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targeted at the ATD of the NR2B subunit.
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(Background: Tissue plasminogen activator (tPA) modulates many physiological and pathological processes.
Results: tPA cleaves the NR2B subunit of the NMDA receptor.
Conclusion: Deletion of amino acid residues at the amino-terminal domain can alter pharmacological properties of NMDA

Significance: Identifying novel substrates for tPA may be crucial for stroke therapy and the design of therapeutic molecules
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Thrombolysis using tissue plasminogen activator (tPA) has
been the key treatment for patients with acute ischemic stroke
for the past decade. Recent studies, however, suggest that this
clot-busting protease also plays various roles in brain physiolog-
ical and pathophysiological glutamatergic-dependent pro-
cesses, such as synaptic plasticity and neurodegeneration. In
addition, increasing evidence implicates tPA as an important
neuromodulator of the N-methyl-p-aspartate (NMDA) recep-
tors. Here, we demonstrate that recombinant human tPA
cleaves the NR2B subunit of NMDA receptor. Analysis of NR2B
in rat brain lysates and cortical neurons treated with tPA
revealed concentration- and time-dependent degradation of
NR2B proteins. Peptide sequencing studies performed on the
cleaved-off products obtained from the tPA treatment on a
recombinant fusion protein of the amino-terminal domain of
NR2B revealed that tPA-mediated cleavage occurred at arginine
67 (Arg®”). This cleavage is tPA-specific, plasmin-independent,
and removes a predicted ~4-kDa fragment (Arg>’-Arg®’) from
the amino-terminal domain of the NR2B protein. Site-directed
mutagenesis of putative cleavage site Arg®” to Ala® impeded
tPA-mediated degradation of recombinant protein. This analy-
sis revealed that NR2B is a novel substrate of tPA and suggested
that an Arg?”’—Arg®’-truncated NR2B-containing NMDA recep-
tor could be formed. Heterologous expression of NR2B with
GIn*-Arg®” deleted is functional but exhibits reduced ifen-
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prodil inhibition and increased glycine EC;, with no change in
glutamate ECy,. Our results confirmed NR2B as a novel proteo-
Iytic substrate of tPA, where tPA may directly interact with
NR2B subunits leading to a change in pharmacological proper-
ties of NR2B-containing NMDA receptors.

Tissue plasminogen activator (tPA)® is an important serine
protease that has a wide range of functions in the body physi-
ology. In intravascular space, tPA is well known for its throm-
bolytic ability to convert the zymogen plasminogen into the
active plasmin (1). This proteolytic event leads to the degrada-
tion of fibrin and assists to dissolve blood clots (2). Hence,
recombinant “clot-busting” tPA is to date the only drug
approved by the Food and Drug Administration for the treat-
ment of ischemic stroke (3—6). Albeit the desirable effect of
injected tPA in restoring the cerebral blood flow through its
fibrinolytic activity, ischemic stroke patients who are deemed
eligible to undergo tPA therapy have a low risk of symptomatic
intracerebral hemorrhage (3, 5, 7).

In the central nervous system (CNS), significant levels of tPA
protein expression have been reported in the hippocampus,
amygdala, hypothalamus, cerebellum, and cortex (8, 9). Endog-
enous tPA is synthesized by a variety of cells that include neu-
rons, glia, and microglia (10, 11) and can be released into the
extracellular space upon depolarizing stimulation (12—14). As
an extracellular protease in the brain (11, 15), tPA is thought to
have a very different function from thrombolysis; that is, pro-
moting neurite outgrowth (16), motor learning (17), axonal
regeneration (18), nerve regeneration (19), and long term
potentiation including learning and memory (20, 21). Deleteri-
ous effects of tPA have been implicated in pathological events

3 The abbreviations used are: tPA, tissue plasminogen activator; ATD, amino-
terminal domain; NMDA, N-methyl-p-aspartate; MBP, maltose-binding
protein; ANOVA, analysis of variance.
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such as neuroexcitotoxicity, neurodegeneration, and neurovas-
cular unit damage (10, 13, 22, 23).

In addition to endogenous sources of tPA in CNS, it is
hypothesized that tPA from the vasculature, either endoge-
nously expressed or from ischemic stroke treatment, together
with other blood-derived proteases such as thrombin can enter
brain tissues during head injuries, stroke, or ruptured blood
vessels where the integrity of the blood-brain barrier is often
compromised (24 —26). In addition, tPA was reported to cross
the intact blood-brain barrier through low density lipoprotein-
related protein-mediated transcytosis (27).

Novel neurotoxic mechanisms mediated through the inter-
actions between extracellular tPA and N-methyl-p-aspartate
(NMDA) receptors have emerged in the past decade (13,
28-30). Although non-proteolytic mechanisms mediated by
tPA involve extracellular-regulated kinase 1/2 activation (29,
30), proteolytic mechanisms implicate tPA through the cleav-
age of the amino-terminal domain (ATD) of NR1 subunits (13,
28). Furthermore, extracellular tPA has also been shown to
directly interact non-proteolytically with another subunit of
NMDA receptor, NR2B subunit, where this tPA-NR2B com-
plex influences the regulation of NR2B-containing NMDA
receptors during chronic ethanol administration, ethanol with-
drawal-induced seizures, and acute stress (31, 32). tPA has also
been proposed to indirectly potentiate NMDA-induced
enhancement of intracellular Ca®>* level through the adaptor
protein PSD95 upon its engagement of low density lipoprotein-
related protein in neurons (33, 34). As a modulator of various
surface receptors, tPA could also act on novel substrates that
have yet to be identified.

In this study we demonstrated that tPA directly degrades rat
brain NR2B protein through its proteolytic activity and not
through plasmin activation. Using recombinant fusion
NR2B , 1 protein, MS/MS spectroscopy, amino-terminal pep-
tide sequencing analyses, and site-directed mutagenesis stud-
ies, we showed that tPA cleaves the extracellular domain of
NR2B at arginine 67 (Arg®”). We further demonstrated that the
sensitivities of NR2B-containing NMDA receptor to glycine
and ifenprodil are significantly reduced when the first 67 amino
acids are truncated in NR2B using two-electrode voltage clamp
recording on heterologously expressed NR1-1a/NR2B-AATD-
R67 receptors. Taken together our data report the existence of
a new tPA substrate, the NR2B subunit, and suggest plausible
functional consequences on the tPA-cleaved NR2B-containing
NMDA receptor. In addition, if the newly cleaved NR2B short
peptide enters the bloodstream during tPA thrombolytic treat-
ment, it could serve as a biomarker of central nervous system
injury.

EXPERIMENTAL PROCEDURES

Animals—Male Sprague-Dawley rats (6 —8 weeks old) were
obtained from the National University of Singapore, Labora-
tory Animal Centre. Oocytes were isolated from Xenopus laevis
as described previously (35). All procedures involving animals
were approved by the National University of Singapore, Insti-
tutional Animal Care and Use Committee.

Preparation of Rat Brain Lysate— After decapitation, the rat
brains were removed immediately and washed 3 times in ice-
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cold phosphate-buffered saline (PBS) (137 mm NaCl, 2.7 mm
KCl, 10 mm Na,HPO,, 2 mm KH,PO,, pH 7.4). The brains were
homogenized in ice-cold non-denaturing radioimmune precip-
itation assay buffer (50 mm Tris, 150 mm NaCl, 0.5% sodium
deoxycholate, 1% Nonidet P-40, pH 7.4) containing Complete
Protease inhibitor mixture tablet (Roche Diagnostics). The
mixture was subsequently centrifuged at 15,000 X g for 30 min,
and the supernatant was retained. Protein concentration of the
lysate was measured using Pierce BCA protein assay kit
(Thermo Scientific, Rockford, IL).

In Vitro Cleavage Treatments—Total rat brain lysates or
MBP-ATD2B fusion proteins (36) were incubated with recom-
binant human tPA (human tPA (Calbiochem) or Actilyse®
(Boehringer Ingelheim) in cleavage buffer (100 mm NaCl, 65
mwm Tris, pH 7.5) at 37 °C. Reactions were stopped by adding 4 X
Laemmli buffer (50 mm dithiothreitol, 5% v/v glycerol, 1% w/v
SDS, 30 mm Tris-HCI, pH 6.8, 0.0005% w/v bromphenol blue)
and heated at 95-100°C for 5 min. Cleavage experiments
involving plasmin (Roche Diagnostics) and «,-antiplasmin
(Calbiochem) were performed in a similar manner. Before the
start of each cleavage experiment, recombinant tPA (Calbi-
ochem and Actilyse®) activity was determined using
Spectrozyme® tPA chromogenic substrate (methylsulfonyl-p-
cyclohexyltyrosyl-glycyl-arginine para-nitroaniline acetate)
(American Diagnostica Inc.) as described by the manufacturer.
The rate of chromophore formation (measured spectrophoto-
metrically at A, ,,,) is correlated back to the concentration of
tPA. This is to ensure similar potency of tPA was used for each
experiment. The concentrations of the synthetic tPA inhibitor
tPA-STOP™ (American Diagnostica) used in experiments
ranged from 500 to 600 uMm unless otherwise stated.

Preparation of Cerebrocortical Neuronal Culture and
Actilyse® Treatment—Primary cultures of rat cortical neurons
were obtained as previously described (35). Neurons were
seeded at densities of 17 X 10° cells/T75 flasks coated with 0.1
mg/ml poly-D-lysine, and cultured at 37 °C in a humidified 5%
CO, incubator. Day in vitro 10 cultures were treated with 10
png/ml Actilyse® for 3 h. Neurons were washed in ice-cold PBS,
harvested, and lysed with ice-cold non-denaturing radioim-
mune precipitation assay buffer containing protease inhibitors
(2 uwg/ml aprotinin, 2 pug/ml leupeptin, 1 mg/ml pepstatin A,
and 574 um phenylmethylsulfonyl fluoride).

SDS-PAGE, Western Blot Analysis, and Coomassie Blue Gel
Staining—Treated rat brain lysate samples and cortical neuro-
nal lysate samples from Actilyse®-treated neurons were sepa-
rated on 8.5% polyacrylamide gels and transferred to polyvi-
nylidene difluoride (PVDF) membranes. Membranes were
blocked with 5% w/v nonfat milk in Tris-buffered saline with
0.1% v/v Tween 20 (TBST) and probed with one or more of the
following antibodies: mouse anti-NR2B (epitope 1-550 amino
acids, 1:200, Zymed Laboratories Inc.), rabbit anti-NR2B
(epitope amino acids 27-76, 1:200, Santa Cruz Biotechnology),
and mouse anti-GAPDH antibody (1:50,000, Millipore). After
primary antibodies incubation, washed membranes were incu-
bated with goat anti-mouse IgG-horseradish peroxidase (HRP)
(1:5,000, Santa Cruz Biotechnology), goat anti-rabbit IgG-HRP
(1:20,000, Santa Cruz Biotechnology), or rabbit anti-goat IgG-
HRP (1:15,000, Santa Cruz Biotechnology). Upon washing with
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TBST, detection was performed using either ECL™ or ECL
Plus™ Western blotting detection reagents (Amersham Bio-
sciences). Treated recombinant protein samples were sepa-
rated on 15% polyacrylamide gels and transferred to PVDF
membranes. Membranes were subjected to immunoblot anal-
yses as described above but probed with rabbit anti-NR2B anti-
body (1:200) and mouse anti-MBP antibody (1:10,000, Santa
Cruz Biotechnology). In addition to Western blot analyses,
recombinant protein reaction samples were also separated on
15% polyacrylamide gel and stained with Coomassie Brilliant
Blue R250 (Merck).

Mass Spectrometry and Amino-terminal Peptide Sequencing—
Bands of interest on Coomassie Blue-stained gels or Coomassie
Blue-stained PDVF membranes were excised and submitted for
MALDI-TOF MS/MS peptide mass spectrometry analysis and
amino-terminal peptide sequencing (Protein and Proteomics
Centre, Department of Biological Sciences, National University
of Singapore), respectively.

Site-directed Mutagenesis and Recombinant Protein
Expression—The NR2B , 1, deletion constructs were generated
by inserting BglII restriction enzyme sites between Ser*® and
Ser®! and between Val®® and Val®® sequentially by QuikChange
mutagenesis on pcDNA1 NR2B wild-type plasmid template as
reported previously (37) to generate pcDNA1 NR2B-AATD-
R67 construct (hereafter named as NR2B-AATD-R67). This
construct retained the first 28 residues of NR2B (Met*—Ser>®)
coding for the putative signal peptide. The vector for NR1-1a
(hereafter named as NR1) is pCI, .., (35). Arginine at position 67
on MBP-ATD2B(Arg*’—Arg®) recombinant fusion protein
was mutated to alanine using the QuikChange site-directed
method as described previously (38). Soluble recombinant
wild-type and mutant MBP-ATD2B fusion proteins were
expressed, purified, and concentrated as described previously
(36).

Two-electrode Voltage Clamp Recording of Heterologously
Expressed NRI/NR2B Receptors in Xenopus Oocytes—Briefly,
stage V and VI oocytes were removed from X. laevis and defol-
liculated. Oocytes were maintained in Barth’s solution (88 mm
NaCl, 1 mm KCl, 24 mm NaHCO;, 10 mm HEPES, 0.82 mm
MgSO,, 0.33 mMm Ca(NO,),, and 0.91 mm CaCl,) supplemented
with 100 mg/ml gentamycin, 40 mg/ml streptomycin, and 50
mg/ml penicillin. Oocytes were injected with 5—15 ng of cRNAs
that were synthesized in vitro from a linearized template cDNA
using mMESSAGE mMACHINE® T7 kit (Ambion Inc, Applied
Biosystems). The ratio of NR1 to NR2B cRNAs injected was 1:2.
The injected oocytes were maintained in Barth’s solution at
17 °C for up to 7 days. Two-electrode voltage clamp recordings
on oocytes were described previously (35). Recordings were
performed 2—-3 days post-injection at room temperature using
Warner OC-725C two-electrode voltage clamps (SDR Clinical
Technology). The recording solution contained 90 mm NaCl, 1
mwm KCl, 10 mm HEPES, 0.5 mMm BaCl, with the pH adjusted to
7.3 with 5 N NaOH. Solution exchange through an 8-modular
valve positioner (Digital MVP Valve, NV) was controlled by the
EasyOocyte software (a gift from Professor Stephen F. Trayne-
lis, Emory University, Atlanta, GA). Voltage and current elec-
trodes were filled with 0.3-3.0 M KCl, and current responses
were recorded at a holding potential of —40 to —60 mV. 100 um
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glutamate, 100 uM glycine, and 0.03—-10 um ifenprodil (Sigma)
were used in all oocyte experiments. Only data from oocytes
yielding current responses between 50 nA to 2 pA to glutamate
(100 um) and glycine (100 um) were analyzed.

Densitometry, Curve-fitting, and Statistical Analyses—Den-
sitometry analysis was performed using UN-SCAN-IT gel™
Version 6.1 (Silk Scientific Corp.). Quantified data are
expressed as percentage (%) of control, where control is
assigned 100%. All data are expressed as the mean * standard
error of the mean (S.E.). Plotting of bar charts and graphs, and
all statistical analyses were performed using GraphPad PRISM®
Version 4 (GraphPad Software Inc., CA). EC,, and IC,, curves
were plotted and fitted to Equation 1 by constraining the max-
imum response and minimum response to 100 and 0, respec-
tively, using GraphPad PRISM®,

Max — Min
-+ Min

1+ ()
Yso

where 7 is the Hill slope, Y5, is agonist EC, or antagonist IC,,
C is agonist or antagonist concentration, Min is minimum
response (%), and Max is maximum response (%). Error bars
indicate S.E.

% Response = (Eq. 1)

RESULTS

tPA Cleaves NR2B Protein—To determine whether tPA
could cleave the NR2B subunit, we subjected rat brain lysates
(40 ug) to increasing concentrations of tPA (ranging from 0.1 to
50 pg/ml). Using an anti-NR2B antibody that targets the extra-
cellular domain of NR2B (epitope: amino acids 1-550), full-
length NR2B protein immunopositive band (180 kDa) intensi-
ties were significantly decreased at 5 ug/ml (42.5 = 5.5% of
control, n = 4) to 50 ug/ml (6.1 * 4.3% of control, n = 4) of tPA
(p < 0.05, one-way ANOVA with Tukey’s post hoc test) (Fig. 1,
A and B). Despite the decreases in full-length NR2B immuno-
reactivity, no newly-generated fragments of NR2B were
detected. The ability of tPA to induce cleavage of NR2B proteins
was further validated using Actilyse®, the clinically applied human
recombinant tPA. Actilyse® also degraded NR2B proteins in a sim-
ilar concentration-dependent manner (supplemental Fig. 1).
Moreover, Actilyse® degraded NR2B proteins, but not other glu-
tamate receptor subunits NR1 (NMDA receptor subunit) and
GIuR2 (AMPA receptor subunit), in rat brain lysates prepared
using non-denaturing radioimmune precipitation assay buffer as
well as rat and mouse hippocampal lysates prepared using Tris-
Triton-X buffer (supplemental Fig. 2). Hence, the NR2B subunit is
a novel substrate of tPA.

We next investigated the rate at which tPA degrades full-length
NR2B over 3 h. 10 pg/ml tPA rapidly degraded NR2B proteins (10
pg) within 30 min and reduced the 180-kDa immunopositive band
to ~8% at the end of the 3-h treatment (Fig. 1, C and D). Likewise,
no new NR2B-immunopositive fragments were detected by the
anti-NR2B antibody (epitope: amino acids 1-550). Using a differ-
ent anti-amino-terminal NR2B antibody (epitope: 27-76 amino
acids, Santa Cruz Biotechnology), we observed a similar degree of
full-length NR2B immunoreactivity reduction with no new NR2B
band fragments (supplemental Fig. 3).
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FIGURE 2. Plasmin and tPA degrade NR2B proteins (10 ug). A, rat brain
lysate was treated with 0.01 unit of plasmin for 1 h at 37 °C and probed with
anti-NR2B (Zymed Laboratories Inc.). A representative immunoblot shows
that NR2B proteins were completely degraded by plasmin. The plasmin-in-
duced degradation could be prevented in the presence of a,-antiplasmin, a
plasmin inhibitor (n = 3). B, rat brain lysate was treated with 10 ug/ml tPA in
the presence of a,-antiplasmin for 3 h at 37 °C and probed with anti-NR2B
(Zymed Laboratories Inc.). C, shown is quantification of B. Data were normal-
ized to untreated control. n = 3; n.s. and *** denote not significant and p <
0.001, respectively (against control unless otherwise labeled), one-way
ANOVA with Tukey's post hoc test. Single blots were probed for NR2B and
GAPDH for A and B.

To investigate whether the cleavage of NR2B by tPA also
occurs in native NMDA receptors, we treated cortical neurons
in culture at days in vitro 10 with 10 ug/ml tPA for 3 h. tPA and
culture medium were removed, and neurons were washed with
1X PBS and lysed. A statistically significant reduction in NR2B
immunoreactivity was detected in the lysates obtained from
tPA-treated neurons as compared with no tPA-treated neurons
(Fig. 1, Eand F, p < 0.05, two-tailed paired ¢ test). These results
suggest that NR2B is a possible proteolytic substrate for tPA.

tPA-mediated Degradation of NR2B Is Plasmin-independent—
Physiologically, tPA converts plasminogen to plasmin. /n vitro
plasmin treatment of rat brain lysate led to the degradation of
NR2B proteins that could be fully blocked by the specific plas-
min inhibitor, a,-antiplasmin (Fig. 24; also reported by Pawlak
etal. (31)). Because plasminogen is found in the CNS (9, 10, 39),
traces of plasminogen or plasmin could be present in the rat
brain lysate preparations used for the cleavage experiments. To
rule out the possibility that our observed NR2B cleavage in the

FIGURE 1. Representative immunoblots demonstrating the degradation
of the NMDA receptor subunit NR2B upon recombinant tPA treatment.
A, total rat brain lysate (RBL) (40 ng) was exposed to increasing concentra-
tions of Calbiochem® tPA for 20 h at 37 °C. A Western blot was probed using
anti-NR2B (Zymed Laboratories Inc.). No degradation of GAPDH was
observed with increasing concentrations of tPA. B, shown is quantification of
the blot seen in A. Data were normalized to control. n = 4; ** and *** denote
p < 0.01 and p < 0.001, respectively (against control), one-way ANOVA with
Tukey's post hoc test. The x axis was truncated to highlight the relative
decrease in % NR2B immunoreactivity (=1 ng/ml tPA). C, rat brain lysate (10
g, '/a of the amount used in A) was treated with 10 ug/ml Calbiochem® tPA
forupto 3 hat37 °C. Aprominent decrease in NR2B immunoreactivity can be
seen after tPA exposure for 30 min. Synthetic tPA inhibitor tPA-STOP™ pre-
vented degradation of NR2B proteins. D, % NR2B immunoreactivity of full-
length NR2B was reduced gradually with time upon incubation with tPA
(based on quantification of C). NR2B proteins rapidly degraded within 30 min
and reduced to ~8% after 3 h. Data were normalized to untreated control of
the corresponding treatment time. n = 4; ** and *** denote p < 0.01 and p <
0.001, respectively (against control), and # and ¢ denote p < 0.001 and p <
0.01 (against tPA-only treatment), one-way ANOVA with Tukey’s post hoc
test. £, a 3-h Actilyse® treatment of day in vitro 10 cortical neurons led to a
decrease in NR2B protein levels. F, shown is quantification of the blot seen in
E. Data were normalized to control. n = 6; * denote p < 0.05 (against control),
two-tailed paired ttest. A single blot was probed for NR2B and GAPDH for A, C,
and E.

JOURNAL OF BIOLOGICAL CHEMISTRY 25523



NR2B As a Novel Proteolytic Substrate for tPA

A B

MBP-ATD2B + + + + -
tPA - + + - +
tPA-STOP™ - - + + -
100 kDa— P - P 00 kDa—
75 kDa—] n PRoY 75 kDa:
50 kDa— < F1 50 kDa—|
< F2! |
< F3t |
37 kDa—| < F4tt 37 kDa-

R e AT 575 (7 R0 Full (85 kDa)
FI (51 kDa)
F2 (45 kDa)
AT (RIT- R ] F3 (40 kDa)

F4 (37kDa)

LR

MBP-ATD2B +
tPA -
tPA-STOP™  —

<«MBP-ATD2B » |

«tPA

FIGURE 3. tPA cleaves the MBP-ATD2B fusion protein. A, a representative Coomassie Blue-stained SDS-PAGE gel shows that a 3-h tPA (8 wg/ml) treatment
of MBP-ATD2B yielded cleaved fragments (F1-F4). t denotes a fragment sent for peptide identification by MS/MS peptide sequencing; 1 denotes a fragment
sent for amino-terminal peptide sequencing. The presence of the synthetic tPA inhibitor, tPA-STOP™ (250 um), prevented the tPA-induced degradation of
MBP-ATD2B. B, shown is a representative Western blot analysis of tPA treatment of MBP-ATD2B (shown in A) using anti-MBP (/eft) and anti-NR2B (Santa Cruz
Biotechnology, Inc) (right). Fragments F2 and F3 were revealed by anti-MBP and anti-NR2B, respectively. C, shown is a schematic representation (not drawn to scale)
of tPA-induced-cleavage sites in MBP-ATD2B. MS/MS peptide mass spectroscopy and amino-terminal sequencing revealed two cleavage sites in the fusion protein.
tPA cleaves the ATD of NR2B at arginine 67. Met represents the amino acid methionine. D, a representative Coomassie Blue-stained SDS-PAGE gel showed that mutant
MBP-ATD2B (R67A) was not susceptible to tPA cleavage. Both wild-type (WT) and mutant recombinant MBP-ATD2B were subjected to tPA treatment for 1 h at 37 °C.
The lack of cleavage fragments F1 and F4 after tPA treatment showed that MBP-ATD2B (R67A) was not susceptible to tPA cleavage.

presence of tPA was due to plasmin derived from plasminogen
in our reaction mixture, a,-antiplasmin was co-incubated with
tPA and rat brain lysate. The presence of a,-antiplasmin did
not prevent NR2B degradation at 10 ug/ml tPA (n = 3, p >
0.05, one-way ANOVA with Tukey’s post hoc test) (Fig. 2, Band
C). On the contrary, in the presence of a,-antiplasmin, tPA
continued to degrade NR2B to a similar degree as compared
with tPA alone (n = 3, p > 0.05; one-way ANOVA with Tukey’s
post hoc test) (Fig. 2C). To validate that NR2B degradation is
mediated by tPA, the specific synthetic tPA inhibitor (tPA-
STOP™) was co-incubated with tPA. tPA-STOP™ com-
pletely blocked the degradation of NR2B in the presence of tPA
(n = 3, p > 0.05) (Fig. 2, B and C; see also Fig. 1, C and D).

tPA Cleaves NR2B at Arg®”—Because tPA is an extracellular
protease (11, 15), extracellular regions of membrane proteins
are plausible tPA substrates. It is thus noteworthy to examine
whether tPA-induced degradation of NR2B (Figs. 1 and 2 and
supplemental Figs. 1 and 2) could be due to tPA cleavage on
extracellular domains of NR2B. The observations obtained
using two different anti-amino-terminal NR2B antibodies
(Figs. 1 and 2 and supplemental Fig. 3) suggest that (a) tPA
could cleave NR2B at a site that obliterated the epitopes recog-
nized by both anti-amino-terminal NR2B antibodies and/or (b)
tPA might cleave within the region of NR2B proximal to amino
acid 76 and generate a 5— 6-kDa short fragment that cannot be
resolved and detected by the experimental paradigm. We thus
investigated these possibilities using a recombinant NR2B , 1,
fusion construct that includes amino acids Arg®” to Arg>”
(MBP-ATD2B) as the substrate for tPA (36).

tPA treatment degraded MBP-ATD2B (~85 kDa) and gen-
erated four cleaved fragments, F1-F4 (Fig. 3A, arrowheads,
Coomassie Blue-stained gel), and this degradation could be
prevented in the presence of tPA-STOP™. Western blot anal-
yses using anti-MBP antibody (Fig. 3B, left panel) and anti-
NR2B antibody (epitope: amino acids 27-76) (Fig. 3B, right
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panel) detected both the full-length MBP-ATD2B fusion pro-
tein and F1. F2 could only be detected by anti-MBP, whereas F3
was detected by anti-NR2B exclusively. Although Coomassie
Blue staining of SDS-PAGE gel revealed additional faint band
fragments in control conditions (Fig. 3, A and D, MBP-ATD2B
onlyand MBP-ATD2B WT only, respectively), these band frag-
ments are found inherently in the batch-purified recombinant
proteins and were not detected in Western blot using MBP- and
ATD2B-specific antibodies (Fig. 3B). Hence, fragments F1-F4
were the sole proteins fragments that resulted from tPA treat-
ment of recombinant proteins. To verify the identity of the
band fragments, F1 and F2 were subjected to MS/MS peptide
sequencing, whereas F3 and F4 were subjected to amino-termi-
nal peptide sequencing. MS/MS peptide sequencing identified
F1 to contain MBP and NR2B sequences, whereas F2 contained
only MBP sequences (Fig. 3C; predicted cleavages). F3 was
identified to be a protein fragment cleaved by tPA at an arginine
residue within the linker region of the MBP-ATD2B fusion pro-
tein. Amino-terminal peptide sequencing revealed that the first
five amino acid residues of F4 to be VELVA, which matched
that of the NR2B subunit at residues downstream of arginine 67
(Arg®). From these results, we deduce that tPA cleaves the
ATD of NR2B at Arg®” (Fig. 3C).

To further corroborate that Arg®” is the tPA cleavage site on
ATD of NR2B, Arg67 was mutated to alanine on MBP-ATD2B
and subjected to tPA cleavage. Although there was a
decrease in the band intensity of the MBP-ATD2B(R67A)
protein after tPA treatment, only F2 and F3 were readily
detected (Fig. 3D, arrowheads). Our biochemical results sug-
gest that NR2B is a plausible substrate for tPA, and Arg®” is
the tPA cleavage site.

Truncation of NR2B ATD at Arg®” Forms Functional NR1/
NR2B-AATD-R67 Receptors with Reduced Glycine and Ifen-
prodil Sensitivities—Proteolytic cleavage of NMDA receptors
has often been reported with modifications of receptor func-
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FIGURE 4. Electrophysiological characterization of heterologous NR1/NR2B-AATD-R67 receptors in Xenopus oocytes. A, (i) shown is a model of NR2B
subunit consisting of ATD, agonist binding domain (S152), transmembrane domains, and the carboxyl terminus. Glutamate binds to the S152 domain, whereas
critical amino acid residues affecting ifenprodil inhibition reside in the ATD. (i) shown is a schematic representation of the full-length NR2B (NR2BWT) (upper
panel) and truncated NR2B (deletion of GIn>°~Arg®”) (NR2B-AATD-R67) (lower panel) constructs. SP represents signal peptide, and M1, M3, and M4 represent
transmembrane domain, whereas M2 represents the reentrant loop. B, the mean normalized concentration-response curve for glutamate in saturating
concentrations of glycine (100 um; pH 7.3) was obtained from oocytes expressing NR1/NR2BWT (open circles and solid line; n = 7) and NR1/NR2B-AATD-R67
(open triangle and dotted line; n = 6). Glutamate EC, for NR1T/NR2BWT and NR1/NR2B-AATD-R67 are 0.85 * 0.12 and 0.94 = 0.16 um, respectively. p > 0.05,
two-tailed unpaired t test. C, shown is a mean normalized concentration-response curve for glycine in saturating concentrations of glutamate (100 um; pH 7.3)
obtained from oocytes expressing NR1/NR2BWT (open circles and solid line; n = 6) and NR1/NR2B-AATD-R67 (open triangle and dotted line; n = 7). Glycine ECg,
values for NR1/NR2BWT and NR1/NR2B-AATD-R67 are 0.28 = 0.02 and 1.37 = 0.19 um, respectively, and are statistically significantly different. p < 0.001,
two-tailed unpaired ttest. D, shown is a mean normalized concentration-response curve for ifenprodil inhibition in saturating concentrations of glutamate and
glycine (100 um each; pH 7.3) obtained from oocytes expressing NR1/NR2BWT (open circles and solid line; n = 12) and NR1/NR2B-AATD-R67 (open triangle and
dotted line; n = 4). Ifenprodil IC5, values for NR1/NR2BWT and NR2B-AATD-R67 are 0.35 = 0.10 and 24.09. * 18.15 uM, respectively, and are statistically

significantly different. p < 0.05, two-tailed unpaired t test.

tion, and one possible explanation is due to structural or con-
formational change(s) upon cleavage (13, 28, 37, 40-43). A
possible consequence of proteolytic cleavage of the NMDA
receptor is the dissociation of cleavage fragments, which may
result in the truncation of the full-length protein (37). The loss
of any peptide fragment could lead to structural changes that
may affect allosteric interactions, leading to a change in recep-
tor property.

To determine whether the removal of a short peptide proxi-
mal to Val®® (GIn**-~Arg®” of mature NR2B protein) results in
functionally modified NMDA receptors, a deletion construct of
the ATD of NR2B up to Arg®” was generated (NR2B-AATD-
R67) (Fig. 4A(ii)) to characterize the glutamate, glycine, and
ifenprodil potencies by measuring the percentage of activation
of NMDA receptor at maximum agonist-evoked steady state
currents. The EC, of glutamate measured in the presence of
saturating concentration of glycine (100 um) on NR1/NR2B-
AATD-R67 (0.9 = 0.2 uMm, n = 6) did not differ from that of
wild-type NR1/NR2B receptors (NR1/NR2BWT) (0.9 = 0.1
uM, 1 = 7) (p > 0.05, two-tailed unpaired ¢ test) (Fig. 4B). Inter-

JULY 20, 2012+VOLUME 287 +NUMBER 30

estingly, glycine potency was statistically significantly
reduced for NR1/NR2B-AATD-R67 (1.4 = 0.2 uM, n = 7) as
compared with NR1/NR2BWT (0.28 = 0.02 um, n = 6) (p <
0.05, two-tailed unpaired ¢ test) (Fig. 4C). In addition, the
mean maximal current for the truncated NR1/NR2B-AATD-
R67 (0.073 £ 0.017 A, n = 16) was statistically significantly
smaller than the wild-type NR1/NR2B receptors (0.674 *
0.188 uA, n =17, p < 0.0001; two-tailed Mann Whitney test)
(supplemental Fig. 4).

As the essential amino acids residues contributing to the
sensitivity of ifenprodil shown by site-directed mutagenesis
reside within the ATD of NR2B (38, 44) (Fig. 4A(i)), we fur-
ther investigated the ifenprodil inhibition profile on the
resultant NR2B-truncated NMDA receptors. Examination
of ifenprodil concentration-response curves in the presence
of maximum agonist-evoked steady state current revealed
statistically significantly different IC;, values for NR1/
NR2B-AATD-R67 (24.1 *= 18.2 uM, n = 4) and NR1/NR2B
receptors (0.4 = 0.1 uM, 1 = 12) (p < 0.001, two-tailed
unpaired ¢ test) (Fig. 4D).
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TABLE 1

Alignment of critical residues around the scissile peptide bonds of tPA substrates

Cleavage of tPA substrates occurs at the peptide bond between amino acid residues denoted by positions P1 and P1’. P2-P4 and P2'-P4’ refer to positions of amino acid
residues flanking the left and right of the scissile peptide bond, respectively. Plasminogen activator inhibitor (PAI)-1 and -2 are the endogenous inhibitors of tPA.

Substrate P4 P3 P2 P1 P1’ P2’ P3’ P4’ Ref.
Plasminogen Cys Pro Gly Arg Val Val Gly Gly 2
PAI-1 Val Ser Ala Arg Met Ala Pro Glu 2
PAI-2 Met Thr Gly Arg Thr Gly His Gly 2
NR2B, Val Val Pro Arg Val Glu Leu Val
DISCUSSION tically significantly lower sensitivity to ifenprodil-mediated

In recent years proteases such as calpain, matrix metallopro-
teinase-3 and -7, thrombin, tPA, and plasmin have been
reported to cleave NMDA receptor subunits and modify recep-
tor function (13, 28, 34, 37, 40 —43, 45). In particular, tPA and
plasmin can modulate NMDA receptor through proteolytic
cleavage of the ATDs of NR1 and NR2A, respectively (13, 28,
37). Moreover, we recently found that urokinase (or urokinase-
type plasminogen activator), a serine protease, can also degrade
NR2B.* In this study, we report NR2B subunit of the NMDA
receptor as a novel substrate for tPA. Using a recombinant
fusion protein of the NR2B ATD, we identified the cleavage site
at the peptide bond between Arg®” and Val®®, Functionally, we
characterized that the truncated form of NR2B (NR2B-AATD-
R67) could lead to a reduction in ifenprodil inhibition and an
increase in the EC,, of the co-agonist glycine.

Alignment of the sequence around our identified ATD cleav-
age site to the recognition sequences of known tPA substrates
revealed several similarities (Table 1). Our identified tPA-me-
diated cleavage site on NR2B displayed conserved amino acids
at the critical arginine (position denoted as P1) and valine (posi-
tion denoted as P1’) positions when compared with plasmino-
gen, the tPA natural endogenous substrate (Table 1). In addi-
tion, proteolytic profiling assay suggests that low hydrophobic
amino acids (e.g. proline) and bulky hydrophobic amino acids
(e.g leucine, valine, phenylalanine, etc.) might be preferred at
P2 and P3, respectively, for efficient tPA cleavage (46). This
recognition motif coincides with our identified tPA cleavage
site on NR2B (proline and valine at P2 and P3, respectively). In
addition, the atomically resolved crystal structure of NR2B ,
consists of two domains, R1 and R2, defined as residues 32-147,
287-359, and residues 148-286 and 360-394, respectively
(47). Both apoNR2B 1, and NR1,1p/NR2B 1, in complex
with ifenprodil revealed Arg®” is located at the tip of the R1
domain and not buried within the structure and is near the
surface of the clamshell configuration of ATD (47, 48) (Fig. 5A).
This suggests that Arg®” is potentially accessible to tPA in both
the open and close states of the NR2B, . However, external
environmental conditions (e.g. redox status, pH, receptor con-
formation) could also influence the efficiency of cleavage.

Mutations of critical amino acid residues residing between
Thr”® and Val®**? of the NR2B ATD have been shown to shift
ifenprodil IC,, by more than 10-fold (44, 49). Moreover, trun-
cation of the whole ATD of NR2B leads to an increase in the
ifenprodil IC,, by up to 900-fold compared with the wild-type
NR2B (50, 51). Our current electrophysiological functional data
confirms that NR1/NR2B-AATD-R67 receptors exhibit statis-

4K.-S.Ng, H.-W. Leung, P. T.-H. Wong, and C.-M. Low, unpublished data.
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inhibition compared with NR1/NR2B receptors. Noteworthy,
Perin-Dureau et al. (44) had identified that the V42A mutation,
which is proximal to the tPA cleavage site Arg®’, led to an inter-
mediate effect on ifenprodil-mediated inhibition (~8-fold
increase in IC,,). The crystal structure of NR2B 1, revealed
that Gly**~Val*? portion of the tPA-cleaved fragment consti-
tutes the B1 sheet, which is stacked in between B2 (Val®®-
Met”®) and B3 (Val®’—Asp'®") sheets and flanked by a1 (Pro”®—
Asp®') and a8 helices (Leu®®*~His®*'") (47) (Fig. 5B). Although
the R1 domain is partially organized by the Cys®*® and Cys®*!
disulfide bond, the large change in the IC,, of ifenprodil upon
removal of the peptide fragment proximal to Val®® suggests that
the deletion of residues proximal to Val®® upon cleavage by tPA
not only removes an important residue Val*? influencing ifen-
prodil sensitivity but may also disrupt the tertiary structure of
NR2B-ATD. Such disruption may be significant enough to dis-
rupt the ifenprodil sensitivity. However, it should be noted that
upon cleavage at the ATD by tPA, it may also be possible that
the cleaved fragment up to residue Arg®” may remain loosely
associated with the tertiary receptor through various indirect
attraction forces (e.g. van der Waals and hydrogen bonds).

In addition to affecting ifenprodil sensitivity, our electro-
physiological results showed that NR2B-AATD-R67 contain-
ing NMDA receptors also resulted in decreased glycine affinity
with a ~5-fold increase in the EC,, of glycine as compared with
NR1/NR2BWT receptors. On the contrary, no change in gluta-
mate potency was observed. Although the binding site for the
co-agonist glycine is located in the ligand binding domain of
the NR1 subunit, the affinity of NMDA receptors for glycine
depends on the identity of the NR2 subunit (52). In addition, the
ATDs of the NR1 and NR2 subunits had been shown to play a
critical role in NMDA receptor function (50, 53, 54). The
removal of either the NR1-ATD or the NR2B-ATD will resultin
reduced glycine affinity, corresponding to a ~17- and ~5-fold
reduction in glycine EC,, respectively (50, 54). Our results thus
suggest that the amino acid residues proximal to Val®® of the
ATD of NR2B may harbor potential molecular determinants
that can allosterically affect glycine potency of NR2B-contain-
ing NMDA receptors.

The consequences of how a decrease in glycine sensitivity
may affect NMDA receptor function in vivo are unclear. Endog-
enous glycine acts as a co-agonist on the glycine site situated in
the ligand binding domain of the NR1 subunit. Together with
the agonist glutamate, they activate NMDA receptors and allow
for normal functioning of the NMDA receptors in various phys-
iological processes such as synaptic transmission and synaptic
plasticity (55, 56). Despite the high extracellular concentration
of glycine found in the brain (with respect to the EC, of gly-
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FIGURE 5. Crystal structure of apoNR2B, . A, the strand representation of the crystal structure of apoNR2B 1, (PDB code 3JPW) (47), which consists
of two domains, R1 (light pink) and R2 (light purple) was created with Protein Workshop (60). Arg®’ (R67; residue highlighted in red with balls and sticks)
is situated at the tip of R1 (light pink) and thus is proposed to be exposed to the surrounding aqueous milieu. Left, shown is the front view of the NR2B,1p
crystal structure. Right, shown is a view of the crystal structure when the protein molecule is rotated as denoted. B, several structures that may be critical
for the tertiary structure of the ATD upon the removal of GIn?°~Arg®” are highlighted. The tPA cleavage site Arg®” (R67) is highlighted in red; Gly*¢-Val*?
fragment (81 sheet), Val®®-Met”® (82 sheet), and Val®’-Asp'®" (83 sheet) are highlighted in dull yellow; Pro”®~Asp®' (a1 helix) and Leu®*°-His®*'" (a8
helix) are highlighted in light green. The hypervariable loop (HVL) is highlighted in dark purple, and the two cysteine residues, Cys®®in a1 and Cys*?' in
HVL (highlighted in orange with balls and sticks), form a disulfide bond that helps to stabilize the ATD structure. The peptide upstream of Val®® can

dissociate from the receptor after tPA treatment.

cine), various studies (both in vitro and in vivo) have shown that
the glycine site in NMDA receptors are not saturated (for
review, see Ref. 52). Thus, the non-saturation of the glycine sites
coupled with a decrease in glycine potency on cleaved-NR2B-
containing NMDA receptors could lead to lower levels of syn-
aptic activity or hypofunction of the NMDA receptor. As the
activation of NMDA receptors is critical during NMDA recep-
tor-dependent long term potentiation (57), reduced NMDA
receptor function due to tPA cleavage could potentially disrupt
synaptic plasticity. This effect might be more pronounced in
younger brains where NR2B-containing NMDA receptors are
known to be the major NMDA receptor species (58, 59).

tPA can modulate NMDA receptor functions in many dif-
ferent ways, both proteolytically and non-proteolytically.
However, it is difficult to decipher or understand which
mode of NMDA receptor modulation by tPA is preferred in
a given physiological/pathological condition and whether
there is a temporal or spatial preference with respect to any
particular pathways. More work will need to be done in this
area to decode how tPA modulates NMDA receptor in phys-
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iological and pathophysiological situations. In summary, our
current findings added NR2B subunit as a new proteolytic
substrate to the few known endogenous ones that can be acted
upon by tPA and augment existing knowledge on how tPA could
modulate NMDA receptor functions. These results may have an
impact in stroke therapy and future therapeutic molecules tar-
geted at the amino-terminal domain of NR2B subunit.
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