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NR3 subtype glutamate receptors have a unique develop-

mental expression profile, but are the least well-character-

ized members of the NMDA receptor gene family, which

have key roles in synaptic plasticity and brain develop-

ment. Using ligand binding assays, crystallographic ana-

lysis, and all atom MD simulations, we investigate

mechanisms underlying the binding by NR3A and NR3B

of glycine and D-serine, which are candidate neurotrans-

mitters for NMDA receptors containing NR3 subunits. The

ligand binding domains of both NR3 subunits adopt a

similar extent of domain closure as found in the corre-

sponding NR1 complexes, but have a unique loop 1 struc-

ture distinct from that in all other glutamate receptor ion

channels. Within their ligand binding pockets, NR3A and

NR3B have strikingly different hydrogen bonding net-

works and solvent structures from those found in NR1,

and fail to undergo a conformational rearrangement ob-

served in NR1 upon binding the partial agonist ACPC. MD

simulations revealed numerous interdomain contacts,

which stabilize the agonist-bound closed-cleft conforma-

tion, and a novel twisting motion for the loop 1 helix that

is unique in NR3 subunits.
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Introduction

Glutamate receptor ion channels (iGluRs), which mediate

transmission at excitatory synapses in the brain, are encoded

by 18 genes. Based on their ligand binding profile and nucleic

acid sequence, these genes can be subdivided into seven

families with diverse functional properties. The AMPA,

kainate, and NMDA receptor NR2 subtypes bind glutamate,

whereas NMDA receptor NR1 and NR3 subtypes and delta

subunits bind glycine and D-serine. iGluRs are modular

proteins with a common design containing a bilobed ligand

binding domain, which is split into two segments S1 and S2

by insertion of the ion channel. The unique ligand binding

properties of each subtype are determined by amino-acid

substitutions in the S1 and S2 segments. The S1S2 ligand

binding domain can be genetically excised (Kuusinen et al,

1995), expressed at high levels as a water-soluble protein

(Chen and Gouaux, 1997), and crystallized (Armstrong et al,

1998), allowing structural analysis of the mechanisms under-

lying the diverse functional properties of a neurotransmitter

receptor gene family. Crystallographic studies initially

targeted the AMPA (Armstrong et al, 1998; Armstrong and

Gouaux, 2000), kainate (Mayer, 2005; Nanao et al, 2005;

Naur et al, 2005), NR1 (Furukawa and Gouaux, 2003;

Inanobe et al, 2005), NR2 (Furukawa et al, 2005), and delta

subtypes (Naur et al, 2007). This revealed that ligands bind in

solvent-filled cavities of different size, geometry, and side-

chain chemistry. At present, there is no structural information

on the ligand binding domain of NR3 subtype NMDA

receptors.

NMDA receptors have key roles both in the development of

neural circuitry and also in the adult brain where they

regulate synaptic plasticity. The NR1 subunit is an obligate

member of all NMDA receptor subtypes, but the NR2 and

NR3 subunit families show complex changes in expression

pattern during development. Thus it is important to under-

stand their ligand selectivity and how this contributes to their

biological function. We recently characterized the ligand

binding properties of the NR3A subtype, and found that it

binds glycine and D-serine with higher affinity than NR1 (Yao

and Mayer, 2006). Here we analyse the ligand binding profile

of NR3B; report crystal structures for the glycine and D-serine

complexes of both NR3A and NR3B; and investigate the

structural mechanisms for binding of the NR1 subunit partial

agonist ACPC.

Results

Preparation and ligand binding activity of NR3B S1S2

The boundaries and linkers for NR3A and NR3B S1S2 were

based on the GluR2 S1S2 construct (Armstrong and Gouaux,

2000). Both constructs were expressed as soluble proteins

and purified as described previously (Yao and Mayer, 2006).

After removal of the His tag, NR3A S1 spans from Asn511 to

Arg660 and S2 from Glu776 to Lys915, with a GT dipeptide

connecting S1 and S2; for NR3B, S1 spans from Ala413 to

Arg560 and S2 from Glu676 to Lys815; the difference in

numbering for NR3A and NR3B results from insertions in

the amino-terminal domain in NR3A, which precedes the

S1S2 construct. The proteins were purified in the presence of

either glycine or L-serine, and for binding assays apo protein

was prepared by exhaustive dialysis.

Binding assays for NR3B were performed under identical

conditions to those for NR3A (Yao and Mayer, 2006). Glycine
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binds with high affinity, Kd¼ 16.4±3.6 nM (Figure 1A),

2.5 times lower than the Kd measured for NR3A. Using

[3H]glycine displacement assays (Figure 1B), we measured

Ki values for the NR3 agonist D-serine, Ki¼ 163±45 nM, and

for the NR1 partial agonists D-cycloserine, Ki¼ 176±43 mM,

and HA966, Ki¼ 3.54±0.55 mM, all of which bind to NR3A

with similar affinity (HA966, Ki¼ 3.50±0.80 mM; for other

ligands, see Yao and Mayer, 2006). Thus none of these ligands

discriminate between NR3 subtypes. The affinity of NR3B for

6-cyano-7-nitroquinoxaline-2,3-dione, Ki¼ 0.93±0.09 mM,

and 7-chlorokynurenic acid, Ki4100 mM, was nearly identical

to values previously measured for NR3A (Yao and Mayer,

2006). This is not surprising, as from crystallographic analy-

sis the ligand binding domains of NR3A and NR3B have

almost identical structures.

NR3A and NR3B do not assemble as functional dimers

Crystals of NR3A and NR3B complexes with glycine diffract

to 1.58 Å resolution (Table I). For both structures, there were

two molecules in the asymmetric unit, but in neither case was

the packing biologically relevant (Supplementary data). For

NR3A, the pair of molecules were packed by means of their

back surfaces, but in a head to tail dimer orientation, with a

buried surface of 780 Å2 per subunit, whereas for NR3B, a

dimer was formed by a face to face assembly in a 69

orientation, with a buried surface of 830 Å2 per subunit.

Neither of these arrangements remotely resembles that ob-

served for NR1 homodimers (Inanobe et al, 2005), hetero-

dimer assemblies of NR1 and NR2A (Furukawa et al, 2005),

or for AMPA and kainate receptor homodimers trapped in

their active conformation by mutations or allosteric modula-

tors (Sun et al, 2002; Jin et al, 2005; Weston et al, 2006b).

Although it is premature to speculate that homodimer for-

mation by NR3 subunits does not occur in vivo, the results of

functional expression studies indicate that, at a minimum,

NR1 must be coexpressed with NR3A or NR3B to generate

functional receptors (Chatterton et al, 2002), whereas other

studies suggest a requirement for both NR1 and NR2 subunits

(Sasaki et al, 2002) or NR1 and both NR3A and NR3B

(Smothers and Woodward, 2007). Thus, one interpretation

of the crystallographic data, consistent with the results of

functional studies and recent biochemical work (Schuler

et al, 2008), is that NR3 subunits form heterodimer assem-

blies with NR1 and possibly with NR2.

NR3A and NR3B have a unique loop 1 structure

Glutamate receptors share a common fold related to that

found in bacterial periplasmic proteins, but emerging from

the base of helix B there is an additional substructure, which

shows a progressive increase in size and complexity in

NMDA receptors. In GluR0, the subdomain is formed by a

13-amino-acid loop that begins and ends in conserved valine

and glycine residues (Figure 2A). In the AMPA, kainate and

delta receptors loop 1 increases in size, and is formed by a

short two-stranded antiparallel b-sheet connected by a loop of

16–18 residues capped by a three-residue helix. In the NMDA

receptors, loop 1 increases greatly in size and complexity and

reaches its greatest development in NR3A and NR3B.

The structure of the loop 1 subdomain is distinct in each of

the three NMDA receptor gene families (Figure 2B), and is

composed of 49 and 42 residues in NR1 and NR2, 53 residues

in NR3A, and 51 residues in NR3B. Unique to the loop 1

structure of NR3A and NR3B is a 12- to 13-residue a-helix

inserted between b-strands 3 and 4. This A0 helix caps the

upper surface of the ligand binding domain in the NR3

subunits. In contrast, in the NR1 and NR2 subunits, the

subdomain is composed exclusively of b-strands. When we

consider loop 1 as a substructure that has been added to the

core present in GluR0, we calculate that it contributes 18% of

the total surface area of an NR3 subunit, buries an area of

1600 Å2 on the lateral surface of domain 1, and forms a

bisected pyramid of approximate dimensions 21 Å high,

25 Å wide, and 12 Å deep, which projects laterally into the

extracellular solution.

In all NMDA receptors, loop 1 contains four Cys residues,

which form disulphide bonds linking conserved b-strands 3

and 4. In both the glycine and D-serine complexes, there was

clear density for an alternative conformation for the side

chain of Cys543 in NR3A, which would preclude formation of

a disulphide bridge with Cys576; this was also observed for

Cys445 in NR3B, which makes a disulphide bridge with

Cys476. In contrast, the density for the adjacent disulphide

bond on the opposite side of b-strand 4, formed between

Cys537 and Cys575 in NR3A, and the corresponding residues

Figure 1 Ligand binding properties of NR3B. (A) Saturation assay
for [3H]glycine; the open circles indicate nonspecific binding mea-
sured in the presence of 100 mM glycine. (B) Displacement assays
for D-serine, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), and
D-cycloserine (DCS). The measured Kd value for glycine is 16.4nM;
the calculated Kd values for D-serine, CNQX, and DCS are
163±45 nM, 0.93±0.09mM, and 176±43mM, respectively; error
bars represent mean±s.e.m. from three experiments.
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in NR3B, revealed only a single conformation. Similar alter-

nate conformations are observed for Cys454, which forms

one of the loop 1 disulphide bonds in the NR1 glycine

complex (Furukawa and Gouaux, 2003).

NR3A and NR3B complexes with glycine and D-serine

The NR3A and NR3B ligand binding core crystal structures

have the same two-domain Venus fly trap assembly common

to other members of the iGluR family (Figure 2B). Glycine

and D-serine bind in a cavity formed at the interface of

domains 1 and 2. In the glycine complex, the cavity volume

is 62 Å3 in NR3A and 63 Å3 in NR3B, comparable with that in

the NR1 glycine complex, volume 60 Å3. In the D-serine

complexes, there is a small increase in the volume of the

ligand binding cavity to 78 Å3 for both NR3A and NR3B; this

occurs with a o11 change in domain closure, and results in

part from small changes in side-chain dihedral angles.

Electron density for glycine, D-serine, solvent atoms, and

ligand binding site side chains was unambiguous (Figure 3A

and B) and revealed three buried water molecules in the

glycine complexes for NR3A and NR3B adjacent to the ligand.

These form a hydrogen bond network linking helix F to the

interdomain b-strands at the base of the ligand binding

cavity. In the NR3A and NR3B D-serine complexes, the ligand

OH group displaces W1. Glycine and D-serine stabilize the

closed-cleft conformation of the ligand binding domain by

forming contacts that link domains 1 and 2. The a-carbox-

ylate makes a salt bridge with helix D in domain 1 by means

of the guanidinium group of Arg638 and Arg538 in NR3A and

NR3B, respectively. The ligand a-carboxylate group also

forms hydrogen bonds with the main-chain amides of

Ser633 (Ser533) in domain 1 and Ser801 (Ser701) in domain

2 (Figure 3C). The ligand a-amino group makes a salt bridge

with the carboxylate group of Asp845 (745) in domain 2, and

forms hydrogen bonds with the main-chain carbonyl oxygen

of Ser631 (531) and the side-chain hydroxyl group of Ser633

(533). In the glycine complexes, water molecule W2 links the

side chain of Asp845 (745) with the side chain of Ser801

(701), whereas W1 and W3 link the side chain of Asp845

(745) with the main-chain carbonyl oxygen of Ala869 and the

side chain of Glu871 (771) in b-strand 14, which connects

domain 2 to domain 1. The side chain of Tyr605 caps the

binding site and makes important hydrophobic interactions

with the ligand C, Ca, and for D-serine Cb atoms.

Table I Data collection and refinement statistics

Data set ligand NR3A glycine NR3A D-serine NR3A ACPC NR3B glycine NR3B D-serine

Data collection
Space group P21 P21 P21 P212121 P212121

Unit cell a, b, c (Å) 49.9, 97.6, 59.9 49.8, 97.7, 60 49.7, 103.6, 59.8 45.9, 83.6, 145.2 45.8, 83.5, 145
a, b, g (deg) 90, 93.6, 90 90, 93.6, 90 90, 95, 90 90, 90, 90 90, 90, 90
Number per a.u. 2 2 2 2 2
Wavelength (Å) 0.9793 1 1 1 1
Resolution (Å)a 30–1.58 (1.64) 35–1.45 (1.50) 30–1.96 (2.03) 40–1.58 (1.64) 40–1.62 (1.68)
Unique observations 78 213 100 689 43 239 76 724 71 657
Mean redundancyb 3.8 (3.3) 3.1 (2) 2.9 (2.7) 4.5 (4.2) 4.5 (4.4)
Completeness (%)b 95.9 (75.3) 96 (72.1) 97.9 (96.4) 92.3 (91.4) 99 (98.5)
Rmerge (%)bb,c 0.054 (0.255) 0.050 (0.292) 0.088 (0.362) 0.048 (0.326) 0.052 (0.344)
I/s(I)b 11.7 (5.6) 14.3 (2.5) 8.5 (2.6) 16.6 (3.2) 14.5 (4)

Refinement
Resolution (Å) 29.89–1.58 34.84–1.45 19.91–1.96 36.30–1.58 35.84–1.62
Protein atoms (alt conf) 4909 (417) 4823 (325) 4663 (139) 4450 (60) 4471 (84)
Ligand atoms 10 14 14 10 14
Glycerol atoms 24 18 0 6 6
Cl/Br atoms 8 3 0 0 0
Water atoms 631 633 513 527 475
Rwork/Rfree (%)d 14.8/17.7 15.3/17.8 15.6/21.1 19.2/23.1 19.2/22.8
RMS deviations

Bond lengths (Å) 0.012 0.015 0.014 0.015 0.013
Bond angles (deg) 1.46 1.66 1.45 1.58 1.54
Bonds B-values Mc/Sce 1.29/1.59 1.52/2.01 0.86/2.24 1.49/1.83 1.40/1.74
Angles B-values Mc/Sce 1.93/2.38 2.23/3.02 1.38/3.51 2.08/2.65 1.99/2.47

Mean B-values (Å2)
Protein overall 11.5 11.8 13.3 17.9 16.7
Main chain/side chain 10.4/12.7 10.3/13.3 12.3/14.3 16.6/19.3 15.4/18
Ligand 7.8 8.8 9.2 15.1 15.9
Glycerol 27.3 32.1 — 29.6 29.7
Cl/Br 25.2 32.9 — — —
Water 28 30.1 28.7 33.7 33.5

Ramachandran %f 98.7/0 98.7/0 98.1/0 98.3/0 98.3/0

aValues in parentheses indicate the low-resolution limit for the highest resolution shell of data.
bValues in parentheses indicate statistics for the highest resolution shell of data.
cRmerge¼ ¼ (S|II�/IIS|)/SI|II|, where /IIS is the mean II over symmetry-equivalent reflections.
dRwork¼ (S||Fo|�|Fc||)/S|Fo|, where Fo and Fc denote observed and calculated structure factors, respectively; 5% of the reflections were
set aside for the calculation of the Rfree value.
eMain chain/side chain.
fPreferred/disallowed conformations.
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The glycine and D-serine complexes have similar struc-

tures, but in the D-serine complex, the ligand OH group forms

a direct hydrogen bond contact with the side chain of Asp845

(745) and with W2. In the glycine complex, Ser801 (701)

makes hydrogen bond contacts with the ligand a-carboxylate

group and with W2, but there is weak electron density for an

alternative conformation in which the side chain rotates by

1301 (Figure 3A). In the D-serine complex, this alternative

Figure 2 NR3A and NR3B share structural homology with other members of the iGluR gene family but have a unique loop 1 structure.
(A) Multiple sequence alignment of the S1 and S2 segments for the glycine-bound complexes of NR3A (2RC7), NR3B (2RCA), and NR1 (1PB7),
the glutamate-bound complexes of NR2A (2A5S), GluR2 (1FTJ), and GluR0 (1II5), and the D-serine complex of the delta 2 subunit (2V3U),
coloured by secondary structure. Drawn above the aligned sequence is the secondary structure of NR3A, with red and blue lines indicating the
S1 and S2 peptides; conserved amino acids that interact with the ligand Ca functional groups are indicated by a asterisk; cysteine residues that
form disulphide bonds are connected by green lines; a black line flanked by inverted triangles indicates loop 1; dots indicate regions for which
no main-chain electron density was observed. (B) Stereo view of the same series of structures superimposed by least squares using domain 1
Ca coordinates. Loop 1 is drawn using a ribbon representation, with the remainder of the structure shown as a Ca trace; for NR3A, a-helices are
drawn as transparent cylinders.
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conformation is preferred because it relieves a close contact

with the ligand, and as a result the D-Ser OH group makes a

hydrogen bond contact with the side chain of Glu871.

Because the D-serine Cb atom is in van der Walls contact

with Met844 (744), it displaces the side-chain methyl group

laterally by 0.6–0.7 Å (Figure 3C); the D-serine OH group also

pushes the side-chain carboxyl group of Asp845 (745) down-

wards by 0.3–0.6 Å. We note that the affinity of D-serine for

NR3A and NR3B is 16 and 10 times lower than that for

glycine, and thus these small structural changes likely con-

tribute to the 1.5 (1.2) kcal per mole difference in binding

energy for glycine and D-serine.

Comparison of glycine binding in the NR3 and NR1

subunits

Using the NR1 complex with the competitive antagonist 5,7-

dichlorokynurenic acid (5,7-DCKA) as a reference, the extent

of domain closure for the glycine-bound complexes of NR3A

and NR3B, 22.21 and 23.41 respectively, was similar to the

value of 25.41 for the NR1 complex with glycine. Consistent

with this, the root mean square deviation (RMSD) for Ca
atoms, following least squares superposition on the NR1

glycine complex, excluding loops 1 and 2, was 0.69 Å for

NR3A and 0.90 Å for NR3B. When the NR1 glycine complex

was used as a reference, the NR3A and NR3B structures were

Figure 3 NR3 ligands bind in the cleft between domains 1 and 2. (A) Electron density map (2mFo�DFc contoured at 2s) for the ligand binding
site of the NR3A glycine complex and three water molecules at 1.58 Å resolution. (B) Electron density map (2mFo�DFc contoured at 2s) for the
ligand binding site of the NR3B D-serine complex at 1.62 Å resolution. (C) Stereo view of the NR3A glycine and D-serine complexes
superimposed by least squares using domain 1 Ca coordinates; carbon atoms for the ligand and side chains for the glycine and D-serine
complexes are shaded grey and green, respectively. (D) Stereo view of the NR3A and NR1 glycine complexes superimposed by least squares
using domain 1 Ca coordinates; side chains for NR3A and NR1 are drawn with carbon atoms shaded grey and tan respectively; water molecules
in the NR3A and NR1 structures are coloured red and green; dashed lines show hydrogen bonds and are coloured black and green for NR3A
and NR1, respectively.
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open by only 2 and 31. Despite the high degree of similarity in

their fold, extent of domain closure, and mechanism of ligand

binding for the NR3 and NR1 complexes with glycine, the

proteins share only 34% amino-acid identity in their ligand

binding cores and differ 650-fold in affinity for glycine.

Inspection of the NR3 and NR1 crystal structures reveals

numerous differences that contribute to this (Figure 3D).

Tyrosine 873 caps the binding site in the NR3 complex and

is held in place by hydrogen bonds with the side chains of

Ser631 and Glu522. In NR1, all three amino acids differ:

Tyr605 is replaced by Phe484, Ser631 by Pro516, and

Glu522 by Gln405. As a result, the hydrogen bonds made

by these residues are broken in NR1, and associated with this

is a 0.9 Å tilt of Phe484 away from the ligand. At the base of

the binding site, Glu871 is replaced by Ser756 and Tyr873 by

Phe758. As a result of these amino-acid substitutions, there is

a substantial change in the network of water molecules that

have structural roles in the ligand binding sites. Of five water

molecules in the NR1 binding site, only W2 is preserved in

the NR3 structures. Loss of hydrogen bonds made by the OH

groups of Tyr605 and Tyr873 allows the NR1 Gln405 and

Asp732 side chains to rotate by 81 and 431 compared with the

corresponding side-chain conformations in the NR3 struc-

tures. This rotation creates a binding site for W3 in the NR1

complex. W1, W4, and W5 are also unique to the NR1

complex. Most likely this is in part due to replacement of

Glu871 by Ser756 and Ser633 by Thr518, which creates

different hydrogen bond networks in the NR3 and NR1 ligand

binding sites (Figure 3D). A superposition of NR3A, NR3B,

NR1, and delta 2, the four subunits that bind glycine and D-

serine, on the ligand binding domain of the NR2A subunit,

which binds glutamate, gives an insight into the basis of

ligand selectivity in these families (Supplementary data). The

binding site Arg and Asp residues are conserved in all five

subunits. Selectivity for glycine and D-serine over glutamate

occurs as a result of two factors. The first is steric occlusion

resulting from replacement of Tyr730 by either a methionine

in NR3A and NR3B, or a tryptophan in NR1 and delta 2. The

second is loss of a binding site for the glutamate ligand

g-COOH group, owing to replacement of Thr690 by an alanine

in NR3 or a valine in NR1 and delta 2. The low affinity of

delta 2 for D-serine cannot result from amino-acid substitu-

tions in the ligand binding pocket per se, because all contacts

are preserved in this series of structures; as a result, the lower

affinity likely reflects differences in interdomain contacts in

the active conformations of NR1 and NR3 versus delta 2.

Interdomain interactions regulate affinity for glycine

In glutamate receptors and periplasmic binding proteins, the

stability of the ligand-bound closed-cleft conformation is

determined by two mechanisms. The first is binding energy

contributed by the ligand and the second is formation of

interdomain contacts specific to the closed-cleft conformation

(Robert et al, 2005; Weston et al, 2006a; Zhang et al, 2008).

By comparing the NR3A crystal structures of agonist com-

plexes with a model apo state generated by least squares

superpositions of domains 1 and 2 on the NR1 5,7-DCKA

complex, we identified eight sites with interdomain contacts

specific to the glycine-bound conformation of NR3A

(Figure 4A). These are distributed widely over the interfacial

surfaces of domains 1 and 2. Because electron density is of

good quality for all of the side chains that mediate these

contacts, we are confident that they are functionally signifi-

cant. This was verified both by site-directed mutagenesis and

by replica exchange molecular dynamics (MD). The large

majority of these contacts are formed by amino acids that do

not directly participate in the binding of glycine.

Site 1 links helices C and F by means of a hydrogen bond

between the hydroxyl group of Thr614 and the carboxylate of

Glu799. The mutation T614A produced a 45�10�4 reduc-

tion in affinity for glycine measured by quenching of intrinsic

tryptophan fluorescence (Figure 4B and Table II), indicating

that the N-terminal region of helix F is crucial in stabilizing

the closed state of the NR3A ligand binding domain. Site 2

links loop 2 and helix F by a salt bridge between the side

chains of Lys609 and Glu803. The side chain of Glu803 has an

alternative conformation in which this connection is broken.

The weak strength of this contact is indicated by the 2.5-fold

increase in Kd for the E803A mutant. There is also an

alternative conformation for Asp804, which forms site 3

linking helix F with the N terminus of helix D by a hydrogen

bond with the side chain of Asn635. The mutation N635S,

which introduces the NR1 side chain at this site, produces a

six-fold increase in Kd. Sites 4 and 5 are formed by hydrogen

bonds between the OH group of Ser801 and the side-chain

amide of Asn635, and the OH groups of Ser801 and Ser633.

The S801A mutant produces a 10-fold increase in Kd for

glycine (Figure 4C), but because Ser801 also forms hydrogen

bond contacts with glycine and with Glu871, interpretation of

the origin of this effect is ambiguous. Site 6 is unique to NR3

subunits and is formed by a hydrogen bond between

the hydroxyl group of Tyr873 and the carboxylate of Asp845.

The Y873F mutation produces a 25-fold increase in Kd

(Figure 4C). Site 7 is also unique to NR3 subunits and is

formed by a hydrogen bond between the hydroxyl group of

Thr825 and the carboxylate group of Glu522; the T825A and

Y605F mutants produce 47- and 10-fold increases in Kd for

glycine. Site 8 is another NR3-specific contact due to replace-

ment of Tyr908 by valine in NR1, and is formed by a

hydrogen bond linking the Tyr908 hydroxyl group at the

base of helix K with the main-chain carbonyl oxygen of

Ala847 in helix I. We were unable to measure Kd for the

Y908F mutant because glycine produced o1% change in

tryptophan fluorescence.

Mechanism of binding of ACPC

ACPC is a carbocyclic derivative of glycine that has been used

as a probe of gating mechanisms in the NR1 subtype of

glutamate receptor (Inanobe et al, 2005). The NR3A ACPC

complex was solved at 1.96 Å resolution. The conformations

of the NR3A ACPC and glycine complexes are similar with an

RMSD for Ca atoms of 0.35 Å, but the binding pocket expands

to a volume of 82 Å3 to accommodate the larger ACPC ligand.

Expansion of the ligand binding cavity is due, in part, to a

small opening of the ligand binding core cleft, by 1.51, and

also because of small shifts in side-chain conformation

(Figure 5A). Similar to the NR3A D-serine complex, ACPC

displaces water molecule W1, but because the cyclopropyl

group is hydrophobic it cannot contribute to the hydrogen

bond network formed by the interaction of the D-serine OH

group with W2 and the side chain of Asp845. Steric hindrance

by the cyclopropyl group causes a 0.9 Å downwards displace-

ment of the side-chain carboxyl group of Asp845 and a 0.4 Å
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backwards displacement of the side-chain methyl group of

Met844 (Figure 5A).

The similarity in the structures of the NR3A glycine and

ACPC complexes is in contrast with the large differences

observed in the corresponding NR1 complexes (Figure 5B),

for which side chains in b-strand 14 and helix F undergo a

concerted transition to accommodate the binding of ACPC

(Inanobe et al, 2005). This does not happen in the NR3A

ACPC complex as a result of amino-acid substitutions at key

positions in b-strand 14. The substitution of Glu871 for

Ser756 introduces a steric barrier, which prevents Tyr805

from flipping to the conformation found in the NR1 ACPC

complex. In NR1 the side chain of Phe754 also flips position

in the ACPC complex, but in NR3A this is replaced by an Ala

residue. Linked with these side-chain flips, there is a sub-

stantial movement of b-strand 14 in the NR1 complex, which

following superposition of domain 1 for the glycine and ACPC

complexes has an RMSD for main-chain atoms of 1.9 Å for

residues Thr748 to Ser756 in NR1, versus only 0.4 Å for the

corresponding residues in NR3A. Thus, despite their similar

structures, NR1 and NR3A show different rearrangements in

their ACPC complexes compared with the corresponding

glycine-bound structures, which might differentially affect

their efficacy as agonists.

Binding site interactions in replica exchange MD

To establish dynamic models for the NR3A complexes with

glycine and ACPC, we performed a series of 650 ns replica

exchange MD simulations. All of the ligand interactions

observed in the crystal structures, including salt bridges

with Asp845 and Arg638, and hydrogen bonds with residues

Ser631, Ser633, and S801, proved to be stable in replica

exchange trajectories for both ligands, with the exception of

the salt bridge between Asp845 and the amino group of

Figure 4 Interdomain interactions stabilize the closed-cleft conformation of NR3A. (A) Stereo view of the NR3A glycine complex with domains
1 and 2 coloured gold and blue, respectively. The electron density map (2mFo�DFc contoured at 2s) reveals interdomain hydrogen bonds and
salt bridges at eight sites, which are individually numbered in red. Several of these contacts are absent in NR1, owing to replacement of Tyr side
chains by Phe and Val; these are coloured pale green for the NR1 glycine crystal structure (1PB7). (B) Quenching of intrinsic tryptophan
fluorescence for the NR3A Glu871S mutant following the addition of 300mM glycine (E100�Kd). (C) Fluorescence quenching curves measured
at 338 nm, with excitation at 282 nm, for wild-type NR3A and the NR3A S801A, Y873F, and K609E/E803D mutants; data points show mean and
s.e.m. of three experiments.

Table II Estimated occupancy of interdomain contacts at 310 K
based on WHAM analysis of replica exchange MD trajectories

Residues Site Gly
frequency

ACPC
frequency

Mutant Kd(mut)/Kd(wt)

T614-E799 (1) 0.812 0.821 T614A 45�104

K609-E803 (2) 0.423 0.079 E803A 2.5
N635-D804 (3) 0.058 0.061 N635S 5.6
N635-S801 (4) 0.833 0.661 N635S 5.6
S801-E871 (5a) 0.012 0.011 S801A 9.7
S633-S801 (5b) 0.005 0.038 S801A 9.7
D845-Y873 (6) 0.944 0.998 Y873F 25
E522-T825 (7a) 0.837 0.957 T825A 7.3
E522-T825 (7b) 0.691 0.870 Y605F 10.1
A847-Y908 (8) 0.570 0.655 ND ND

Numbers in parentheses refer to the labelling in Figure 4.
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glycine, which forms approximately 78% of the time for the

glycine-bound complex but more than 99% of the time for

ACPC. When this interaction was not formed, it was replaced

by a water-mediated contact. This exchange between a salt

bridge and a water-mediated contact indicates that the inter-

action of Asp845 with glycine is the most transient and

presumably weakest of the binding site interactions in the

agonist-bound complex.

In close agreement with the crystal structures, the side-

chain methyl group of M844 is displaced on average 0.4 Å

further from the ligand Ca in the case of ACPC versus glycine.

The separation between the aromatic ring of Tyr605 and Ca
atom of ACPC also increases, by 0.9 Å; this exceeds the 0.4 Å

movement observed in the crystal structures. Surprisingly,

the presence of ACPC reduces conformational flexibility of

the binding site, as indicated by average root mean square

fluctuation (RMSF) values of 1.13 Å for glycine and 0.91 Å for

ACPC for side chains within 5 Å of the ligand. In the glycine-

bound case, the side-chain mobility was 10% higher for

residues in D2 compared with residues in D1. In contrast,

the average mobilities of binding site side chains were

identical between D1 and D2 in the ACPC-bound state. The

difference likely indicates a greater loss of conformational

entropy upon binding ACPC versus glycine. Consistent with

the crystal structures, no major conformational change was

observed for Y805 whereas Glu871 was rotated outwards, so

that its acid group was exposed to solvent, but the side chain

still blocks some of the volume that would be occupied if

Y805 were to rotate to an NR1-ACPC-like state.

Three sites around the glycine ligand, occupied by crystal-

lographic water molecules in the glycine-bound crystal struc-

ture, are also hydrated in the replica exchange MD

simulations. Sites W1, W2, and W3 are occupied by water

molecules for 480% of the time for the glycine-bound

complex. In contrast, W2 and W3 are occupied only 76 and

60% of the time for the ACPC-bound complex. With the

exception of W1, the bound water molecules exchange freely

with bulk water during the simulations. One additional water

molecule, positioned near the ligand amine and D845, ap-

pears only in the glycine trajectories; this site is occupied only

34% of the time, but in many of those time steps mediates the

interaction between Asp845 and the ligand amine. The buried

water molecules were placed initially using DOWSER (Zhang

and Hermans, 1996); it is thus remarkable that water mole-

cules positions close to the crystallographic sites were highly

occupied throughout the 650 ns MD trajectories. This agree-

ment is not limited to W1–W3, but also extends to other

nearby buried crystal water molecules such as a cluster near

Arg638 distal to the ligand.

Conformational dynamics of glycine- and ACPC-bound

NR3A

The backbone mobilities of residues in the glycine and ACPC

complexes are quite similar, as shown in the RMSF plot of Ca
atoms (Figure 6A). However, in two regions of the glycine

complex, mobility was significantly higher than that in the

ACPC complex. Because these RMSFs are calculated from

raw replica exchange trajectories, they are not directly

Figure 5 Mechanism of binding of ACPC. (A) NR3A complexes with ACPC and glycine superimposed by least squares using domain 1 Ca
coordinates; carbon atoms for ligands, and side chains for the ACPC and glycine complexes are shaded orange and grey, respectively; the ACPC
ligand is shown as transparent CPK spheres; water molecules for the ACPC and glycine complexes are drawn in green and red, respectively.
(B) Superpositions of the NR3A glycine (yellow) and ACPC (orange) and NR1 glycine (green) and ACPC (magenta) complexes reveal that, in
contrast to the strikingly different conformations observed in the NR1 complexes, there is no ligand-dependent conformational switch in helix F
and b-strand 14 for the NR3A complexes; side-chain labels are coloured black for NR3A and green for NR1.
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comparable with RMSFs from canonical ensemble MD

simulations, but still offer insight into the relative mobility

of different regions of the protein. The first of these regions

involves helix A0. Throughout the 351 range of rotation

observed in simulations with glycine, interactions between

the hydrophobic face of helix A0 and a neighbouring hydro-

phobic patch formed by the b1, b3, and b5 strands are

maintained; however, the R516–D555 salt bridge must break

for the rotation of helix A’ to reach its full counterclockwise

extent. This salt bridge is also generally less stable in the

glycine-bound state, and is formed 59.3% of the time with

glycine bound and 78.0% of the time with ACPC bound. It

should be noted that the b-sheet interacting with the A’ helix

also interacts with the ligand through b8 and the b5–b6 loop,

suggesting a possible mechanism for small changes in the

binding site to propagate to this helix, and vice versa. The

second region includes helices F, G, and H in domain 2 near

the binding site, which interact with the ligand through

backbone hydrogen bonds and which appear to have lower

entropy in the ACPC complex.

Conformations observed during simulations of both gly-

cine- and ACPC-bound NR3A were clustered using the gromos

clustering method. In each case, the peak of the pairwise

frame–frame Ca RMSD distribution was used as a clustering

cutoff. The three most populated clusters for the glycine- and

ACPC-bound complexes, which were observed to readily

interconvert, varied in extent of domain opening relative to

the glycine complex crystal structure, by 2.3–6.21 for the

glycine cluster and by 2.7–7.91 for the ACPC cluster; the top

three clusters in each state are shown in Figure 7, along with

a histogram of the interdomain distances for the simulation.

These clusters account for 90.5 and 93.5% of the total

conformations from simulations of the glycine and ACPC

complexes, respectively (with cluster 1 itself occupied for

Figure 6 Mobility of NR3A glycine and ACPC complexes
from replica exchange MD simulations. (A) Plot of the Ca-RMSF
by residue for concatenations of all replica exchange trajectories
in the glycine-bound (black) and ACPC-bound (red) states. Two
regions showing notable differences between the states are
labelled. (B) Average conformations for the top three clusters in
glycine- (B) and ACPC- (C) bound replica exchange simulations
illustrating the range of motion of the A0 helix. Colouring runs
from blue to red for clusters 1–3. D1 is shown in grey and D2 in
light blue.

Figure 7 Analysis of conformational distributions reveals limited domain opening movements for glycine and ACPC complexes.
(A) Histograms of the centre of mass distance between D1 and D2 for the glycine- and ACPC-bound states; data are taken for all saved MD
frames. Dashed lines indicate the centre of mass for the crystal structures. (B) Average conformations for the top three clusters (blue, green, and
red, respectively) from clustering analysis of the replica exchange trajectories.
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78.5 and 84.2% of time steps). The lower occupancy clusters

in both cases are a mixture of states with extent of domain

closure similar to the high-occupancy cluster. Only a few rare

events were seen where the cleft partially opened, due to loss

of the ligand–Asp845 salt bridge.

The degree of cleft opening is higher in the ACPC-bound

state than in the glycine-bound state (Figure 7). Indeed, both

the glycine- and ACPC-bound replica exchange structures

show slightly more hinge opening than the crystal structures,

which exhibit interdomain distances of 26.8 Å in both cases.

No significant temperature dependence was observed in

either interdomain distance or conformational cluster occu-

pancy. The slightly increased opening in the MD simulations

as compared with the crystal structure may be due to lattice

packing effects that favour the more closed conformation.

However, the E0.5 Å difference between the interdomain

distances of the crystal structures and the MD simulations

is not enough to alter the interdomain contacts that are

formed. As shown in Table II, the higher average opening

of the ACPC structure may, however, be related to the lower

population of some contacts in the ACPC-bound state.

Stability of interdomain contacts in MD trajectories

Interactions between D1 and D2 identified in the crystal

structures of the liganded complexes were shown by site-

directed mutagenesis to have a key role in stabilizing the

closed-cleft state of the receptor. To identify additional inter-

actions that stabilize the closed-cleft state, independently of

the model used to design NR3A mutants, replica exchange

simulations were performed for a ligand-free state starting

from the conformation of the glycine-bound crystal structure.

Analysis of interdomain interactions was then performed on

all resulting conformations where the centre of mass distance

between D1 and D2 was greater than 30 Å. In these ‘open’

conformations, all of the interdomain contacts observed in

the crystal structures and MD simulations of ligand-bound

NR3A S1S2 are broken, except for the Glu522–Tyr605 hydro-

gen bond, which is formed in 19.2% of the open conforma-

tions, the Asp845–Tyr893 hydrogen bond, formed in 13.7% of

the open conformations, and the Lys609–Glu803 salt bridge,

present in 9.6% of the open conformations.

Analysis of the glycine- and ACPC-bound replica exchange

trajectories indicates that most interdomain interactions pre-

sent in the crystal structure are stable during replica exchange

MD; however, a few significant differences merit discussion.

Ser801 is observed to deviate from the most populated

rotamer found in the glycine complex crystal structure, and

in both the glycine- and ACPC-bound MD simulations, the

serine side chain rotates to form a hydrogen bond with

Asn635. The differing behaviour of Asn635 and Ser801 in

MD simulations likely explains why mutations of these

residues cause decreases in binding affinity for glycine,

even though interactions 3 and 5 (see Table II) are not heavily

populated. The system of salt bridges involving Glu799 and

Glu803 also differs from the crystal structure. Glu803 inter-

acts with Lys609 42% of the time in the glycine-bound

complex, but the frequency of this interaction drops sharply

in the ACPC-bound complex to 8%. The interaction between

Asn635 and Ser801 is also more stable in the glycine-bound

complex, 83.3 versus 66.1%. The partial loss of these inter-

actions for ACPC may stem from the slightly more open

conformation, and combined with the loss of W1, and the

greater decrease of entropy upon binding, likely contribute to

the experimentally observed difference between the two

ligands’ binding constants. Thus, multiple lines of evidence

indicate that multiple interdomain contacts have a role, along

with interactions with the ligand, in stabilizing the closed,

ligand-bound states of the receptor.

Discussion

NMDA receptors are heteromeric assemblies assembled from

NR1, NR2, and NR3 subunits, but with poorly defined

stoichiometry. Recent structural work on NR1 and NR2

suggests that the major species of NMDA receptor in the

adult CNS is likely to be assembled as a dimer of dimers, in

which each dimer contains both NR1 and NR2 subunits. The

two NR3 subunits, of which NR3A is expressed widely in the

CNS during early development (Wong et al, 2002), whereas

NR3B is enriched in motor neuron populations in the adult

(Nishi et al, 2001; Fukaya et al, 2005), add to this complexity.

At present, there is no consensus whether in vivo there exists

NMDA receptors containing only NR1 and NR3 subunits, or

whether coexpression with both NR1 and NR2 is required for

assembly of functional NMDA receptors containing NR3

subunits. Even experiments with heterologous expression

systems give conflicting answers about whether functional

NMDA receptors containing NR3 subunits require the pre-

sence of both NR3A and NR3B (Smothers and Woodward,

2007), or just a single NR3 subunit species coexpressed with

NR1 (Chatterton et al, 2002), and whether NR2 subunits are

obligatory (Das et al, 1998; Perez-Otano et al, 2001; Sasaki

et al, 2002). Because in heterologous expression systems,

NMDA receptors, which lack NR2 subunits, give rise to novel

glycine and D-serine activated excitatory ligand gated ion

channels (Chatterton et al, 2002; Smothers and Woodward,

2007), this remains an important issue to resolve. By eluci-

dating the binding properties and molecular mechanisms

underlying the interaction of glycine and D-serine with

NR3A and NR3B, we sought to establish a framework for

further structure-based analysis of NR3 subunit function,

with the long-term goal of facilitating development of subtype

selective ligands, and an understanding of mechanisms that

regulate subunit coassembly in native NMDA receptors.

Ligand affinity, selectivity, and interdomain contacts

in glutamate receptors

Our binding studies reveal a strikingly different selectivity

profile for NR3 subunits versus NR1. The crystal structures

we report here give some insight into the underlying mechan-

isms, but raise many interesting questions. The structures of

the NR3A and NR3B glycine and D-serine complexes are

identical within the ligand binding site, and for residues

within 5 Å, with the exception of the substitution of Ala847

by Ser747 in NR3B, which makes a hydrogen bond with

Tyr773 linking helix I with the interdomain b-strand connect-

ing domain 2 with domain 1. As a result, it is not surprising

that ligand affinities for NR3A and NR3B differ less than four-

fold, and the design of selective antagonists that discriminate

between NR3A and NR3B will necessarily require the design

of ligands that extend outside of the ligand binding pocket

proper.

The replacement of Trp731 in NR1 by a methionine side

chain in NR3A and NR3B removes a key interaction with the
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5-halogen atom of the competitive antagonist 5,7-DCKA that

occurs in the NR1 subunit. The removal of this contact is

consistent with the similar affinity of 5-DCKA and 5,7-DCKA

for NR3A (Yao and Mayer, 2006). Another crucial NR3A

substitution that could explain why the parent compound,

kynurenic acid, binds with 280-fold higher affinity to NR1

than NR3A is the replacement of valine by the larger leucine

side chain at residue 848, which forms a part of the binding

pocket for 5,7-DCKA in NR1. This extension reduces the

distance to the 6-position methyl group of 5,7-DCKA from

3.9 to 3.1 Å. In earlier studies, introduction of a Cl atom or an

amine group at position 6 for kynurenic acid derivatives led

to a reduction in affinity for NR1 (McNamara et al, 1990),

indicating limited space between kynurenic acid and the NR1

V735 side chain.

The 650-fold higher affinity of NR3A for glycine measured

using radiolabel binding assays cannot be explained by

differences in ligand interactions, because glycine binds to

identical residues in the NR1 and NR3 subunits. Our analysis

of interdomain contacts suggests that high affinity of NR3 for

glycine instead arises from stabilization of the closed-cleft

conformation by numerous protein–protein contacts between

domains 1 and 2. In contrast, for D-serine, there is a 16-fold

reduction in affinity for NR3A, whereas for NR1 D-serine

binds with approximately four-fold higher affinity than gly-

cine. Crystal structures reveal that for NR3A D-serine makes

one additional hydrogen bond contact with the side chain of

Asp845, but breaks the solvent-mediated hydrogen bond

network made by a structural water molecule (W1), while

for NR1 D-serine makes three additional hydrogen bonds with

the ligand binding domain. These differences must contribute

to the different affinities of NR1 and NR3 for glycine and

D-serine.

NR3A stability and dynamics

The MD simulations performed in this study identified struc-

tural and dynamic differences between the glycine- and

ACPC-bound states. Replica exchange simulations are espe-

cially useful for both tasks because the method allows rapid

exploration of accessible phase space while accurately pre-

dicting thermodynamic quantities. In contrast, alchemical

free energy perturbation calculations provide direct estimates

of the free energy of binding, but for ligands with nearly

identical binding site structures little new information beyond

the binding energy is learned. It is notable that in contrast to

observations of Biggin and co-workers in the case of NR1, the

binding orientation of both glycine and ACPC does not

significantly deviate from their initial positions throughout

the 650 ns replica exchange simulations. This is interesting,

as in the case of NR1, equilibrium simulations appear to

suggest substantial mobility of the ligand within the binding

site, which could contribute to the low affinity of NR1 for

glycine.

In rare open-cleft structures obtained during MD simula-

tions of complexes with ACPC or glycine, the majority of

interdomain contacts observed from the analysis of the

crystal structures are lost, suggesting that these interactions

stabilize the closed-cleft ligand-bound state. Despite the

similarity of the ACPC- and glycine-bound NR3A crystal

structures, MD simulations revealed three key differences

between the protein–ligand complexes in that the ACPC-

bound complex is slightly more open, has a more rigid

binding site, and has a few weakened interdomain contacts

as compared with the glycine-bound complex, all of which

likely contribute to its lower binding affinity. The more rigid

binding site in the ACPC-bound complex is a novel finding

and is in contrast to results of earlier studies on NR1 and

GluR2 by Biggin and co-workers (Arinaminpathy et al, 2006;

Kaye et al, 2006) and on NR2 (Erreger et al, 2005), who found

that the ligand binding domain is more flexible when bound

by partial agonists. In contrast, when ACPC binds to NR3A,

residues in D2 are forced into less flexible, more sterically

constrained interactions, with one less water molecule and its

additional degrees of freedom. It is interesting that water

molecules in the binding site of the NR3A glycine and ACPC

complexes undergo exchange with bulk water molecules;

however, no significant difference in the rate of exchange

was observed for glycine- and ACPC-bound systems. In

contrast, in simulations for NR1, water exchange in the

case of ACPC and other partial agonists was more frequent

than for glycine. It should be noted that NR1 contains a larger

number of water molecules in the binding site, and that these

bind to different sites than those in NR3A and NR3B. Not only

does this increase in the number of water molecules raise the

probability of an exchange event occurring, but more impor-

tantly these additional water molecules increase the entropy

of the NR1 binding site as compared with that of NR3A. This

difference in entropy because of the presence of additional

water molecules may also be related to differences observed

in the dynamics of bound ligand in NR1 and NR3A where

the ligand is observed to sample various binding orientations

in NR1.

Materials and methods

Protein expression and purification
Identical to the NR3A S1S2 construct (Yao and Mayer, 2006), NR3B
S1S2 was created by inserting a His tag and thrombin cleavage site
upstream of the ligand binding domain, with S1 and S2 connected
by a GT dipeptide linker; the S1 segment spans from Ala413 to
Arg560 and the S2 segment from Glu676 to Lys815. Both NR3A and
NR3B were expressed as soluble proteins in OrigamiB (DE3)
Escherichia coli (Novagen) using the T7 expression vector
pET22b(þ ) as described previously (Yao and Mayer, 2006). After
cleavage of the His tag, the constructs contain a vector-encoded
N-terminal Gly–Ser dipeptide. ESI mass spectrum analysis gave
molecular weights of 32 895 and 32135 Da for NR3A and NR3B,
consistent with the predicted values of 32 899 and 32141. The
purified NR3A and NR3B S1S2 constructs were monomeric at
concentrations of up to 6 mg/ml for NR3A and 1.4 mg/ml for NR3B,
as judged by size-exclusion chromatography and by dynamic light
scattering.

Fluorescence titration measurements
NR3AS1S2 wild-type and mutant proteins were dialysed at 41C
against ligand binding buffer containing 10 mM HEPES, pH 7.2,
150 mM NaCl, 0.2 mM EDTA, and 10% glycerol, for a total of five
changes, each at a volume ratio of 1:1000. Protein concentrations
were determined by UV absorbance at 280 nm. Measurements of Kd

values were carried out at 41C by fluorescence titration spectro-
scopy (Jobin Yvon-Horiba; Fluoromax-3) using established methods
(Abele et al, 2000; Armstrong et al, 2003). For further details, see
Supplementary data.

Crystallization of NR3A and NR3B S1S2
For crystallization, ligands were added to 1 mM for glycine,
D-serine, and ACPC; numerous attempts were made to obtain
crystals with ACBC, but without success. Crystals were grown in
hanging drops at 201C by mixing the protein–ligand complex, at a
concentration of 5–10 mg/ml for NR3A and 1–2 mg/ml for NR3B,
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with reservoir solution at a 1:1 volume ratio, followed by seeding
within 1 day after drops were set up. The reservoir solution
contained 0.1 M NaBr, 0.1 M sodium acetate, pH 5.2, and 4%
PEG4000 for NR3A glycine; 0.12 M NaSCN, 0.1 M sodium citrate,
pH 5.3, 0.01 M EDTA, and 11% PEG3350 for NR3A D-serine; 0.2 M
magnesium acetate, 0.1 M sodium citrate, pH 5.7, and 14%
PEG3350 for NR3A ACPC; and 0.1 M sodium citrate, pH 6.2, and
17% PEG4000 for NR3B glycine and D-serine.

Crystallographic analysis
X-ray diffraction data sets were collected at beamline ID22 at the
Advanced Photon Source and processed using HKL2000 (Otwi-
nowski and Minor, 1997). The NR3A glycine complex structure was
solved by molecular replacement using PHASER (McCoy et al,
2007) and the NR1 glycine complex (PDB 1PB7) as a search probe in
which the NR1 sequence was replaced by a polyalanine peptide,
and loops 1 and 2 were deleted from the model. An initial model
containing 267 residues in subunit 1 and 239 residues in subunit 2
was built automatically by ARP/wARP (Morris et al, 2003). The
model was rebuilt manually, initially using O (Jones and
Kjeldgaard, 1997) and subsequently COOT (Emsley and Cowtan,
2004), coupled with cycles of crystallographic restrained refinement
using REFMAC (Winn et al, 2001) with four TLS groups per subunit
identified by TLSMD (Painter and Merritt, 2006). The final model
was assessed using SFCHECK (Vaguine et al, 1999), tools in COOT,
and with MOLPROBITY (Lovell et al, 2003). The NR3A D-serine
complex was solved by difference Fourier analysis, using the NR3A
model stripped of ligand, solvent, and alternative conformations as
a starting model. The NR3A ACPC complex was solved by
molecular replacement using MOLREP (Vagin and Isupov, 2001)
with chain A of the NR3A glycine complex used as a search probe.
The NR3B D-serine complex was solved by molecular replacement
using PHASER, with chain A of the NR3A glycine complex used as a
search probe, followed by automatic rebuilding using ARP/wARP.
The NR3B glycine complex was solved by difference Fourier
analysis, using the NR3B D-serine model stripped of ligand, solvent,
and alternative conformations as a starting model. Volume
calculations were performed with VOIDOO (Kleywegt, 1994);
domain closure was calculated with FIT written by Guoguang Lu
as described previously (Mayer et al, 2001).

Protein Data Bank accession codes
Coordinates and structure factors have been deposited with the PDB
with the following accession codes: NR3A glycine (2RC7), NR3A

D-serine (2RC8), NR3A ACPC (2RC9), NR3B glycine (2RCA), and
NR3B D-serine (2RCB).

Molecular dynamics
MD simulations were performed with NAMD 2.6 (Phillips et al,
2005). The CHARMM22 forcefield (MacKerell et al, 1998) with
CMAP corrections (Mackerell et al, 2004) was used, with
parameters for the ACPC cyclopropane ring taken from CHARMM22
stream files. Each system was equilibrated for 100 ps with the
protein backbone constrained to its starting coordinates, and 150 ps
with no constraints; 1000 steps of conjugate gradient minimization
were performed before each equilibration run. Replica exchange
simulations (Sugita and Okamoto, 1999) were performed using 65
replicas, with exchanges attempted once per 5 ps. The replicas
spanned temperatures ranging from 310 to 400 K and were assigned
by performing a cubic fit on the energies of the glycine-bound
system in equilibrium simulations at 300, 325, 350, 375, and 400 K,
and iteratively assigning temperatures to yield an estimated
acceptance ratio of 0.15. Each production run involved 10 ns of
simulation per replica, yielding an aggregate trajectory length of
650 ns for each state. For further details, see Supplementary data.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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