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Abstract

Excitatory signaling mediated by N-methyl-D-aspartate receptor (NMDAR) is critical for brain 

development and function as well as for neurological diseases and disorders. Channel blockers 

of NMDARs are of medical interest due to their potential for treating depression, Alzheimer’s 

disease, and epilepsy. However, precise mechanisms underlying binding and channel blockade 

have remained limited due to challenges in obtaining high-resolution structures at the binding site 

within the transmembrane domains. Here, we monitor the binding of three clinically important 

channel blockers: phencyclidine, ketamine, and memantine in GluN1-2B NMDARs at local 

resolutions of 2.5 to 3.5 Å around the binding site using single-particle electron cryo-microscopy, 

molecular dynamics simulations, and electrophysiology. The channel blockers form different 

extents of interactions with the pore-lining residues, which control mostly off-speeds but not 

on-speeds. Our comparative analyses of the three unique NMDAR channel blockers provide a 

blueprint for developing therapeutic compounds with minimal side effects.
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Excitatory neurotransmission and cellular signaling mediated by N-methyl-D-aspartate 

receptors (NMDARs) are fundamental to brain function and development. The majority 

of these receptors are hetero-tetrameric ion channels composed of GluN1 and GluN2 (A-

D) subunits, which bind to glycine and the glutamate neurotransmitter at their respective 

ligand-binding domains (LBDs) and open their transmembrane channels upon relief of 
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Mg2+ block by membrane depolarization1,2. The high influx of calcium resulting from 

the channel opening facilitates cellular signaling for neuroplasticity, which in turn, results 

in high order brain functions including learning and memory3–5. Dysfunctional NMDARs 

are increasingly implicated in neurological diseases and disorders including schizophrenia, 

Alzheimer’s disease, depression, epilepsy, and ischemic injury associated with stroke6.

Channel blockers for NMDARs have been studied historically in the broad field 

of clinical neuropharmacology due to their effectiveness in altering neurological 

conditions and in treatment7. Phencyclidine (PCP) and S-(+)-ketamine were reported 

to induce psychotomimetic effects similar to schizophrenia as early as 19598 and 

were later characterized as inhibitors of NMDAR channels9–11. Memantine is a 

channel blocker with a tricyclodecane backbone, which is unrelated to the chemical 

backbones of PCP and S-(+)-ketamine (Fig. 1a) and unlike PCP and S-(+)-ketamine, 

it does not show any abuse potential12. Indeed, memantine has been approved 

by the FDA for treatment of Alzheimer’s disease (https://www.accessdata.fda.gov/

drugsatfda_docs/nda/2003/21-487_namenda.cfm) and is under a clinical trial for treatment 

of epileptic encephalopathy caused by overactivation of NMDARs. S-(+)-ketamine 

has recently been FDA approved for the treatment of major depression despite 

side effects including sedation and dissociation13,14 (https://www.accessdata.fda.gov/

drugsatfda_docs/nda/2019/211243Orig1s000TOC.cfm) whereas PCP shows anti-depressant 

effects but with stronger psychotomimetic effects14. These three classic NMDAR blocker 

compounds show different potency and kinetics of dissociation15, factors of which likely 

contribute to the distinct psychotomimetic effects of these drugs. However, insights into 

molecular elements that control different potencies and dissociation rates of the channel 

blockers are limited due to the lack of studies that experimentally compare binding modes at 

high resolution.

Assessment of channel blocker binding by structural biology became incrementally possible 

over the last decade due to availability of structures of intact NMDAR channels first by 

X-ray crystallography16,17 and later by single-particle cryo-EM18–26. The first wave of 

intact NMDAR structural biology detected MK801 on the NMDAR construct without the 

amino terminal domains (ATDs) by X-ray crystallography27 and on the intact NMDAR by 

single-particle cryo-EM20,28. Furthermore, the binding mode of memantine was explored 

by molecular dynamics (MD) simulations27. Most recently, S-(+)-ketamine binding was 

assessed by single-particle cryo-EM and a single 500 ns MD simulation29. However, in these 

studies precise determination of binding poses was challenging due to limited resolution 

of the experimental maps in the transmembrane domains (TMDs). In the present study, 

we implemented an improved single-particle cryo-EM workflow on optimized samples21 

to sufficiently resolve the TMD to monitor and compare binding modes of the three 

channel blockers: PCP, S-(+)-ketamine and memantine. Our MD simulations on the cryo-

EM structures distinguished favorable and unfavorable binding poses and revealed different 

dynamic patterns of channel gate residues, which change in the presence and absence of 

blocker binding.

Chou et al. Page 2

Nat Struct Mol Biol. Author manuscript; available in PMC 2023 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.accessdata.fda.gov/drugsatfda_docs/nda/2003/21-487_namenda.cfm
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2003/21-487_namenda.cfm
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2019/211243Orig1s000TOC.cfm
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2019/211243Orig1s000TOC.cfm


Results

NMDAR blocker compounds have different dissociation speeds

In order to quantify distinct effects of the three classical compounds of focus here, 

we first measured kinetics of binding of PCP, S-(+)-ketamine and memantine to 

NMDAR in the condition mimicking synaptic transmission (Fig. 1). This was realized 

by implementing the consecutive short-pulse (5 ms) glutamate application protocol in patch-

clamp electrophysiology15 which allowed us to estimate the effect of channel blockade 

on peak currents (Fig. 1). This experiment clearly showed that on- and off-speeds of 

the channel blockers have the hierarchy that follows PCP < S-(+)-ketamine < memantine 

where PCP has the slowest speed and that the difference is more pronounced for the 

off-speeds. This pattern is reminiscent of the different extent of side effects induced by 

these compounds where the fastest dissociating memantine induces the least psychomimetic 

actions.

Improved cryo-EM work flow for channel blocker detection

To gain a comprehensive understanding of the channel blocker binding site, we obtained 

cryo-EM structures of agonist-bound GluN1-2B NMDAR (glycine and glutamate to GluN1 

and GluN2B, respectively) in the presence of PCP (agonist-PCP-bound), S-(+)-ketamine 

(agonist-ketamine-bound), and memantine (agonist-memantine-bound) or in the absence of 

channel blockers (agonist-bound). We modified prior protocols21 to improve the cryo-EM 

density maps especially around the TMDs where channel blockers bind. Specifically, we 

worked on the GluN1a-2B NMDAR that lacks the exon5-motif in GluN121 to minimize 

protein conformational heterogeneity. The GluN1a-2B NMDAR protein was expressed in 

Sf9 insect cells using the EarlyBac method30, which allows expression of NMDAR proteins 

without a need to add channel blockers into culture media, a key necessity here for the 

precise execution of structural analyses of specific channel blockers. In contrast, expression 

using mammalian cell culture requires the presence of channel blockers in culture media to 

reduce toxicity caused by NMDAR over-activation29. We included modest concentrations 

of the blocker compounds (2, 50 and 100 μM of PCP, S-(+)-ketamine and memantine, 

respectively) and agonists (1 mM of glycine and glutamate) in the purification buffer for 

the size-exclusion chromatography step at room temperature to facilitate binding while 

preventing protein aggregation caused by addition of excessive amounts of channel blocker. 

Finally, large datasets containing more than half a million particles were subjected to single-

particle analyses with extensive 3D classification and focused classification around the 

TMDs to maximally resolve the channel blocker binding site (Extended Data Fig. 1–3). This 

workflow resulted in structures with overall resolution ranging from 2.97 to 4.30 Å (Table 

1) with clearly visible agonist density in the LBDs consistent with crystal structures of the 

isolated LBDs (Extended Data Fig. 2)31,32. However, most importantly, all four structures 

have a local resolution of 2.5 – 3.5 Å around the M2 and M3 helices of the TMDs where 

the channel blockers bind; therefore, channel blocker binding can be monitored much more 

reliably than in previous studies. Also importantly, the structures were refined without any 

symmetry imposition, to allow capture of the asymmetric features of the channel blockers. 

All four structures obtained based on the selected particles reside in the conformation similar 

to non-active1 with the closed channel where the two GluN1a-2B LBD heterodimers and the 
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GluN1a-2B ATD interfaces33,34 are arranged in the manner that does not generate sufficient 

tension in the LBD-TMD linker region for channel gating (Extended Data Fig. 2d)18,21.

GluN1a-2B NMDAR in complex with PCP

We initiated our study with the most potent and slowly dissociating channel blocker, PCP. 

The cryo-EM structure of the agonist-PCP-bound GluN1a-2B NMDAR contains a clear 

‘boomerang-shaped’ density expected for the PCP molecule at the local resolution of 3.5 Å 

(Fig. 2, Extended Data Fig. 3). No such density is present in the agonist-bound GluN1a-2B 

NMDAR structure with no channel blocker within the equivalent region resolved at the local 

resolution of 2.5 Å (Extended Data Fig. 2C). The density is surrounded by the M2 and 

M3 helices of GluN1a and GluN2B and is located at the center of the channel with the 

elbow of the ‘boomerang’ pointing toward the cluster of threonine residues, GluN1a-Thr648 

and GluN2B-Thr647 (Thr-ring) (Fig. 2a–b). These threonine residues belong to the channel 

gate sequence, SYTANLAAF, conserved in all iGluRs35. The two arms of the ‘boomerang’ 

are surrounded by a cluster of hydrophobic residues, GluN1a-Val644 and GluN2B-Leu643 

(hydrophobic-ring) and the entire density is sitting on ‘top’ of GluN1-Asn616 and GluN2B-

Asn615 (Asn-ring), which are located at the entrance of the selectivity filter formed by 

the P-loop, physically blocking the channel pore (Fig. 2b). While residues in the Asn-ring 

and the Thr-ring appear to be arranged in a two-fold symmetrical manner, those in the 

hydrophobic-ring are in slightly asymmetrical positions to accommodate asymmetrical 

feature of the bulky rings of PCP. This minor asymmetric feature in the hydrophobic-ring 

was also observed in the S-(+)-ketamine-bound and memantine-bound structures (Extended 

Data Fig. 4).

The cryo-EM density allowed us to fit PCP in two possible binding poses. In both poses, 

the cyclohexane group pointed toward the Thr-ring to form hydrophobic interactions with 

the methyl groups of the threonine residues. The ‘arms’ of the ‘boomerang’ density can be 

fit by either piperidine ring or the benzene ring but Pose-1 representing the better fit overall 

(Fig. 2c–d). We assessed the stability of Pose-1 and Pose-2 by MD simulations to verify that 

Pose-1 binds more favorably over Pose-2 to the binding pocket. Specifically, we performed 

thirty 100 ns long unbiased MD simulations per pose. Interactions between PCP and specific 

residues for both poses were dynamic, as expected for a predominantly non-polar binding 

mode (Fig. 2e–f). However, we observed that Pose-2 exhibited higher fluctuations compared 

to Pose-1 and this difference appeared to be due to movement of PCP towards the Asn-ring. 

We assessed this movement of PCP along the Z-axis by measuring the distance between 

the center of geometry (COG) of PCP and the Thr-ring (Z1) and between COGs of PCP 

and the Asn-ring (Z2; Fig. 2e). This analysis showed that starting from Pose-1, PCP is 

located more closely to the Thr-ring (Z1 peak at 6 Å) than the Asn-ring (Z2 peak at 8 

Å) (Fig. 2f, Pose-1), which is similar to Pose-1 from cryo-EM. Thus, the MD simulations 

demonstrated that PCP in Pose-1 remained in a similar Z-axis position during the course 

of the simulations, implying a stable binding mode. In contrast, simulations starting from 

Pose-2, show that PCP moves closer to the Asn-ring and away from the observed density 

as indicated by the shorter Z2 distance (Fig. 2f, Pose-2; 8 Å to 7 Å). This suggested that 

Pose-2 is a less likely binding pose and that the determinants of stable PCP binding resided 

closer to the Thr-ring. Indeed, longer simulations (3 × 1 μs) starting from Pose-2 shows the 
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molecule moving away from the Thr-ring to the Z1 position at ~7 Å and within 100 ns for 

all independent runs, move back towards a Pose-1 like Z1 position at ~6 Å (Fig. 2g, arrows). 

Thus, the combination of cryo-EM and MD simulations demonstrated Pose-1 to represent 

the most likely binding mode. These experiments reiterated the importance of initiating MD 

simulations from the pose defined from high quality experimental maps.

PCP in Pose-1 interacts with the Thr-ring and the hydrophobic-ring. The cyclohexane group 

is in position to form hydrophobic interactions with the methyl group of the Thr-ring 

residues. Furthermore, GluN1a-Val644, GluN2B-Val640, GluN2B-Leu643, and GluN2B-

Ala644 in the hydrophobic layer contribute to hydrophobic interactions with the piperidine 

group and the benzene group (Fig. 2c–d, Pose-1). The tertiary amine of the piperidine group 

faces the Asn-ring but is too distant from GluN2B-Asn 615 to form any favorable polar 

interaction or hydrogen bond. Overall, the binding of PCP is dominated by hydrophobic 

interactions involving residues from the Thr-ring and the hydrophobic-ring.

GluN1a-2B NMDAR in complex with S-(+)-ketamine

We implemented the workflow established for PCP to study S-(+)-ketamine binding. The 

agonist-ketamine-bound GluN1a-2B NMDAR structure was obtained at 3.69 Å overall 

resolution and at 3.0 Å local resolution around the binding site by single-particle cryo-EM 

(Extended Data Fig. 5). Our structure revealed a strong density with distinct features 

from PCP at a similar site to the PCP binding site in the TMD (Fig. 3a). The cryo-EM 

density in the current study contains more information at higher resolution compared to 

the recently reported structure of S-(+)-ketamine-bound NMDAR29 (Extended Data Fig. 

6) and therefore, it permits assessment of binding poses with higher confidence. Our 

cryo-EM density likely represents the aggregates of S-(+)-ketamine in several distinct 

poses. We modeled three that fit completely into the density (Pose-2, 3, and 4) and one 

where a chloride group sticks out of the density (Pose-1) (Fig. 3a). Pose-1, 2, and 3 have 

their methyl-amino groups pointing toward the Thr-ring in position to form hydrophobic 

interactions. The bindings in Pose-1, 2, and 3 are mediated mainly via hydrophobic 

interactions between residues from the hydrophobic-ring (GluN1a-Val644 and -Ala645 

and GluN2B-Leu643 and -Ala644) and the chlorophenyl and cyclohexanone groups of 

S-(+)-ketamine (Fig. 3a). In Pose-1, the chloride atom points toward GluN2B-Asn615 in the 

Asn-ring whereas in Pose-2 and 3 it faces the hydrophobic-ring but too distant for direct 

interactions. Pose-4 has the methyl-amino group residing next to Leu643 of one GluN2B 

subunit in the hydrophobic-ring, with the cyclohexanone group pointing toward the Thr-ring 

to form hydrophobic interactions in a similar manner to that in PCP (Fig. 2c–d and Fig. 3a).

We next assessed S-(+)-ketamine binding by MD simulations starting from the four cryo-

EM-based poses to assess their binding stability (30 × 100 ns per pose). The simulations 

starting from Pose-2, 3, and 4 have their Z1 and Z2 distances distributed unimodally around 

6 and 8 Å, respectively (Fig. 3b–c, Pose-2, 3, and 4). This indicates that the S-(+)-ketamine 

molecule in Pose-2, 3, or 4 stably resides at the defined Z-axis position in the binding 

pocket and may move rotationally or translationally along the X-Y axes. This Z-position is 

similar to that of PCP which favors formation of hydrophobic interactions with the Thr-ring. 

The MD simulations (30 × 100 ns) starting from Pose-1 resulted in a different outcome 
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with more broadly distributed Z1 and Z2 distances (Fig. 3b–c, Pose-1), the observations of 

which represent non-discrete movements along Z-axis. Furthermore, three independent MD 

simulations starting from Pose-1 with 1 μs duration resulted in three distinct distribution 

patterns of Z1 and Z2 distances (Extended Data Fig. 7). This demonstrates that Pose-1 does 

not converge to one stable Z-position. Thus, our cryo-EM and MD simulations indicate that 

S-(+)-ketamine binding involves several binding poses where Pose-2, 3, and 4 are more 

favorable over Pose-1 and that interaction of S-(+)-ketamine with the residues from the 

Thr-ring along with the hydrophobic-ring elicit stable binding as in the case of PCP binding.

GluN1a-2B NMDAR in complex with memantine

The agonist-memantine-bound GluN1a-2B NMDAR structure was obtained at 3.96 Å 

overall resolution and at 3.25 Å local resolution around the binding site by single-particle 

cryo-EM (Extended Data Fig. 8). We observed a pseudo-tetrahedral density distinct from the 

ones observed in the agonist-PCP-bound and the agonist-S-(+)-ketamine-bound structures 

(Fig. 4a). This density suggests only one pose for binding of memantine. One of the ‘arms’ 

of the ‘tetrahedral’ density is near GluN2B-Asn615 from the Asn-ring (~3.2 Å away from 

delta oxygen) and thus, the amine group that protrudes from the tricyclodecan can only 

be placed in this position (Fig. 4a–b). The two methyl groups are in position to interact 

with GluN1a-Val644 and GluN2B-Leu643 from the hydrophobic-ring via hydrophobic 

interactions. The tricyclodecan group is in position to interact with residues from the 

hydrophobic-ring (GluN1a-Val644, GluN2B-Leu644, and GluN2B-Ala644) and the Thr-ring 

(GluN1a-Thr648 and GluN2B-Thr647) via hydrophobic interactions.

We further assessed memantine binding by MD simulations starting from the cryo-EM 

pose (30 × 100 ns). The Z1 and Z2 distances are unimodally distributed indicating that 

the memantine molecule remains at the same Z-axis position during the simulations (Fig. 

4c) as in the cases of PCP Pose-1 (Fig. 2e–f) and S-(+)-ketamine Pose-2–4 (Fig. 3b). 

Rotational and minor translational changes compared to the cryo-EM pose but with the same 

rudimentary chemical interactions due to the pseudo-four-fold local symmetry at the level of 

the gating region are observed in both 30 × 100 ns (Fig. 4c) and 3 × 1 μs simulations (Fig. 

4d) but consistently at the similar Z-axis position. Thus, the series of the MD simulations 

demonstrate that the memantine molecule is dynamic but stays within the similar Z-axis 

position.

It has been known that the extent of NMDAR channel blockade is voltage-dependent where 

it is higher at negative voltages than zero or positive voltages, yet its mechanism has not 

been clearly understood. This has been most clearly demonstrated for memantine36 (Fig. 

4e). Thus, here we use memantine as a case blocker to assess voltage-dependent channel 

blockade by conducting MD simulations at −70, 0, and +70 mV (see Methods). The most 

pronounced voltage-dependent change was in the population density of the hydrogen bonds 

between GluN2B-Asn615 and memantine where it decreased at more depolarizing voltages 

(Fig. 4f, peaks at ~2.8 Å in asterisks and arrows). Contrary to GluN2B-Asn615, our MD 

simulations did not detect interactions between GluN1a-Asn616 and memantine (Fig. 4f, no 

peak) consistent with our cryo-EM structure (Fig. 4a). Thus, our MD simulations implied 

that the lower extent of channel blockade by memantine at more positive voltages is at 
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least in part facilitated by decreased propensity for the hydrogen bond formation between 

memantine and GluN2B-Asn615 compared to more negative voltages.

Blocker binding alter local structure of the Thr-ring

The single-particle cryo-EM and MD simulations demonstrated that binding of the three 

distinct channel blockers, PCP, S-(+)-ketamine and memantine, is mediated dominantly 

by hydrophobic interactions involving residues from the Thr- and hydrophobinc-rings. 

As mentioned above, these threonine residues belong to the channel gate motif with the 

amino acid sequence, SYTANLAAF, in both GluN1a and GluN2B implying that binding of 

channel blockers may facilitate the closure of the channel gate while physically blocking the 

pore. Indeed, our MD simulations showed agitation of the threonine residues, which may 

be controlled by probability of hydrogen bond formation between the threonine hydroxyl 

groups and the main chain carbonyl oxygens from GluN1a-Val644 and GluN2B-Leu643. In 

the MD simulations of the agonist-bound GluN1a-2B NMDAR, analysis of the distances 

between the threonine hydroxyl groups and the carbonyl oxygens shows two populations 

at 2 Å and 3.5 Å representing hydrogen-bonded and non-hydrogen bonded configurations, 

respectively (Fig. 5a–b; peak 1 and 2). Importantly, the non-hydrogen bonded populations at 

3.5 Å (peak 2) robustly decrease in all threonine residues in the MD simulations with the 

binding of channel blockers (PCP Pose-1, S-(+)-ketamine Pose-1–4, and memantine) (Fig. 

5c–e). Thus, our MD simulations imply that channel blocker binding facilitates hydrogen 

bond formation between the threonine hydroxyl groups and the main chain carbonyl groups. 

This enables the threonine methyl group to increase the local hydrophobicity and favor 

hydrophobic interaction with the channel blockers (Fig. 7).

Binding elements control kinetics of channel blockade

To test the potential roles of interacting residues in channel blockade, we conducted 

site-directed mutagenesis coupled with patch-clamp electrophysiology (Fig. 6a) and 

two-electrode voltage-clamp (TEVC) (Extended Data Fig. 9) to measure inhibition 

potency and on/off rates, respectively. Specifically, we mutated residues from the Thr-

ring (GluN2B-Thr647Ser) and the hydrophobic-ring (GluN2B-Leu643Ala and GluN1a-

Val644Ala) interacting directly with all three compounds and a residue from the Asn-ring 

(GluN2B-Asn615Gln) forming a hydrogen bond with memantine and located proximal to 

PCP and S-(+)-ketamine. The Thr-ring mutant, GluN2B-Thr647Ser, has a decreased number 

of methyl-groups from four to two and therefore, has less capability to form hydrophobic 

interaction with the channel blockers. This mutation resulted in lower potencies by 6.6, 40.6, 

and 6.2-folds (Extended Data Fig. 9) and faster off-speeds by 11.6, 4.7, and 6.3-folds (Fig. 

6b) compared to the wildtype channel for PCP, S-(+)-ketamine, and memantine, respectively, 

while the on-speeds were not affected (Fig. 6c).

A hydrophobic-ring mutant, GluN2B-Leu643Ala, has a less hydrophobic surface and 

is more distant from the compounds. Similar to the GluN2B-Thr647Ser, the GluN2B-

Leu643Ala mutation resulted in lower potencies by 19.6, 11.9, and 6.6-folds (Extended 

Data Fig. 9) and faster off-speeds by 8.2, 10.8, and 3.4-folds, for PCP, S-(+)-ketamine, and 

memantine, respectively (Fig. 6b). The other hydrophobic-ring mutant, GluN1a-Val644Ala, 

resulted in a faster off-speed for S-(+)-ketamine by 3.75-fold but no change for PCP and 
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even a slower off-speed for memantine (2.9-fold slower) (Fig. 6b). This mutant showed 

lower potency for S-(+)-ketamine (by 2.07-fold) but higher potencies for memantine (by 

5.9-fold) and PCP (by 3.2-fold) (Extended Data Fig. 9). These observations implied that the 

hydrophobic interaction mediated by GluN1-Val644 is important for the channel blockade 

by S-(+)-ketamine but less so for PCP and memantine with larger ring structures. In the 

case of PCP and memantine, GluN1a-Val644Ala may facilitate the placement of the phenyl 

and piperidine rings (PCP), and the dimethyl-tricyclo ring (memantine) by providing more 

favorable steric freedom for interactions, which could lead to higher potency.

The GluN2B-Asn615 side chains protrude toward the compound binding site where one 

of them forms a hydrogen bond with memantine. The GluN2B-Asn615Gln mutant with a 

longer side chain likely disfavors hydrogen bond formation by steric hindrance resulting in 

2.1-fold lower potency and 3.3-fold faster off-speed for memantine (Fig. 6 and Extended 

Data Fig. 9). This mutant also showed lower potency (Extended Data Fig. 9, 8.9-fold) 

and faster off-speed (Fig. 6b, 2.6-fold) for PCP likely because of the steric hindrance 

with the longer and hydrophilic Gln residues. For S-(+)-ketamine, the GluN2B-Asn615Gln 

mutation did not affect potency while the off-speed was mildly slowed (Fig. 6b, 1.4-fold) 

consistent with little or no observed interactions between this residue and S-(+)-ketamine in 

our cryo-EM and MD simulations. The effect on off-speed and potency is pronounced for 

PCP with bulkier rings than S-(+)-ketamine. In all the mutants above, the on-speeds were 

not significantly changed. This implies that the changes in potency is mainly governed by 

alteration in the off-speeds.

Finally, the Thr-ring and the hydrophobic-ring mutants above showed only minor changes 

in the potency of Mg2+ block whereas the Asn-ring mutant resulted in lowering of potency 

(Extended Data Fig. 9d). These experiments indicated that channel blockade by Mg2+ 

involves mainly the Asn-ring and that the channel blocking mechanism is fundamentally 

distinct from that of the channel blocker compounds.

Discussion

Here we revealed the fundamental molecular elements for NMDAR channel blockade by 

clinically relevant compounds, PCP, S-(+)-ketamine, and memantine. Using an optimized 

cryo-EM protocol we generated cryo-EM density at sufficient resolution to determine the 

binding poses of a number of clinically relevant channel blockers at the TMDs. Furthermore, 

we showed that the implementation of large numbers of MD simulations starting from 

different poses determined in cryo-EM can assess binding stability. Thus, we established an 

effective workflow to analyze the binding of NMDAR channel blockers.

Our study here provided the first experimental maps for PCP and memantine. It also showed 

substantially better resolved density for S-(+)-ketamine than recently reported29; thus, 

enabling us to propose binding poses based on experimental maps and assess their relevance 

using MD simulations. In general, our MD simulations showed that binding poses that do 

not deviate from cryo-EM density have stable binding modes with minimal fluctuations in 

the Z-position within the binding site (Fig. 2f, 3b–c, 4c). MD simulations starting from 

poses that are less consistent with cryo-EM density (e.g., Pose-1 of S-(+)-ketamine or 
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Pose-2 of PCP) show more fluctuation along the Z-axis (Fig. 2f, 3b–c). This indicated the 

importance of conducting MD simulations using initial poses that are coherent with high 

quality experimental density37. It should be noted that our MD simulations (a total of 30 × 

100 ns per pose of shorter simulations and 3 × 1 μs for selected poses) was substantially 

more extensive compared to the recent work on S-(+)-ketamine binding29 which reported 

sampling of only a single 500 ns trajectory. Whilst consistent with our own findings that S-

(+)-ketamine can move along the Z-axis for Pose-1, our MD simulations capture additional 

states and cryo-EM poses that reside in the same defined Z-axis position (Pose-2, 3, and 4).

Overall, our study delineated one stable pose for PCP and memantine and three stable 

poses for S-(+)-ketamine. The three channel blockers bind to a site in the pore composed 

of three layers, the Thr-ring, the hydrophobic-ring, and the Asn-ring (Fig. 7). The binding 

interactions are mainly mediated by hydrophobic interactions between the channel blockers 

and residues from the hydrophobic-ring and the Thr-ring. Except for memantine that 

interacts with GluN2B-Asn615 (Fig. 4), there is no clear interaction with the Asn-ring in 

stable poses. GluN2B-Asn615 is located in the equivalent site to the Gln/Arg site of AMPA 

receptor where ‘bulkier’ Gln and Arg residues interfere with NMDAR channel blocker 

binding27,38. Nevertheless, the GluN2B-Asn615Gln mutation affects the off-speeds of PCP 

and S-(+)-ketamine although not as robustly as memantine (Fig. 6). A large population of 

the Asn-ring residues (GluN1a-Asn616 and GluN2B-Asn615) are hydrogen-bonded with 

each other (Extended Data Fig. 10a–b) and breakage of the hydrogen-bond network by 

GluN2B-Asn615Gln may energetically disfavor the placement of hydrophobic PCP and 

S-(+)-ketamine on ‘top’ of the Asn-ring. The differences in potency of the three compounds 

likely stem from the extent of hydrophobic interactions between the compounds and the 

residues from the Thr-ring and the hydrophobic-ring (Extended Data Fig. 10c). Consistently, 

site-directed mutations at the Thr- and hydrophobic-rings elicit more robust effects on the 

potency and the off-speeds than that of the Asn-ring.

Our extensive MD simulations also revealed differences in side chain dynamics between 

the agonist-bound and the agonist-channel blocker-bound states, from which we were able 

to discern the important role of hydrogen bonding between the threonine side chains 

and the main chain carbonyl oxygens in the Thr-ring. These MD simulations indicated 

that binding of the three channel blockers induced the non-hydrogen bonded threonine 

residues to form hydrogen bonds to favor hydrophobic interactions between the channel 

blockers and the threonine methyl groups. Therefore, while the channel blockers may 

physically block the pore they also interact with the Thr-ring to favor closure of the channel 

gate (SYTANLAAF motif) (Fig. 6c) as proposed previously by electrophysiology39. This 

model is also supported by our electrophysiological assessment of the GluN1a WT/GluN2B-

Thr647Ser mutant channel with weaker hydrophobic interactions where faster off-speeds 

of channel blockers were observed. Indeed, the majority of the directly binding residues 

regulate the off-speeds while they have little or no effects on the on-speeds as demonstrated 

by our site-directed mutagenesis coupled with patch-clamp electrophysiology indicating that 

the potency of the channel blocker compounds are mainly controlled by the off-speeds. 

The differences in the off-speeds of the three compounds, controlled by different extents 

of the hydrophobic interactions, are highly reminiscent of the extent of side effects where 

PCP induces robust psychosis. Therefore, potent compounds that have off-speeds as fast as 
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memantine may be ideal for maximum therapeutic effects. While determinants responsible 

for binding, channel blockade, and dissociation rates are clarified in this study (Fig. 7), we 

note that the underlying mechanisms for other important features such as stabilization of 

Ca2+-dependent desensitization by memantine and decreased occupancies of desensitized 

state by S-(+)-ketamine remain unresolved40. Nevertheless, our comparative study for the 

three therapeutic channel blockers here will assist development of therapeutic compounds 

with controlled off-speeds and therefore, minimal side effects.

Methods

Expression and purification of NMDAR channels

The rat GluN1a-2B NMDARs were expressed by the EarlyBac method30 and purified 

using the previously established method18. In brief, Sf9 insect cells at 4 × 106 cells/ml 

were infected with the recombinant EarlyBac baculovirus harboring both GluN1a and CTD 

truncated GluN2B (residue 27–852 N-terminally tagged with a dual strep-tag after the 

Xenopus GluN1 signal peptide and with Cys849Ser) and harvested after 48 hours. To 

improve expression level, six out of eleven glycosylation sites in GluN1a were mutated 

as follow: Asn61Gln, Asn239Asp, Asn350Gln, Asn471Gln, Asn491Gln and Asn771Gln. 

Finally, the ER retention signal (Arg/Arg/Lys) at the GluN1a construct was altered by 

the mutations, Arg844Gln, Arg845Gly, and Lys846Ala. After expression, the membrane 

fraction (100 mg/ml) was solubilized in the buffer containing 20 mM HEPES-Na pH 7.5, 

150 mM NaCl, 1 mM Glycine, 1 mM Na-Glutamate, and 0.5% LMNG for 2 hours at 4°C 

and centrifuged at 125,000g for 40 minutes to remove insoluble material. The Strep-tagged 

GluN1a-2B NMDARs were purified from supernatant using Strep-tactin Sepharose followed 

by size exclusion chromatography (SEC) using Superose 6 Increase column (GE Healthcare) 

in the buffer containing 20 mM HEPES-Na pH 7.5, 150 mM NaCl, 0.002% LMNG 1 

mM glycine, 1 mM Na-glutamate. For the channel-blocker-bound structures, the channel 

blockers (100 μM for S(+)-ketamine, 10 μM for PCP, and 200 μM for memantine) were 

added to the purified proteins and were incubated on ice for 30 minutes prior to SEC in the 

buffer containing 20 mM HEPES-Na pH 7.5, 150 mM NaCl, 0.002% LMNG 1 mM glycine, 

1 mM Na-glutamate, and target channel blockers (50 μM for S(+)-ketamine, 2 μM PCP, or 

100 μM for memantine).

Single-particle cryo-EM analysis on channel-blocker-bound GluN1a-2B NMDARs

The NMDAR samples were blotted on glow discharged UltrAufoil holey gold film grids 

(Quantifoil) using FEI Vitrobot Mark IV at 10°C and at 85% humidity (blot time = 4 sec 

and blot force = 7) and vitrified in liquid ethane. The filter papers were washed with 1 

mM EDTA and dried to avoid divalent cation contamination. All the micrographs were 

acquired by Titan Krios (FEI) at Cold Spring Harbor Laboratory operating at 300 keV 

and the GATAN K3 Summit direct electron detector couple with the GIF quantum energy 

filter (Gatan Inc.) at 105k magnification (0.856 Å/pixel), with the defocus range of −1.4 

to −2.8 μm, and over 30 frames and 2–2.8 seconds exposure totaling the dose ranging 49.8–

68.0 e/Å2. The movies alignment, CTF estimation, and particle picking were conducted 

using the program WARP41. The picked particle images were 2D classified by the program 

cryoSPARC in order to select clean particles. We then used RELION3.142 for Ab-initio 
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3D map generation, 3D refinement, 3D classification, Bayesian polishing, per particle CTF 

refinement. The final 3D refinement and B-factor sharpening were done using the program 

cisTEM43. Models were built based on cryo-EM structure (PDB code: 6WHR) using UCSF 

Chimera44 and COOT45. The models were refined against the cryo-EM maps using Phenix 

real space refinement46 with secondary structure and Ramachandran restraints and FSCs 

were calculated by phenix.mtriage. Summary of data collection and refinement statistics are 

shown in Table 1.

MD simulation on the blocker binding site

For each model, missing atoms were added using Modeller (version 10.1)47 and each 

construct truncated to include only transmembrane-domain (TMD) residues. The final 

constructs for simulation included NMDAR residues 548–584, 602–658 and 803–841 

for the GluN1a subunit, and residues 543–590, 599–655 and 809–845 for the GluN2B 

subunit (residue numbers are labelled according to the full-length sequence, including 

signal sequence residues). The simulation setup was performed in GROMACS 202148, with 

each model embedded in a pure 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) 

bilayer and solvated using the gmx solvate module. All ligands were parameterized using 

Antechamber, with GAFF49,50 parameters and AM1-BCC charges51. Tleap was used to 

produce topology files. Overlapping lipids and water molecules were removed before the 

addition of Ions. Na+ and Cl− ions were added to a concentration of 150 mM with additional 

charge neutralizing ions added subsequently. The resulting systems was energy minimized 

using the steepest descents algorithm and a maximum force tolerance of 100 kJ mol−1 

nm−1. Position restraints were applied to all protein heavy atoms with a restraint of 100000 

kJ mol−1 nm−2. For the first equilibration step, backbone restraints were applied with a 

force constant of 1000 kJ mol−1 nm−2. Lipids were described by the S-lipids force field52 

and the TIP3 model was used for water53. The AMBER99SB-ILDN force field was used 

for the protein and ions54. Periodic boundary conditions were applied for all equilibration 

and production runs. Systems were initially equilibrated in the NPT ensemble, using the 

Berendsen55 barostat with a 1 ps coupling constant and semi-isotropic pressure coupling 

type to maintain pressure at 1 bar. Isothermal compressibility was set to 4.5e−5 bar−1. 

Temperature was set to 298 K and maintained using the V-rescale thermostat56 with a 0.1 ps 

coupling constant. Explicit temperature groups were defined with protein, ligand and lipid 

atoms in one group and solvent and lipids in another group to reduce temperate induced 

artifacts. Systems were equilibrated for a total of 2 ns for this initial equilibration step 

so as to allow for solvent and lipid molecules to orient around the protein and also to 

quickly reach the desired temperature. For the next equilibration step and production run, the 

nosé-hoover57 thermostat and Parrinello-Rahman barostat58 were used to ensure a reliable 

maintenance of the isothermal-isobaric ensemble. A coupling constant of 0.5 ps was used 

for maintaining temperature at 298 K and 1 ps for maintaining pressure at 1 bar with semi-

isotropic coupling. Cα atoms were restrained in this step with a force-constant of 100 kJ 

mol−1 nm−2 in order to preserve the experimentally determined protein conformation. Each 

system was simulated for 101 ns each, with the first nanosecond removed as equilibration. 

Electrostatics were treated using Particle Mesh Ewald (PME)59 with 0.1 nm Fourier spacing 

for grid dimensions and a cubic order interpolation. The neighbor list was obtained using 

the Verlet cut-off scheme with a buffer tolerance of 0.005 kJ−1 mol−1 ps−1. The LINCS 
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algorithm55 was used for constraints on bonds with hydrogen atoms to enable a 2 fs time 

step (for both equilibration and production runs) and trajectory frames were saved every 10 

ps. Where voltage was used, a static non-oscillating field was applied in the z-dimension, 

perpendicular to the membrane plane at voltages of ± 70 mV nm−1.

Electrophysiology

HEK293T cells were cultured in DMEM (Corning) with 10% FBS in a humidified incubator 

at 37°C with 5% CO2. Cells were plated onto 6-well plates (Corning) and transfected with 

700 ng each rat GluN1-1a and rat GluN2B plasmids, 50 ng pEGFP plasmid, and 3 μL of 

TransIT-2020 (Mirus) as per the manufacturer’s instructions. Recordings were performed 

24–48 hours after transfection using borosilicate pipettes (Sutter) were pulled and polished 

to a resistance of 1–4 MΩ. Pipettes were backfilled with internal solution containing (in 

mM) 110 D-gluconic acid, 110 CsOH, 30 CsCl, 5 HEPES, 4 NaCl, 0.5 CaCl2, 2 MgCl2, 

5 BAPTA, 2 Na-ATP, 0.3 Na-GTP, pH to 7.35 with CsOH. The external solution contained 

(in mM) 150 NaCl, 3 KCl, 10 HEPES, 0.01 EDTA, 0.5 mM CaCl2, 11 D-mannitol, pH to 

7.4 with NaOH. Data were collected on an AxoPatch 200B patch clamp amplifier (Axon 

Instruments), filtered at 2 kHz (Frequency Devices), and digitized with a Digidata 1550B 

digitizer using a sampling frequency of 10 kHz. Recordings were analyzed using Clampex 

11.0 software (Axon Instruments). A rapid solution exchanger (RSC-200, Bio-logic) was 

used to perfuse cells. Patches were held at −80 mV and typically exposed to glutamate 

several times until a consistent peak current was observed. Tau values were obtained by 

fitting recordings to a single-term exponential equation, and IC50 values were calculated in 

the Origin8 Pro software.
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Extended Data

Extended Data Figure 1. Single-particle analysis on agonist-bound GluN1a-2B NMDARs.
a, A representative EM micrograph, 2D classes, and the 3D classification/refinement 

workflow. The scale bar represents 34.9 nm. b, The masked (Blue) and unmasked (Red) 

Fourier shell correlation (FSC) curves of two half maps (Left) and map vs model (Right). c, 

Zoom-in views of the gate and the pore-forming region fitted with the molecular model. d, 

The local resolution estimation calculated by ResMap.
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Extended Data Figure 2. Structural analysis of agonist-bound GluN1a-2B NMDARs
a, Overall cryo-EM density of the agonist-bound rat GluN1a-2B NMDAR (GluN1a and 

GluN2B in magenta and forest, respectively). b, EM density of the bound glycine (left) 

and glutamate (right) at LBD of GluN1a and GluN2B, respectively. c, Zoom-in view of the 

channel blocker binding cavity at the TMD where there is no density (left). The binding 

site has three layers, Thr-ring (GluN1a-Thr648 GluN2B-Thr647) at the channel gate, the 

hydrophobic-ring (GluN1a-Val644 and -Ala645 and GluN2B-Leu643 and -Ala644), and the 

Asn-ring (GluN1a-Asn616 and GluN2B-Asn615). d, Domain organization and functional 

state. The agonist-bound GluN1a-2B NMDAR here has similarity to the non-active1 

conformation of GluN1b-2B NMDAR (gray, PDBID: 6WHS) with the similar ATD and 

LBD orientations and extent of separation between the LBD-TMD linkers of GluN2B 

(spheres = GluN2B-Gln662).
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Extended Data Figure 3. Single-particle analysis on PCP-bound GluN1a-2B NMDARs.
a, A representative EM micrograph, 2D classes, and the 3D classification/refinement 

workflow. The scale bar represents 34.9 nm. b, The masked (Blue) and unmasked (Red) 

Fourier shell correlation (FSC) curves of two half maps (Left) and map vs model (Right). c, 

Zoom-in views of the gate and the pore-forming region fitted with the molecular model. d, 

The local resolution estimation calculated by ResMap.
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Extended Data Figure 4. Comparison of channel blocker binding sites.
a-d, Cryo-EM density and fitted models of structures in the absence of a channel blocker 

(a, apo), PCP (b, orange), S(+)-ketamine (c, cyan), and memantine (d, grey). The residues 

that are forming the binding site are highlighted as sticks and the densities of the channel 

blockers are highlighted in green. e-g, Local structural comparison of binding residues 

between apo and PCP (e), S-(+)-ketamine (f), and memantine (g).

Chou et al. Page 16

Nat Struct Mol Biol. Author manuscript; available in PMC 2023 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Figure 5. Single-particle analysis on S-(+)-ketamine-bound GluN1a-2B NMDARs.
a, A representative EM micrograph, 2D classes, and the 3D classification/refinement 

workflow. The scale bar represents 34.9 nm. b, The masked (Blue) and unmasked (Red) 

Fourier shell correlation (FSC) curves of two half maps (Left) and map vs model (Right). c, 

Zoom-in views of the gate and the pore-forming region fitted with the molecular model. d, 

The local resolution estimation calculated by ResMap.
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Extended Data Figure 6. Cryo-EM density at the (S)-(+)-ketamine binding site.
a, Zoomed-in views of the cryo-EM density (mesh) fitted with the (S)-(+)-ketamine 

molecule (cyan sticks) in Pose-3. b-c, Cryo-EM density of human GluN1a-2A NMDARs 

(PDBID:7EU7 and EMD:31308, panel b) complexed to (S)-(+)-ketamine (salmon 

sticks) and human GluN1a-GluN2B NMDARs (PDBID:7EU8 and EMD:31309, panel c) 

complexed with (S)-(+)-ketamine (orange sticks).
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Extended Data Figure 7. Long time-scale MD simulations of (S)-(+)-ketamine-bound GluN1a-2B 
NMDAR starting from Pose-1.
a, RMSD population density distributions (80 bins per distribution) for three individual 

Pose-1 1 μs long simulations with runs 1, 2 and 3 each colored blue, orange and green 

respectively. b, Time series analysis of the (S)-(+)-ketamine Z1 distance expressed as a 

rolling average (100 frames with a total of 10,000 frames per run) for runs 1 (blue), 2 

(orange) and 3 (green). c, Probability density distribution (100 bins) for each independent 

run of their Z1 (red) and Z2 (green) distances. Dashed lines represent the starting Z1 and Z2 

distances of Pose-1.
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Extended Data Figure 8. Single-particle analysis on memantine-bound GluN1a-GluN2B 
NMDARs.
a, A representative EM micrograph, 2D classes, and the 3D classification/refinement 

workflow. The scale bar represents 34.9 nm. b, The masked (Blue) and unmasked (Red) 

Fourier shell correlation (FSC) curves of two half maps (Left) and map vs model (Right). c, 

Zoom-in views of the gate and the pore-forming region fitted with the molecular model. d, 

The local resolution estimation calculated by ResMap.

Chou et al. Page 20

Nat Struct Mol Biol. Author manuscript; available in PMC 2023 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Figure 9. Potency measurement of channel blockers on GluN1a-2B NMDAR.
a-d, Dose-responses of PCP (panel a), S-(+)-ketamine (panel b), memantine (panel c), and 

Mg2+ (panel d) for wildtype (black circle), GluN1a-V644A (red circle), GluN2B-N615Q 

(blue triangle), GluN2B-L645A (blue square), and GluN2B-T646S (blue circle) channels 

recorded on cRNA injected Xenopus oocytes by TEVC. Data points represent the means ± 

s.d. e, A list of IC50 values, Hill coefficients (nH) calculated based on the dose-response 

curves. The statistical analysis was done by two-tail Student t-test (*** p<0.001, ** 

0.001<p<0.01, * 0.01<p<0.05, n.s. not significant. The IC50 values were estimated from 

independent dose-response recordings from at least four independent oocytes (n).

Chou et al. Page 21

Nat Struct Mol Biol. Author manuscript; available in PMC 2023 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Figure 10. Hydrogen-bond network in the Asn-ring.
a-b, Probability density distributions (100 bins) of h-bond distances between all feasible 

pairs of hydrogen bond doner and acceptor moieties in the Asn-ring for the agonist-bound 

(panel a) and agonist-memantine-bound (panel b) structures. Density distributions for 

GluN2B-Asn615 (chain B and D) are in green and red. Those for GluN1a-Asn616 (chain 

A)/GluN2B-Asn615 (chain B and D) and GluN1a-Asn616 (chain C)/GluN2B-Asn615 

(chain B and D) are in yellow and blue, respectively. Asterisks denote the interaction pairs 

for which h-bonds are the main interaction, as suggested by the highest peak at ~2.5 Å. 

The structures are representative snapshots of collective variables that maximize the total 

number of possible simultaneous h-bonding interactions. The Asn-rings are viewed from 

the extracellular space where representative h-bonds are depicted as dashed yellow lines. 

The nitrogen atom h-bond doner variable is represented as the COG between both N+-H 

atoms. Note that the h-bond network patterns for (S)-(+)-ketamine and PCP are similar 

to the agonist-bound structure. c, Comparison of binding of PCP pose-1 (orange sticks), 

memantine (gray sticks), and S-(+)-ketamine pose-2, 3, and 4 (cyan sticks) showing inter-

carbon (C-C) interactions within 5 Å (yellow dots) and a hydrogen bond (green dots, arrow).
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Figure 1. Channel blocking of NMDAR by memantine, S-(+)-ketamine, and PCP.
a, Chemical structures of phencyclidine (PCP), S-(+)-ketamine, and memantine. b-c, Whole-

cell patch-clamp electrophysiology on HEK293 cells transfected with rat GluN1a-2B 

NMDARs at −80 mV holding voltage. Channel blocking patterns of each blocker compound 

are measured using the short-pulse glutamate application (5 ms) protocol in the presence 

and absence of blocker compounds. The hierarchy, memantine > S-(+)-ketamine > PCP, is 

observed for on and off speeds where on/off-speeds are estimated to be 18.4 ± 5.6/99.2 

± 13.4, 10.9 ± 0.9/50.0 ± 7.8, and 6.5 ± 0.3/18.7 ± 2.6 (sec ± SEM) for PCP (n=7), S-(+)-

ketamine (n=11), and memantine (n=8), respectively, by an exponential fit (light purple and 

green for the on and off components, respectively).
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Figure 2. Cryo-EM structure and MD simulations of Phencyclidine-bound GluN1a-GluN2B 
NMDARs.
a, The structure of the GluN1a-2B NMDAR (GluN1a and GluN2B in magenta and forest, 

respectively) bound to PCP (orange sphere) at TMD. b, The zoomed-in view of the EM 

density (light blue mesh) of PCP surrounded by residues from the three layers, Thr-ring, 

hydrophobic-ring, and Asn-ring in sticks. c, The two possible PCP binding poses, Pose-1 

and 2 (orange sticks), fitted into the EM density. d, LIGPLOT presentation of the binding 

site for PCP in Pose-1. The ‘eyelashes’ represent hydrophobic interactions and are color 

coded by distances of carbon-carbon interactions (3–4.5 Å in red and 4.5–5 Å in orange). e, 

Euclidean distance between the center of geometry (COG) of PCP (orange sticks) and that 

of Cαs of the Thr-ring residues (Z1) or Cαs of the Asn-ring residues (Z2). f, Probability 

density of Z1 and Z2 distances are shown as red and green histograms respectively, for 

simulations starting from Pose-1 (top left) and Pose-2 (top right). Dashed lines in red 

and green represent the initial Z1 and Z2 distances of the cryo-EM poses, respectively. 

Snapshots of representative poses from MD simulations (limon) are shown in comparison 

with cryo-EM poses (orange; lower panels). g, Time series analysis of three independent 

1 μs simulations starting from PCP Pose-2 (rolling average of 100 frames from a total of 

10,000 frames per run) where convergence to the Pose-1-like Z1 distance can be observed 

(arrows).
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Figure 3. Cryo-EM structure and MD simulations of S-(+)-ketamine-bound GluN1a-2B 
NMDARs.
a, The four possible binding poses (Pose-1–4) of S-(+)-ketamine fitted into the cryo-

EM density (grey mesh; upper panels). LIGPLOT presentation of each pose where the 

‘eyelashes’ represent hydrophobic interactions as in Fig. 1 (lower panels). b, Population 

density (100 bins) of the Euclidean distances (Z1 and Z2) calculated as in Fig. 1E–F. Dashed 

lines in red and green represent the initial Z1 and Z2 distances of the cryo-EM poses, 

respectively. c, Snapshots of representative poses from MD simulations (limon) are shown in 

comparison with cryo-EM poses (cyan) for each simulation.
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Figure 4. Cryo-EM structure and MD simulations of memantine-bound GluN1a-2B NMDARs.
a, The binding of memantine (grey sticks) and the EM density (light blue mesh). A dashed 

line represents a hydrogen bond. b, LIGPLOT presentation of memantine binding where the 

‘eyelashes’ represent hydrophobic interactions as in Fig. 1. c, MD simulations (30 × 100 

ns) starting from the cryo-EM pose. Probability density of the Euclidean distances (Z1 and 

Z2) calculated as in Fig. 1e–f. Dashed lines in red and green represent the initial Z1 and 

Z2 distances of the cryo-EM poses, respectively. A representative pose of the simulations 

(limon) with rotation and slight translation in the XY plane compared to the cryo-EM pose 

(grey, lower panel). d, MD simulations (3 × 1 μs) starting from the cryo-EM pose. The 

time-series analysis of the Z1 distance where it stays at 6 Å during the simulations. e, 

Voltage sensitivity of memantine block. Representative whole-cell patch-clamp recording 

of a transfected HEK293 cell during applications of glutamate and memantine at various 

membrane potentials (top) and quantification of memantine block over a range of voltage 

potentials (bottom). Memantine (10 μM) was applied for 10 seconds during each glutamate 

application followed by 25 seconds of washout. Membrane potential was briefly set to +80 

mV to dissociate lingering memantine before the next sweep. Points represent the extent of 

memantine block at each tested membrane potential, and error bars represent the SEM of 

n=3 recordings. f, MD simulations conducted at +70 mV (orange), 0 mV (green), and −70 
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mV (blue). Shown here are pairwise population densities of hydrogen bonding interactions 

between memantine and the Asn-ring residues. Note that density at the hydrogen bonding 

distance (asterisks) is observed only for GluN2B-Asn615-memantine and at different heights 

depending on voltages (arrows).
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Figure 5. MD simulations of the Thr-ring in the presence and absence of channel blockers.
a, Distance analysis of GluN1a-Thr648 (side chain)-Val644 (main chain carbonyl oxygen) or 

GluN2B-Thr647 (side chain)-L643 (main chain carbonyl oxygen) from the MD simulations 

of the agonist-bound GluN1a-2B NMDAR (30 × 100 ns) show two populations, peak 1 and 

2 at 2 and 3.5 Å, respectively, in all four subunits (chain A-D). b, Associated representative 

poses of Peak1 and 2 showing hydrogen bonded (H-bond, dashed lines, left panels) and no 

hydrogen bonded (No H-bond; right panels) threonine residues, respectively, for GluN1a 

(upper panels) and GluN2B (lower panels). Arrows are placed at the H-bonds or equivalent 

sites. c-e, The same distance analysis for the PCP-bound (c), the memantine-bound (d), and 

the S-(+)-ketamine-bound (e) structures. All probability distributions consist of 100 bins, 

with 10 frames per nanosecond of simulation time.
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Figure 6. Effects of interacting residues on association and dissociation kinetics of channel 
blockers.
a, Whole-cell patch-clamp recording on HEK293 cells transfected with GluN1a-GluN2B 

NMDAR. Cells were held at −80 mV and exposed to 100 μM glutamate and glycine. 

The indicated channel blockers were applied during the steady-state current for 10 s 

before washout. On and off kinetics were estimated by fitting data to an exponential (red 

curves). b-c, Kinetic analysis of blocker binding site mutants for dissociation (B; off) 

and association (C; on). Error bars represent the average tau ± SEM and dots represent 

the tau measurements from each cell (n = 4–11 unique cells per mutant, indicated below 

each graph). Pair-wise comparison shows off rates but not on-speeds are mainly affected 

(One-way ANOVA, DF=4. Asterisks indicate p < 0.05 determined by two-tail t test with 

Bonferroni correction between wildtype and mutant channels. The p-values for panel b 
are: PCP, N615Q=1.85363E-6, L643A=2.3805E-8, T646S=9.04006E-10. (S)-(+)-ketamine, 

N615Q=0.01392, L643A=9.57094E-11, T646S=1.01169E-9, V644A=4.88839E-9. 

Memantine, N615Q=5.55779E-4, L643A=8.33691E-5, T646S=1.15855E-5, 

V644A=1.39864E-13.).

Chou et al. Page 33

Nat Struct Mol Biol. Author manuscript; available in PMC 2023 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Molecular elements involved in channel blockade.
In the absence of compounds, the Thr-ring residues exist in configurations where they are 

hydrogen bonded with the main chain carbonyl oxygen (H-bond) or in the non-hydrogen 

bonded forms. Channel blockers tested here bind to residues in the hydrophobic-ring, 

favor the H-bond formation between the Thr-ring hydroxyl group and the hydrophobic-

ring residue backbone carbonyl oxygens, and interact with the methyl group of threonine 

residues via hydrophobic interactions; thereby interacting both with the pore and the gate.
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Table 1

Cryo-EM data collection, refinement and validation statistics

Glycine/Glutamate 
bound 
(EMDB-24946) (PDB 
7SAA)

S(+)-ketamine bound 
(EMDB-24947) (PDB 
7SAB)

Phencyclidine bound 
(EMDB-24948) (PDB 
7SAC)

Memantine bound 
(EMDB-24949) (PDB 
7SAD)

Data collection and processing

Microscope Titan Krios Titan Krios Titan Krios Titan Krios

Camera K3/counting K3/counting K3/counting K3/counting

Magnification 105,00 105,00 105,00 105,00

Energy filter Gatan Gatan Gatan Gatan

Energy filter slit width (eV) 20 20 20 20

Collection software EPU EPU EPU EPU

Voltage (kV) 300 300 300 300

Cumulative exposure (e−/Å2) 57.6 49.8 63.00 68.40

Exposure rate (e−/Å2/frame) 1.27 1.66 2.10 2.28

Defocus range (μm) 1.6–2.8 1.4–2.6 1.4–2.6 1.4–2.6

Pixel size (Å) 0.856 0.856 0.856 0.856

Symmetry imposed C1 C1 C1 C1

Number of micrographs 7,198 12,260 6,917 3,658

Initial particle images (no.) 791,596 1,149,323 904,066 423,829

Final particle images (no.) 378,892 434,625 163,971 131,384

0.143 FSC half map masked (Å) 2.97 3.69 4.30 3.96

0.143 FSC half map unmasked(Å) 3.18 4.03 4.68 4.36

Refinement

Refinement package Phenix Phenix Phenix Phenix

Initial model used (PDB code) 6WHR 6WHR 6WHR 6WHR

0.5 FSC model resolution masked 
(Å)

3.12 3.98 4.52 4.36

0.5 FSC model resolution unmasked 
(Å)

3.81 4.52 7.09 6.76

Model resolution range (Å) 2.8–6 3.0–6.0 3.5–6.0 3.3–6.0

Map sharpening B factor (Å2) −90 −90 −150 −150

Model composition

 Non-hydrogen atoms 23,607 23,465 23,560 23,103

 Protein residues 3,164 3,164 3,160 3,160

 Ligands 14 14 13 16

CC map vs. model (%) 0.86 0.81 0.80 0.77

R.m.s. deviations

 Bond lengths (Å) 0.006 0.003 0.003 0.003

 Bond angles (°) 0.818 0.632 0.684 0.624

Validation

 MolProbity score 1.62 1.69 1.88 1.79

 Clashscore 5.02 5.80 8.50 7.50
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Glycine/Glutamate 
bound 
(EMDB-24946) (PDB 
7SAA)

S(+)-ketamine bound 
(EMDB-24947) (PDB 
7SAB)

Phencyclidine bound 
(EMDB-24948) (PDB 
7SAC)

Memantine bound 
(EMDB-24949) (PDB 
7SAD)

 Poor rotamers (%) 0.00 0.04 0.00 0.00

Ramachandran plot

 Favored (%) 94.83 94.55 93.69 94.45

 Allowed (%) 4.94 5.13 6.15 5.39

 Disallowed (%) 0.22 0.32 0.16 0.16

C-beta deviations 0.00 0.00 0.03 0.00

EMRinger Score 3.00 2.46 2.17 1.80

CaBLAM outliers (%) 3.31 3.44 3.86 3.21
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