bound GluN1a-2B GIn662 residues compared to the non-active state due to the GluN1a-2BLBD
NMDAR. The structure of the PS-bound structures in the non-active and dimer rotations (curved arrows). Inboth cases, the channel gate remains
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Data collection  EPU 2.10.0.5 was used for Cryo-EM data collection. PatchMaster v2x32 and Clampex 10.7 were used for electrophysiological data collection.

Data analysis CryoSPARC 4.6.2 were used for Cryo-EM single-particle analysis. PHENIX 1.20.1, winCOOT 0.9.8.95, ChimeraX 1.4 and Pymol 3.1 were used for
model building, refinement and analysis. Hole 2.2 was used for pore analysis. Excel 2016 and GraphPad Prism 10 were used for TEVC
electrophysiological data analysis. Origin 8,0riginPro 2022b, and GraphPad Prism 10 were used for single-channel 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.
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Cryo-EM data are deposited to dedicated PDB/EMDB ID; non-active state Gly, Glu, PS bound hGluN1a-2B NMDAR (PDB:900S. EMDB: EMD-70671), pre-active state
Gly, Glu, PS bound hGluN1a-2B NMDAR (PDB: 90OT. EMDB: EMD-70672), closed state Gly, Glu, 24S-HC bound hGluN1a-2B NMDAR (PDB: 900Q. EMDB:
EMD-70669), open state Gly, Glu, 24S-HC bound hGluN1a-2B NMDAR (PDB: 900OR. EMDB: EMD-70671), and sub-open state Gly, Glu, EU1622-240 bound
rGluN1a-2B NMDAR (PDB: 900U. EMDB: EMD-70673). Electrophysiological data are available upon reasonable request.
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Sample size Sample sizes were not predetermined in this study. The sample sizes of Cryo-EM data were determined based on the convergence of
structural resolution. The data of the electrophysiological experiments were repeated at least six times.

Data exclusions  In cryo-EM single-particle analysis, particles in 2D and 3D 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 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 independent oocytes. All electrophysiological recording attempts at replication were successful.

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. Covariant
control was not possible since we transfected pre-determined DNA constructs and optimize expression to maximize successful recording for
each construct.

Blinding Blinding was not conducted for cryo-EM single-particle analysis. To achieve this, multiple datasets by many scientists would need to be
recruited. Such an experimental mechanism for cryo-EM would not be feasible with the federal budget. For electrophysiology, the same
scientists were responsible for conducting molecular biology, cell culture, and electrophysiology. This was inevitable to acquire high-quality
results. The above situations made blinding not feasible.
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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 or purchased from Ecocyte Bioscience.
HEK293T used in this study was acquired from ATCC Cat#CRL-3216.

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.
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