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(Background: NMDA receptors are ion channels activated by glutamate and glycine and inhibited by zinc.
Results: Zinc binding causes a decrease in distance between the amino-terminal domain lower and upper lobes without affecting

Conclusion: Zinc induces cleft closure in the amino-terminal domain without causing large scale rearrangements in the upper

Significance: This work demonstrates zinc-induced conformational changes in a functional NMDA receptor.
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N-Methyl-p-aspartate (NMDA) receptors mediate excitatory
neurotransmission in the mammalian central nervous system.
An important feature of these receptors is their capacity for
allosteric regulation by small molecules, such as zinc, which
bind to their amino-terminal domain (ATD). Zinc inhibition
through high affinity binding to the ATD has been examined
through functional studies; however, there is no direct measure-
ment of associated conformational changes. We used lumines-
cence resonance energy transfer to show that the ATDs undergo
a cleft closure-like conformational change upon binding zinc,
but no changes are observed in intersubunit distances. Further-
more, we find that the ATDs are more closely packed than the
related AMPA receptors. These results suggest that the stability
of the upper lobe contacts between ATDs allow for the efficient
propagation of the cleft closure conformational change toward
the ligand-binding domain and transmembrane segments, ulti-
mately inhibiting the channel.

N-Methyl-p-aspartate (NMDA) receptors mediate rapid
excitatory transmission in the central nervous system, and
their dysfunction is implicated in a variety of neurological
disorders including Alzheimer, Parkinson, and excitotoxic-
ity during ischemic stroke (for review, see Ref. 1). NMDA
receptors are obligate heteromers typically composed of gly-
cine-binding GluN1 subunits and glutamate-binding GluN2
subunits. GIuN2 subunits have four different subtypes A-D.
Each subunit of the NMDA receptor is organized into distinct
domains: the intracellular C-terminal domain, the transmem-
brane pore-forming region, the extracellular ligand-binding
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domain (LBD)* and the amino-terminal domain (ATD). The
ATD is important for receptor assembly (2), governing open
channel probability (3), and allosteric regulation by small mol-
ecules (4, 5).

Recently, Karakas et al. reported the structure of the isolated
ATDs of a GluN1/GluN2B NMDA receptor in a tetrameric
configuration (6). The subunit arrangement in this structure is
strikingly more compact than the ATDs in the full-length struc-
ture of the homologous AMPA receptor (Fig. 1). When mea-
suring from the first amino-terminal residue in the AMPA
receptor structure, the top of the most distal ATDs (subunits A
and C) are 127 A apart whereas the analogous GluN1 positions,
according to sequence alignments, are separated by only 97 A
(Fig. 1) (7, 8). The distances between the GluN2 subunits, anal-
ogous to the AMPA receptor B and D subunits (Fig. 1), are even
shorter with distances of 33 A and 92 A for NMDA and AMPA
receptors, respectively (6, 7). This disparity raises the question
of whether the NMDA receptors are in fact more compact than
AMPA receptors or whether this proximity between dimers is
due to the loss of lower domains in the isolated ATD structure.
To test this, we have used luminescence resonance energy
transfer (LRET) to map the tetramer organization in full-
length, functional GluN1/GluN2A receptors.

The ATDs contain the binding sites of small molecule allo-
steric inhibitors such as zinc. Although zinc inhibits NMDA
receptors through a voltage-dependent pore-blocking action
(9), its allosteric inhibition through binding to the ATD is of
particular interest. Allosteric inhibition by zinc is subtype-se-
lective, exhibiting micromolar affinity for GluN2B subunits but
nanomolar affinity for GIluN2A subunits, where zinc binding
reduces open channel probability (9 —11). Moreover, this inhi-
bition occurs at physiologically relevant zinc levels and/or dur-
ing co-release of zinc with glutamate (12, 13). Modeling of the
GluN2A ATD followed by functional studies of a GluN2A-con-

“The abbreviations used are: LBD, ligand-binding domain; ATD, amino-
terminal domain; CHO, Chinese hamster ovary; LRET, luminescence
resonance energy transfer; PDB, Protein Data Bank; bL-APV, pL-2-amino-5-
phosphonopentanoic acid; Tricine, N-[Tris-(hydroxymethyl) methyl] glycine.
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FIGURE 1. Comparison of intersubunit distances of the AMPA and NMDA
receptor ATDs. A, crystal structure of the ATDs from the full-length GluA2
homotetramer is shown (PDB ID code 3KG2 (7)). The B and D subunits are in
green, and the A and C subunits are in blue. Stated distances are measured
from the a-carbon of Asn-10, shown in red. B, top view of the GIuUN1/GIuN2B
isolated ATD structure is shown (PDB ID code 3QEL (6)). The GIuN2B subunits
(corresponding to the B and D subunits of GIuA2) are colored green, and the
GIuN1 subunits (conforming to the A and C subunits) are colored blue. Dis-
tances are measured from the a-carbon of Pro-24 of GIuN1 and Pro-32 of
GIuN2B, shown in red.

taining NMDA receptor showed that key negatively charged
residues at the “entrance” of the ATD cleft are involved in
screening zinc binding to the ATD (4). Additionally, use of the
substituted cysteine accessibility method within the ATD cleft
first suggested that the ATD cleft may be closing around a
ligand, similar to the LBDs or leucine/isoleucine/valine-bind-
ing proteins (4). Mutagenesis of the GluN2A ATD and the
structure of the zinc-bound GluN2B ATD confirmed that zinc
binds within the cleft of the bilobed structure of the ATD (8, 14,
15). Propping the ATD cleft open using thiol-reactive cross-
linking agents increases open channel probability, suggesting
that zinc binding to the ATD, which reduces open channel
probability, proceeds through a cleft closure mechanism (3).
Furthermore, molecular dynamics simulations support the pre-
mise that the ATD of GIuN2A can undergo a cleft closure-type
conformational change (16). Taken together, these data pro-
vide indirect evidence that zinc inhibits the NMDA receptor by
closing the bilobed ATD and allosterically influencing conforma-
tional equilibrium between closed and open states. However, this
change is not observed in the structure of the zinc-bound ATD
of GIuN2B (8), and no structural data demonstrating this cleft
closure or measuring its extent have been reported (17). We
employed LRET to detect these hypothesized zinc-induced
conformational changes in the GluN2A ATD and to further
determine whether zinc binding induces larger rearrangements
between subunits.
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EXPERIMENTAL PROCEDURES

Cloning and Mutagenesis—All constructs were in pcDNA3.1
vectors. To specifically label receptors with maleimide-derived
fluorophores, all non-disulfide-bonded cysteines, as identified
from existing crystal structures and previous work in our labo-
ratory (18, 19), were mutated to serines: C22S and C67S for
GIuN1 (called GluN1*) and C231S, C395S, and C461S for
GluN2A (called GIuN2A*). Additionally, to measure distance
changes in full-length receptors in intact membranes without
protein purification, the thrombin cleavage site (LVPRGS) was
introduced between donor and acceptor fluorophores (for sites,
see Fig. 2). To label GluN1, Cys-22 was retained, referred to as
GIluN1*“*? (Fig. 2). To allow for comparison with the crystal
structure distances, label sites at the amino terminus of
GluN2A were inserted just before the first residue of the crystal
structure (PDB ID code 3QEL) (6). Either a hexahistidine tag
or cysteine was introduced after Lys-29, referred to as
GIuUN2A*3° or GIUN2A*“*°, respectively (Fig. 2). To probe
conformational changes within the GIuN2A cleft, Cys-231 was
retained in the GIuUN2A*™° construct, referred to as
GIuN2A*H39+ <231 (Fig, 2). The zinc-insensitive mutant of
GIuN2A was made in the GIUN2A*3°" <231 construct by intro-
ducing H44A and H128S mutations, which substantially reduce
zinc affinity for the ATD, called GIuN2A*H30* <231/PHM (14, 15),
Mutations were introduced using traditional PCR methods and
verified by sequencing.

Protein Expression and Labeling—Chinese hamster ovary
(CHO) cells were maintained in Ham’s F12 Nutrient Mix (Invit-
rogen) supplemented with 10% FBS (Sigma-Aldrich) and peni-
cillin/streptomycin (Invitrogen). Cells were passaged once they
reached a confluence of 80 -90%, approximately every 2 days.
CHO cells were transfected using Lipofectamine 2000 (Invitro-
gen) with 5-12 ug of DNA/10-cm dish, at a GluN1:GluN2A ug
ratio of 1:3 (20), a DNA:Lipofectamine ratio of 1:2, and when
cells were 50-80% confluent. To induce expression of the
NMDA receptor, cells were maintained in glutamine-free
DMEM (Invitrogen) (21) for 1-2 h prior to transfection
through their harvest for use in spectroscopic studies. Cells
were allowed to express for at least 40 h in the presence of
saturating concentrations of the inhibitor bL-2-Amino-5-phos-
phonopentanoic acid (pL-APV) before being harvested, labeled,
and used for LRET studies. Cells were collected in extracellular
buffer containing 1 mm CaCl,, 150 mm NaCl, 2.8 mm KCl, 10 mm
HEPES, and EDTA-free Complete Protease Inhibitor Mixture
(Roche Diagnostics), pH 7.3-7.5. CHO cells were labeled for 1 hat
room temperature on a rotator in the dark using 200 nm donor and
acceptor fluorophores in a 2—3-ml volume. The donor fluoro-
phore used was always terbium chelate (Invitrogen), and the
acceptor fluorophores were either Alexa Fluor 555 (Sigma-Al-
drich) or Ni(NTA),Cy3. Ni(NTA),Cy3 was prepared as described
previously (22) using bis-reactive Cy3 purchased from GE Health-
care. Briefly, free NTA (Dojindo Laboratories) was conjugated to
the bis-reactive Cy3 dye in 0.1 M sodium carbonate. The doubly
conjugated product was purified using preparative thin layer chro-
matography (TLC) and then conjugated to nickel.

Full-length receptors were expressed in Xenopus laevis
oocytes as described previously (23). Briefly, oocytes were sur-
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FIGURE 2. Schematic of an individual iGluR subunit showing label sites for LRET studies. The amino acid sequence and number for the label sites with the
construct name are shown in addition to the labeled domains of the receptor. Residues that bind fluorophores are highlighted in red with thrombin cleavage

sites shown in blue.

gically removed from frogs anesthetized with 0.15% Tricaine
solution (Sigma-Aldrich). Oocytes were defolliculated in type II
collagenase (Worthington), and stage V and VI oocytes were
selected and stored in Barth’s solution containing 88 mm NaCl,
2.5 mM NaHCO3, 1.1 mm KCI, 0.4 mm CaCl,, 0.3 mm Ca(NO,),,
0.8 mm MgCl,, 2.5 mMm sodium pyruvate, 10 mm HEPES, pH 7.3,
and 5 ug/ml gentamicin. RNA was prepared using the Ambion
T7 mMessage mMachine Kit to transcribe the linearized DNA
template. 20 ng of RNA was injected per oocyte at a GluN1:
GluN2 ng ratio of 1:2 (23). Oocytes were allowed to recover at
12 °C for 12-24 h before being induced at 18 °C and preblocked
with 1 mMm B-maleimidopropionic acid for 1 h, which limited
the number of free cysteines on the surface of the oocytes and
subsequently helped reduce nonspecific labeling with the thiol-
reactive fluorophores. Additionally, upon induction, oocytes
were maintained in saturating concentrations of 5,7-dichlo-
rokynurenic acid. 24 h after induction, oocytes were labeled
with 2 um donor and acceptor fluorophores for 1 h at 18 °C and
washed three-five times with Barth’s solution. Membrane frac-
tions were prepared using a lysis buffer composed of 20 mm
Tris-Cl, pH 8.0, 200 mMm NaCl, 1% Triton X-100, and EDTA-
free Complete Protease Inhibitor Mixture (Roche Diagnostics)
in Barth’s solution. Oocytes were homogenized using a
Douncer, and the cell lysate was centrifuged for 15 min at
13,000 rpm and 4 °C to isolate the soluble membrane fraction.
The final volume of the membrane fraction was then brought
up to 2—-3 ml with Barth’s solution and used for LRET analysis.

LRET—Labeled cells or oocyte membrane fractions were
probed in a cuvette-based LRET analysis using a QuantaMaster
model QM3-SS with Fluorescan software (Photon Technology
International). Data were analyzed with Origin 8.6 (OriginLab
Corp.). Donor-only samples were excited at 337 nm, and emis-
sion was collected at 545 nm. Donor-acceptor-labeled samples
were excited at 337 nm, and emission was collected at 565 nm
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for Alexa Fluor 555-labeled samples and at 575 nm for
Ni(NTA),Cy3-labeled samples. A Peltier TE temperature con-
troller maintained the temperature at 15 °C for all recordings.
Terbium chelate was the donor fluorophore used in each case.
For the GluN1-GluN2A and the GIuN2A ATD intrasubunit
measurements, the acceptor fluorophore was Ni(NTA),Cy3
(R, = 65A, with terbium). For the GIuN2A-GIuN2A and
GluN1-GluN1 measurement, the acceptor fluorophore was
Alexa Fluor 555 (R, = 65 A, with terbium). LRET was used in
place of fluorescence resonance energy transfer (FRET) as the
luminescent donor terbium chelate provides several advan-
tages. First, terbium has a long, easily quantified lifetime (24).
The long lifetime allows us to study selectively the donor-ac-
ceptor-labeled protein which has microsecond lifetimes, as
donor-only-labeled protein has millisecond lifetimes and
acceptor-only-labeled protein has nanosecond lifetimes. Sec-
ond, terbium has four sharp emission peaks allowing a range of
donor-acceptor pairs, useful when measuring a variety of dis-
tances (24).

Because these receptors were expressed in nonpurified sys-
tems of CHO cells and X. laevis oocytes, we employed a well
established technique to subtract background fluorescence
from our lifetime measurements (18, 23, 25, 26). Specifically,
after obtaining acceptor lifetime measurements, five units of
high activity bovine thrombin (Calbiochem) were added to the
cuvette and allowed to cleave the receptor; cleavage was com-
plete 1-3 h following addition of thrombin. Any resulting fluo-
rescence detected following thrombin cleavage was considered
background fluorescence due to labeling of other surface pro-
teins and was subtracted from measurements obtained before
thrombin cleavage.

Paoletti et al. demonstrated that zinc contaminates buffers in
the nanomolar range. Considering the high affinity of GIuN2A
for zing, it is probable that contaminating zinc would bind to

JOURNAL OF BIOLOGICAL CHEMISTRY 22557



NMDA Receptor Modulation by Zinc

expressed receptors (9). As such, all measurements in CHO
cells were also measured in the presence of 10 mm Tricine to
ensure any contaminating zinc did not affect our measure-
ments. Zinc-bound measurements were made in the absence of
Tricine and in the presence of 5-10 uMm zinc chloride (Sigma).
This concentration of zinc ensures that zinc-bound conforma-
tions of the ATD are maximally populated. Glutamate-glycine
measurements were collected by adding glutamate and glycine
to a final concentration of 1 mm and 100 uMm, respectively, to
zinc-bound receptors.
Distances were calculated using the Forster equation,

1/6
TpA
Ro i
To T Tpa

where R is the distance between the donor and acceptor fluo-
rophores, R, is the distance at which energy transfer between a
given pair of fluorophores is half-maximal, 7, is the lifetime of
the donor when bound to the receptor, and 7 4 is the lifetime of
the acceptor in the presence of the donor. Error in measure-
ments was calculated using the Error Propagation Calculator
developed by Thomas Huber in the Physics Department of
Gustavus Adolphus College, which applies a propagation of
errors from the fits of the lifetime decays of the LRET data.
Biological repeats of each donor-acceptor lifetime, the z value,
are given in parentheses in Tables 1 and 2. Each experiment is
an average of at least 290 individual scans.
Electrophysiology—CHO cells were transfected using Lipo-
fectamine 2000 with wild-type or mutant GluN1, GluN2A, and
enhanced GFP at a pg ratio of 1.25:3.75:1, respectively, with 6
pg of total DNA/10 ml of medium. After a 10 —12-h incubation
with transfection reagents, cells were plated at low density onto
Petri dishes coated with poly-p-lysine. 400 um DL-APV was present
in the medium during and after transfection. Whole cell patch
clamp recordings were performed 24—48 h after transfection
using borosilicate glass pipettes with 3—5-megohm resistance,
coated with dental wax, fire-polished, and filled with the following
solution: 135 mm CsF, 33 mm CsOH, 2 mm MgCl,, 1 mm CaCl,, 11
mMm EGTA, and 10 mm HEPES, pH 7.4. The external solution was:
140 mm NaCl, 2.8 mm KCl, 1 mm CaCl,, 10 mm HEPES, and 10
Tricine, pH 7.4. Free Zn>" solutions up to 1 um were made as
described by Paoletti ez al. (9), with 10 um zinc added to an external
solution lacking Tricine. Control, agonist, and agonist plus Zn>"
solutions were locally applied to isolated cells using a solenoid
valve system (VC-6; Warner Instruments) and modified theta or
quad barrel tubing as described by Tang (27). Glycine (100 um) was
present continuously, and glutamate (100 um) was applied for 12 s
every 20 s. To isolate the voltage-independent component of Zn>"
block, glutamate applications were performed at 50 mV with series
resistance compensated by 60—80%. All recordings were per-
formed using an Axopatch 200B amplifier (Molecular Devices),
acquired at 10 kHz using pCLAMPI10 software (Molecular
Devices) and filtered online at 3 kHz (8-pole Bessel; Frequency
Devices). All experiments were performed at room temperature.
Data Analysis—For Zn*" dose-response curves, Zn>" inhi-
bition was calculated as the steady-state current at the end of
the glutamate-Zn>" application (I) divided by the current at the

R = (Eq. 1)
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FIGURE 3. Zinc sensitivity of constructs used for LRET. A, representative
whole cell recording from CHO cell expressing GIuN1*/GIluN2A*H30+¢231
receptors in response to 100 um glutamate alone or with 3, 30, or 300 nm free
zinc. B, summary zinc inhibition curves for each construct recorded at 50 mV
with 4-8 cells for each point. Note that each construct shows high affinity
zinc block with an IC,, between 17 and 45 nm zinc, except for the zinc-insen-
sitive GIUN2A*M30+C231/DHM m ytant (red circles). Error bars, S.E.

end of the glutamate-only application (/,,,). Data from each

cell were fit with the following equation,

ax

I 1—-a
[Zn2+]>n +a

/max B 1 +
1Cs0

where a, IC,,, and # are the residual, the half-maximal inhibi-
tion concentration, and the Hill co-efficient, respectively.

(Eq.2)

RESULTS

Strategy for LRET Measurements in CHO Cells and X. laevis
Oocytes—To probe the orientation and distances between ATDs
we measured three intersubunit distances, between the two
GIuN2A subunits, between GIuN2A and GIuN1 subunits, and
between the two GluN1 subunits. Receptors composed of GluN1
and GluN2A subunits were co-expressed in CHO cells and X. lae-
vis oocytes. To subtract background fluorescence in these systems,
we introduced a fluorophore binding sites followed by a thrombin
cleavage sequence. Measuring the LRET signal before and after
thrombin digestion allows for the quantitative subtraction of the
background signal. All constructs used in the LRET measurements
were functional with zinc inhibition intact as determined using
whole cell current recordings in CHO cells (Fig. 3).

VOLUME 288+NUMBER 31-AUGUST 2, 2013



NMDA Receptor Modulation by Zinc

TABLE 1
Lifetimes and distances of tetramer organization in GIuN1-GluN2A NMDA receptors in CHO cells and oocytes
GluN2A-GluN2A LRET Lifetimes and Distances
(33 A in GIuN1/GluN2B Crystal Structure)
Constructs: GIuN1" + GluN2A™°
: Donor Only Donor-Acceptor .
Ligated State (n) Tifetimei(us) Lifetime (us) Distance (A)
CHO Cells Apo (3) 1554 +1.2 142 £1.3 442 +£0.1
Tricine buffered (3) 1529+ 1.4 149+ 1.7 44,7+ 0.1
Zinc (3) 1599+ 1.2 147+£1.0 44.4+£0.1
Zinc, Glu/Gly (3) 1594 £1.3 145+ 1.7 44.1+0.1
X laevis Apo (3) 1528 £7.8 14922 44.9+0.1
oocytes
Zinc (3) 1631 +9.1 152+ 1.6 44.5+0.1
Zinc, Glu/Gly (3) 1578 £6.7 158 +2.4 45.1+0.1
GluN1-GluN2A LRET Lifetimes and Distances
(53 A in GluN1/GIuN2B Crystal Structure)
Constructs: GluN1*? + GluN2A ™
CHO Cells Apo (5) 1502+ 1.2 273433 50.6 0.1
Tricine buffered (2) 1497 £1.2 272+£2.8 50.6 £ 0.1
Zinc (2) 1549+ 1.2 295+ 5.7 51.1£0.2
Zinc, Glu/Gly (3) 1563 £1.3 302+ 4.4 51.0+0.1
X laevis
" Apo (6) 1725+ 1.4 308+3.3 50.4+0.1
Zinc (3) 1700 £ 1.3 298 +£4.0 50.2+0.1
Zinc, Glu/Gly (3) 1710 + 1.4 299+ 3.6 50.2+0.1
GluN1-GluN1 LRET Lifetimes and Distances
(97 A in GIuN1/GluN2B Crystal Structure)
Constructs: GluN1"“** + GluN2A ™
CHO Cells Apo (3) 1502 £ 1.2 no LRET > 95
Tricine buffered (1) 1497 £1.2 no LRET >95
Zinc (3) 1549+ 1.2 no LRET > 95
Zinc, Glu/Gly (3) 1563+ 1.3 no LRET > 95
X laevis
- Apo (3) 1725+ 14 no LRET > 905
Zinc (3) 1700 £ 1.3 no LRET > 95
Zinc, Glu/Gly (3) 1710+ 1.4 no LRET >95
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FIGURE 4. Lifetime measurements of NMDA receptor intersubunit distances in CHO cells. A, GIuN2A-GIuN2A LRET lifetimes obtained by co-expressing
GIuN1* and GIuN2A*“3° and labeling with terbium and Alexa Fluor 555 as donor and acceptor fluorophores, respectively. B, GIuN1-GIuN2A LRET lifetimes
labeled with terbium and Ni(NTA),Cy3 as donor and acceptor fluorophores, respectively. C, GluN1-GluN1 LRET measurements labeled with terbium and Alexa
Fluor 555 as donor and acceptor fluorophores, respectively. D, donor-only lifetimes for the GIJUN2A-GIUN2A measurements. E, donor-only lifetimes for mea-
surements between GIuN1-GIuN2A and GIuN1-GluN1. In all panels, the black line represents lifetimes from receptors in extracellular buffer, green shows
Tricine-buffered solutions, blue illustrates solutions with saturating zinc, and pink represents solutions with both saturating zinc and glutamate/glycine. All

measurements can be fit with a single exponential lifetime decay curve.

Tetramer Organization of GIuNI-GIluN2A ATDs—We mea-
sured the intersubunit distance between GIuN2A ATDs by co-
expressing GIuN2A*C30 (Fig. 2), with GluN1*, and labeling
with a donor: acceptor ratio of 1:1 (maleimide derivatives of
terbium chelate and Alexa Fluor 555, respectively). Based on
the LRET acceptor and donor only lifetimes (see Figs. 5 and 6),
the distances were calculated to be 44.2 = 0.1 A and 44.9 * 0.1
A in CHO cells and oocytes, respectively (Table 1). The dis-
tances measured in standard solutions which may contain trace
amounts of zinc and in Tricine-buffered solutions which con-
tain no free zinc are identical, suggesting that any contaminat-
ing zinc is not significant enough to influence the LRET mea-
surements. These distances are substantially closer to the
distance of 33 A in the structure of the tetrameric isolated
ATDs of the NMDA receptor than the distance of 92 A for
analogous sites in the full-length AMPA receptor (Fig. 1).

To measure between the GIuN1-GluN2A ATDs, GIuN1*<3°
was co-expressed with GluN2A*"3° (Fig. 2). The LRET life-
times for the distance between terbium chelate-labeled GluN1
and Ni(NTA),Cy3-labeled GIuN2A subunits in CHO cells
and oocyte membrane fractions are shown in Figs. 4 and 5.
The lifetimes can be well represented by a single exponential
decay, suggesting that we are measuring only a single dis-
tance. The distance is 50.6 = 0.1 A and 50.4 * 0.1 A in CHO
cells and oocytes, respectively (Table 1). This distance is in
good agreement with the shortest GluN1-GluN2A distance
of 53 A in the tetrameric crystal structure of the isolated
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ATDs of the NMDA receptor (see “Discussion”) and the 59 A
between ATD dimers in the full-length GluA2 AMPA recep-
tor structure (Fig. 1).

Similar LRET measurements of GluN1-GluN1 intersubunit
distances in NMDA receptors in CHO cells were made by
expressing GluN1*<?? with GIuN2A*"° (Fig. 2). No LRET was
detectable when the construct was labeled with maleimide
derivatives of terbium chelate and Alexa Fluor 555 in both CHO
cells and X. laevis oocytes (Figs. 4 and 5). The lack of LRET
suggests that the intersubunit distance between Cys-22 on
GluN1 subunits is >95 A (corresponding to energy transfer
efficiencies of <0.1, Fig. 6), consistent with the 97 A distance in
the tetrameric crystal structure of isolated ATDs of the NMDA
receptor (Fig. 1). This measurement does not rule out the con-
figuration in the crystal structure of the full-length AMPA
receptor, which shows a distance of 127 A for analogous sites.
However, all three distances taken together suggest that the
ATDs in the NMDA receptor are indeed more compactly
arranged and our measurements are consistent with the crystal
structure of the isolated ATDs (6). The NMDA receptor ATDs
do not seem to be as splayed apart as the ATDs in the full-length
AMPA receptor structure.

Conformational Changes Induced by Zinc Binding—Mea-
surements similar to those used to probe the tetramer organi-
zation were used to characterize intersubunit distances upon
zinc binding and subsequent binding of the agonists glutamate
and glycine. The LRET lifetimes that probe the intersubunit
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120

distances show no change in the presence of zinc either alone or
with saturating glutamate and glycine in both CHO cells (Fig. 4)
and in oocytes (Fig. 5). As such, the distances between subunits
in these ligated states are indistinguishable from the apo state
(Table 1). Importantly, these constructs all retain high affinity
voltage-independent zinc inhibition with IC ,values of 17 * 2
and 45 * 2 nm for GluN1*“**/GluN2A*"*® and GluN1*/
GIuN2A*<3°, respectively (Fig. 3), in good agreement with pre-
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viously reported values for wild-type NMDA receptors com-
posed of GluN1/GluN2A subunits (15, 28, 29).

To study the conformational changes within the ATD of
GluN2A subunits upon binding zinc, LRET lifetimes were
obtained using the GIuN2A*"3°* <231 construct, which retains
Cys-231, located in the lower lobe of the ATD (Fig. 2). The
receptor composed of GIuN1*/GIuN2A*H30TC231 retains
high affinity zinc inhibition with an IC,, of 35 * 2 nwm (Fig. 3),
which is consistent with previously reported wild-type affinities
(15, 28, 29). GIuUN2A*H30+ <231 yag co-expressed with GluN1*
in CHO cells, and receptors were labeled with a maleimide
derivative of terbium chelate, which binds to Cys-231 and a
Ni-NTA conjugate of Cy3, which binds the His tag. This label-
ing strategy eliminated energy transfer between the amino ter-
mini of GluN2A subunits within the tetramer, allowing us to
measure the GluN2A ATD cleft directly. The sensitized accep-
tor- and donor-only lifetime measurements (Fig. 7) yield a dis-
tance of 51.6 = 0.2 A and 51.2 = 0.1A in CHO cells using
standard solutions or Tricine-buffered solutions, respectively
(Table 2). Zinc binding induced a 3.5—4 A decrease in distance
between the donor and acceptor sites relative to the unligated
states, with the distance being 47.7 + 0.1 A (Fig. 7 and Table 2).
This result suggests that a cleft closure conformational
change takes place in the ATD upon zinc binding. Subse-
quent binding of the agonists glutamate and glycine does not
alter the intrasubunit distance of the GIuN2A ATD cleft
(Fig. 7).
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TABLE 2

Lifetimes and distances of the GIuUN2A ATD cleft (~48 A in GIuN2B ATD crystal structure)

Zinc-sensitive

constructs: GIuN1* + GIuN2A*H130+¢231

Zinc-insensitive mutant
constructs: GluN1* + GluN2A*H30+C231/DHM

Donor-only Donor-acceptor

Donor-only Donor-acceptor

Ligated state (1) lifetime lifetime Distance lifetime lifetime Distance
us ps A us ps A
Apo (4-6) 1546 = 1.4 316 = 8.1 51.6 £ 0.2 1539 = 2.0 302 +2.8 514 *0.1
Tricine-buffered (2) 1590 = 1.3 312+ 54 512 +0.1 1547 £ 2.7 304 = 3.2 514 *=0.1
Zinc (4) 1592 = 1.3 219 *+ 34 47.7 = 0.1 1591 = 3.1 313 +55 514 *0.2
Zinc, Glu/Gly (1) 1610 = 1.4 211+ 1.6 474 0.1

To confirm that the cleft closure was caused by zinc binding
to the ATD, we combined two mutations in the ATD (H44A
and H128S), which individually reduce zinc inhibition (14, 15)
onto the background of our GIuN2A*"3°* <231 construct used for
cleft closure measurements, called GIuN2A*30*<231/DHM Flec.
trophysiology experiments confirm that this construct shows no
substantial voltage-independent inhibition by zinc at concentra-
tions as high as 10 um (Fig. 3). These experiments reveal that the
cleft closure is zinc-dependent because acceptor- and donor-only
lifetimes of receptors in the apo state, receptors in Tricine-buff-
ered solutions, and receptors in zinc-added solutions all yielded
distances that were identical, 51.4 = 0.1 A (Fig. 7 and Table 2). The
distance matches the cleft distance in the apo receptor with wild-
type zinc binding (Table 2). These experiments demonstrate that
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zinc induces a cleft closure conformational change in the bilobed
ATD structure of GIuN2A.

DISCUSSION

Our results corroborate that the tetramer organization of the
NMDA receptor at the ATD is quite distinct from that of the
AMPA receptor. In the full-length crystal structure, the AMPA
receptor subunits are organized as a dimer of dimers with the
dimer pairs relatively far apart from each other. This separation
is evident in the distances measured between the a-carbons of
the amino-terminal residues of the ATD (Fig. 1). In contrast,
the NMDA receptor dimer pairs are much more compact. Fur-
thermore, the closest contact between dimer pairs in the
AMPA receptor occurs at the carboxyl terminus of the ATD,
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between the subunits labeled as B and D (Fig. 1). The GIuN2A
subunits occupy these B and D positions at the ATD, but unlike
the AMPA receptor, it is their amino termini that are angled
toward each other (6). This angling results in a much shorter
intersubunit gap than seen between the B and D subunits of the
AMPA receptor (Fig. 1 for the distance). Interestingly, the
GluN2B-GluN2B distance in the crystal structure is ~33 A,
whereas the experimentally measured GIuN2A-GIluN2A dis-
tance is consistently around 44 A in both CHO cells and X.
laevis oocytes. It is possible that the difference arises from a
difference in orientation of the fluorophores. However, it is also
possible that the larger distance arises from the GluN2A sub-
units being angled slightly further away from each other than in
the GIuN1/GIuN2B isolated ATD crystal structure. In support
of this latter idea, there are two sets of distances between GluN1
and GluN2B: within a dimer (61 A) and between dimers (53 A)
(Fig. 1). However our data are very well fit by a single exponen-
tial yielding a distance of 51 A, suggesting that the interdimer
and intradimer distances are very close together, near 51 A.
This situation would arise if the upper lobes of GluN2A ATDs
were positioned further away from each other than seen in the
GIuN1/GIuN2B structure (6).

Using atomic force microscopy, Suzuki et al. found that the
height of the NMDA receptor decreases ~1 nm when both
agonists glutamate and glycine are bound to the receptor (30).
The LRET data, on the other hand, show no change in intersub-
unit distances in the presence of glutamate and glycine, sug-
gesting that the upper lobes of the ATDs do not move apart
during gating or desensitization. To integrate these two obser-
vations, we speculate that LBD closure around the ligand
results in rearrangement of the LBD dimer interface (31) and a
general downward pulling on the ATDs, without altering the
orientation of the ATD subunits at the top. Essentially, the
“shortening” of the receptor upon agonist binding stems pre-
dominantly or exclusively from closure motions of the LBD.
Further experiments will be required to examine the motions of
the ATD-LBD linker during agonist and modulator binding.

NMDA receptors differ from the AMPA and kainate recep-
tor subtypes in their ability to bind small molecule allosteric
inhibitors at their ATD. Cross-linking and cleft-locking exper-
iments provide indirect evidence for a cleft closure conforma-
tional change induced by these small molecules (3, 32). How-
ever, the crystal structures of the isolated GluN2B ATD in the
apo- and zinc-bound forms (PDB ID codes 3JPW and 3JPY) are
both in the closed-cleft conformation, with only a 0.3 A differ-
ence between the a-carbons of residues labeled in our experi-
ments (8). The LRET data presented here show that on average
the GIuN2A ATD cleft is more closed in the zinc-bound state
relative to the cleft in the absence of zinc. This is further con-
firmed by the absence of this change in the zinc-insensitive
mutant (Fig. 7).

In both the absence and presence of zinc, crystal structures
capture a closed-cleft state of the ATD, suggesting that this
domain samples a range of conformations from an open to a
closed-cleft state (8). A similar situation occurs with the LBD of
AMPA receptors where single molecule FRET (smFRET) stud-
ies show that the LBD samples a spectrum of open- and closed-
cleft conformations in both apo- and agonist-bound states (33,
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34), with the agonist-bound forms on average being more
closed. Similar NMR and smFRET studies such as those per-
formed on the AMPA receptor LBD may be able to provide
insight into the role of such dynamics in zinc modulation of the
receptor function (33-36).

GluN1/GIuN2 interactions may also play a role in zinc mod-
ulation. Recent work by Zhu et al. argues that the GluN1 ATD
undergoes both twisting and cleft closure conformational
changes as well as interacting with the GluN2B ATD to influ-
ence glutamate binding at the LBD (37). However, any such
interactions would arise without causing large scale motions
between the upper lobes in intact functional receptors (Figs. 4
and 5). These findings and recent computational studies sug-
gest that the NTDs of both GluN1 (37) and GluN2B undergo
lateral twisting motions (16, 38) as well as cleft closure move-
ments (16, 37). Our data demonstrate that zinc induces a cleft
closure motion in GIuN2A, but further work will be needed to
explore and measure any three-dimensional twisting motions
of these domains and the role of any GIuN1/2A interactions in
allosteric modulation.
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