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a b s t r a c t

Unlike GluN2-containing N-methyl-D-aspartate (NMDA) receptors, which require both glycine and gluta-
mate for activation, receptors composed of GluN1 and GluN3 subunits are activated by glycine alone.
Here, we used atomic force microscopy (AFM) imaging to examine the response to activation of the
GluN1/GluN3A excitatory glycine receptor. GluN1 and GluN3A subunits were shown to interact
intimately within transfected tsA 201 cells. Isolated GluN1/GluN3A receptors integrated into lipid
bilayers responded to addition of either glycine or D-serine, but not glutamate, with a �1 nm reduction
in height of the extracellular domain. The height reduction in response to glycine was abolished by the
glycine antagonist 5,7-dichlorokynurenic acid. Our results represent the first demonstration of the effect
of activation on the conformation of this receptor.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction 2. Materials and methods
N-methyl-D-aspartate (NMDA) receptors operate as obligate
heterotetramers that usually contain two GluN1 subunits and
either two GluN2 subunits or one GluN2 and one GluN3 subunit
[1]. While GluN1 and GluN3 bind glycine and D-serine, GluN2 binds
glutamate; hence, activation of GluN2-containing receptors requires
both glycine/D-serine and glutamate. In contrast, receptors composed
of GluN1 and GluN3 subunits can be activated by glycine in the
absence of glutamate [2,3]. These GluN1/GluN3 excitatory glycine
receptors also lack the high Ca2+ permeability and strong voltage-
dependent Mg2+ block shown by conventional GluN2-containing
NMDA receptors [2,4].

We have recently used atomic force microscopy (AFM) imaging
of GluN1/GluN2A NMDA receptors integrated into lipid bilayers to
reveal a rapid activation-induced conformational change in the
extracellular domain of the receptor [5]. In the present study, we
have isolated receptors composed of GluN1 and GluN3A subunits.
We show that the GluN1/GluN3 receptor undergoes a conforma-
tional change in response to either glycine or D-serine alone, but
does not respond to glutamate.
2.1. Cell culture

tsA 201 and HEK-293 cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% (v/v) fetal bovine serum,
100 lg/ml of streptomycin and 100 units/ml of penicillin in an
atmosphere of 5% CO2/air.

2.2. Constructs

The following constructs were used: wild type (WT) rat GluN1
in the vector pcDNA3.1; GluN1 with a hemagglutinin (HA)/His8

tag between residues 416 and 417 in the agonist binding domain
(ABD), also in pcDNA3.1; wild type rat GluN3A in the vector
pcINeo; and GluN3A with an N-terminal Myc epitope tag, also in
pcINeo.

2.3. In situ proximity ligation assay

tsA 201 cells growing on lysine- and collagen-coated glass cov-
erslips were co-transfected with 1.5 lg each of DNA encoding
GluN1-HA and WT GluN3A. Cells were incubated for 24 h at
37 �C to allow protein expression, and the proximity ligation reac-
tion was carried out according to the manufacturer’s instructions
(Olink Bioscience). Antibodies used were rabbit polyclonal anti-
HA (Sigma, H6908) plus either mouse monoclonal anti-GluN3A
(Thermo Scientific, K35/40.1, raised against residues 780–914) or,
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as a negative control, mouse monoclonal anti-V5 (Life Technologies,
R960-25). Cells were imaged by confocal laser scanning
microscopy.

2.4. Assay for receptor function

HEK-293 cells growing on poly-L-lysine-coated coverslips were
transfected with DNA encoding WT GluN1 (0.5 lg) and either WT
or Myc-tagged GluN3A (1.5 lg), using polyethylenimine as the
transfection reagent. This 1:3 DNA ratio was used to minimize
the likelihood that GluN1 homotetramers would be generated.
DNA encoding Red Fluorescent Protein (RFP; 0.5 lg) was also
included as a marker for transfection. After 48 h, cells were
incubated in buffer (140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM
CaCl2, 10 mM glucose and 10 mM HEPES, pH 7.3) containing
2 lM Fluo-4 AM at room temperature for 1 h. The solution was
then replaced with dye-free buffer to enhance the de-esterification
of the Fluo-4 AM. The cells were imaged by confocal microscopy
using a 40� oil immersion objective with a 488 nm laser to excite
the Fluo-4 and a 543 nm laser to detect RFP. The imaging frequency
was 1 Hz. Cells were treated with glycine (200 lM) in the absence
and presence of the glycine site antagonist 5,7-dichlorokynurenic
acid (DCKA; 1 mM). Changes in Fluo-4 fluorescence were detected
using the ImageJ ‘time series analyzer’ V2.0 plug-in. Fmax was
measured by saturating the dye with 10 mM Ca2+ in buffer contain-
ing 0.1% (v/v) Triton X-100. Transfection efficiency was typically
�50%, and �25 RPF-positive cells were included in each field of
view.

2.5. Receptor isolation

tsA 201 cells were transfected with DNA using calcium phos-
phate precipitation. In all cases, 250 lg of DNA was used to trans-
fect 5 � 162 cm2 flasks. For co-transfections of GluN1 and Myc-
GluN3A, 125 lg of DNA for each construct were used. After trans-
fection, cells were incubated for 48 h at 37 �C to allow protein
expression. Transfected cells were grown to confluence and solubi-
lized in 1% (v/v) Triton X-100 for 1 h at 4 �C before centrifugation at
62,000g in order to remove all insoluble material. Solubilized
extracts were incubated with anti-Myc-agarose beads (Sigma) for
3 h. The beads were then washed extensively before the bound
protein was eluted with Myc peptide (100 lg/ml). The eluted sam-
ples were analyzed by SDS–polyacrylamide gel electrophoresis
(SDS–PAGE), followed by silver staining and/or immunoblotting
using mouse monoclonal anti-GluN1 (Abcam, ab134308,
S308-48, raised against amino acids 42–361) or mouse monoclonal
anti-GluN3A (as above) primary antibody followed by horseradish
peroxidase-conjugated goat anti-mouse secondary antibody
(BioRad). Immunopositive bands were visualized using enhanced
chemiluminescence.

2.6. Integration of receptors into liposomes

Chloroform solutions of L-a-phosphatidylcholine (PC) and brain
L-a-phosphatidylserine (PS; Avanti Polar Lipids) were mixed at a
molar ratio of 3:1. The chloroform was then evaporated under a
stream of nitrogen gas, and the lipids were mixed with 200 ll of
purified receptor in 2% 3-[(3-cholamidopropyl) dimethylammo-
nio]propanesulfonate (Sigma). The mixture was dialysed at 4 �C
against HEPES-buffered saline (HBS; 100 mM NaCl; 20 mM
HEPES–NaOH, pH 7.6) for 3 days, with several buffer changes.
The resulting liposome suspension was deposited onto freshly-
cleaved mica disks. After a 3-min adsorption, the sample was
rinsed with HBS containing 1 mM CaCl2 to remove unadsorbed
liposomes, and then transferred to the atomic force microscope.
2.7. AFM imaging

AFM imaging under fluid was carried out at room temperature
(20 �C) using a Bruker Multimode atomic force microscope. All
images were collected in ‘tapping’ mode, using the B triangle of a
SNL-10 silicon nitride probe (Bruker). The cantilevers (with a typ-
ical spring constant of 0.12 N/m) were tuned to 10–20% below the
peak of the resonance frequency, generally found between 15 and
30 kHz. The drive amplitude was set to generate a root-mean-
square amplitude of 0.5 V. The microscope was engaged with a
0-nm scan area to allow for tuning. The setpoint was adjusted to
the highest setting that allowed imaging with little noise, to
minimize the force applied to the sample. Images were captured
at a scan rate of 2 Hz, and with 512 scan lines per area. Data
analysis was performed using the Nanoscope III software.

2.8. Statistical analysis

Histograms were drawn with bin widths chosen according to
Scott’s equation:

Bin width ¼ 3:5 r=n1=3 ð1Þ

where r is an estimate of the standard deviation and n is the sample
size [6]. Where Gaussian curves were fitted to the data, the number
of curves was chosen to maximize the r2 value while giving signif-
icantly different means using Welch’s t-test for unequal sample
sizes and unequal variances [7]. The significance of differences
between Gaussian distributions was determined using a two-
sample t-test. P < 0.05 was taken as significant. All errors are S.E.M.
3. Results

An in situ proximity ligation assay was carried out to determine
whether GluN1 and GluN3A interact in intact tsA 201 cells. Cells
were co-transfected with DNA encoding GluN1-HA/His8 and WT
GluN3A. The assay uses two secondary antibodies, each bearing a
short DNA strand [8]. When the secondary antibodies are brought
into close proximity (<40 nm) by binding to their relevant primary
antibodies (in this case rabbit anti-HA and a mouse anti-GluN3A
that recognizes the extracellular loop between transmembrane
regions 3 and 4), the DNA strands hybridize with an additional
circle-forming oligodeoxynucleotide. Ligation then creates a
complete circularized oligodeoxynucleotide, and rolling circle
amplification increases the amount of circular DNA several
100-fold. The DNA is then visualized using a fluorescent probe.
The assay gave a bright signal with cells co-expressing GluN1-HA/
His8 and GluN3A (Fig. 1A); however, there was no signal when
the anti-GluN3A antibody was replaced by a mouse anti-V5
antibody (Fig. 1B), even though the cell monolayer was almost con-
fluent, as can be seen in the corresponding brightfield image
(Fig. 1C). Hence, GluN1 interacts with GluN3A within intact cells.

Given that we planned to isolate the GluN1/GluN3A receptor by
immunoaffinity chromatography using a Myc epitope tag on
GluN3A, we first checked that the tag does not affect the functional
properties of the receptor. To do this we co-transfected HEK-293
cells with DNA encoding WT GluN1 and either WT or Myc-tagged
GluN3A, and measured the Ca2+ responses of the cells to addition of
glycine, using the fluorescent Ca2+ indicator, Fluo-4. As shown in
Fig. 2A, addition of glycine (200 lM) to the co-transfected cells
elicited a small but clear Ca2+ signal, as previously shown with
GluN1/GluN3 receptors endogenously expressed in CNS myelin
[9]. Importantly, the presence of the N-terminal Myc tag on
GluN3A did not affect the Ca2+ response to glycine. As expected,
cells expressing GluN1/WT GluN3A or GluN1/Myc-GluN3A did
not respond to glycine in the presence of the glycine site antagonist



Fig. 1. In situ proximity ligation demonstrates an intracellular interaction between GluN1 and GluN3A. (A) tsA 201 cells were co-transfected with DNA encoding GluN1-HA
(ABD) and WT GluN3A. Cells were fixed, permeabilized and incubated with primary antibodies (mouse monoclonal anti-GluN3A and rabbit polyclonal anti-HA) followed by
anti-mouse (+) and anti-rabbit (�) proximity ligation secondary antibodies. The proximity ligation assay was then carried out. Scale bar, 20 lm. (B) As in (A), except that
mouse monoclonal anti-GluN3A was replaced by mouse monoclonal anti-V5. (C) Brightfield image of the same area as that shown in (B).

Fig. 2. Functional activity of the GluN1/GluN3A receptor. HEK-293 cells were co-transfected with WT GluN1 and either WT (black lines) or Myc-tagged (gray lines) GluN3A,
together with RFP as a marker for transfection. Ca2+ responses of the cells to addition of glycine (200 lM, present during the time indicated by the bar) were measured using
the fluorescent Ca2+ indicator, Fluo-4 in the absence (A) or presence (B) of the antagonist DCKA (1 mM). The Ca2+ response of cells expressing RFP only was also assessed (C).
Error bars represent S.E.M. for areas on three coverslips (n = 3), each containing �25 RFP-positive cells.
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DCKA (1 mM; Fig. 2B), and glycine did not elicit a Ca2+ signal in
cells expressing RFP only (Fig. 2C). On the basis of these results,
we conclude that Myc-tagged GluN3A is fully functional.

tsA 201 cells were co-transfected with DNA encoding WT GluN1
and Myc-GluN3A, and protein was isolated from the transfected
cells by anti-Myc affinity chromatography. Analysis of an isolated
protein sample on a silver stained gel revealed two bands of almost
equal intensity at �120 and �140 kDa (Fig. 3A, arrows). Immuno-
blotting using appropriate anti-subunit antibodies indicated that
these two bands were GluN1 and GluN3A, respectively. Hence,
GluN1 was robustly co-isolated with GluN3A. Contaminant bands
were also seen on the silver stained gel. Isolated receptors were
integrated into liposomes (PC:PS, 3:1). The proteoliposomes were
deposited onto a mica disk to produce a supported proteolipid
bilayer. AFM imaging of this bilayer under fluid revealed a smooth
layer containing protein particles (Fig. 3B). Sections through the
breaks in the bilayer indicated a height above the mica support
of approximately 4 nm, as seen previously [5]. Imaging of a num-



Fig. 3. Isolation and bilayer integration of GluN1/GluN3A receptors. (A) Proteins isolated from cells co-expressing WT GluN1 and GluN3A-Myc by anti-Myc immunoaffinity
chromatography were analyzed by SDS–PAGE followed by either silver staining or immunoblotting using mouse monoclonal anti-GluN1 or anti-GluN3A antibodies. The silver
stained gel of the isolated protein (left panel) shows bands at �120 and �140 kDa (arrows). Immunoblotting using anti-subunit antibodies demonstrated that these bands
were GluN1 and GluN3A, respectively (center and right panels). (B) AFM image of a bilayer containing untreated receptors. Scale bar, 100 nm; height range 0–20 nm. A section
through the bilayer, taken at the position indicated by the line, is shown below. (C) Zoomed images of receptors decorated either singly (upper panels) or doubly (lower
panels) by anti-GluN1 antibodies. Scale bar, 50 nm; height range 0–20 nm. (D) Frequency distribution of heights of antibody-decorated receptor particles. A fitted Gaussian
curve is overlaid on the histogram.
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ber of the bilayer-integrated particles revealed two distinct height
populations at around 4 nm and around 7 nm; for example, Fig. 2B
shows two particles of heights 4.1 nm (arrowhead) and 7.0 nm
(arrow).

To further characterize the two particle populations, the prote-
oliposomes were incubated with an antibody against the ABD of
the GluN1 subunit (described above). Fig. 3C shows a gallery of
particles that were either singly (top panels) or doubly (bottom
panels) decorated by antibodies. The frequency distribution of
heights of the antibody-decorated particles (determined as
illustrated in Fig. 2B) had a peak at 7.2 ± 0.3 nm (n = 45; Fig. 3D),
demonstrating that the taller particles represent the extracellular
region of the receptor. The smaller particles likely represent a
mixture of incompletely assembled receptors, receptors integrated
intracellular face up, and impurities.

Fig. 4A shows a frequency distribution of the heights of particles
in an untreated proteolipid bilayer. As mentioned above, the distri-
bution had two peaks, at 4.0 ± 0.2 nm (n = 51) and 6.8 ± 0.2 nm
(n = 49). When bilayer-integrated GluN1/GluN3A receptors were
incubated with 10 lM glycine, the frequency distribution of
heights of the particles above the bilayer again showed two peaks,
at 3.9 ± 0.2 (n = 44) and 6.0 ± 0.1 nm (n = 56; Fig. 4B). Importantly,
the higher peak was significantly lower than that in the control
sample (P = 0.004), whereas the lower peak did not change,
indicating that the extracellular region had undergone a
conformational change upon addition of glycine. A similar
reduction in the height of the extracellular domain was seen after
addition of 10 lM D-serine (height peaks 3.7 ± 0.2 nm (n = 59) and
5.9 ± 0.1 nm (n = 49; P = 0.006); Fig. 4C). In contrast, glycine did not
cause a reduction in height of the extracellular region when added
along with DCKA, at either 1 mM (height peaks 3.7 ± 0.2 nm
(n = 55) and 6.9 ± 0.2 nm (n = 47; P = 0.639); Fig. 4D) or 10 lM
(height peaks 4.0 ± 0.3 nm (n = 63) and 7.1 ± 0.2 nm (n = 55;
P = 0.363); Fig. 4E). Further, the height of the extracellular domain
was unchanged after addition of 10 lM glutamate (height peaks
4.2 ± 0.2 nm (n = 51) and 6.8 ± 0.1 nm (n = 50; P = 0.120); Fig. 4F).
4. Discussion

Agonist and antagonist action at the GluN1/GluN3 receptor is
known to be complex [4,10]. Recombinant GluN1/GluN3 receptors
produce only small excitatory currents in response to glycine,
likely because of a combination of activation via GluN3 and desen-
sitization via GluN1 [2,3,11]. Indeed, glycine binding to GluN3
alone seems to be sufficient to activate the receptor [3], suggesting
that the GluN1 and GluN3 subunits can undergo independent con-
formational changes. The antagonist DCKA, which binds preferen-
tially to GluN1 [12], likely potentiates receptor function through
an inhibition of desensitization. D-serine typically shows little if
any measurable agonist activity [2,3], probably because the desen-
sitization it produces overwhelms its agonist effect. When incu-
bated with isolated ABDs, glycine and D-serine have significantly
higher affinities for GluN3A than for GluN1 (650-fold and 10-fold,
respectively; [12]). The reported EC50 for glycine acting on the
GluN1/GluN3A receptor expressed in Xenopus oocytes was



Fig. 4. Activation-induced reduction in height of bilayer-integrated GluN1/GluN3A receptors. (A) Frequency distribution of heights of untreated receptors. Fitted Gaussian
curves are overlaid on the histogram. (B–F) Frequency distributions of heights of receptors after treatment with 10 lM glycine (B), 10 lM D-serine (C), 10 lM glycine plus
1 mM DCKA (D), 10 lM glycine plus 10 lM DCKA (E), and 10 lM glutamate (F). The arrows indicate the position of the peak height of the extracellular domain of untreated
receptors.
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�1 lM, with rapid desensitization occurring at 3 lM and above. At
the 10 lM concentrations of glycine and D-serine used in the pres-
ent study, therefore, we would expect the receptor to exist pre-
dominantly in the desensitized state, in which the extracellular
domain of the receptor is apparently �1 nm shorter than in the
unstimulated state. Given the measured dissociation constants
for DCKA binding to GluN1 and GluN3A (0.54 lM and 647 lM,
respectively), we would expect that DCKA would occupy both
GluN1 and GluN3A at 1 mM but only GluN1 at 10 lM. In both
cases, the desensitization caused by glycine and D-serine should
be prevented, but at the lower concentration activation of GluN3A
should still occur. The ability of DCKA to block the effect of glycine
on the height of the extracellular domain of the receptor at both
concentrations is consistent with this scenario, since in both cases
GluN1 should remain ‘tall’.

The height of the extracellular domain of the GluN1/GluN3A
receptor (�7 nm) is about 1 nm shorter than that reported
recently for the GluN1/GluN2A receptor [5], perhaps because of
differences in the ‘flattening’ effect of the AFM probe in the two
studies, which were carried out using different microscopes.
Further, both heights are considerably shorter than the value
recently reported for the GluN1/GluN2A NMDA receptor
(�11 nm above the membrane; [13,14]). We suggest that the
receptor might be more flexible under physiological conditions
than in the crystalline state, leading to an increase in its mallea-
bility by the scanning probe. Nevertheless, the �1-nm reduction
in height in response to agonist activation was seen with both
the GluN1/GluN2A NMDA receptor [5] and the GluN1/GluN3A
receptor studied here.

The tendency of GluN1/GluN3A receptor to desensitize rapidly
in response to glycine has made it difficult to identify in vivo,
and there is still some skepticism about whether or not it has a
physiological role. Nevertheless, responses to D-serine have been
reported in CNS myelin, and these responses were inhibited by
the glycine site antagonist 6-cyano-7-nitroquinoxaline-2,3-dione,
but not the glutamate antagonist D-2-amino-5-phosphonovalerate
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[9]. Further, the responses to D-serine were not seen in NR3A-defi-
cient mice. Although its expression may be restricted, therefore,
the GluN1/GluN3A receptor does seem to be functionally active
in the CNS. Our results represent the first demonstration of the
response of this receptor to activation at the single-molecule level.
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