Direct visualization of triheteromeric NMDA receptors
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1. Introduction

Glutamatergic signaling via NMDA receptors (NMDARS) is critical in synaptic plasticity, excitotoxicity,
and numerous degenerative and cognitive disorders. Each NMDAR comprises four subunits: two
obligatory GIuN1 subunits and two GIUN2A-D or GIuUN3A-B subunits. Notably, NMDARs with different
subunit compositions display different channel properties and protein interactions, supporting the
widely held notion that subunit composition dictates NMDAR function. Though many NMDARs contain
GIuN1 and two identical GIuN2 subunits, in many brain regions, NMDARs commonly are
“trineteromeric” receptors containing both GIuUN2A and GIuN2B with GIuN1. However, despite their
deduced importance, there are no methods to unambiguously distinguish trineteromeric NMDARSs
from other subtypes in neurons, and thus their distribution and subcellular trafficking remain
mysterious. To overcome this, we have designed a method for direct visualization of triheteromeric
NMDARSs using bimolecular complementation (BiC). We tagged GIuN2A and GIuN2B subunits with
two parts of a modified fluorescent protein that complement to produce fluorescence only when an
NMDAR is assembled containing both the GIUN2A and GIuN2B subunits (split-tagged NMDARSs). To
extend this toolbox, We have also created a version of split-tagged NMDARSs that relies on a split
HaloTag enzyme which can interact with specialized dyes with various properties. Utilizing these toals,
we can now answer longstanding questions surrounding trineteromeric NMDAR trafficking and

A. Structure of triheteromeric NMDARS
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3. Split-reporters can be used to specifically
visualize triheteromeric NMDARSs

Ch™"°GluN2A alone

T transiection marker

o

-2

o
J

o
o
o
|

o
o
-
|

o
8
]
©
—
I
—_
I

0.02 -

Integrated Intensity (AU)

Integrated intensity (AU)
1

0.00 L —imfm : 0.0
Ch'19GIuN2A + Po- mNG'1°GIuN2A +

Ch"'GIuUN2B + | - i + mNG''GIUN2B + | - | 4 .
A. Representative |mages of HEK cells transfected with split- tagged NMDARs expressed together or separately.
B. Mean whole-cell integrated intensity of split-tagged NMDAR signal in each condition. Note: fluorescence only
occurs when two parts of BiC molecules (for sfCherry, Ch'-19© and Ch'!; for mNeonGreen, mNG'™1% and mNG';
for HaloTag, HaloN and Halo) are expressed together.
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4. Split-tagged NMDARs exhibit normal agonist and
antagomst sensitivity
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5. Split-tagged NMDARSs colocalize with synaptic
markers
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Cultured primary hippocampal neurons cotransfected with split-Halo tagged NMDARs, EGFP-PSD95-FingR and
mCherry. Surface split-tagged NMDARs were labeled with cell membrane |mpermeable HaloTag ligands to
visualize trineteromeric NMDAR subcellular distribution..

6. Split-tagged NMDARs do not undergo inter-
receptor complementation

A'Subunit: GIuN2A GIuN2B GluA2  GIuN2A | GIuN2B  GIuA2 GluA2  GIuA2 _ To test whether Signal from
HaloTag: N, c Pebss-FingRalne complemented split-tagged NMDARS
could reflect binding between separate

receptor oligomers, we created split-
tagged AMPAR subunits and tested
whether they complement with co-
expressed, complementary GIuN2
subunits In neurons. A.
Representative images of neurons
transfected with EGFP-PSD95-FINGR
and the Indicated pairs of GIUN2 or

- GIuA2 subunits tagged with split-Halo
— HaoNoluNzasHaCauneg @S Indicated. B. Mean integrated

— HalNoluNzasHaCaiuaz  density of HaloTag signal within PSDs
— HaloVowazsHaCounze  defined by PSD-95-FINGR puncta.

— PSD-95-FinGR Alone

HaloTag: magenta, PSD-95-FingR:green

5000+

30004
500 7

400=

300+

200+

Cumulative frequency (%)

Integrated density (AU)

100+ - 0 T T T

l 1
QS S QS Q
) ) S S
Q ) N )
nalojglqu PSD-95-FInGR N N Vv Vv
R ne

Integrated density (AU)

. Q N
0 r T <
Halo"GIUN2A Halo"GIuN2A Ha
+Halo“GIuN28 +Halo“GluA2 +Ha

UNIVERSITY of MARYLAND
SCHOOL OF MEDICINE

7. Variability of synaptic content of triheteromeric
NMDARSs

H =2
o o
1

Percent of synapses
- N

1000 2000 3000
Integrated Intensity (AU)

-~ HaloN+Halo®
-~ HaloN

Integrated intensity (AU)

A, C. Representatlve Images of neurons transfected with complementing split mMNG (A) or complementing split
Halo (C) tagged NMDARSs. B, D. Frequency distribution of the synaptic split-tagged NMDAR signal from cultured
hippocampal neurons transfected with complementing or non-complementing split-tagged NMDARs.

8. Using Halo ligands to measure triheteromeric
NMDAR trafflckmg
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A. Impermeable HaloTag ligands can be used to label all
surface split-tagged NMDARs. After allowing for turnover,
newly arrived populations of receptors can be labeled with
different color HaloTag ligands to study triheteromeric
NMDAR ftrafficking. B. Cell permeable and impermeable
HaloTag ligands can be utilized to visualize surface and
Internal stores of receptors.
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8. Conclusions

We developed a bimolecular complementation approach to label triheteromeric NMDARS in neurons.

« These split-tagged NMDARSs retain normal sensitivity to agonists and antagonists, display no signs of
Interreceptor complementation of BiC molecules, and traffic avidly into synapses.
Triheteromeric NMDARSs can be tagged with a variety of BiC molecules including split FPs and split HaloTag,
enabling diverse experiments.

This approach for the first time reveals subcellular distribution and dynamics of triheteromeric NMDARSs.

« We observed striking heterogeneity between synapses in their trihneteromeric NMDAR content and turnover
In 24hrs, suggesting unigue neuronal mechanisms controlling these mechanisms.

In summary, dynamic exchange of NMDARs into and out of synapses establishes basal transmission
and forms the basis for diverse forms of plasticity, yet triheteromeric NMDAR trafficking and mobility
have not been measured. Our tools for clarifying these unknown aspects of triheteromeric NMDAR
dynamics will substantially broaden our understanding of how NMDARs impact synaptic development,
transmission, and plasticity.
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