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Arrangement of Subunits in Functional NMDA Receptors
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Ionotropic glutamate receptors (iGluRs), including the NMDA receptor subtype, are ligand-gated ion channels critical to fast signaling in
the CNS. NMDA receptors are obligate heterotetramers composed of two GluN1 and typically two GluN2 subunits. However, the arrange-
ment of GluN subunits in functional receptors—whether like subunits are adjacent to (N1/N1/N2/N2) or diagonal to (N1/N2/N1/N2) one
another—remains unclear. Recently, a crystal structure of a homomeric AMPA receptor revealed that the four identical subunits adopt
two distinct and subunit-specific conformations termed A/C and B/D with subunits of like conformations (e.g., A/C) diagonal to one
another. In the structure, the two conformers were notable at the level of the linkers (S1-M1, M3-S2, and S2-M4) that join the ligand-
binding domain to the transmembrane ion channel with the M3-S2 linker positioned more proximal to the central axis of the channel
pore in the A/C conformation and S2-M4 more proximal in the B/D conformation. Using immunoblots and functional assays, we show
that introduced cysteines in the M3/M3-S2 linker of GluN1, but not GluN2, show dimer formation and oxidation-induced changes in
current amplitudes predictive of the A/C conformation. Conversely, introduced cysteines in the S2-M4 linker of GluN2, but not GluN1,
showed similar functional effects, suggesting that the GluN2 subunit adopts the B/D conformation. Thus, we show that NMDA receptors,
like AMPA receptors, possess distinct subunit-specific conformations with GluN1 approximating the A/C and GluN2 the B/D conforma-

tion. GluN subunits are therefore positioned in a N1/N2/N1/N2 arrangement in functional NMDA receptors.

Introduction
Glutamate-activated NMDA receptors are integral in the trans-
duction and modulation of synaptic activity underlying neuro-
development (Mattson, 2008) and higher-order cognitive
functions (Lau and Zukin, 2007; Citri and Malenka, 2008). Per-
turbations in glutamatergic transmission exacerbate numerous
brain diseases, including psychiatric, neurodegenerative, and ex-
citotoxic disorders (Kalia et al., 2008). NMDA receptors are ob-
ligate heterotetramers typically composed of the ubiquitous
GluN1 subunit and either GluN2(A-D) and/or GluN3(A and B)
subunits (Cull-Candy and Leszkiewicz, 2004; Paoletti and Ney-
ton, 2007). The resulting diversity in receptor composition con-
tributes to differences in NMDA receptor biogenesis, trafficking,
posttranslational modifications, cellular distribution, and bio-
physical properties (Cull-Candy and Leszkiewicz, 2004; Paoletti
and Neyton, 2007; Pifia-Crespo et al., 2010; Traynelis et al.,
2010).

At most synapses, functional NMDA receptors are formed by
two GIuN1 and two GluN2 subunits arranged as a dimer of
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dimers. Although the dimer pair is almost certainly GluN1/
GluN2 (Furukawa et al., 2005; Gielen et al., 2008; Lee and
Gouausx, 2011), the arrangement of subunits in functional tetra-
meric complexes—whether identical subunits are positioned ad-
jacent to (N1/N1/N2/N2) (Schorge and Colquhoun, 2003) or
diagonal to (N1/N2/N1/N2) (Sobolevsky et al., 2009) one another—
remains uncertain. Surprisingly, in a crystal structure of a homo-
meric AMPA receptor, four identical GluA2 subunits adopted
two distinct conformations, termed A/C and B/D, with like con-
formers diagonal to one another (Fig. 1) (Sobolevsky et al., 2009).
These two distinct conformations were notable at the level of the
linkers (S1-M1, M3-S2, and S2-M4) that couple the ligand-binding
domain (LBD) (S1, S2) to the ion channel formed by the transmem-
brane domain (TMD) (M1-M4). These linkers accommodate
the symmetry mismatch between the LBD (two-fold symmetry) and
the TMD (four-fold symmetry) (Fig. 1) with those linkers in diago-
nal subunits adopting a common spatial relationship.

For obligate heteromeric NMDARs, if like subunits (e.g.,
GluN1) are diagonal to one another (N1/N2/N1/N2), then they
must adopt either an A/C or a B/D conformation (Sobolevsky et
al., 2009). In contrast, if like subunits are adjacent to one another
(N1/N1/N2/N2), then the adjacent subunits (e.g., GluN1 and
GluN1) must adopt different conformations, one A/C and the
other B/D. Sobolevsky et al. (2009) proposed that like subunits in
NMDA receptors are diagonal to one another with GluN1 adopt-
ing the A/C and GluN2 the B/D conformation. However, these
experiments are limited in scope. Only a small number of intro-
duced cysteines were tested for cross-linking (as an index of prox-
imity). Further, the identified receptors, assayed solely by
immunoblots, do not necessarily represent functional receptors.
During biogenesis, many positions can transiently exist in close
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proximity to one another (e.g., Clarke and
Fersht, 1993), thus forming disulfide
bonds independent of their positioning in
a mature, functional receptor. Finally, the
results provided no positive evidence for
the predicted B/D conformation of the
GluN2 subunit.

Taking advantage of substituted cys-
teines in the LBD-TMD linkers, we find
strong subunit-specific patterns of cross-
linking in functional NMDA receptor
subunits. The patterns of cross-linking are
consistent with GluN1 and GIuN2 ap-
proximating the A/C and B/D conforma-
tions, respectively, therefore positioning
like subunits diagonal to one another in
functional tetrameric complexes.

Materials and Methods

Materials

The GluN1 glycine-site antagonist, 5,7-dich-
lorokynurenic acid (DCKA), was purchased
from Tocris Bioscience. All other reagents in-
cluding the GluN2 glutamate-site antagonist,
pL-2-amino-phosphonopentanoic acid (APV),
CuSO,, phenanthroline, and dithiothreitol (DTT), were purchased from
Sigma Chemicals.

ligand-binding
domain (LBD)

domain (TMD)

Figure 1.

Mutagenesis and expression

Cysteine substitutions in the rat GluN1a (accession #P35439), GluN2A
(Q00959), and GluN2C (Q00961) subunits were generated as de-
scribed previously (see Talukder et al., 2010) (and references therein).
All numbering is for the mature protein using signal peptides of
lengths of 18 (GluN1), 19 (GluN2A), and 19 (GluN2C) aa. The
GluN2A background we used in oocytes had an endogenous cysteine
replaced with alanine (C399A) (Choi et al., 2000). Although this mu-
tation has been used previously to prevent MTS reagents from react-
ing with the GluN2A subunit (e.g., Talukder et al., 2010), it does not
alter the effects of reducing or oxidizing agents on NMDA receptors.
Wild-type and mutant GluN1 and GluN2A or GluN2C mRNA (0.01-
0.1 ug/ul with 50-75 nl injected per oocyte) were coexpressed in
female Xenopus laevis oocytes (Sobolevsky et al., 2002). Wild-type and
mutant GluN1 and GluN2A DNA (4 ug) were transfected into HEK
293 cells using Fugene (Roche Molecular Biochemicals).

The o-helical extent of the M3 segment at its C-terminal end depends
on the specific conformer with M3 in the A/C conformer extended by
about one turn of an a-helix (Fig. 2 A, right, dashed box) compared to the
B/D conformer (Fig. 2 A, right, solid box). Correspondingly, the M3-S2
linker (from the C-terminal end of M3 to Helix E in the S2 segment) also
varies in length between conformers. Our experiments in this region
encompass positions in the C-terminal portion of the M3 segment as well
as the M3-S2 linker. Thus, to encompass all positions tested in the pres-
ent study, we refer to them as the M3/M3-S2 linker.

Whole-cell current recordings and data analysis

Whole-cell currents of Xenopus oocytes were recorded at room temper-
ature (20°C) using two-microelectrode voltage clamp (DAGAN TEV-
200A, DAGAN) with Cell Works software (npi electronic) (Sobolevsky et
al,, 2002). When recording GluN1/GluN2C, the external solution con-
sisted of the following (in mm): 115 NaCl, 2.5 KCl, 0.18 CaCl,, and 5
HEPES (pH 7.2, NaOH). When recording GluN1/GluN2A, the same
solution was used except BaCl, was substituted for CaCl, (to prevent
Ca”—dependent desensitization) and 100 um EDTA (to minimize
7Zn>**-mediated modification) was added to the external solution. All
reagents, including glutamate (200 uMm), glycine (20 um), APV (100 um),
DCKA (10 um), copper(II):phenanthroline (Cu:Phen) (2:50 wm), and
DTT (either 1 or 4 mm), were applied with the bath solution.

transmembrane

Structure of a homomeric glutamate receptor (GluA2
organization of individual subunits at the level of the LBD and the TMD. The LBD is organized as a dimer of dimers comprised of
individual dimer pairs A/D and B/C, whereas the ion channel within the TMD is organized as a tetramer displaying four-fold
symmetry (schematics on the right). Four identical subunits showed two distinct subunit conformations termed A/C (blue) and B/D
(red) with like conformers diagonal to one another. The two distinct subunit conformations are notable at the level of the LBD—TMD
linkers that mediate the transition from the two-fold symmetry of the LBD to the four-fold symmetry of the TMD.
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Individual subunits within tetrameric ionotropic glutamate receptors adopt two distinct subunit conformations.

PDB accession code 3KG2) (Sobolevsky et al., 2009) depicting the

cryst

Experimental protocols

NMDAR wild-type and cysteine-substituted mutant channels were
probed from the extracellular side with oxidizing (Cu:Phen) and reduc-
ing (DTT) reagents. Stock solutions of phenanthroline (0.5 M) and
CuSO, (0.1 M) were diluted to the experimental concentrations in the
external solution immediately before the experiment.

Steady-state reactions were quantified at a holding potential of —60
mV (see Fig. 3B, C,E). Baseline glutamate-activated current amplitudes
(I,re) were established by three to five 15 s applications of glutamate and
glycine. All agonist or any other reagent applications were separated by
30-120 s washes in glutamate-free solution. Cu:Phen (or DTT) was ap-
plied for 60 s either in the presence of agonists or in their absence (but in
the presence of the competitive antagonists APV and DCKA). After ex-
posure to redox reagent, current amplitudes (I,,) were determined
again using three to five agonist applications. The change in glutamate-
activated current amplitude, expressed as a percentage (%change), was
calculated as follows: %change = 100 X (5 = Iye)/Ipe In certain
instances, we corrected for observed current amplitude rundown by fit-
ting a single exponential function to a minimum of three pre-redox
reagent glutamate-activated current amplitudes.

Protein chemistry
Fractionation of membrane proteins. Ten to twelve healthy oocytes were
injected with 1-2 ng of mRNA. Two to three days after transfection (HEK
293 cells)/injection (oocytes) cells were washed in PBS, fixed in PBS
containing 0.58 mm N-ethylmaleimide (NEM, Pierce), homogenized in
lysis buffer (20 mm Tris, 0.58 mm NEM), and centrifuged at 3000 RPM
(Eppendorf Centrifuge 5417R) for 3 min at 4°C. The supernatant was
recovered and centrifuged at 40,000 RPM (Beckman TLA 120.2 rotor)
for 10 min at 4°C. The pellet was rinsed in PBS and recentrifuged at
40,000 RPM. The resulting pellet was resuspended and first sonicated in
solubilization buffer [20 mm Tris, 50 mm NaCl, 1/1000 protease inhibitor
cocktail (Sigma), 0.58 mm NEM] without detergent and then incubated
with detergent (0.03% Na-deoxycholate, 1% Triton X-100) for 1 hat 4°C.
Solubilized proteins were centrifuged at 40,000 RPM for 20 min at 4°C
and membrane proteins contained in the supernatant were separated by
SDS-PAGE under nonreducing or reducing (100 mm DTT) conditions.
Oocytes treated with Cu:Phen were harvested in the same manner as
NEM-treated oocytes except for two differences. First, oocytes were
washed in PBS and then fixed in PBS containing only Cu:Phen (1:50 um)
and the competitive antagonists APV (100 um) and DCKA (10 um).
Additionally, Cu:Phen/APV/DCKA and NEM were present in the lysis
and solubilization solutions.
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Figure 2.  Receptors with cysteines substituted in the GIuNT but not in the GIUN2A M3/M3-S2 linker yield dimers. A, Backbone structure (left) of the M3 transmembrane segment (gray)—the major
pore-forming domain—and the M3/M3-52 linkers (A/C, blue; B/D, red) that connect the M3 transmembrane segment to helix E of the LBD (magenta) (GluA2,,, PDB accession code 3KG2). Sequence
alignment (right) of residues in and around the M3/M3—S2 linker in AMPA GluA2 and NMDA GluN1 and GIuN2A. Proximal S2 (helix E) is shown in magenta. For GluA2, the boxed regions indicate the cc-helical
extent of the A/C (dashed lines) or B/D (solid lines) conformation of M3 (Sobolevsky et al., 2009). For NMDA receptor subunits, M3, as defined by hydrophobicity (Biology Workbench), is highlighted in gray.
Substitution of M629 with cysteine in GluA2 (arrowhead) yielded dimers in immunoblots (Sobolevsky et al., 2009). Positions substituted with cysteine are indicated by a “C" adjacent to the native residue.
Numbering s for the mature protein (see Materials and Methods). We also used a relative numbering system, referencing theinitial serine (S) in the highly conserved SYTANLAAF motifas + 1 (Jones etal., 2002).
B, D, Immunoblots of membrane-purified proteins isolated from Xenopus oocytes injected with wild-type or cysteine-substituted GluN1 (B) or GluN2A (D) subunits. Protein expression was assayed using
antibodies against the N-terminal domain of GIuN1 (B) or GIuN2A (D). Open triangles and arrowheads indicate approximate location of monomer (GIuN1, 114 kDa; GluN2A, 173 kDa) and dimer (GIuN1, 228 kDa;
GIuN2A, 346 kDa) bands, respectively. The GIuN2A gel was overexposed to illustrate the lack of subunit-specific dimers. Note receptors containing GIluN2A(V640C) (D) showed functional currents and positive
monomer signal when probed with the anti-GIuN1, but we could not detect a monomer band using the anti-GluN2A antibody. €, Quantification of band intensity (see Materials and Methods) for wild-type and
GluN1 cysteine-substituted mutants (n > 4for each). Filled bars indicate values statistically different from GIuN1/GIuN2A ( p << 0.05). E,Immunoblots of membrane-purified proteins isolated from HEK 293 cells
probed for anti-GIuN1 under nonreducing (left) or reducing (100 mu DTT, middle) conditions or for anti-GIuN2A (right) demonstrating subunit-specific dimer formation. Open triangles and arrowheads indicate
approximate location of monomer (GluN1, 114 kDa; GIuN2A, 173 kDa) and dimer (GluN1, 228 kDa; GluN2A, 346 kDa) bands, respectively.

Immunoblotting. Proteins were transferred from the gel to 0.45 mm
nitrocellulose membranes by semidry transfer (Bio-Rad) using Bjerrum—
Schaffer—Nielsen buffer. Blots were blocked and incubated with primary

Table 1. Distance between a-carbons for homologous positions in the M3 segment
and M3-52 linker in the A/Cand B/D subunits in GluA2

cryst

antibody, either anti-GluN1 (1:500, Millipore MAB363) or anti-GluN2A Distance between
(1:500, Millipore AB1555P), overnight. Blots were washed before incu- als ()
bation with HRP-conjugated goat anti-mouse (sc-2302) or HRP- GluA2 A/C B/D GluN1 GluN2A GluN2C
conjugated goat anti-rabbit (sc-2030) and developed using WB luminol
reagent (sc-2048, all reagents Santa Cruz Biotechnologies) before expo- P632 25 496 R Q T
. . . . S631 19.7 42.7 E D D
sure to chemiluminescence Biomax Film (Kodak).
. . . . V630 18.2 35.8 E v |
Quantification of immunoblots. Immunoblot films were scanned using M629 120 302 p : Y
an EPSON flat scanner (Epson Perfection V700 Photo) in an 8 bit gray R628 16.9 22'7 R £ 0
scale mode, 1200 dpi, reflective and quantified using NIH Image] E627 ]9'1 19.6 D E £
(1.38X) on a Windows XP platform. To quantify band densities, we ¢ 12:7 12:2 L Q Q
defined a box encompassing the size of the largest monomer band. For 165 13 102 v | I
each lane in the gel, this box was placed in the presumed location of the 474 149 15.9 L M M
monomer and dimer bands as well as in a region in the leading edge (no g3 17.0 172 F F F
protein sample) to define background. The measured density of the  pg22 104 108 A A A

background was subtracted out from the density for the monomer and
dimer bands, and a ratio of the background-subtracted dimer and mono-
mer densities (dimer/monomer ratio) was expressed in arbitrary units.

Shown are residues in GIuA2,,, (Sobolevsky et al., 2009) (PDB ID 3KG2) and homologous positions in GIuNT, GIuN2A, or
GIuN2C. Underlined residues for GIuA2 . are part of the M3 helix for the A/C and B/D subunits. Bold residues are the
additional helical component of the A/C subunit. Average distances for positions shown are 16.3 A (A/C) and 24.3 A (B/D).
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Figure 3.  Receptors with substituted cysteines in the M3/M3-52 linker of GIuN1 but not GIuN2C show widespread current inhibition following oxidation. 4, Same as Figure 2A (right) but

including GIuN2C. Proximal portion of Helix E (S2) is indicated in gray. B, ¢, Example current recordings from oocytes showing the effect of Cu:Phen (2:50 wum, thick lines, 60 s) in the presence of
agonists (open and closed states) on GIuN1/GIuN2C (B) or GluN1(D640C)/GIuN2C (C). Currents were elicited by glycine (20 wum) and glutamate (200 wum) (thin lines labeled with “Glu”) at a holding
potential of —60 mV. D, Mean percentage change (=2 SEM) (n = 3 for each) of glutamate-activated current amplitudes measured before (/,,,) and after (/,,,) exposure of wild-type and
qysteine-substituted GluN1 (left) or GIuN2C (right) to Cu:Phen in the presence of agonists [%change = 100 X (o — /,,e)/l,cel- Left and right pointing bars indicate inhibition and potentiation,
respectively. Filled bars indicate values significantly different from wild-type GIuN1/GluN2C ( p << 0.05). The small current potentiation seen for GluN2C(N627C) and GluN2C(A6300) is transient and
reflects the effect of Cu:Phen in the presence of agonists. E, Example recording of Cu:Phen applied (60 s) in the absence of agonists (closed state), but in the presence of the competitive antagonists

DCKA (10 um) and APV (100 M) (gray box). F, Mean percentage change (= 2 SEM) (n > 3) of glutamate-activated current amplitudes, measured in the absence of agonists, for GluN1

cysteine-substituted positions that showed significant effects in the presence of agonists. Results are shown as in D.

To minimize differences in saturation levels in monomer/dimer band
densities, we tried to make the monomer band densities approximately
equal between groups (i.e., NEM- and Cu:Phen-treated samples). To
accomplish this, we typically ran an initial gel where every sample was
loaded at 10 ul, and would subsequently run a second gel where loading
volumes were varied to generate comparable monomer band densities
(typically 5 ul for NEM-treated samples and 15 ul for Cu:Phen-treated
samples). Even with this correction, the monomer bands tended to have
higher density for the NEM-treated condition (average density was
~550,000 arbitrary units for NEM-treated compared to ~450,000 for
Cu:Phen-treated). A higher monomer band density tended to favor the
dimer/monomer ratio, further validating the statistical outcomes in Fig-
ure 4 F (where dimer/monomer ratios were higher for certain constructs
in Cu:Phen-treated condition).

Data analysis

Data analysis was done using Igor Pro (Wavemetrics) and Microsoft
Excel. For analysis and illustration, leak currents were subtracted from
total currents. An ANOVA or Student’s ¢ test was used to define statistical
differences. The Tukey or Dunnett’s test was used for multiple compar-
isons. Significance was assumed at p < 0.05.

Results

NMDA receptors with introduced cysteines in the M3/M3-S2
linker of GluN1 but not GluN2A yield dimers

In the closed state for AMPA receptors, the C-terminal end of
the M3 segment and the M3-S2 linker, referred to as the M3/
M3-S2 linker (see Materials and Methods), are proximal in
the A/C conformer (Fig. 2 A, left) with the closest approach in
the C-terminal end occurring at M629 (distance between
a-carbons 12 A) (Fig. 2 A, right, arrowhead). The M3/M3-S2

linkers of the B/D conformer (Fig. 2A, left) are more distal
(M629 separated by 30.2 &) (Table 1) (Sobolevsky et al., 2009).
Introduced cysteines at the homologous position in the
NMDA receptor GluN1 subunit (P642, position +15) (Fig.
2A),but not in the GluN2A subunit (F639), yielded dimers on
immunoblots, suggesting that the M3/M3-S2 linkers are prox-
imal in GluN1 (Sobolevsky et al., 2009). However, distal to the
highly conserved SYTANLAAF motif (positions +1 to +9) in
the M3 transmembrane segment, there is divergence in the
identity and nature of the residues in the M3/M3-S2 linkers
between AMPA and NMDA receptor subunits, as well as
among NMDA receptor subunits (Fig. 2A, right). Hence, the
detailed arrangement of the linkers may differ between sub-
units. We therefore introduced cysteines over a wider range of
positions in NMDA receptor subunits (Fig. 2A, right) and
characterized these constructs by immunoblots (Fig. 2B, D,E).

For GluN1 (Fig. 2B) and consistent with previous results
(Sobolevsky et al., 2009), a dimer band (filled arrowhead) was
prominent for P642C. In addition, D640C also showed a prom-
inent dimer, whereas dimers of decreased and inconsistent inten-
sity were observed for V638C, L639C, R641C, E643C, and E644C
(Fig. 2B,C). No dimers were detected for wild-type (GluN1/
GluN2A), A635C, or R645C (Fig. 2B, C). Observed dimers for
D640 and P642 were not dependent on expression system, were
absent under reducing conditions, and were specific to GluN1
with no dimers detected when probed with anti-GluR2A (Fig.
2E). In contrast, no dimer bands were identified for the tested
M3/M3-S2 GIluN2A positions (Fig. 2D).
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Table 2. Effect of DTT on current amplitudes in wild-type and cysteine-substituted
GluN1 and GluN2C subunits

N1(cys)/N2C N1/N2C(cys)

Construct %change n  Relative position Construct %change n
N1/N2C 46 =3 7
N1(R6450)/N2C 61 = 6 8 +18 N1/N2C(T640C) 60 =9 5
N1(E6440)/N2C 68 =3 8 +17 N1/N2C(D639C) 36 = 4 7
N1(E643C)/N2C 67 = 8 5 +16 N1/N2C(1638C) 419 10
N1(P642C)/N2C 35+ 1 5 +15 NT/N2C(Y637C) 4112 5
N1(R6410)/N2C 31+ 8 8 +14 N1/N2C(Q636C) 47 £17 6
N1(D640C)/N2C 29 =4 10 +13 NT/N2C(E635C) 42 =8 5
N1(L639C)/N2C 46 = 4 9 +12 N1/N2C(Q634C) 47 =10 4
N1(V638C)/N2C 59 =12 M +11 NT/N2C(1633C) 3611 5
N1(L637C)/N2C 46 =3 7 +10 NT/N2C(M6320) 4111 5
N1(F636C)/N2C 57 =7 6 +9 N1/N2C(F631C) 3812 5
NT(A6350/N2C 4210 6 +8 NT/N2C(A630C) 17 £5 7

Values shown are mean = SEM. %change was obtained in the presence of agonist as in Figure 3B (with DTT
replacing Cu:Phen) and with DTT applied at T or 4 mu. None of the values are significantly different from that seenin
wild type (ANOVA, p < 0.05). Relative position references the initial serine (S) in the highly conserved SYTANLAAF
motif as +1 (Fig. 3A).

These results are consistent with the M3/M3-S2 linkers of
GluN1 being positioned proximal to one another as in the A/C
conformer. Also notable is that positions presumably located
even more proximal to one another (e.g., A635 in GluN1 corre-
sponding to A622 in A/C or B/D conformer of GluA2, ~10.6 A)
(Table 1) do not yield dimers, indicating that other factors (e.g.,
membrane, local environment, and backbone rigidity) also affect
cross-linking. Still, the present results do not address functional
receptors.

Functional assays of proximity

To test the general arrangement of the linkers in functional
NMDA receptor subunits, we introduced individual cysteines in
the M3/M3-S2 linker of either GluN1 or GluN2C (Fig. 3A) and
tested the effects of DTT, a reducing agent, or Cu:Phen, an oxi-
dizing agent, on current amplitudes. For these experiments, we
preferentially used GluN2C since it shows limited desensitization
compared to GluN2A (Krupp et al., 1996).

For wild-type GluN1/GluN2C, DTT applied in the presence of
agonists produced an ~46% potentiation of current amplitudes
(46 = 3%, n = 7; mean %change = SEM, number of recordings)
(Table 2). For all cysteine-substituted M3/M3-S2 positions in
GluN1 and GluN2C, DTT applied in the presence of agonists did
not produce a significant effect on glutamate-activated currents
compared to wild type (Table 2), including GIluN1(D640C) and
GluN1(P642C).

An oxidizing agent produces current inhibition of receptors
containing substituted cysteines in the M3/M3-S2 linker in
GluN1 but not GluN2
To test the effects of the oxidizing agent Cu:Phen on functional
receptors (Fig. 3B,C), we compared glycine- and glutamate-
activated (referred to as glutamate-activated) current amplitudes
before (I,,.) and after (I,,) exposure to extracellular Cu:Phen
(2:50 M, thick lines) applied in the presence of agonists, where
the channel exists both in the open and closed states. For wild-
type GluN1/GIuN2C (Fig. 3B), Cu:Phen had no significant effect
on glutamate-activated current amplitudes (—2 * 2%, n = 9).In
contrast, for GluN1(D640C)/GluN2C (Fig. 3C), Cu:Phen in-
duced a strong and persistent inhibition of current amplitudes
(—83 = 9%, n =5).

Figure 3D summarizes the effect of Cu:Phen applied in the
presence of agonists (Cu:Phen + Glu) on glutamate-activated
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Figure 4.  Current inhibition reflects cross-linking of substituted cysteines. 4, Effect of

DTT (1 mw), applied in the presence of agonists, on Cu:Phen-induced inhibited currents in
GluN1(D640C)/GIuN2C. B, Glu-activated current amplitudes for GluN1(D640C)/GIuN2Cre-
corded before (open circles) and after Cu:Phen (filled circles) or DTT (open squares) (am-
plitudes are from trace shown in A). C, Mean percentage change (=2 SEM) (n > 3) of
glutamate-activated current amplitudes for wild-type and GIuN1 cysteine-substituted
positions that showed significant effects of Cu:Phen in the absence of agonists (Fig. 3F).
%change is measured following DTT (/,,) either relative to currents before any treatment
(DTT) (Table 2) or to currents following Cu:Phen (Cu:Phen/DTT) (as in Fig. 44, B). Filled
bars indicate values significantly different from GluN1/GIuN2C within treatment groups
(p << 0.05). Asterisks indicate values statistically different between treatment groups for
equivalent positions ( p << 0.05). The mean %change for DTT in the Cu:Phen/DTT condi-
tion was 540 = 100%, n = 5 (V638C), 150 == 15%, n = 4 (L639C), and 520 == 170%, n =
8(D640C). D, Mean percentage change (== 2 SEM) (n > 4) of glutamate-activated current
amplitudes for GluN1(D640C)/GluN2C or the same constructs with endogenous cysteines
neutralized to serine (S) measured before or after Cu:Phen treatment in the presence of
agonists. None of the values were significantly different from that for GluN1(D640C)/
GluN2(, indicating that the effect of Cu:Phen arises from introduced cysteines. E, Inmu-
noblots of membrane-purified proteins isolated from Xenopus oocytes injected with wild-
type or cysteine-substituted GIuN1 subunits coexpressed with GluN2C treated without
(NEM, top) or with (Cu:Phen, bottom) Cu:Phen. Protein expression was assayed using
antibodies against the N-terminal domain of GIuN1. Open triangles and arrowheads indi-
cate approximate location of monomer (114 kDa) and dimer (228 kDa) bands, respec-
tively. F, Quantification of band intensity (see Materials and Methods) for wild-type and
GluNT cysteine-substituted receptors (n > 4 for each) either without (left) or with (right)
Cu:Phen treatment. Filled bars indicate values statistically different from GluN1/GluN2C
within treatment groups ( p << 0.05). Asterisks indicate values statistically different be-
tween treatment groups for equivalent positions ( p < 0.05).
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current amplitudes. For GluN1, numer- A
ous (nine) M3/M3-S2 positions (F636 to
E644) showed significant effects, either
current inhibition (leftward pointing
bars) or potentiation (rightward point-
ing). On the other hand, for homologous
positions in GluN2C, only a limited num-
ber of positions (three) showed significant
effects. Of these, positions N627 and D639
showed significant current potentiation
that rapidly reversed over time (data not
shown) and may reflect a transient effect
of Cu:Phen on glutamate-activated cur-
rent amplitudes.

The AMPA receptor crystal structure,
where the M3/M3-S2 linker is proximal
in the A/C conformation, was generated
in the presence of a competitive antago-
nist (Sobolevsky et al., 2009). We there-
fore tested the reactivity of Cu:Phen in the
absence of agonists, but in the presence of
the GluN1 and GluN2 competitive antagonists (DCKA and APV,
respectively) (Fig. 3E) (closed state), focusing on those positions
that showed a significant effect in the presence of agonists (Fig.
3D). As summarized in Figure 3F, a subset of GluN1 positions
(V638,1L639, and D640) showed significant reactivity to Cu:Phen
in the closed state. In contrast, GluN2C(Q636C), the single
GluN2C position showing persistent effects (and inhibition) in
the presence of agonists, did not show a significant effect in the
closed state (—10 = 3%, n = 6, data not shown), compared to the
observed effect in wild-type (—5 * 2%, n = 8).

GIuN1/GIuN2A
Cu:Phen
Glu- - = -

Figure 5.

Cu:Phen-induced current inhibition reflects cross-linking of
introduced cysteines

Persistent changes in current amplitudes induced by Cu:Phen in
GluNT1 are presumably due to cross-linking of introduced cys-
teines. To test this assumption, we performed a number of con-
trol experiments. Initially, we characterized the effect of the
reducing agent DTT on Cu:Phen-induced inhibited currents. If
the observed current inhibition following treatment with Cu:
Phen is the result of cross-linking of introduced cysteines in the
M3/M3-S2 linker of GluN1, then DTT should potentiate current
amplitudes more strongly than in wild-type receptors. As illus-
trated for GluN1(D640C)/GluN2C (Fig. 4 A, B), an initial appli-
cation of Cu:Phen in the presence of agonists strongly reduced
current amplitudes (Fig. 4B, solid circles), as shown previously
(Fig. 3D). Subsequent application of DTT dramatically potenti-
ated these Cu:Phen-inhibited current amplitudes (Fig. 4A,B,
open squares) (516 = 170%, n = 8).

Figure 4C summarizes the effect of DTT on wild-type and the
three GluN1 cysteine-substituted positions (V638, L639, and
D640) that showed significant effects following Cu:Phen in the
absence of agonists (Fig. 3F). For wild-type receptors, DTT ap-
plied in the presence of agonists without any Cu:Phen pretreat-
ment (labeled “DTT” in Fig. 4C) potentiated current amplitudes
by ~46% (46 * 3%, n = 7), an effect also seen for all three GluN1
cysteine-substituted positions (Table 2; open bars, Fig. 4C, DTT).
For wild-type receptors, application of DTT following Cu:Phen
treatment [as for GluN1(D640C)/GluN2C in Fig. 4A] potenti-
ated current amplitudes by ~8% (7.7 = 6%, n = 4) (Fig. 4C,
Cu:Phen/DTT). For the three GluN1 cysteine-substituted posi-
tions, DTT significantly potentiated the Cu:Phen-inhibited cur-
rent amplitudes compared to wild-type recorded under the same
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Cu:Phen has comparable effects on receptors with substituted cysteines in the GluN1 M3/M3-S2 linker when coex-
pressed with GIuN2A. A, B, Example current recordings from Xenopus oocytes injected with GIuN1/GIuN2A (A) or GluN1(V638C)/
GluN2A (B) mRNA. Cu:Phen was applied in the presence of agonists (.g., Fig. 3 B, (). (, Mean percentage change (=2 SEM) (n >
4) in glutamate-activated current amplitudes measured before (/) and after (/

ore ost) €Xposure of wild-type and cysteine-

substituted GIuNT coexpressed with GIuN2A in the presence of agonists. Left and right pointing bars indicate inhibition and
potentiation, respectively. Filled bars indicate values significantly different from wild-type GluN1/GIuN2A ( p << 0.05). Note that
with respect to wild-type GluN1/GIuN2C (Fig. 3D), treatment with Cu:Phen produces a persistent potentiation in GluN1/GluN2A;
however, the effect of Cu:Phen on the positions tested (except for E643) in both GIuN2C (Fig. 3D) and GIuN2A was identical.

conditions (solid bars, Fig. 4C, Cu:Phen/DTT) and compared to
the same position measured with DTT alone (asterisks). These
results strongly support the idea that current inhibition reflects
cross-linking of substituted cysteines.

We also tested whether the introduced cysteine at D640 inter-
acted with endogenous cysteines in GluN1 or GluN2C. In NMDA
receptor subunits, four endogenous cysteines are located in the link-
ers and/or proximal face of the ligand-binding domain (Furukawa
et al., 2005): GluN1(C726), GluN1(C780), GluN2C(C724), and
GluN2C(C779). Replacing these cysteines with serine (S) did not
significantly alter current inhibition for D640C consistent with
Cu:Phen inducing cross-linking between introduced cysteines
(Fig. 4D).

As an additional test that Cu:Phen treatment induced disul-
fide cross-linking among GluN1 subunits, we analyzed immuno-
blots of proteins purified in the absence (NEM) or presence (Cu:
Phen) of Cu:Phen for V638, L639, and D640, as well as a control
position that did not show a significant effect of Cu:Phen, R645
(Fig. 4E,F). As summarized in Figure 4 F, when treated with NEM,
position D640C showed a significant dimer/monomer ratio (solid
bar) compared to wild-type, as was found for GluN1/GluN2A
(Fig. 2C). Further, when treated with Cu:Phen, introduced cys-
teines at positions V638, L639, and D640 showed significant in-
creases in the dimer/monomer ratio compared to both wild-type
treated with Cu:Phen (solid bars) and to the same positions
treated with NEM (asterisks).

In summary, these results indicate that current inhibition in-
duced by Cu:Phen is due to cross-linking of introduced cysteines
in the M3/M3-S2 linker of the GluN1 subunits. Since this cross-
linking occurs only for the GluN1 and not the GluN2C subunit
(Fig. 3 D, F), the present results strongly support a more proximal
positioning of the M3/M3-S2 linker in GIuN1 than in the
GluN2C subunit. This proximal positioning of the M3-S2 in
GluNT1 is consistent with it adopting the A/C conformation.

Cross-linking of introduced cysteines in the GluN1
M3/M3-S2 linker is not dependent on the GluN2 subunit

To verify that the observed cross-linking of the M3/M3-S2 linker
in GluN1 was independent of the nature of the GluN2 subunit,
we coexpressed GluN1 cysteine substituted receptors with
GluN2A and tested for the effect of Cu:Phen (Fig. 5). Wild-type
GluN1/GIluN2A (Fig. 5A,C), in contrast to wild-type GluN1/
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Figure 6.  Receptors with substituted cysteines in the S2—M4 linker of GluN2C but not GIuNT show current inhibition following oxidation. 4, Backbone structure (left) of the M4 transmembrane
segment (gray) and the S2-M4linkers of the A/C (blue) and B/D (red) subunits (GluA2,. ., PDB accession code 3KG2). Sequence alignment (right) of residues in and around the S2—M#4linker in AMPA
GluA2 and NMDA GluNT and GluN2C with introduced cysteines indicated by a “C" adjacent to the native residue. The pre-M4 helix in GluA2 is boxed (Sobolevsky et al., 2009). Dashes indicate gaps
in aligned sequence. Other features are displayed as in Figure 2 A with M4, as defined by hydrophobicity (Biology Workbench), highlighted in gray and helix K of the S2 domain highlighted in
magenta. B, C, Example recordings of Cu:Phen applied in the presence of agonists for S2-M4 cysteine substitutions either GluN1(S784C)/GIuN2C (B) or GluN1/GIuN2C(N781C) (C). D, Mean
percentage change (=2 SEM) (n > 3) of glutamate-activated current amplitudes measured before (/,,.) and after (/) exposure of wild-type and cysteine-substituted GluN1 (left) or GIuN2C (right)
subunits to Cu:Phen in the continuous presence of agonists. Results are shown as in Figure 3D.

pre

Table 3. Distance between a-carbons for homologous positions in the S2-M4

GluN2C (Fig. 3B,D), showed a significant potentiation (46 * L o0 A/Cand B/D subunits in GluA2

aryst

5%, n = 7) following Cu:Phen treatment in the presence of
agonists. Nevertheless, although the degree of potentiation or
inhibition may differ, all tested cysteine-substituted GluN1 posi-
tions when coexpressed with GluN2A showed a functional profile
(Fig. 5C) similar to that of GluN1(cys)/GluN2C (Fig. 3D). These
findings support the conclusion that the observed effects of Cu:
Phen on introduced cysteines in the M3/M3-S2 linker of GluN1
are a result of cross-linking among the GluN1 subunits and that
this behavior is not dependent on the specific GluN2 subtype.

Cross-linking of substituted cysteines in GluN2C but not
GluN1 S2-M4 linker

The proximal positioning of the M3/M3-S2 linker in GluN]1 relative
to GluN2C is consistent with GluN1 subunits adopting the A/C con-
formation. However, the M3/M3-S2 results do not provide positive
evidence for the positioning of the GluN2 subunits. In the AMPA
receptor crystal structure, the S2-M4 linkers are considerably more
proximal in the B/D conformation (19.3 A) (from K776 to K783)
than in the A/C conformation (54.6 A) (Fig. 6 A, left, Table 3). Note
however, that the specific arrangement of S2-M4 linkers in NMDA
receptor subunits is different from that of AMPA receptor subunits
due to gaps in the NMDA receptor sequence (Fig. 6 A, right). If the
GluN2 subunits approximate the B/D conformation, we would then
anticipate that introduced cysteines in the S2-M4 linker of GluN2,
but not GluN1, might cross-link and affect current amplitudes. We
therefore tested a range of substituted cysteines in the S2-M4 linkers
of GluN1 and GluN2C (Fig. 6A).

Consistent with the predicted outcome, substituted cysteines
in the S2-M4 linker of GluN2C, but not GluN1, showed signifi-
cant, albeit small, effects of Cu:Phen applied in the presence of
agonists (Fig. 6 B-D). A subset of these GluN2C positions also

Distance between

als (R)
GluA2 A/C B/D GluN1 GIuN2A GluN2C
K776 61.1 18.8 D H Q
D777 59.5 18.5 S N N
S778 61.8 235 R E E
G779 56.6 223 S K K
$780 51.4 13.4 N N N
K781 52.9 18.8 A E E
E782 47.2 18.4 P v v
K783 45.9 21.2 A M M
1784 40.7 24.4 T S S
S785 34 25.2 L S S
A786 31 29.6 T Q K
L787 29.9 28.9 F L L
5788 35.6 34.6 E D D

Shown are residues in GluA2,, and homologous positions in GIuN1, GIuN2A, or GluN2C. Positions highlighted in
bold are part of the pre-M4 helix. Based on sequence alignment, there are gaps in the vicinity of the pre-M4 helix in
NMDA receptor subunits (see Fig. 64 for additional details). Average distances for positions shown are 46.7 A (A/C)
and 22.9 A (B/D).

showed current inhibition when Cu:Phen was applied in the ab-
sence of agonists (Fig. 7 A, B), replicating the proximal position-
ing of the S2-M4 linker as observed in the AMPA receptor crystal
structure (Sobolevsky et al., 2009).

To verify that the current inhibition was due to disulfide
cross-linking, we tested the effect of the reducing agent DTT on
those S2-M4 GluN2C positions that were reactive in the absence
of agonists (N781, E782, K783) (Fig. 7B) either without initial
Cu:Phen treatment (Fig. 7C, DTT) or following Cu:Phen treat-
ment (Fig. 7C, Cu:Phen/DTT). Compared to the potentiation in
wild-type, application of DTT without Cu:Phen treatment did
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Figure 7. A subset of positions in the GluN2C S2—M4 linker are reactive in the absence
of agonists. A, Example recording of Cu:Phen applied in the absence of agonists on GluN1/
GIuN2C(N781C). B, Mean percentage change (=2 SEM) of glutamate-activated current
amplitudes, measured in the absence of agonists, for GluN2C S2—M4 cysteine-substituted
positions that showed significant effects in the presence of agonists (Fig. 60). C, Mean
percentage change (=2 SEM) (n > 3) of glutamate-activated current amplitudes for
wild-type and GluN2 cysteine-substituted positions that showed significant effects of
Cu:Phen in the absence of agonists (Fig. 7B). %change is measured following DTT (/)
relative to currents before any treatment (DTT) (raw data not shown) or to currents
following Cu:Phen (Cu:Phen/DTT). Filled bars indicate values significantly different from
GluN1/GluN2C within treatment groups ( p << 0.05). Asterisks indicate values statistically
different between treatment groups for equivalent positions (p << 0.05). The mean
%change for DTT in the Cu:Phen/DTT condition was 100 == 30%, n = 6 (N781(), 110 £
25%, n = 9 (E782(), and 45 = 12%, n = 5 (K7830).

not elicit any significant changes in the current amplitudes for the
cysteine-substituted receptors (Fig. 7C, DTT), though potentia-
tion was largely absent in K783. In contrast, following Cu:Phen-
induced current inhibition, DTT significantly potentiated
current amplitudes for both N781C and E782C compared to
wild-type when recorded under the same conditions (solid bars,
Fig. 7C, Cu:Phen/DTT) and for each N781C, E782C, and K783C
compared to the same position measured with DTT alone (aster-
isks). Interestingly, K783C did not show a significant effect when
compared to wild-type (open bar, Fig. 7C, Cu:Phen/DTT), but
did show a significant effect when compared to DTT alone (as-
terisk), suggesting that the mutation itself might alter the redox
state of the receptor. Nevertheless, the fact that the DTT potenti-
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ation of Cu:Phen-inhibited currents is significantly greater than
DTT alone for K783C as well as N781C and E782C supports the
idea that current inhibition is due to cross-linking of substituted
cysteines.

The reduced magnitude of current inhibition for GluN2C
S2-M4 positions reactive in the absence of agonists (Fig. 7B)
relative to those for GluN1 M3/M3-S2 (Fig. 3F) may reflect a
generally more remote relative positioning: average distance for
GluN2C S2-M4 positions (assuming B/D conformation) is 22.9
A (Table 3), whereas it is 16.3 A for GluN1 M3/M3-S2 positions
(assuming A/C conformation) (Table 1).

In summary, these experiments suggest that the S2—-M4 linker
in GluN2C is more proximal than that of GluNT1. In the context of
the AMPAR structure, these results are consistent with the GIuN2
subunit approximating the B/D conformation. In combination
with the results for the M3/M3-S2 linker, which suggest that
GluN1 approximates the A/C conformation, like subunits in the
functional tetrameric complex are diagonal to one another in a
N1/N2/N1/N2 arrangement.

Discussion

Defining the subunit arrangement in functional ionotropic glu-
tamate receptors (iGluR) is an important advance in understand-
ing mechanisms of iGluR biogenesis, trafficking, and gating.
Activation of iGluRs occurs when agonist-induced conforma-
tional changes in the LBD are propagated to the TMD resulting in
ion channel opening (Sun et al., 2002; Erreger et al., 2004). Three
polypeptide linkers (S1-M1, M3-S2, and S2-M4) that join the
LBD to the ion channel mediate these agonist-induced effects on
ion channel opening/closure. The recent crystal structure of a
homomeric AMPA receptor (GluA2) showed that identical sub-
units adopted two distinct conformations, termed A/C and B/D,
which were notable at the level of the LBD-TMD linkers because
they took on subunit specific conformations (Sobolevsky et al.,
2009). Using immunoblots and whole-cell electrophysiology, we
show that functional obligate heteromeric NMDA receptors take
on distinct, subunit-specific conformations with GluN1 approx-
imately the A/C conformer and GluN2 approximating the B/D
conformer with subunits therefore arranged as N1/N2/N1/N2
(Rambhadran et al., 2010).

Conformers of NMDA receptor subunits

Given the overall sequence homology among the iGluR sub-
types and subunits (Traynelis et al., 2010), it is likely that
iGluRs (e.g., NMDA and AMPA) share a common LBD-TMD
linker structure. Compared to AMPA receptors, the linkers in
NMDA receptors vary in their primary sequence and/or length
(e.g., S2-M4) (Figs. 3A, 6A), but these differences probably
result in small local structural differences rather than chang-
ing the overall general arrangement of the linkers. Neverthe-
less, because of these small differences and the absence of an
full-length NMDA receptor structure, NMDA receptor sub-
units can only be considered to approximate rather than adopt
the A/C and B/D conformations.

In this study, introduced cysteines in the M3/M3-S2 linker of
GluN1, but not GluN2, showed both dimer formation (Figs.
2B,D, 4E) and oxidation-induced alteration of current ampli-
tudes (Fig. 3D) consistent with a more proximal positioning of
the M3/M3-S2 linker in the GluN1 subunit. Spontaneous disul-
fide bond formation only occurs when sulthydryl moieties are
within 2 A of one another (Careaga and Falke, 1992; Clarke and
Fersht, 1993). Hence, assuming proper orientation for a rigid
structure, the a-carbons of introduced cysteines must be posi-
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tioned within 6—8 A of one another to cross-link. If either the
backbone is flexible or one uses a strong oxidation agent (e.g.,
Cu:Phen), then cross-linking can occur among cysteines over a
greater range of separation (~20 A) (Careaga and Falke, 1992;
Clarke and Fersht, 1993). On average in the crystal structure, the
distance between M3/M3-S2 positions (A622 to P632) of the A/C
and B/D conformations is 16.3 and 24.3 A, respectively (Table 1).
Based on these considerations, there are positions in the GluN2
M3/M3-S2 linker whose analogous position in the crystal structure
is quite proximal in the B/D conformer (e.g., GluN2A(Q636)) (Ta-
ble 1) that do not show dimer formation (Fig. 2 D) nor significant
oxidized-induced current inhibition (Fig. 3D). Additionally, the ob-
served oxidation-induced inhibition in the S2-M4 linker of the
GluN2 but not GluN1 subunit (Fig. 6 D) is consistent with a more
proximal positioning of the GluN2 S2-M4 linker. It is important to
note that the local S2-M4 structure of NMDA receptor subunits is
almost certainly different from that in AMPA receptor subunits due
to gaps in the sequence alignments (Fig. 6 A, right). Still, we do not
believe these differences greatly alter the relative spatial positioning
of the conformers—especially given the dramatic difference in typ-
ical distances in the A/C (46.7 A) compared to the B/D (22.9 A)
conformations (Table 3). Further, we concede that Cu:Phen likely
induces rarely visited conformations; however, this point is not crit-
ical here, since we are only interested in proximity rather than gating
states.

An alternative interpretation of the present results is that the
GluN1 and GluN2 subunits are positioned adjacent to each other
inaN1/N1/N2/N2 arrangement. Although we cannot completely
rule out this alternative, it is highly unlikely if one accepts that the
general arrangement of NMDA receptor subunits including at
the LBD-TMD linkers is comparable to that of AMPA receptors.
Specifically, if like subunits (e.g., GluN1 and GluN1) are adjacent
to one another, then one subunit must adopt the A/C conforma-
tion and the other the B/D conformation. Thus, a N1/N1/N2/N2
arrangement would result in GluN1/GIluN1 and GluN2/GluN2
dimers at the level of the linkers having identical conformational
symmetry. With regards to our experimental protocol, if like
subunits adopted a N1/N1/N2/N2 arrangement, then we would
expect cross-linking for GluN1 and GluN2 to show identical pat-
terns functionally—that is, introduced cysteines in the M3/
M3-S2 linkers of both GluN1 and GluN2 should show cross-
linking due to their identical conformations. However, we find
that the pattern of cross-linking is highly subunit-specific show-
ing cross-linking either in M3/M3-S2 (GluN1) (Figs. 2, 3) or
S2-M4 (GluN2) (Fig. 6). As such, our results suggest that like
subunits, sharing a common conformer, are positioned diagonal
to one another, which we interpret as A/C (GluN1) and B/D
(GluN2) leading to a N1/N2/N1/N2 arrangement.

The present study does not address the subunit-specific con-
formations of external iGluR elements, specifically the amino-
terminal domain (ATD). Indeed, the ATD in NMDA receptor
subunits may take on a twisted closed-cleft conformation (Kara-
kas et al., 2009, 2011; Stroebel et al., 2011) that is distinct to the
conformation of the same domain in AMPA (Clayton et al., 2009;
Sobolevsky et al., 2009) and kainate (Kumar et al., 2009) recep-
tors, possibly resulting in differences in the pattern of domain
swapping. However, additional work is required to determine the
arrangement of subunit domains at the level of the ATD, as well
as the functional relationship between the ATDs and the A/C and
B/D conformations at the level of the LBD-TMD linkers (Gielen
et al., 2009; Yuan et al., 2009).
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Subunit-specific effects on gating and biogenesis

Because cross-linking occurred only for specific subunits, it ap-
pears that the conformation approximated by NMDA receptor
subunits in the tetrameric complex is invariant, either A/C
(GluN1) or B/D (GluN2). Nevertheless, the functional signifi-
cance of the different conformers and how they might arise and
be constrained during biosynthesis is unknown. In terms of func-
tional properties, subunit-specific differences in the LBD-TMD
linker structure may underlie subunit-specific contributions to
ion permeation (Watanabe et al., 2002) and channel gating
(Banke and Traynelis, 2003; Sobolevsky et al., 2007; Blanke and
VanDongen, 2008a,b; Kussius and Popescu, 2009). Recent work
from our laboratory suggests that despite subunit-specific differ-
ences in the structure of the LBD-TMD linkers, NMDA receptors
undergo concerted gating that appears tightly coupled at the level
of these linkers (Talukder and Wollmuth, 2011). Still, how these
different LBD-TMD linker arrangements couple the LBD to pore
opening remain unknown.

NMDA receptors can form di-heteromeric (e.g., GluN1/
GluN2 and/or GluN1/GluN3) or tri-heteromeric (e.g., GluN1/
GluN2/GluN3) receptors that differ widely in their biophysical
and pharmacological properties (Traynelis et al., 2010). The ini-
tial step mediating the formation of these iGluR heteromers is
dimer formation. However, much controversy exists regarding
the nature of this initial dimer—whether it is a homodimer (e.g.,
GluN1) (Papadakis et al., 2004; Farina et al., 2011) or a het-
erodimer (e.g., GluN1/GIuN2) (Schiiler et al., 2008)—and the
order in which the dimers assemble to form a functional tetra-
meric receptor. The amino-terminal domain in iGluRs is critical
for initial dimer formation (Paoletti and Neyton, 2007; Shanks et
al., 2010; Farina et al., 2011). Interestingly, heteromeric AMPA
receptors (e.g., GluAl/GluA2), like NMDA receptors, are ar-
ranged in an alternating subunit-specific manner (A1/A2/A1/A2)
(Mansour et al., 2001). Therefore, the presence of subunit-
specific conformations in heteromeric assemblies may be a nec-
essary component not only of dimer formation, but also for
tetramerization and/or for stabilization of the tetrameric assem-
bly. Thus, the existence of two distinct conformations may serve
a role in ensuring the proper biosynthesis and trafficking of
iGluRs to the membrane, but the role of the specific conforma-
tions in these processes remain unknown.
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