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N-methyl-D-aspartate receptors (NMDARS), are one of the major ionotropic glutamate receptors
found in excitatory synapses which play a key role in glutamatergic synaptic transmission. The receptors are
regulated by post translational modifications such as phosphorylation. One of the major receptor subunits
is GIUN2A which is likely to get phosphorylated in vitro at a putative site Ser'®*. However, the regulation of
phosphorylation of this site by kinases and phosphatases is not yet completely understood. In the present
study, we have used the fusion constructs of GIuUN2A tagged with glutathione S-transferase (GST) as substrate
for phosphorylation, purified calcium/calmodulin dependent protein kinase type 1l (CaMKII) and radioac-
tive P¥. We demonstrated that the site phosphorylated by aCaMKII on GIuN2A was Ser?®* and that protein
phosphatases 1, 2A and 2C were able to dephosphorylate this phospho-GST-GIuN2A-Ser'?! in vitro. In the rat
brain tissue post synaptic density and cytosolic fraction the major phosphatase responsible for dephosphoryl-
ating phospho-GIuN2A-Ser'?! was protein phosphatase 1.
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are key molecules involved in excitatory

synaptic transmission. They play signifi-
cant roles in synaptic plasticity and excitotoxicity by
mediating Ca?* signaling. NMDARs are heterote-
tramers composed of two obligatory GluN1 subunits
and two GIuN2 subunits [1]. There are four types of
GIuN2 subunits viz, GIuN2A, GIuN2B, GluN2C and
GIuN2D. GIuN2A and GIuN2B are found to be en-
riched in forebrain when compared to other regions
[2] and therefore are widely studied. GIuN2 subu-
nits are very important because the type of GIuN2
subunit determines the pharmacological and electro-
physiological properties of NMDARs like channel
conductance, sensitivity to polyamines and Zn?#, the
open probability of the channel and the deactivation
kinetics [3]. The GIuN2 subunits are homologous
and the predicted homology between GIuN2A and
GluN2B is 70% [4]. The fine regulation of these re-
ceptor subtypes happens in the brain during plastici-
ty regulated by activity and experience [5].

N -methyl-D-aspartate receptors (NMDARS)
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NMDAR function is regulated by many mecha-
nisms, including phosphorylation [6] mediated by
kinases like calcium/calmodulin dependent pro-
tein kinase type Il (CaMKII) and protein kinase C
(PKC), as well as dephosphorylation mediated by
phosphatases like protein phosphatase 1 (PP1) [7]
and could be implicated in the pathophysiology of
various neurodegenerative disorders [8]. The mem-
ory molecule in the brain, CaMKII can bind to both
GIuN2A and GIuN2B subunits of NMDAR at dis-
tinct sites at the C terminal region [9]. The GIuN2B
subunit of NMDAR has a phosphorylation site
at Ser®® which gets phosphorylated in vivo. It is
well known that this phosphorylation regulates the
binding of CaMKII to GIuN2B as phosphorylation
inhibits binding of autophosphorylated CaMKI1 [10]
and promotes slow dissociation of preformed CaM-
KI-GIuN2B complexes in vitro. The major phos-
phatase responsible for regulation of GluN2B-Ser3®
in the postsynaptic density (PSD) is PP1 [11]. But in
the case of GIUN2A, the binding of unphosphoryla-
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ted aCaMKII at the C-terminal region of GluN2A
occurs at a site different from the phosphorylation
site. Data also suggests that CaMKII phosphoryla-
tes GIUN2A possibly at Sert?612%! [12]. Apart from
CaMKI|, the site Ser*** is known to be phosphoryla-
ted by protein kinase C [13]. However, the physio-
logical role of phosphorylation of GIUN2A at Ser'®*
is not known apart from certain studies which report
that it can potentiate current through NMDA chan-
nel [14] and NMDA C terminal signaling could play
a significant role in neurodegenerative disorders [15].

We have used the fusion constructs of GIUN2A
tagged with Glutathione S-Transferase (GST) as sub-
strate for phosphorylation. We show that the fusion
protein GST-GIUN2A (amino acid residues 1265 to
1301) is phosphorylated at Ser'*! by aCaMKIL. It is
dephosphorylated by phosphatases present in both
PSD and cytosol and the main phosphatase respon-
sible for dephosphorylation is PP1. The aim of this
work is to understand the regulation of phosphoryla-
tion at the putative site Ser'?* of GIUN2A as there are
not many studies which have focused on the same.
We also aim to identify the phosphatases, recom-
binant ones as well as those present in subcellular
brain fractions which are involved in the regulation
of phosphorylation of GST-GIuN2A- Ser'?* in vitro.

Materials and Methods

ATP disodium salt, Okadaic acid, Cyclospor-
in A, and Cyclophilin A were from Sigma Chemi-
cals, USA. Sanguinarine chloride was from Tocris
Biosciences, PPla was from New England Biolabs,
USA, PP2A was from Promega, USA, PP2B was
from Calbiochem, USA and PP2C was from R&D
Biosystems, USA. y32P-ATP was obtained from
Bhabha Atomic Research Centre, Mumbai, India.

Expression of GST fusion proteins. The fusion
protein GST-GIuN2A with the Ser*?* phosphoryla-
tion site on GluN2A and the phosphorylation defi-
cient mutant GST-GIUN2A-S1291A were expressed
using prokaryotic expression vectors pGEX-GluN2A
and has been characterized as described previously
[16]. aCaMKII was prepared and purified as de-
scribed before [16].

Ethical statement. The animals used in the
study were albino Wistar male rats aged 40—-45 days
weighing an average of about 100 g. The animals
were maintained at the animal house of Rajiv Gan-
dhi Centre for Biotechnology and the experiments
conducted were in conformity with the guidelines of
Institutional Animal Ethics Committee.

Preparation of postsynaptic density (PSD) and
cytosol from rat brain. The rat brains were collected
from animals mentioned above after euthanizing
them for the preparation of PSD and cytosol. PSD
is a subcellular fraction which is highly enriched
in neuronal receptors and signaling molecules. The
PSD fraction was prepared as described before [17].
The cytosolic fraction is another subcellular fraction,
possibly known to contain phosphatases which could
play a role in signaling. For cytosol preparation, the
forebrains were dissected out and were homogenized
with homogenization buffer containing 20 mM Tris
(pH 7.4), 0.1 mM PMSF, I mM DTT and 1X Pro-
tease inhibitor cocktail. 6 ml of buffer was used
per gram weight of brain and was homogenized.
The homogenate was subjected to centrifugation at
1,50,000 g for 45 min. The pellet was discarded, and
the supernatant was used as the cytosolic fraction for
further experiments. The cytosol was characterized
by the presence of various proteins of interest, espe-
cially the Ser-Thr phosphatases; PPI, PP2A, PP2B
and PP2C.

Phosphorylation of WT-GST-GIuN2A and the
mutant GST-GIUN2A-S1291A. WT-GST-GIuN2A and
the mutant GST-GIUN2A-S1291A were subjected to
phosphorylation by aCaMKII in vitro using 300 uM
v*2P-ATP (1000-3000 cpm/mole) at 30°C for 10 min.
Initially the reaction mix without enzyme was in-
cubated for 1 minute at 30°C followed by the addi-
tion of enzyme. The reaction mixture consisted of
50 mM Tris—HCI (pH 8.0), 10 mM MgCl,, 0.4 mM
EGTA, 1.3 mM CaCl,, 17 uM CaM and 0.2 mg/ml
BSA. The phosphorylation was stopped using 1 uM
staurosporine, a general kinase inhibitor. The phos-
phorylation status was monitored by subjecting the
samples to SDS—PAGE followed by autoradiogra-
phy by exposing the dried gel to activated phosphor
screen.

Dephosphorylation of phospho-GST-GIuN2A
by phosphatases in vitro. WT-GST-GIuN2A was
phosphorylated by aCaMKII as mentioned in section
2.4. To this phosphorylation reaction mix, different
phosphatases which were obtained commercially,
such as PPla, PP2A, PP2B and PP2C were added,
and the reaction mixes were incubated for one hour
at 30°C. The dephosphorylation using PP1, PP2A
and PP2B was done as described previously [17],
whereas PP2C was added in the presence of buffer
containing 20 mM Tris (pH 7.5), 10 mM MgCL.,
1 mg/ml BSA and 0.02% Brij 35. The phosphoryla-
tion status was monitored by subjecting the sam-
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ples to SDS—PAGE followed by autoradiogram by
exposing the dried gel to activated phosphor screen.

Dephosphorylation of phospho-GIuN2A-Sert?%
by PSD and cytosol in vitro. GST-GIuN2A, which
was phosphorylated at Ser'?** as mentioned in section
2.4, was subjected to treatment with PSD or cyto-
sol with and without various phosphatase inhibitors.
Dephosphorylation was done at 30°C for one hour.
The various inhibitors used were cyclosporine A
(CsA) 1 uM with cyclophilin A (CyPA) 120 nM for
PP2B, okadaic acid (OA) at 5 nM for PP2A, OA at
10 uM for PP1 and sanguinarine chloride (SgC) at
1 uM for PP2C. The phosphorylation status was
monitored as described above.

Results and Discussion

GST-GluN2A4 is phosphorylated by aCaMKII
specifically at Ser'®®. Previous studies have shown
that Ser'?! is a possible site on GIUN2A which
could be phosphorylated by aCaMKII [12]. To
confirm the site of phosphorylation, we used a
non-phosphorylatable mutant of GIUN2A viz.,
GST-GIuN2A-S1291A and subjected it to phospho-
rylation using «CaMKII and y*?P-ATP. Upon autora-
diography, it was found that only WT-GST-GIUN2A
showed incorporation of y*?P-phosphate indicating
that the site of phosphorylation is Ser**! (Fig. 1).

Dephosphorylation of phospho-GST-GIuN2A-
Sert?t py phosphatases. Phosphorylated GST-Glu-
N2A-Sert®! was found to be dephosphorylated by
commercial phosphatases like PP1, PP2A and PP2C
but not by PP2B (Fig. 2).

Dephosphorylation of phospho-GIuN2A-
Ser'?? py PSD and cytosol in vitro. In order to
see whether phosphatases in PSD and cytosol can
dephosphorylate phospho-Ser'?-GST-GIuN2A, the
latter was treated with either PSD or cytosol in the
presence of various phosphatase inhibitors. The PSD
and cytosol were characterized for the presence of
various phosphatases of interest by western blots
(data not shown). Phosphatases like PP1, PP2A and
PP2B have previously been shown to be present in
PSD [11], whereas PP2A and PP2C are mostly found
in the cytosol. Both PSD (Fig. 3) and cytosol (Fig. 5)
can dephosphorylate phospho-GST-GIuN2A-Ser*2%
and this dephosphorylation was inhibited only in the
presence of 10 uM OA, a concentration sufficient
to inhibit PP1. OA in low concentrations (5 nM)
(Fig. 3) or CsA-CyP or SgC (Fig 4) did not inhibit
dephosphorylation showing that PP2A, PP2B or
PP2C respectively do not have any significant roles
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Fig. 1. Phosphorylation of WT-GST-GIuN2A and
GST-GluN2A4-S12914 by oCaMKII. Each lane had
3 ug of substrate and 0.04 ug of o CaMKII. The phos-
phorylation was visualized by autoradiography.
Lanes: 1 — GST-GIuN2A-S1291A; 2 — phospho-GST-
GIuN2A-WT; 3 — Marker. The band of GST-GIuN2A-
Ser'?®! in lane 2 corresponds to size of 30.4 kDa. The
lower panel shows the picture of the gel containing
WT-GST-GIuN2A and GST-GIuN2A-S1291A sub-
strates stained with Coomassie brilliant blue
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Fig. 2. Dephosphorylation of phospho-Sert?®t-GST-
GIuN2A by commercial phosphatases. GST-GIUN2A
phosphorylated using y**P-ATP was treated with the
indicated phosphatases. Each lane had I ug of GST-
GIuN2A. The phospho-GST-GIuN2A was visualized
by autoradiography. The phosphatases added were:
lanes: 1 — none; 2 — PPL; 3 — PP2A; 4 — PP2B; 5 -
PP2C. The band of GST-GIuN2A-Ser1291 corre-
sponds to size of 30.4 kDa

in dephosphorylating phospho-GST-GIuN2A-Ser'?*,
PP2C is a phosphatase known to be present in cyto-
sol and can dephosphorylate phospho-Thr?¢-CaM-
K11 along with PP1 although majority of the Thr2s
dephosphorylation in cytosol is done by PP2A. To
see if PP2C or PP2A in the cytosol has any role in
GIuN2A dephosphorylation or is it only mediated
by PP1, various phosphatase inhibitors were also
given along with cytosol. OA at 10 uM concentra-
tion inhibited dephosphorylation of phospho-GST-
GIuN2A-Sert®! (Fig. 5). This shows that in PSD as
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Fig. 3. A— Dephosphorylation of phospho-Ser-GST-
GIuN2A by PSD in the presence of phosphatase in-
hibitors. GST-GluN2A4 phosphorylated using y**P-
ATP was treated with the indicated phosphatase
inhibitors. Each lane had about 1 ug of GST-Glu-
N2A. Lanes 1-5 had PSD with respective inhibitors.
The autoradiogram (A) shows the effect of all inhibi-
tors except SgC which is shown in Fig. 5. Phospho-
GST-GIuN2A was visualized by autoradiography.
Treatment given for the samples were: lanes: 1 —
none; 2 — PSD (15 ug); 3 — PSD + CsA; 4 — PSD +
OA (5 nM); 5 — PSD + OA (10 uM). B — The graph
represents quantitation of the autoradiogram for
mean * SD of three experiments. The significance
was calculated using One way ANOVA followed by
Tukey’s post hoc analysis and * represents P < 0.01
when compared to lane 2, the dephosphorylated
state. The band GST-GIuN2A-Ser*?°1 corresponds to
size of 30.4 kDa
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Fig. 4. Effect of PSD on phosphorylation status of
GST-GIuN2A-Ser'* in the presence of SgC, the
PP2C inhibitor. Lanes: 1 — none; 2 — PSD (15 ug);
3 - PSD + SgC (1 uM); 4 — PSD + SgC (5 uM);
5 — PSD + OA (10 uM). Each lane has about I ug
of GST-GIuN2A. The band GST-GIuN2A-Ser'** cor-
responds to size of 30.4 kDa
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Fig. 5. Dephosphorylation of phospho-Ser®!-GST-
GIuN2A in presence of cytosol. GST-GIUN2A phos-
phorylated using y**P-ATP was treated with cytosol
along with the indicated phosphatase inhibitors.
Each lane had about 1 ug of GST-GIluN2A. Lanes 2-6
had cytosol with respective inhibitors. A — The
phospho-GST-GIuN2A was visualized by autoradi-
ography. Lanes: 1 — phospho-GST-GIuN2A-Ser*?%;
2 —no inhibitor; 3 — CsA; 4 — SgC; 5 — OA (5 nM);
6 — OA (10 uM). B — shows the quantitation of the
autoradiogram. The significance was calculated
using one way ANOVA followed by Tukey’s post hoc
analysis and * represents P < 0.01 in the marked
lanes as compared to lane 2, the dephosphorylated
state. The band of GST-GIuN2A-Ser'?®! corresponds
to size of 30.4 kDa

well as in cytosol, the main phosphatase responsible
for dephosphorylating phospho-GST-GIuN2A-Sert?!
is PP1.

Calcium is an important secondary messenger
in neurons and Ca* influx brings about several ac-
tivity-dependent changes in post-synaptic neurons,
one of them being regulation of phosphorylation.
GST-GIuN2A gets phosphorylated by aCaMKII in
vitro indicating the possibility that it could also get
phosphorylated at the same site in vivo. Among the
phosphatases, the Ca?* sensing phosphatase, PP2B
is known to activate PP1 upon Ca? influx which has
an important role in long term depression in the hip-
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pocampus [18]. Our studies show that the regulation
of phosphorylation of GIUN2A is mediated by PP1
which is enriched in PSD. But we could also see that
PP1 in the cytosol was responsible for regulation of
the same phosphorylation, although cytosol is rich in
other phosphatases like PP2A and PP2C. Although
purified preparations of PP1, PP2A and PP2C could
dephosphorylate GST-GIuUN2A-Ser'?* in vitro, when
PSD or cytosol was used, only PP1 was responsible
for dephosphorylation activity. This pattern looks
similar to that of GST-GIuN2B where it is known to
be dephosphorylated by PP1, PP2A but not by PP2B
[17]. In PSD and cytosol, PP2A and PP2C could be
having restricted accessibility towards the substrate
and hence are not effective in dephosphorylating
phospho-GST-GIuN2A-Ser'?%,

Both GIuN2A and GIuN2B are found to have
highly similar amino acid sequences, but still pos-
sess distinct pharmacological and electrophysiologi-
cal properties [2]. They also show distinct spatial and
temporal expression patterns and hence may mediate
different signaling pathways. In mature synapses, it
is found that GluN2B becomes extra synaptic where-
as GIuN2A is present at synapse [9]. It is also known
that GIuN2B is neonatal and is surpassed by Glu-
N2A in postnatal stage [19]. There have been contra-
dictory reports explaining the role of these subunits
in LTP and LTD [20], and certain studies suggest
that NMDA receptor subunit composition might not
be necessary for plasticity, especially LTD [21]. But
still regulation of phosphorylation in both subunits
at GIuN2A-Ser'?! or GIuN2B-Ser*® seems to be
mediated by PP1.

The phosphorylation of receptors could also
have functional roles as reported in the case of
GIuN2B-Sert®%: [16]. In the case of GIUN2A-Ser'®*
such physiological roles are not known, yet.

Conclusion. A previous study observed
that GST-GIUN2A is getting phosphorylated by
aCaMKII at the site which is possibly Ser!?®/Sert2%
[12]. Our results are consistent with this observa-
tion and it is clearly confirmed from our study that
aCaMKII phosphorylates GST-GluN2A at Ser'?*! it-
self. The regulation of phosphorylation at this site,
either in vitro or in vivo, was not known hitherto.
Our study has also addressed the regulation of
phosphorylation of GIuUN2A-Ser*®! in vitro in the
presence of PSD and cytosol and has shown that PP1
is the main phosphatase involved in its dephospho-
rylation. This study is a preliminary investigation to-
wards exploring the role of GIuUN2A phosphorylation
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at Se"?!in vivo. It would be interesting to know that
physiological relevance and status of GIuUN2A-Ser*?*
phosphorylation and its regulation by the molecules
CaMKII and if PP1, if any, in vivo.
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Penteniropu N-metun-D-acmaprary (NMDARS)
€ OJHUMHU 3 OCHOBHHX 10HOTPOITHHX PEIENTOPiB
rIyTamary, 3HalJeHUuX y 30y/DKYIOUHMX CHHArCax,
K1 BIAITPAIOTh KIIOYOBY POJIb y IITyTaMaTepriuHii
CHHANTHUYHIN mepenayi. Perentopu perynoThes
MOCTTPAHCIAMIHHUMHI MOMHU(DIKAIIiIMH, TAKUMH STK
dhochopuntoBanus. OnHi€0 3 TOJOBHHX Cy0OOIu-
HuIE perienitopa € GIuN2A, sxwuii, iiMmoBipHO, doc-
bopuroeTbes in Vitro B mependadyBaHOMY MicIi
Sert®!, Opnak perysiis GochHopHIIIOBaHHS I[HOTO
calTy kiHazamu Ta (ocdarazamu Ie He AOCThAT-
HBO BHUBYCHA. Y OMY AOCIHIJKEHHI MU BUKOpHC-
TOBYBaJIM XUMEPpHI KOHCTPYKITii GIuN2A, momiveHi
riyTarion-S-Tpancgepasoro (GST) sk cyderpar st
(hochoprTroBaHHS, OYHWIIEHY KaJbI[ii/KaTIbMOIY-
JiH-3a5nexHy nporeinkinazy tumy I (CaMKII) i pa-
nioakTuBHUAN P¥. MU poieMOHCTPYBaJIH, 1110 CAUT
Ha GluN2A, o dochopuntoerbes aCaMKII, Oys
Ser'?! i mo mporeinosi pocdarasu 1, 2A i 2C 3nar-
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Hi nedochopunmtoBaru ned pocdo-GST-GluN2A-
Sert®® in vitro. Y mocTCHHANTHYHOMY YIIiJIbHEHHI
Ta UTO30JIbHIN (PpaKilii TKAHMHHU TOJIOBHOT'O MO3KY
11y piB OCHOBHO (hocdaTazoro, BiIMOBIAAIBHOO 32
nedochopumosanns pocho-GluN2A-Ser!?®, Gyna
nporeinoBa ocdarasa 1.

KnrmouoBi cioBa:peuentopu N-metun-D-

acmaprary, cyoomunuuist GluN2A-Ser'?!, CaMKI|,
npotein-docdaraza 1, MO30K HIypa, TUTO307b.

1.

. Chen

References

Cercato MC, Vazquez CA, Kornisiuk E,
Aguirre Al, Colettis N, Snitcofsky M,
Jerusalinsky DA, Baez MV. GIuN1 and GIuN2A
NMDA Receptor Subunits Increase in the
Hippocampus during Memory Consolidation in
the Rat. Front Behav Neurosci. 2017; 10: 242.

. Shipton OA, Paulsen O. GIuN2A and GIuN2B

subunit-containing NMDA  receptors in
hippocampal plasticity. Philos Trans R Soc Lond
B Biol Sci. 2013; 369(1633): 20130163.

. Tian M, Stroebel D, Piot L, David M, Ye S,

Paoletti P. GIuN2A and GIuN2B NMDA
receptors use distinct allosteric routes. Nat
Commun. 2021; 12(1): 47009.

. Wang CC, Held RG, Chang SC, Yang L,

Delpire E, Ghosh A, Hall BJ. A critical role for
GIuN2B-containing NMDA receptors in cortical
development and function. Neuron. 2011; 72(5):
789-805.

. Kellermayer B, Ferreira JS, Dupuis J, Levet F,

Grillo-Bosch D, Bard L, Linares-Loyez J,
Bouchet D, Choquet D, Rusakov DA, Bon P,
Sibarita JB, Cognet L, Sainlos M, Carvalho AL,
Groc L. Differential Nanoscale Topography and
Functional Role of GIuUN2-NMDA Receptor
Subtypes at Glutamatergic Synapses. Neuron.
2018; 100(2): 106-119.

. Sanz-Clemente A, Nicoll RA, Roche KW.

Diversity in NMDA receptor composition: many
regulators, many consequences. Neuroscientist.
2013; 19(1): 62-75.

BS, Roche KW. Regulation of
NMDA  receptors by  phosphorylation.
Neuropharmacology. 2007; 53(3): 362-368.

. Khan R, Kulasiri D, Samarasinghe S. Functional

repertoire of protein kinases and phosphatases in
synaptic plasticity and associated neurological
disorders. Neural Regen Res. 2021; 16(6): 1150-
1157.

9. Franchini L, Carrano N, Di Luca M, Gardoni F.

10.

Synaptic GIluN2A-Containing NMDA
Receptors: From Physiology to Pathological
Synaptic Plasticity. Int J Mol Sci. 2020; 21(4):
1538.

Tavalin SJ, Colbran RJ. CaMKII-mediated
phosphorylation  of  GIuUN2B  regulates
recombinant NMDA receptor currents in a
chloride-dependent manner. Mol Cell Neurosci.
2017; 79: 45-52,

11. RamyaRP, Priya SS, Mayadevi M, Omkumar RV.

12.

13.

14.

15.

16.

Regulation of phosphorylation at Ser(1303) of
GIuN2B receptor in the postsynaptic density.
Neurochem Int. 2012; 61(7): 981-985.

Gardoni F, Schrama LH, Van Dalen JJ,
Gispen WH, Cattabeni F, Di Luca M. aCaMKII
binding to the C-terminal tail of NMDA
receptor subunit NR2A and its modulation by
autophosphorylation. FEBS Lett. 1999; 456(3):
394-398.

Wang JQ, Guo ML, Jin DZ, Xue B, Fibuch EE,
Mao LM. Roles of subunit phosphorylation in
regulating glutamate receptor function. Eur J
Pharmacol. 2014; 728: 183-187.

Vieira M, Yong XL, Roche KW, Anggono V.
Regulation of NMDA glutamate receptor
functions by the GIuN2 subunits. Neurochem.
2020; 154(2): 121-143.

Haddow K, Kind PC, Hardingham GE. NMDA
Receptor C-Terminal Domain Signalling in
Development, Maturity, and Disease. Int J Mol
Sci. 2022; 23(19): 11392.

Praseeda M, Pradeep KK, Krupa A, Krishna SS,
Leena S, Kumar RR, Cheriyan J, Mayadevi M,
Srinivasan N, Omkumar RV. Influence of a
mutation in the ATP-binding region of Ca?!/
calmodulin-dependent protein kinase Il on its
interaction with peptide substrates. Biochem J.
2004; 378(Pt 2): 391-397.

17. Raveendran R, Devi Suma Priya S, Mayadevi M,

18.

Steephan M, Santhoshkumar TR, Cheriyan J,
Sanalkumar R, Pradeep KK, James ],
Omkumar RV. Phosphorylation status of the
NR2B subunit of NMDA receptor regulates its
interaction with calcium/calmodulin-dependent
protein Kinase Il. J Neurochem. 2009; 110(1):
92-105.

Saraf J, Bhattacharya P, Kalia K, Borah A,
Sarmah D, Kaur H, Dave KR, Yavagal DR. A
Friend or Foe: Calcineurin across the Gamut
of Neurological Disorders. ACS Cent Sci. 2018;
4(7): 805-819.

15



ISSN 2409-4943. Ukr. Biochem. J., 2023, \Vol. 95, N 4

16

19. Camp CR, Shapiro L, Vlachos A, Perszyk RE,
Shariatzadeh N, White J, Sanchez R, Koh S,
Escayg A, Yuan H, McBain CJ, Pelkey KA,
Traynelis SF. The GIuN2A Subunit of the
NMDA Receptor Modulates the Rate of
Functional Maturation in Parvalbumin-positive
Interneurons. bioRxiv. 2021; 2021-12.

20. Zhang XM, Luo JH. GluN2A versus GIuN2B:
twins, but quite different. Neurosci Bull. 2013;
29(6): 761-772.

21. Wong JM, Gray JA. Long-Term Depression Is
Independent of GIuN2 Subunit Composition. J
Neurosci. 2018; 38(19): 4462-4470.



