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Structural basis of ketamine action on 
human NMDA receptors

Youyi Zhang1,2,7, Fei Ye3,7, Tongtong Zhang1,2,7, Shiyun Lv1,2, Liping Zhou2,4, Daohai Du4, He Lin5, 
Fei Guo4, Cheng Luo2,4 ✉ & Shujia Zhu1,2,6 ✉

Ketamine is a non-competitive channel blocker of N-methyl-d-aspartate (NMDA) 
receptors1. A single sub-anaesthetic dose of ketamine produces rapid (within hours) 
and long-lasting antidepressant effects in patients who are resistant to other 
antidepressants2,3. Ketamine is a racemic mixture containing equal parts of (R)- and 
(S)-ketamine, with the (S)-enantiomer having greater affinity for the NMDA 
receptor4. Here we describe the cryo-electron microscope structures of human 
GluN1–GluN2A and GluN1–GluN2B NMDA receptors in complex with S-ketamine, 
glycine and glutamate. Both electron density maps uncovered the binding pocket for 
S-ketamine in the central vestibule between the channel gate and selectivity filter. 
Molecular dynamics simulation showed that S-ketamine moves between two distinct 
locations within the binding pocket. Two amino acids—leucine 642 on GluN2A 
(homologous to leucine 643 on GluN2B) and asparagine 616 on GluN1—were identified 
as key residues that form hydrophobic and hydrogen-bond interactions with 
ketamine, and mutations at these residues reduced the potency of ketamine in 
blocking NMDA receptor channel activity. These findings show structurally how 
ketamine binds to and acts on human NMDA receptors, and pave the way for the 
future development of ketamine-based antidepressants.

Major depressive disorder affects about 6–16% of the global population5. 
Conventional antidepressants that target the monoaminergic system 
typically take weeks to produce effects and are ineffective in one-third 
of patients6. Recently, the enantiomer S-ketamine was approved by the 
US Food and Drug Administration as the first non-monoaminergic drug 
for treatment-resistant major depressive disorder7. In clinical studies, 
ketamine quickly reduces the core symptoms of depression and sui-
cidal ideation2,8. Laboratory studies have shown that ketamine rapidly 
ameliorates depressive mood by blocking NMDA receptor-dependent 
activities9, and reverses stress-induced loss of neuronal spines and 
circuit dysfunctions10,11. In this study, we determined the cryo-electron 
microscope (cryo-EM) structures of ketamine-bound human GluN1–
GluN2A and GluN1–GluN2B channels—two major subtypes of NMDA 
receptor in the adult brain.

NMDA receptors are glutamate-gated calcium-permeable ion 
channels that have pivotal roles in synaptic transmission and plastic-
ity, which are essential for learning and memory. Functional NMDA 
receptors usually form heterotetrameric complexes comprising 
two glycine-bound GluN1 subunits and two glutamate-bound GluN2 
(2A–2D) subunits12. Previous studies13–16 have shown that truncation of 
the C-terminal domains (CTDs) of both GluN1 and GluN2 subunits is 
required for detergent-solubilized NMDA receptors to be thermostable 
in vitro. We constructed and expressed recombinant CTD-truncated 
(denoted by EM) GluN1–GluN2AEM or GluN1–GluN2BEM NMDA receptors 

in a mammalian expression system, and purified monodisperse pro-
teins with the expected profiles of tetrameric assembly (Extended Data 
Fig. 1a, b). Two-electrode voltage-clamp (TEVC) recordings and binding 
assays verified that the affinity and efficacy of ketamine were normal 
for both GluN1–GluN2AEM and GluN1–GluN2BEM receptors (Fig. 1f, 
Extended Data Fig. 1c, d). These data ensured S-ketamine occupancy 
within both receptors.

To trap the NMDA receptors in the ketamine-bound state, we 
pre-incubated the purified protein with glycine and glutamate (1 mM 
each) in the presence of S-ketamine (5 mM), which is 3–5 times more 
potent than R-ketamine17. Next, we vitrified the protein and collected 
the structural data sets using cryo-EM. No symmetry was applied 
during the data processing. The final 3D refinement yielded density 
maps of GluN1–GluN2A and GluN1–GluN2B receptors at nominal global 
resolutions of 3.5 Å and 4.0 Å, respectively (Fig. 1a, b, Extended Data 
Fig. 2, Extended Data Table 1). In agreement with previously reported 
structures13–16, human GluN1–GluN2A and GluN1–GluN2B receptors 
adopted the configuration of typical heterotetramers with extracellular 
N-terminal domains (NTDs) and ligand-binding domains (LBDs), as 
well as a transmembrane domain (TMD) embedded in the lipid bilayer 
(Fig. 1a, b). The cryo-EM map of the GluN1–GluN2A receptor revealed 
the EM densities for the agonists glycine and glutamate (Extended Data 
Fig. 3a, b). The resolution of the EM density in the entire extracellular 
region went beyond 3 Å, allowing the placement of the majority of 
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amino acids in NTDs, LBDs and NTD–LBD linkers, as well as of glyco-
sylation modifications (Extended Data Fig. 3c, d). However, the overall 
density in the TMD of GluN1–GluN2A receptor was less well resolved, 
presumably because of the dynamic conformational changes associ-
ated with the fast channel kinetics of GluN1–GluN2A receptors12,18. By 
contrast, the TMD density in GluN1–GluN2B receptors was much better 
resolved, allowing fitting of most residues to the density map (Fig. 1e, 
Extended Data Fig. 2f).

Notably, we found an EM density for the trapped S-ketamine within 
the TMD region in both GluN1–GluN2A and GluN1–GluN2B receptors. 
The TMD is composed of three α-helical transmembrane segments (M1, 
M3 and M4) and a short re-entrant loop (M2) from each subunit, with the 
ion channel gate at the top, the selectivity filter at the bottom and the 
vestibule in between (Fig. 1c, d). The structures of both GluN1–GluN2A 
and GluN1–GluN2B receptors confirmed the presence of the binding 
pocket of S-ketamine within the central vestibule. The local resolution 
of the electron density was not sufficient to perfectly fit the geometry of 
S-ketamine, presumably owing to the dynamic occupancy of the ligand, 
as indicated by the molecular dynamics (MD) simulation described 
below. As the pyramidal vestibule consists of a polar bottom mainly 
contributed by the ‘QRN’ site19 (where the residue (glutamine, arginine 
or asparagine) at the tip of the pore loop is edited by RNA splicing) and  
a hydrophobic pouch formed by the M3 helices, we fitted the density 
map with the amino-group of ketamine pointing to the hydrophilic 
QRN site and its aromatic rings facing up to the hydrophobic pouch 
(Fig. 1c, d).

MD simulations have been used for studies of channel blockers20, 
allostery mechanisms21 and cross-subunit interactions22 in NMDA 
receptors. To gain more insights into binding of S-ketamine, we carried 
out an MD simulation with the S-ketamine bound TMD of the GluN1–
GluN2A receptor as the initial structure. The MD results showed large 
fluctuations of the S-ketamine during a 500-ns simulation (Fig. 2a), 
which suggests that the localization of this molecule within its binding 
environment is highly dynamic. We used the root-mean-square devia-
tion (r.m.s.d.) values to cluster the distribution of S-ketamine into two 
distinct upper and lower poses (Fig. 2b). Beginning from about 200 ns 
into the simulation, S-ketamine gradually pointed towards the selectiv-
ity filter in the lower pose. From about 350 ns, S-ketamine moved up 
to the upper pose closer to that in the initial cryo-EM state (Fig. 2a–c, 
Supplementary Video 1). Accordingly, we propose that the cryo-EM 
structure captured one of the predominant upper binding poses, while 
the others were intermediate states.

To further understand the contributions of individual residues 
within the TMD to S-ketamine binding, we performed per-residue 
decomposition studies of relative binding energy based on MD simu-
lation using the MM-PBSA method (excluding entropic contribution). 
We analysed the contributions of residues within 10 Å of S-ketamine 
(Fig. 2d). Among these amino acids, Leu642 in both GluN2A subunits, 
which formed extensive hydrophobic interactions with S-ketamine, 
made the most substantial contribution to relative binding energy 
(−4.74 and −2.28 kJ mol−1 in two GluN2A protomers, respectively). In 
addition, Asn616 in one GluN1 protomer was also crucial for binding 
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Fig. 1 | S-ketamine-bound cryo-EM structures of human GluN1–GluN2A and 
GluN1–GluN2B NMDA receptors. a, b, Cryo-EM densities (left) and structural 
models (right) of human GluN1–GluN2A (a) and GluN1–GluN2B receptors  
(b). GluN1 subunits are represented in grey with glycine captured in the LBDs; 
GluN2A and GluN2B are represented in green and blue, respectively, with 
glutamate presented in the clefts. S-ketamine was captured within the TMD in 
both receptors. c, d, The TMDs of GluN1–GluN2A (c) and GluN1–GluN2B 
receptors (d) with side (left) and top-down views (right), showing the binding 

pocket of S-ketamine in the central vestibule, between the gate and selectivity 
filter. S-ketamine (in red stick form) was fitted with EM density (grey surface).  
e, Cryo-EM density (mesh) in the TMD region of the GluN1–GluN2B receptor 
(ribbon) and S-ketamine (red stick). 2B and N1 in parentheses denote the 
GluN2B and GluN1 subunits, respectively. f, Displacement of [3H]MK-801 for 
S-ketamine in GluN1–GluN2AEM (inhibitory constant, Ki = 1.22 ± 0.39 μM), 
GluN1–GluN2BEM receptors (Ki = 0.68 ± 0.18 μM) and rat cortex tissue 
(Ki = 1.11 ± 0.16 μM). Mean ± s.e.m. from triplicate measurements.
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of S-ketamine (−3.67 kJ mol−1) (Extended Data Table 2). Ligplot+ analysis 
revealed that S-ketamine interacted with Leu642 of GluN2A through 
strong hydrophobic interactions in all configurations (Fig. 2f), while 
its secondary amine formed a hydrogen bond with the polar Asn616 
of GluN1 (but not with Asn614 or Asn615 of GluN2A) in the selectivity 
filter in the lower pose captured by MD simulation (Fig. 2c–e). These in 
silico results implied that Asn616 of GluN1 and Leu642 of GluN2A had 
crucial roles in maintaining the binding of S-ketamine.

Next, we performed TEVC recordings to examine the ketamine- 
induced inhibition of current in human GluN1–GluN2A receptors. It has  
previously been reported that the QRN sites are responsible for bind-
ing the pore blockers Mg2+, MK-801 and memantine19,20,23. In line with 
our simulation data, we found that ketamine inhibition was essen-
tially abolished in GluN1(N616A)–GluN2A receptors, in which Asn616 
of GluN1 is replaced with an alanine, which has a short nonpolar side 
chain (Fig. 3a, c). Moreover, GluN1(N616Q)–GluN2A channels, in which 
Asn616 was mutated to glutamine (which has a longer side chain but 
the same polarity), also showed a marked (42-fold) reduction in inhibi-
tion by ketamine (Fig. 3c, Extended Data Table 3). This implied that the 
hydrogen bonding between N616 and ketamine was steric-sensitive. 

By contrast, alanine substitutions at the QRN site (Asn614) and the 
adjacent N + 1 site (Asn615) in the GluN2A subunit had minimum effects 
on inhibition by S-ketamine (Extended Data Fig. 5d, g), consistent  
with the calculations of hydrogen bonding propensity and energy 
decomposition in our MD simulation (Fig. 2e).

Subsequently, we mutated Leu642 of GluN2A in the vestibule pouch 
to other aliphatic amino acids. Isoleucine and valine substitutions 
reduced the potency of inhibition by ketamine by four- and seven-
fold, respectively, whereas alanine and glycine substitutions produced 
stronger reductions (approximately 50- and 100-fold, respectively) 
(Fig. 3d, Extended Data Table 3). Notably, plotting the half-maximal 
inhibitory concentration (IC50) of ketamine against the residue volume 
at the Leu642 position showed a linear regression fit (R2 = 0.92), indicat-
ing that these hydrophobic interactions were highly steric-sensitive 
(Fig. 3e). These data are consistent with the structural information 
that the non-polar side chain of leucine formed strong hydrophobic 
interactions with the 2-chlorophenyl and cyclohexanone groups of 
ketamine (Fig. 3a). Furthermore, when the leucine was substituted with 
the polar asparagine, the GluN1–GluN2A(L642N) receptors displayed a 
greater reduction in ketamine potency (Fig. 3f). Current–voltage curves 
indicated that the magnesium block was not disrupted in any of these 
mutant receptors (Extended Data Fig. 4a). Notably, the ClinVar database 
includes the human missense mutation c.1925T>G (L642R) in GRIN2A; 
receptors with this mutation (GluN1–GluN2A(L642R)) showed a nearly 
complete loss of ketamine sensitivity (Fig. 3f). Furthermore, homol-
ogous leucine on various GluN2B or GluN2D subunits also showed 
steric-sensitive hydrophobic interactions with ketamine (Extended 
Data Fig. 4b, c). Together, these data show that this conserved leucine 
in all GluN2 subunits is the dominant residue responsible for ketamine 
binding in various subtypes of NMDA receptors (Extended Data Fig. 6a).

As Val644 in GluN1 also formed hydrophobic interactions with keta-
mine in the MD simulation (Fig. 2d, f), we investigated the contribution 
of this residue to ketamine-mediated inhibition. Substitution of this 
residue with alanine (or leucine) produced a threefold decrease in keta-
mine sensitivity (Extended Data Fig. 4d). In addition, GluN1(V644T)–
GluN2A receptors showed similar ketamine-mediated inhibition to 
wild-type receptors (Extended Data Fig. 4d). To rule out other possi-
ble ketamine-binding sites, we mutated Thr648 in GluN1 and Thr646 
in GluN2A at the top of the central vestibule to valines. Both mutant 
receptors showed unaltered ketamine potency (Extended Data Fig. 5d).

Ligplot+ analysis of the S-ketamine-bound GluN1–GluN2B structure 
revealed that the hydrogen bond with Asn616 in GluN1 and the hydro-
phobic contacts with Leu643 in GluN2B are conserved in human GluN1–
GluN2B receptors (Fig. 3b, Extended Data Fig. 4f). Dose–response 
curves showed that GluN1(N616A)–GluN2B and GluN1–GluN2B(L643A) 
receptors displayed more than 15-fold reductions in ketamine potency 
(Fig. 3g). We also investigated whether Val644 in GluN1 was involved in 
binding ketamine. TEVC data revealed that both GluN1(V644A)–GluN2B 
and GluN1(V644T)–GluN2B receptors showed twofold enhancement 
in inhibition by ketamine, whereas GluN1(V644L)–GluN2B receptors 
displayed unaltered ketamine potency (Extended Data Fig. 4e). These 
data indicated that the hydrophobic interaction contributed by the 
leucine residue (642 in GluN2A and 643 in GluN2B) was the predominant 
interaction with ketamine.

There is increasing preclinical evidence that R-ketamine may have 
longer-lasting antidepressant effects and fewer side effects than 
S-ketamine17,24. Therefore, we carried out MD simulations based on 
the R-ketamine-docked TMD of GluN1–GluN2A receptors. The simula-
tions showed that R-ketamine reached a relatively stable position after 
moving towards the selectivity filter during the initial stage (Extended 
Data Fig. 5b, Supplementary Video 1). We further performed TEVC on 
mutated GluN1–GluN2A receptors to examine the differential effects of 
these two enantiomers. All mutations on Asn616 in GluN1 and Leu642 
in GluN2A significantly reduced inhibition by both R- and S-ketamine, 
whereas the GluN1(T648V), GluN2A(T646V) and GluN2A(N615A) 
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mutations had minimal effects (Extended Data Fig. 5a, d, e). Notably, 
substitutions of Asn614 in GluN2A with alanine or glutamine reduced 
the potency of R-ketamine more strongly than that of S-ketamine 
(Extended Data Fig. 5g, h), indicating that Asn614 in GluN2A probably 
contributed to the binding of R-ketamine but not S-ketamine. As also 
observed in MD simulations, Asn614 from one protomer of GluN2A 
moved towards R-ketamine gradually during the simulation, showing 
a different relative energy contribution from that in the S-ketamine 
system (Extended Data Fig. 5c, f, Extended Data Tables 2, 4). This may 
provide some clues for explaining the differential binding effects of 
Asn614 to S- and R-ketamine.

In conclusion, we have shown that steric-sensitive hydrophobic 
(Leu642 of GluN2A and Leu643 of GluN2B) and hydrogen-bond interac-
tions (Asn616 of GluN1) are essential to stabilize the binding of ketamine 
enantiomers in both di-heteromeric GluN1–GluN2A and GluN1–GluN2B 
NMDA receptors. We speculate that ketamine also resides in the pouch 
of GluN1–GluN2A–GluN2B receptors25, as the key binding residues 
(Asn616 in GluN1, Leu642 in GluN2A and Leu643 in GluN2B) are all 
conserved in the tri-heteromeric receptors (Extended Data Fig. 6a, c).  
This central vestibule also contains binding sites for MK-801 and 
memantine20,25 (Extended Data Fig. 6b). In general, all three molecules 
adopt similar ‘inverted triangle’ configurations through hydrophobic 
interactions with the TM3 helix and hydrogen bonds with the QRN 
site. According to the crystal structure20 and functional data23, MK-801 
forms extensive contacts with Asn614 and Val642 in Xenopus GluN1, and 
with Asn612, Asn613 and Leu640 in Xenopus GluN2B (Extended Data 
Fig. 6b). Therefore, we speculate this might be the molecular basis 
for the difference in binding affinity between MK-801 and ketamine.

We also carried out structural comparison to analyse whether the 
key residues for ketamine binding are conserved among ionotropic 
glutamate receptors. The homologous sites for Asn616 in GluN1 are 
glutamine or arginine in GluA2 AMPA (α-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid) and GluK2 kainate receptor subunits 
(Extended Data Fig. 6a, d, e). The longer side chains of glutamine and 

arginine are likely to cause steric disruption with ketamine. Our data 
also demonstrated that GluN1(N616Q)–GluN2A receptors showed a 
marked reduction in ketamine-mediated inhibition (Fig. 3c). More-
over, the homologous sites for Leu642 in GluN2A are isoleucine on 
both AMPA and kainate receptors. The presence of isoleucine might 
weaken this steric-sensitive hydrophobic contact, consistent with  
the reduced ability of ketamine to inhibit GluN1–GluN2A(L642I) and 
GluN1–GluN2B(L643I) receptors (Fig. 3d, Extended Data Fig. 4b). The 
amino acid difference at these two key sites might determine the selec-
tivity of ketamine for NMDA receptors rather than AMPA and kainate 
receptors.

Studies in rodents have suggested that the ketamine metabolite 
hydroxynorketamine (HNK) could be an antidepressant candidate that 
acts through NMDA receptor-independent pathways26,27. Our results 
suggest that the hydroxyl group on cyclohexane in HNK might be able 
to disrupt the hydrophobic interaction with leucine in GluN2 subunits, 
making HNK much less potent in blocking NMDA receptors, as previ-
ously reported27. Thus, the structural basis of ketamine binding to 
NMDA receptors reported here could facilitate ketamine-based drug 
development, focusing on ketamine derivatives and metabolites that 
have desirable interactions with human NMDA receptors.
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GluN2A receptors and receptors with asparagine or arginine (human variant) 
substitutions at GluN2A-L642. g, (R,S)-ketamine dose–response curves 
(mean ± s.d.) for wild-type GluN1–GluN2B, GluN1(N616A)–GluN2B and GluN1–
GluN2B(L643A) receptors. All data recorded at holding potential of −60 mV. 
IC50 values, Hill slopes and numbers of oocytes are listed in Extended Data 
Table 3. Data were obtained from two independent experiments.
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Methods

Plasmid construction
The constructs used for cryo-EM studies were wild-type (WT) human 
GluN1-1a (residues 1–847, GenBank: NP_015566), GluN2A (residues 
1–841, GenBank: NP_000824) and GluN2B (residues 1–842, GenBank: 
NP_ 000825), cloned into the bicistronic pEG-BacMam vector. For the 
GluN1–GluN2A receptor, a 3C protease cleavage site, an enhanced GFP 
and an affinity tag (6×His for GluN1 and Strep II for GluN2A) were placed 
at the C terminus, and a peptide fragment of the GluA2(Y837–K847) 
AMPA receptor was inserted after the M4 helix in GluN2A to improve 
the expression level and thermostability28,29. For the GluN1–GluN2B 
receptor, a 3C protease site and a Strep II tag were ligated before  
the stop codon of the GluN2B subunit. For electrophysiology, full- 
length human GluN1-1a and GluN2 or C-terminal truncated constructs 
were cloned into pcDNA3-based vectors. Site-directed mutagen-
esis was performed on the WT plasmid using Takara KOD-FX DNA  
polymerase.

Protein expression and purification
Recombinant baculovirus with bicistronic vector containing both 
GluN1 and GluN2A (GluN2B) was produced using sf9 insect cells 
according the instructions for the Bac-to-Bac TOPO Expression System  
(Invitrogen A11339). Suspended HEK293S GnTI– cells at 3.0 × 106 cells/ml  
were infected with P2 virus encoding GluN1 and GluN2 subunits at a 
molar ratio of 1:1. Twelve hours after infection, 100 μM memantine was 
added to the cells to avoid NMDA receptor-mediated excitotoxicity, 
and 10 mM sodium butyrate was added to enhance protein expression. 
Cells were collected 60 h after infection. To completely remove meman-
tine contamination, membrane fractions were extracted and further 
dialysed in TBS buffer (150 mM NaCl, 20 mM Tris, pH 8.0) plus 1 mM 
glycine and 1 mM glutamate for 3–4 days. Afterwards, the membrane 
was solubilized in TBS containing 1% lauryl maltose neopentyl glycol 
(l-MNG), 2 mM cholesterol hemisuccinate (CHS), a protease inhibi-
tor cocktail of 0.8 μM aprotinin, 2 mM pepstatin A, 2 μg/ml leupeptin 
and 1 mM phenylmethyl sulfonyl fluoride (PMSF), 1 mM glycine and  
1 mM glutamate for 1.5 h. After ultracentrifugation at 40,000 rpm,  
the supernatant was purified using Strep-tactin resin, and the pro-
tein was eluted with TBS buffer supplemented with 0.1% l-MNG, 2 mM 
CHS, 5 mM d-desthiobiotin. To remove the fused GFP, GluN1–GluN2A 
receptor protein was further digested with 3C protease (1:20 molar 
ratio) overnight. Digested GluN1–GluN2A receptor or eluted GluN1–
GluN2B receptor protein was injected into a Superose 6 Increase 
column (GE Healthcare) for size-exclusion chromatography (SEC) 
in TBS buffer supplemented with 0.1% digitonin, 5 μM CHS, 0.1 mM 
CHAPSO, 1 mM glycine, 1 mM glutamate and 50 μM ethylenediamine 
tetraacetic acid (EDTA), pH adjusted to 8.0. The peak fraction was con-
centrated to 4–5 mg/ml. All purification procedures were conducted 
at 4 °C. In addition, we verified that there was no detectable amount 
of memantine in the protein sample by high-performance liquid  
chromatography.

Sample preparation and data collection
A 2.5-μl NMDA receptor sample supplemented with 5 mM S-ketamine 
was applied to a glow-discharged Quantifoil grid 1.2/1.3 Au mesh grid, 
and then blotted and plunge-frozen in liquid ethane using an FEI Vit-
robot in a chamber with 100% humidity at 8 °C. Both datasets were 
collected on a Titan Krios cryo-electron microscope operating at  
300 kV using a K3 in super-resolution mode and then 2 × 2 binned in 
Fourier space. The images were recorded with a calibrated pixel size of 
0.830 Å for GluN1–GluN2A and 0.856 Å for GluN1–GluN2B receptors, 
at nominal focus values from −1.5 to −3.0 μm, at a total dose of 60 e−/Å2  
with 40 frames and with an energy filter (Gatan). Automatic data  
collection was conducted using Serial EM or FEI EPU.

Cryo-EM image analysis
The super-resolution counting images were motion corrected and 
dose-weighted by MotionCor230. Defocus values were estimated using 
Gctf31. Approximately 1,500 particles were manually picked and sub-
jected to an initial reference-free 2D classification. Six to eight repre-
sentative 2D class averages were selected as templates for autopicking 
as implemented in the Relion 3.1 workflow32. The autopicked particles 
were subjected to several rounds of 2D classification to remove ‘junk’ 
particles. The particles in good 2D-average classes were selected for 3D 
classification without imposing symmetry using previous structures 
as reference models (PDB 6IRA for GluN1–GluN2A29 and PDB 6WHT 
for GluN1–GluN2B16) and low-pass filtered to 50 Å. The 3D classes were 
inspected using UCSF Chimera33. Uninterpretable, low-population, 
or poorly defined classes were discarded. The 3D classes with similar 
conformations were then combined and processed for auto refinement. 
Final density maps were obtained after rounds of CTF refinement and 
Bayesian polishing. The ‘gold-standard’ FSC resolution plots were cal-
culated with a soft shape mask applied to independent unfiltered half 
maps. More information concerning data collection and analysis can 
be found in Extended Data Fig. 2 and Extended Data Table 1.

Model building
The model of GluN1–GluN2A (PDB 6IRA) or GluN1–GluN2B recep-
tor (PDB 6WHT) was divided into individual lobes of NTD, LBD and 
TMD using Pymol 2.1.1, and docked into our cryo-EM density maps using 
Chimera33. The PDB coordinates of human GluN1–GluN2A and GluN1–
GluN2B receptors were manually inspected and corrected to fit into 
the density using Coot 0.8.9. Both structures were further processed 
according to the density maps using Phenix real space refinement34 
with secondary structure and Ramachandran restraints.

Electrophysiology
We injected 0.5–1.0 ng of cDNAs or cRNAs encoding wild-type or mutant 
GluN1-1a and GluN2A (or GluN2B) into Xenopus laevis at a ratio of 1:1. 
TEVC recording was performed 12–48 h after injection in extracellular 
solution containing 100 mM NaCl, 0.3 mM BaCl2, 2.5 mM KCl, 10 μM 
DTPA and 5 mM HEPES, at pH 7.3. Maximal response currents were 
evoked by saturating glycine and glutamate (100 μM each).

Unless R-ketamine or S-ketamine was specified, an (R,S)-ketamine 
racemic mixture was used throughout the TEVC experiments. Keta-
mine dose–response curves (DRCs) were generated by the simulta-
neous application of different concentrations of ketamine supplied 
with 100 μM glycine and 100 μM glutamate, at a holding potential of 
−60 mV. Data were collected using pClamp 10 (Molecular Devices) 
and Clampex 10.6, analysed using Clampfit 10.6 and fitted in GraphPad 
Prism. DRCs were fitted with the following Hill equation: response = 1/
[1 + (IC50/concentration)H], in which H is the Hill slope. The magnesium 
current–voltage (I–V) ramp was performed at voltages ranging from 
−100 mV to +60 mV in steps of 20 mV by 2-s ramps at 100 μM MgCl2. 
For I–V curve presentation, after subtraction of the background leak 
current, the current response and corresponding voltage values were 
plotted as a line chart in a coordinate frame.

Molecular docking
As the 3D structure of R-ketamine in complex with GluN1–GluN2A 
has not been determined, flexible molecular docking was carried 
out to predict the complex structure. The cryo-EM structure of the 
GluN1–GluN2A TMD was selected as the receptor and the structure 
of R-ketamine downloaded from the PubChem database was used as 
the ligand. First, the ligand structure was optimized using Chem3D 
Pro14.0 and prepared by AutoDockTools software35 including addition 
of hydrogens, computation of Gasteiger charges and assignment of 
rotatable bonds. Then, after the ligand was removed from the complex, 



the receptor structure was prepared using AutoDockTools, and residues 
that interacted with S-ketamine were assigned as flexible amino acids. 
Afterwards, molecular docking was performed using AutoDock 4.035. 
During the docking procedure, a 3D potential grid was created by the 
AutoGrid algorithm. The dimensions of the calculated grid maps were 
60 × 60 × 60 points with a spacing of 0.375 Å. The docking parameters 
of genetic algorithm (GA) were set to the default values. Finally, the 
docked R-ketamine–TMD complex of the GluN1–GluN2A receptor 
was selected according to the position of R-ketamine, which is in the 
central vestibule.

MD simulation
For the S-ketamine system, the cryo-EM structure of the GluN1–GluN2A 
TMD in complex with S-ketamine was selected as the initial structure. 
The missing residues from R582 to T602 in GluN1 and Y578 to F599 in 
GluN2A (M1–M2 loop) were added by Modeller 9.2436. AutoModel and 
LoopModel class of Modeller were applied to generated missing loops 
based on the cryo-EM structure of TMD in GluN1–GluN2A. After evalua-
tion of generated models with the lowest value of DOPE scores, the most 
suitable model was further validated by Ramachandran plot, which 
showed that 94.34% residues were located in the preferred region. 
Then, the structure was refined by the Protein Preparation Wizard 
Workflow integrated in Maestro37 and all the parameters were set to 
the default values. The protonation states of all titratable residues as 
well as the ligand were assigned with PROPKA, at pH 7.0. Under these 
conditions, the secondary amine of S-ketamine was protonated, and the 
overall charge of the ligand was +1. The CGenFF program38 was used to 
assign atomic charges and atom types to S-ketamine in the CHARMM 
General Force Field. Afterwards, the refined structure was embedded in 
a pre-equilibrated palmitoyloleoylphosphatidylcholine (POPC) bilayer 
containing 304 lipid molecules by orienting the TMD properly in the 
membrane using CHARMM-GUI39. The generated system was solvated 
by TIP3P waters and neutralized with 0.2 M NaCl, leading to a total of 
146,680 atoms. For the R-ketamine system, the complex structure of 
R-ketamine–GluN1–GluN2A-TMD predicted by molecular docking was 
used as the initial structure, and the other steps were similar to those 
for the S-ketamine system, leading to a total of 145,549 atoms.

The MD simulations were performed with the Gromacs 2019.6 pro-
gram package using CHARMM36 all-atom force field. First, the solvated 
system was subjected to energy minimization using the steepest 
descent algorithm, with a series of restraints for the protein, ligand and 
lipid atoms. Subsequently, the minimized systems were heated from 0 
to 310 K, and then equilibrated at constant pressure and temperature 
(NPT ensemble; 310 K, 1 bar) by gradually decreasing the positional 
restraints on the protein, ligand and lipid atoms. The parameter files of 
the MD simulation were obtained from the CHARMM-GUI website. The 
results of the MD simulations were analysed by Gromacs tools and VMD.

Per-residue decomposition studies of relative binding energy
The energy contributions of residues within 10 Å of S-ketamine were 
observed based on the relative binding energy (ΔGbinding) calculation 
by the MM-PBSA approach using g_mmpbsa, which does not include 
the contribution of entropic terms and calculates only the enthalpic 
component of the binding energy40. On the basis of the equilibrated 
dynamic trajectories of the S-ketamine system, a total of 100 snapshots 
were taken from the last 10-ns trajectory with an interval of 100 ps. 
The calculations of electrostatic energy, van der Waals energy and 
polar solvation energy were performed by the Poisson–Boltzmann 
solver (APBS) method, while the nonpolar energy was calculated using 
the solvent-accessible surface area (SASA) method. Furthermore, the 
Python scripts ‘MmPbSaStat.py’ and ‘MmPbSaDecomp.py’ were used 
for the MM-PBSA calculations and individual contributions of different 
amino acids. The grid spacing and probe radius were set to 0.5 Å and 
1.4 Å, respectively, for SASA approximation. The solvent dielectric 
constant was set to 80, and the solute dielectric constant was set to 2.

Ligand-binding assay
Cell pellets of GluN1–GluN2AEM and GluN1–GluN2BEM receptors, and 
cortex from adult rats, were collected, resuspended with 50 mM 
Tris-HCl (pH 7.4), homogenized and ultracentrifuged. Membrane frac-
tions were washed several times and suspended in assay buffer (50 mM 
Tris-HCI, 1 mM glycine and 1 mM glutamate, pH 7.4). The binding assays 
were set up in 96-well plates using [3H]MK-801 (10 nM for GluN1–Glu-
N2AEM receptor and rat cortex; 50 nM for GluN1–GluN2BEM receptor) 
and membranes (100 μg per well) in a final volume of 100 μl per well in 
assay buffer. S-ketamine was distributed in 96-well plates (starting at 
500 μM, eight-point fourfold serial dilution) in triplicate and shaken at 
300 rpm for 1 h. The reactions were harvested with a Unifilter-96 GF/C 
filter plate pre-soaked with 0.3% polyethyleneimine using PerkinElmer 
Filtermate Harvester, followed by four washes with chilled wash buffer 
(50 mM Tris HCl, pH 7.4). Filters were microwave-dried and Perkin Elmer 
Microscint 20 cocktail was added. The radioactivity retained on the 
filters was counted using a Perkin Elmer MicroBeta2 Reader. The data 
were analysed with GraphPad Prism 5.0.

Drugs and chemicals
The racemic ketamine, S-ketamine and R-ketamine used in this paper 
were provided by the drug reference materials laboratory of the 
Third Research Institute of Ministry of Public Security. Contact email:  
phtnwfat@163.com.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
The cryo-EM maps and structure coordinates for GluN1–GluN2A and 
GluN1–GluN2B receptors have been deposited in the Electron Micros-
copy Data Bank under accession numbers EMD-31308 and EMD-31309, 
and in the Protein Data Bank under accession numbers 7EU7 and 7EU8, 
respectively. The structures of S-ketamine and R-ketamine are acces-
sible from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) 
under compound CIDs 182137 and 644025, respectively. The human 
missense mutation c.1925T>G (L642R) in GRIN2A was retrieved from 
the ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar/) under 
variation ID 985631. Additional data that support the findings of this 
study are available from the corresponding author upon request.
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Extended Data Fig. 1 | Expression profile and functional validation of 
human GluN1–GluN2A and GluN1–GluN2B NMDA receptors. a, Schematic 
representation of human GluN1EM (grey), GluN2AEM (green) and GluN2BEM (blue) 
CTD-truncated constructs. b, Representative fluorescence SEC and Coomassie 
blue gel staining of the purified GluN1–GluN2AEM (left) and GluN1–GluN2BEM 
receptors (right). Experiments were performed three times independently 

with similar results. c, d, Representative recording traces (left) and the fitted 
DRCs (right; mean ± s.d.) for (R,S)-ketamine inhibition on wild-type GluN1–
GluN2A and GluN1–GluN2AEM (c), and wild-type GluN1–GluN2B and GluN1–
GluN2BEM (d) receptors activated with 100 μM coagonists. Ketamine IC50 
values, Hill slopes and numbers are listed in Extended Data Table 3.
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Extended Data Fig. 2 | Overview of cryo-EM image processing and 3D 
reconstruction of GluN1–GluN2A and GluN1–GluN2B NMDA receptors.  
a, Flowchart of the image processing and 3D reconstruction of human GluN1–
GluN2A receptors in complex with S-ketamine, glycine and glutamate. Typical 
single particles are circled in red from raw micrographs. The 2D class average 
images show characteristic 2D views in various orientations. The 3D classes with 
similar conformations were selected and combined through several rounds of 
3D classification for final refinement. b, Fourier shell correlation (FSC) curve  

for the resolution estimation. c, Side view of the cryo-EM density map of  
GluN1–GluN2A receptor coloured by local resolution estimated by Relion 3.1. 
 d, Pipelines for single-particle analysis and reconstruction of human GluN1–
GluN2B receptor in complex with S-ketamine, glycine and glutamate. Same 
workflow as in a. e, FSC curve for the resolution estimation. f, Side view of the 
cryo-EM density map of GluN1–GluN2B receptor coloured by local resolution 
estimated by Relion 3.1.



Extended Data Fig. 3 | Representative local densities in GluN1–GluN2A 
cryo-EM map with fitted atomic model. a, b, Zoomed-in views of the 
GluN1-LBD cleft with EM density for glycine (a), and the GluN2A-LBD cleft with 
glutamate (b). Key binding residues are shown as sticks. c, d, Local densities in 

extracellular domains of the GluN1 (a) and GluN2A (b) subunits. EM densities 
are shown as light grey mesh, while the side chains and N-glycosylation sites of 
residues are represented as sticks.
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Extended Data Fig. 4 | Functional validation of the ketamine-binding 
pocket of NMDA receptors. a, Representative I–V curves for Mg2+ blockage of 
wild-type GluN1–GluN2A receptors or receptors incorporating a substitution 
(A, N or V) at GluN2A-L642, recorded in the presence of 100 μM MgCl2. b, c, Plot 
of 3 μM ketamine inhibition level for wild-type (open circle) and mutant  
(filled circles) amino acid volume (I, V, A or G) at position GluN2B-L643 or 
GluN2D-L667, shown with a linear regression. R2 values equal to 0.72 for  

GluN1–GluN2B and 0.95 for GluN1–GluN2D receptors. d, e, (R,S)-Ketamine 
DRCs for the GluN1–GluN2A and GluN1–GluN2B wild-type or mutant receptors 
incorporating a substitution (A, L or T) at GluN1-V644. All IC50 values, Hill slopes 
and numbers of oocytes are listed in Extended Data Table 3. f, Schematic 
representation of the S-ketamine binding site on GluN1–GluN2B receptors 
analysed by Ligplot+.



Extended Data Fig. 5 | Molecular basis of S- and R-ketamine-induced 
inhibition of GluN1–GluN2A receptors. a, Chemical structures of left-handed 
S-ketamine and right-handed R-ketamine. b, r.m.s.d. trajectories for each chain 
(excluding M1–M2 loops) and R-ketamine were calculated on Cα atoms based 
on the initial structure within the whole simulation time of 500 ns. c, Left, 
R-ketamine poses obtained in MD simulation along the whole simulation time. 
Right, schematic diagram of R-ketamine and TMD interactions at 500 ns 
snapshot extracted from MD simulation. Residues involved in the hydrophobic 
interactions are shown as starbursts. d, Inhibition by 2 μM S-ketamine of NMDA 
receptor activity induced by saturating agonists in wild-type GluN1–GluN2A 
(0.606 ± 0.018, n = 9 oocytes), GluN1(N616A)–GluN2A (0.020 ± 0.004, n = 3), 
GluN1(N616Q)–GluN2A (0.027 ± 0.006, n = 3), GluN1–GluN2A(L642A) 
(0.041 ± 0.012, n = 3), GluN1–GluN2A(L642V) (0.152 ± 0.007, n = 3), GluN1–
GluN2A(L642N) (0.020 ± 0.001, n = 3), GluN1(V644A)–GluN2A (0.333 ± 0.038, 
n = 3), GluN1(V644L)–GluN2A (0.455 ± 0.012, n = 3), GluN1(V644T)–GluN2A 
(0.602 ± 0.020, n = 3), GluN1(T648V)–GluN2A (0.621 ± 0.015, n = 3), GluN1–
GluN2A(T646V) (0.532 ± 0.024, n = 4) and GluN1–GluN2A(N615A) 

(0.597 ± 0.008, n = 3) receptors. e, Inhibition by 2 μM R-ketamine of wild-type 
GluN1–GluN2A (0.404 ± 0.017, n = 9), GluN1(N616A)–GluN2A (0.008 ± 0.001, 
n = 3), GluN1(N616Q)–GluN2A (0.049 ± 0.008, n = 3), GluN1–GluN2A(L642A) 
(0.014 ± 0.001, n = 3), GluN1–GluN2A(L642V) (0.065 ± 0.009, n = 3), GluN1–
GluN2A(L642N) (0.019 ± 0.001, n = 3), GluN1(T648V)–GluN2A (0.330 ± 0.021, 
n = 3), GluN1–GluN2A(T646V) (0.423 ± 0.021, n = 4) and GluN1–GluN2A(N615A) 
(0.344 ± 0.01, n = 3) receptors. f, Superposition of the 500 ns snapshots 
extracted from MD simulation of S-ketamine (pink) and R-ketamine (cyan) 
systems, respectively. g, Inhibition by 2 μM R- and S-ketamine of GluN1–
GluN2A(N614A) (0.138 ± 0.009, 0.509 ± 0.014, n = 3) and GluN1–GluN2A(N614Q) 
(0.140 ± 0.006, 0.633 ± 0.014, n = 3) receptors. In d, e, g, all data shown are 
mean ± s.e.m.; P values are determined by one-way ANOVA with Dunnett’s 
multiple comparison test (****P < 0.0001). Each data point represents the result 
of one oocyte. h, R-ketamine (left) and S-ketamine (right) DRCs (mean ± s.d.) for 
wild-type GluN1–GluN2A (IC50: 2.39 ± 0.45 μM, n = 4 oocytes; 0.60 ± 0.03 μM, 
n = 3), GluN1–GluN2A(N614A) (13.66 ± 2.49 μM, n = 4; 1.22 ± 0.44 μM, n = 4) and 
GluN1–GluN2A(N614Q) (39.94 ± 6.72 μM, n = 4; 1.41 ± 0.38 μM, n = 4) receptors.
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Extended Data Fig. 6 | Sequence alignment and structural comparison of 
TMD in ionotropic GluRs. a, Sequence alignment of TM2–TM3 segments in 
human GluN1, GluN2A, GluN2B, GluN2C, GluN2D, GluA2 and GluK2, Xenopus 
GluN1, GluN2B and rat GluA2 subunits. The critical residues involved in 
ketamine binding are highlighted in yellow, and their homologous sites  
in ionotropic GluRs are marked in rectangles. b, Superposition of the TM2  
and TM3 segments between the S-ketamine (in brick red)-bound GluN1–
GluN2BEM receptor and the MK-801 (in red)-bound GluN1–GluN2B(ΔNTD) 

receptor (PDB code: 5UN1)20. c, MK-801-bound TMD of the triheteromeric 
GluN1–GluN2A–GluN2B NMDA receptor, viewed parallel to the membrane  
(PDB code: 5UOW)25. MK-801 binding residues were analysed by LigPlot+ (right). 
d, e, Superposition of the TM2 and TM3 segments between the S-ketamine 
bound GluN1–GluN2AEM receptor and GluA2 AMPA receptor (PDB code: 5VOT)41 
(d) or the GluK2 kainate receptor (PDB code: 5KUF)42 (e). All superpositions are 
based on the α-carbon atoms of the conserved SYTANL region.



Extended Data Table 1 | Cryo-EM data collection, refinement and validation statistics
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Extended Data Table 2 | Per-residue decomposition of relative binding energy for residues 
within 10 Å of S-ketamine



Extended Data Table 3 | Summary of potency of 
(R,S)-ketamine on human GluN1–GluN2A and GluN1–GluN2B 
receptors

Recorded at a holding potential of −60 mV. Data shown as mean ± s.d.
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Extended Data Table 4 | Per-residue decomposition of relative binding energy for residues 
within 10 Å of R-ketamine
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