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Abstract
Previous studies demonstrate that intradomain interactions of Src family kinases (SFKs),
stabilized by binding of the phosphorylated C-tail to the SH2 domain and/or the binding of the
SH2-kinase linker to the SH3 domain, lock the molecules in a closed conformation, disrupt the
kinase active site and inactivate SFKs. Here we report that the up-regulation of N-methyl-D-
aspartate receptors (NMDARs) induced by expression of constitutively active neuronal Src in
which the C-tail tyrosine is mutated to phenylalanine (n-Src/Y535F) is significantly reduced by
dysfunctions of the SH2 and/or SH3 domains of the protein. Furthermore, we found that the
dysfunctions of SH2 and/or SH3 domains reduce the autophosphorylation of the kinase activation
loop, depress the kinase activity, and decrease NMDAR phosphorylation. The SH2 domain plays a
greater regulatory role than the SH3 domain. Our data also show that n-Src binds directly to the C-
tail protein of the NMDA NR2A subunit in-vitro with a KD of 108.2 (± 13.3) nM. This binding is
not Src kinase activity-dependent and the dysfunctions of the SH2 and/or SH3 domains do not
significantly affect the binding. Thus, we have provided direct experimental evidence indicating
that the SH2 and SH3 domains may function to promote catalytic activity of active n-Src, which is
important in the regulation of NMDAR functions.

Introduction
Src family kinases (SFKs) are critically involved in the regulation of many biological
functions mediated through growth factors, G-protein-coupled receptors, or ligand-gated ion
channels. As such, SFKs have become important targets for therapeutic treatments [1;2].
Based on the crystallographic studies of inactive and active Src, the SH2 and SH3 domains
are believed to form a ‘regulatory apparatus’. The binding of the phosphorylated C-tail to
the SH2 domain and/or the binding of the SH2-kinase linker to the SH3 domain inactivates
SFKs [3–6]. It has been shown that either mutating tyrosine 527 to phenylalanine (Y527F)
in the C-tail of chicken c-Src, dephosphorylating phosphorylated Y527, or breaking the SH2
or SH3 domain interactions by dysfunction of either of these domains may significantly
enhance the enzyme activity of c-Src [3–6].

It is known that NMDARs are regulated by receptor-associated SFKs [7–12]. This
regulation is found to be a key mechanism underlying the activity-dependent neuroplasticity
associated with many physiological and pathological processes [11–13]. The C-termini of
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NMDA NR2A and NR2B subunits are primary targets for phosphorylation by SFKs, such as
Src and Fyn [14–16]. However, the mechanism by which NMDARs are regulated by SFKs
is still not completely understood.

To elucidate how NMDARs are regulated by Src kinase, we examined the regulation of
NMDA NR1-1a/NR2A receptors, which represent a dominant NMDAR subunit
combination in the adult central nervous system (CNS), by Src both in cell culture and in-
vitro. Our results revealed that the SH2 and SH3 domain interactions may act not only to
constrain the activation of Src, but also to promote the enzyme activity of activated Src,
which is important in the regulation of NMDARs by Src.

Results and Discussion
NMDA NR1-1a/NR2A receptors were co-expressed in HEK-293 cells expressing viral Src
(v-Src), wild-type neuronal Src (n-Src) or n-Src mutants. Whole-cell currents were evoked
with L-aspartate or NMDA (250 μM) applied through a double-barrel pipette system. Figure
1A shows a recording of NMDAR-mediated current traces before and after the application
of the SFK inhibitor, PP2 (10 μM). Co-transfection of constitutively active Src, such as v-
Src, significantly enhanced NMDA NR1-1a/NR2A receptor-mediated current density when
compared with that recorded in cells without v-Src expression (Fig. 1C). The averaged peak
amplitude of whole-cell currents recorded in HEK-293 cells expressing constitutively active
n-Src, in which tyrosine 535 (corresponding to Y527 in chicken c-Src) was mutated to
phenylalanine (Y535F) (see Table 1), was 760 ± 140 pA (n = 12, mean ± SEM). Application
of the SFK inhibitor, PP2, significantly inhibited NR1-1a/NR2A receptor-mediated whole-
cell currents (Fig. 1A) without altering reversal potential of recorded currents (Fig. 1B). The
peak amplitudes of NMDA currents were reduced to 73 ± 7% (n = 7) of that prior to PP2
application (Fig. 1D). In contrast, application of PP3, the inactive form of PP2, produced no
such effect (Fig. 1D). Consistent with results reported previously [7;17], no significant
change in NMDAR currents could be induced by PP2 application in cells without Src co-
transfection (Fig. 1D). No significant effect of PP2 was detected on NMDAR currents in
cells co-expressing n-Src (K303R/Y535F) in which lysine at residue 303 in the kinase
domain was mutated to arginine (Table 1), thereby blocking the enzyme activity of Src
[3;18]. Peak amplitudes of NMDAR currents during PP2 application were 96 ± 4% (n = 7)
of controls before PP2 application (Fig. 1D). Taken together, these data demonstrate that
through inhibiting the activity of Src expressed in recorded cells, PP2 application depresses
NR1-1a/NR2A receptor activity.

Unexpectedly, however, the inhibition of NMDAR currents induced by PP2 application was
significantly reduced in cells expressing n-Src/Y535F with additional mutations of D101N
and R183K in the SH3 and SH2 domains (Fig. 1D, Table 1). Previous studies [3;18–21]
have demonstrated that D99 (corresponding to D101 in n-Src) in the SH3 domain of c-Src
forms a salt bridge with an arginine three residues upstream of the conserved PXXP motif of
the SH3 ligand. The D99N mutation prevents the formation of this salt bridge and disrupts
the SH3 binding specificity. R175 (corresponding to R183 in n-Src) in the SH2 domain of c-
Src makes important connections with phosphorylated tyrosine. Mutation of R175 to lysine
prevents this connection and decreases SH2 interactions with its ligand. D99N and R175K
mutations therefore inhibit the interactions with ligands of the SH3 and SH2 domains,
respectively, both intra- and inter-molecularly and thereby disrupt the overall functions of
Src kinase [3;18–21].

Following PP2 application, peak amplitudes of NMDAR currents were reduced to 89 ± 3%
(n = 7) of controls before PP2 application in cells co-expressing active n-Src with
dysfunctional SH3 and SH2 domains (D101N/R183K/Y535F, Fig. 1D). This inhibition of

Groveman et al. Page 2

FEBS J. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



NMDAR currents was significantly (p < 0.05, independent group t-test) smaller than that
detected in cells co-expressing constitutively active n-Src (Y535F, Fig. 1D), raising a
question: What roles do the SH3 and/or SH2 domains play in the regulation of NMDARs by
active Src?

To address this issue we examined the activity of n-Src expressed in HEK-293 cells. The gel
shown in Fig. 2A was loaded with the lysates of HEK-293 cells expressing wild-type n-Src
and its mutants, respectively. Consistent with previous findings [3;17], the mutation of
Y535F significantly increased phosphorylation at Y424 (corresponding to Y416 in chicken
c-Src) when compared with that in wild-type n-Src (Fig. 2A). The dysfunction of the kinase
domain abolished the phosphorylation of Y424 of constitutively active n-Src (K303R/
Y535F, Fig. 2A). However, it was also noted that the phosphorylation of the activation loop,
represented by the phosphorylation of Y424, in n-Src mutants with defective SH2 and/or
SH3 domains was reduced when compared with that in constitutively active n-Src (Y535F,
Fig. 2A). These findings suggest that the dysfunction of the SH3 (D101N) and/or SH2
(R183K) domains may down-regulate the activity of active Src.

We then examined the enzyme activity in lysates of HEK-293 cells expressing n-Src or its
mutants by measuring the phosphorylation of the generic substrate, poly-Glu-Tyr (Sigma).
We found that the kinase activity in cells expressing constitutively active n-Src was
significantly increased over that of cells expressing wild-type n-Src (WT, Fig. 2B). The
expression of inactive n-Src (K303R/Y535F) did not produce detectable kinase activity (Fig.
2B). Compared to cells expressing constitutively active n-Src, the kinase activity was
significantly reduced by 27 ± 4% in cells expressing active n-Src with a dysfunctional SH3
domain (D101N/Y535F), by 96 ± 0.05% in cells expressing active n-Src with a
dysfunctional SH2 domain (R183K/Y535F), and by 97 ± 0.04% in cells expressing active n-
Src with dysfunctional SH3 and SH2 domains (D101N/R183K/Y535F, Fig. 2B). These data
not only suggest that the dysfunction of the SH3 and/or SH2 domains significantly reduces
the enzyme activity of active Src expressed in HEK-293 cells, but also show that the SH2
domain plays a larger role than does the SH3 domain in the regulation of n-Src activity.
Consistent with the finding that the dysfunction of the SH3 and SH2 domains dramatically
reduced n-Src activity (Fig. 2B), we also found that when compared with constitutively
active n-Src (Y535F), neither autophosphorylation in the activation loop nor kinase activity
could be detected in the n-Src mutant, Y535FΔ1–258, in which the N-terminus and both the
SH3 and SH2 domains were deleted (Supplemental Fig. 1).

To confirm the effect produced by the SH3 and/or SH2 domain dysfunctions, n-Src and its
mutants were expressed in BL21(DE3) cells and purified as described previously [22] and
examined. Figure 3A shows these purified proteins. Kinase activity on the generic substrate,
poly-Glu-Tyr, was measured at 5 to 60 min after the addition of n-Src or its mutants (0.5
μM, Fig. 3B). Consistent with our previous findings [22], the enzyme activity of
constitutively active n-Src protein was significantly enhanced when compared to wild-type
n-Src (Fig. 3B) while no enzyme activity was detected in inactive n-Src protein (Fig. 3B).
Mutation of the SH3 or SH2 domain significantly inhibited Src kinase activity with a greater
effect produced by dysfunction of the SH2 domain (Fig. 3B) as was noted in HEK-293 cells.

Furthermore, we examined the autophosphorylation of constitutively active n-Src, active n-
Src with dysfunctional SH3 and SH2 domains and inactive n-Src. Five μg of each of these
proteins were respectively treated with a buffer containing Lambda Protein Phosphatase
(λPPase, 400 U) (New England BioLabs) for 18 hrs at 30°C. To initiate
autophosphorylation, a buffer containing 10 mM sodium orthovanadate, 50 mM sodium
fluoride, 0.2 mM ATP and 10 mM MgCl2 was added into the samples to inactivate the
phosphatase for 0, 5, 10, or 20 min. The phosphorylation reaction was then stopped by the
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addition of 6× SDS sample buffer supplemented with 50 mM EDTA. Y424 phosphorylation
was subsequently analyzed by Western blot (Fig. 3C). Ratios of band intensity detected with
anti-SrcpY416 antibody (rabbit) versus that detected with anti-Src antibody (mouse) were
calculated and normalized to the ratio detected in n-Src/Y535F protein that was not treated
with λPPase (Fig. 3C). A decreased phosphorylation at Y424 was observed in the active n-
Src with dysfunctional SH3 and/or SH2 domains when compared with that in the
constitutively active n-Src (Fig. 3C). However, 5 min after inactivation of λPPase Y424
phosphorylation of the active n-Src without and with dysfunctional SH3, SH2 and both SH3
and SH2 domains reached similar levels (75.4 ± 0.8%, 61.4 ± 9.8%, 75.0 ± 8.4% and 79.3 ±
3.4%) of their respective phosphorylation at 20 min. No such phosphorylation was observed
in inactive n-Src (Fig. 3C). Collectively, these data suggest that the dysfunction of the SH3
or SH2 domains does not alter the ability of active Src to phosphorylate itself at Y424, but
significantly reduces autophosphorylation through modulating kinase activity of the enzyme.

To determine the roles of the SH3 and/or SH2 domains in the Src regulation of NMDAR
phosphorylation, the protein fragment corresponding to amino acids K1096-V1464 in NR2A
C-tail was incubated with wild-type n-Src or its mutants at a 1:1 concentration ratio for 1 hr
at 37 °C in the presence of 10 mM MgCl2 and 0.2 mM ATP. We found that the NR2A C-tail
protein was phosphorylated by wild-type n-Src, but not by the inactive n-Src (Fig. 4A).
Incubation with the active n-Src produced an increased level of NR2A C-tail
phosphorylation over that incubated with wild-type n-Src. Active n-Src proteins with
defective SH3 and/or SH2 domains produced a reduced level of NR2A C-tail
phosphorylation when compared to the constitutively active Src (Fig. 4A). The
phosphorylation time course of the NR2A C-tail protein by wild-type and mutant n-Src
proteins is shown in Fig. 4B. Consistently, the highest tyrosine phosphorylation was
produced by the constitutively active n-Src. At 10 min, the phosphorylation of NR2A C-tail
by the constitutively active n-Src had reached a level similar to that produced by the wild-
type n-Src at 60 min (Fig. 4B). Remarkably, dysfunction of the SH3 and/or SH2 domains
impacted the phosphorylation process of NR2A C-tail proteins by active n-Src and reduced
the n-Src activity on NMDARs, with the larger effect produced by the dysfunction of the
SH2 domain (Fig. 4).

To determine if the reduced phosphorylation and activity of NMDARs observed with
dysfunction of the SH3 and/or SH2 domains in Src may be due to a change in the interaction
of Src with its substrate, the binding of wild-type or mutant n-Src proteins with the NR2A
C-tail protein was examined using Surface Plasmon Resonance (SPR, Fig. 5). We found
that, in contrast to bovine serum albumin (BSA), all of the n-Src proteins were able to bind
NR2A C-tail with similar, nanomolar-range binding affinities (Fig. 5). This indicates that the
ability of n-Src protein to bind to the NR2A C-tail is independent of its kinase activity, and
that dysfunction of the SH3 and/or SH2 domains does not affect this interaction.

The regulation of NMDARs by Src and other SFKs [7–12] has been found to be a key
mechanism underlying the activity-dependent neuroplasticity in the CNS. Through binding
to PSD-95 [23] or ND2 [24], SFKs are closely linked to NMDARs in neurons [12]. It is well
known that the activity of SFKs is tightly regulated by the reversible phosphorylation of
Y527 in chicken c-Src in-vivo. The phosphorylation of Y527 may decrease the activity of
SFKs, with dephosphorylation of phosphorylated Y527 eliciting the opposite effect [3–6].
Protein tyrosine phosphatase alpha (PTPα) may selectively dephosphorylate phosphorylated
Y527 [25;26] while C-terminal Src kinase (Csk) specifically phosphorylates Y527 [3;27;28].
PTPα associates with NMDARs through binding to the scaffold protein, PSD-95, and
constitutively up-regulates NMDARs through endogenous SFKs [29]. Csk binds to
phosphorylated NMDARs in response to the actions of SFKs, depresses SFKs and thereby
down-regulates NMDARs [17]. The close proximity of Csk, PTPα, SFKs and their substrate,
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NMDARs, ensures that the complex forms a well-controlled molecular network regulating
receptor function and synaptic plasticity [9;11;12;17;29].

Two types of Src, cellular (c-Src) and neuronal Src (n-Src), can be found in neurons. n-Src
contains a six-amino acid insertion in the SH3 domain and is only expressed in neurons [3].
The SH3 and SH2 domains in Src have been recognized to be involved in the negative
regulation of Src. However, it has also been shown that the SH2 domain may exert positive
effects on the kinase activity and substrate interaction with the kinase domain, for example,
in v-Fps tyrosine kinase [30;31]. Recent detailed investigations demonstrated that in active
Fps kinase, the SH2 domain tightly interacts with the kinase N-terminal lobe and positions
the kinase αC helix in an active configuration. This structure is stabilized by ligand binding
to the SH2 domain [32]. Similarly, in active c-Abl tyrosine kinase, the SH2 and SH3
domains redistribute from their autoinhibitory positions on the backside of the kinase
domain to adopt an extended conformation, stimulating the catalytic activity of the kinase
[32]. Small-angle X-ray scattering (SAXS) analysis shows that in activated c-Abl there is an
extended array of the SH3, SH2, and kinase domains. This alternative conformation may
prolong the active state of the kinase by preventing it from returning to the autoinhibitory
state [33]. In Src and Abl kinases, the SH2 domain can act in conjunction with an additional
SH2 or SH3 domain to maintain an inactive state through intramolecular interactions with
the catalytic domain, but is also critical for active signaling [32]. Therefore, it is possible
that the SH2 domain is bifunctional in the regulation of kinase activity.

A previous study [14] reported that the tyrosine phosphorylation of NMDA NR2A and
NR2B subunits induced by incubation with recombinant Src and Fyn may be significantly
reduced by application of SH2 domain binding peptides. This could be induced by blocking
the binding of the SH2 domain to the substrate and thereby preventing the interaction of the
substrate with the kinase domain. We found that with active n-Src in which the C-tail
tyrosine was mutated to phenylalanine, dysfunctions of SH2 and/or SH3 domains reduced
the autophosphorylation of the kinase domain activation loop, depressed kinase activity, and
inhibited Src-mediated NMDAR tyrosine phosphorylation and channel activity regulation.
Although detailed mechanisms underlying the actions of SH2 and SH3 domains in the
regulation of active n-Src remain to be clarified, our study has revealed that the SH2 and
SH3 domain interactions may act not only to constrain the activation of n-Src, but also to
regulate the enzyme activity of active n-Src, in which the SH2 domain appears to play a
greater role than the SH3 domain. These findings may be very important for understanding
the regulation of activity-dependent neuroplasticity in the CNS.

Experimental Procedures
HEK-293 cell culture and transfection

Cell culture and DNA transfection were performed as described previously [17;29]. Briefly,
HEK-293 cells were grown in Dulbecco’s Modified Eagles Media (DMEM) (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) (Invitrogen). These
cells were then transfected using the Effecten (Qiagen, Valencia, CA, USA) or
Lipofectamine (Gibco-BRL, Carlsbad, CA, USA) method as per the manufacturer’s
instructions with expression vectors (pcDNA3 or pRcCMV) containing cDNAs encoding
NR1-1a (0.4 μg), NR2A (1.2 μg) and/or v-Src (0.2 μg), wild-type n-Src (0.2 μg) or one type
of n-Src mutant (0.2 μg): Y535F, D101N/Y535F, R183K/Y535F, K303R/Y535F, D101N/
R183K/Y535F, Y535FΔ1–258 or K303R/Y535FΔ1–258. D101, R183, K303 or Y535 in mouse
n-Src correspond to D99, R175, K297, and Y527 in chicken c-Src, respectively (see Table
1). For electrophysiological recordings, green fluorescence protein (GFP, 0.15 μg) was co-
transfected. After 5–12 hrs, transfected cells were maintained in the DMEM supplemented
with AP5 (500 μM) for 48 hrs before experiments.
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Whole-cell recordings in cultured cells
Methods for whole-cell patch clamp recordings in HEK-293 cells have been described in our
previous works [17;29]. In brief, cells were bathed in a standard extracellular solution
containing NaCl (140), CsCl (5), CaCl2 (1.2), HEPES (25), glucose (32), TTX (0.001),
glycine (0.01), pH: 7.35 and osmolarity: 310–320 mOsm. Recording pipettes were pulled to
a diameter of 1 – 2 μm at the tip and filled with intracellular solution composed of (in mM):
CsCl (145), BAPTA (0.5), HEPES (10), MgCl2 (2), K-ATP (4), osmolarity 290–300 mOsm
(DC resistance: 4–7 MΩ). Whole-cell currents were evoked by application of L-aspartate or
NMDA (250 μM) dissolved in the extracellular solution for 3 sec via a multi-barrel fast-step
perfusion system (SF-77B perfusion fast-step system, Warner Instrument, Hamden, CT,
USA). Recordings were conducted under the voltage-clamp condition at a holding potential
of −60 mV. Whole-cell currents were recorded using Axopatch 200B amplifiers (Molecular
Devices, Sunnydale, CA, USA). On-line data acquisition and off-line analysis were
performed using pClamp9 software (Molecular Devices).

Protein expression and purification
Techniques used for protein expression and purification were described previously [22]. In
brief, cDNA encoding full length wild-type n-Src, n-Src mutants (Y535F, D101N/Y535F,
R183K/Y535F, K303R/Y535F or D101N/R183K/Y535F) or aa K1096-V1464 of the NR2A
subunit was cloned into the pET15b vector and subsequently transformed into E. coli
BL21(DE3) cells. The proteins were expressed as N-terminal His6 tag fusions in Terrific
Broth supplemented with 100 μg/mL of ampicillin using the modified Autoinduction™

protocol [34]. Cultures were grown at 37°C for 3–4 hrs and then cooled to 18°C for protein
expression for additional 18 hrs. Cells were then harvested by centrifugation at 7,500 g for
15 mins at 4°C. Pellets were resuspended in buffer A (50 mM Tris-Cl, 0.5 M NaCl, 25 mM
imidazole, pH 8.0) containing 1 mM phenylmethylsulphonyl fluoride (PMSF) and lysed
using a sonicator. After centrifugation at 25,000 g at 4°C, the supernatant was loaded on a
Chelating Sepharose column (Amersham Biosciences, Uppsala, Sweden). After the initial
wash with Buffer A, proteins were eluted with 500 mM imidazole. The His tag was removed
by incubation with thrombin for 4 hrs at 37°C. Protein purity was assessed using SDS-
PAGE and Western blotting (Fig. 2B) and was shown to be at least 95%. Purified proteins
were concentrated following extensive dialysis in buffer containing 30 mM sodium
phosphate and 30 mM NaCl (pH 7.4), and stored at 4°C under reducing conditions (1 mM
DTT), and then analyzed with electrospray ionization (ESI) linear ion trap mass
spectrometer (LTQ MS) (Thermo Finnigan, Waltham, MA, USA). The sequence coverage
of purified n-Src proteins was determined after analysis of respective tryptic peptides using
MS/MS [22]. Protein concentration was determined spectrophotometrically in the presence
of 6 M urea at 280 nm using calculated extinction coefficients (www.expasy.org).

Immunoblotting and in-vitro kinase activity assay
Proteins purified from BL21(DE3) cells were subjected to SDS-PAGE and Western blotting.
Antibodies including anti-Src antibody (Millipore, Billerica, MA, USA), anti-pY527
antibody (Cell Signaling, Danvers, MA, USA), anti-pY416 antibody (Cell Signaling), anti-
NR2A C-tail antibody (Upstate, Charlottesville, VA, USA) and anti-phosphotyrosine
antibody (4G10, Upstate) were used. To determine the kinase activity of the n-Src proteins,
a modified ELISA-based assay (PTK101, Sigma, St. Louis, MO, USA) was performed using
an exogenous tyrosine kinase-specific polymer substrate, poly-Glu-Tyr, or an NR2A protein
fragment corresponding to the C-tail amino acids K1096-V1464. The phosphorylation
reaction was initiated by the addition of n-Src proteins to the tyrosine kinase reaction buffer
containing excess Mg2+ (10 mM), Mn2+ (10 mM) and ATP (0.2 mM) in microtiter plates
coated with poly-Glu-Tyr substrate or NR2A C-tail. The phosphorylation reactions were
stopped by removing the reaction mixture and washing with phosphate buffered saline
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Tween-20 (PBST) at each time point as indicated. The phosphorylated substrate was
detected with a horseradish peroxidase (HRP)-conjugated anti-phosphotyrosine antibody. A
color reaction was induced by adding HRP substrate o-Phenylenediamine (OPD) and
stopped with 0.25 M sulfuric acid, followed by absorbance measurement at 490 nm with a
spectrophotometer in a microplate ELISA reader (Benchmark, BioRad, Hercules, CA,
USA). Steady-state kinase activity assays for the proteins were carried out at room
temperature for 60 min. All of the chemicals and agents were purchased from Sigma except
where indicated.

To examine the autophosphorylation of the proteins, 5 μg of n-Src/Y535F, n-Src/D101N/
Y535F, n-Src/R183K/Y535F, n-Src/D101N/R183K/Y535F, or n-Src/K303R/Y535F were
dephosphorylated with 400U of Lambda Protein Phosphatase (New England BioLabs,
Ipswich, MA, USA) in the manufacturer-provided reaction buffer at 30°C for 18 hrs. The
phosphatase was inactivated by the addition of 10 mM sodium orthovanadate and 50 mM
sodium fluoride included in a buffer containing 0.2 mM ATP and 10 mM MgCl2 for 0, 5 10
or 20 min. The reactions were stopped by the addition of 6× SDS sample buffer
supplemented with 50 mM EDTA. Autophosphorylation at pY424 was analyzed by Western
blot and quantified by densitometric analysis using Image J (NIH, Bethesda, MD, USA).

Surface Plasmon Resonance
The affinity interactions of Src mutants and NR2A C-tail fragment were analyzed using a
Biacore T-100 optical biosensor (Biacore/GE Healthcare, Uppsala, Sweden). NR2A C-tail
protein fragment was immobilized on a CM5 chip using amine coupling chemistry. This
process consisted of surface chip activation with a 1:1 ratio of EDS/NHS (0.4 M 1-ethyl-3-
(3-dimethylaminopropyl)-carboimide and 0.1M N-hydroxysuccinimide), followed by NR2A
C-tail protein immobilization to 2000 RU using 10 μg/mL protein in 10 mM sodium acetate
immobilization buffer (pH 4.5), and chip surface deactivation with 1M ethanolamine-HCl
(pH 8.5). All binding experiments were carried out in a running buffer containing 50 mM
HEPES, 150 mM NaCl, 3 mM EDTA, 0.05% p20, pH 7.4. Src concentrations of up to 400
μM were injected in triplicate over the chip surface at a flow rate of 10 μL/min for 180 sec.
The surface was regenerated with 30 sec bursts of 2 M NaCl followed by 0.05% SDS at a
flow rate of 50 μL/min. All experiments were repeated over a second CM5 chip in triplicate
following the same protocol. The data were analyzed using BiaEvaluation 3.0 software
(Biacore) and SigmaPlot (Systat Software Inc, Richmond, CA, USA) and fit to a 1:1
Langmuir binding model for calculation of the equilibrium dissociation constants (KD).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effects of inactivation of the SH3 and SH2 domains on the Src regulation of NMDAR
activity
A: An example showing NR1-1a/NR2A receptor-mediated whole-cell currents before and
during PP2 application recorded from HEK-293 cells co-transfected with cDNAs of n-Src/
Y535F; B: An example of the current-voltage relationship recorded before (control) and
during PP2 application from a cells co-transfected with n-Src/Y535F; C: Summary data
(mean ± SEM) showing NMDAR peak current density recorded in HEK-293 cells
transfected without (“−”) or with (“+”) v-Src. D: Summary data showing effects of PP2
application on peak amplitudes of NMDAR currents, which were normalized with those
before PP2 application (= 100%, dashed line), recorded from cells co-transfected without
(“−“) or with cDNAs of n-Src mutants as indicated; #: p<0.05, ##: p<0.01 (Independent
group t-test). Values in brackets indicate the number of cells tested.
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Figure 2. Effects of dysfunction of the SH3 and/or SH2 domains on n-Src proteins expressed in
HEK-293 cells
A: Western blot showing protein expression in lysates (20 μg) of HEK-293 cells. The filters
were sequentially immunoblotted with antibodies towards the proteins as indicated next to
arrows. SrcpY535 (corresponding to SrcpY527): probed with anti-pY527 antibody (Rabbit);
SrcpY424 (corresponding to SrcpY416): probed with anti-pY416 antibody (Rabbit). Src:
probed with anti-Src antibody (Mouse). Values left of the blots indicate molecular mass in
kilodaltons. B: Summary data showing kinase activity of n-Src proteins expressed in
HEK-293 cells on a generic substrate (poly-Glu-Tyr); Values in brackets indicate number of
experimental repeats. #: p<0.05 (Independent group t-test) in comparison with the kinase
activity of constitutively active n-Src (Y535F).
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Figure 3. Effects of dysfunction of the SH3 and/or SH2 domains on purified n-Src proteins in-
vitro
A: Purified n-Src proteins expressed in BL21(DE3) cells. Cms: Coomassie blue staining.
WB: Western blot of purified n-Src proteins probed with anti-Src antibody. B: Summary
data showing kinase activity on a generic substrate (poly-Glu-Tyr) for purified n-Src
proteins as indicated. C: Western blot showing n-Src autophosphorylation of Y424. The
filters were sequentially immunoblotted with antibodies towards the proteins as indicated
next to arrows. C: Untreated n-Src/Y535F protein. The graph shows summary data from
densitometric analysis of Western blot data displayed as a ratio of pY424 to total Src
normalized to untreated constitutively active n-Src (Y535F); Values in brackets indicate the
number of experimental repeats.
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Figure 4. Effects of dysfunction of the SH3 and/or SH2 domains on the phosphorylation of
NMDA NR2A C-tail protein by n-Src
A: Western blot showing phosphorylation of NR2A C-tail fragment proteins (aa 1096–1464,
5 μg) incubated without (“−”) or with (“+”) n-Src or its mutants as indicated. Duplicate
filters were immunoblotted with antibodies towards the proteins as indicated next to arrows.
NR2A: probed with anti-NR2A C-tail antibody (Rabbit); pY: probed with anti-
phosphotyrosine antibody (4G10, Mouse); Src: probed with anti-Src antibody (Mouse). B:
Summary data showing NR2A C-tail phosphorylation induced by n-Src proteins as indicated
and detected by color assay (see Experimental Procedure). Values in brackets indicate
number of experimental repeats.
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Figure 5. Binding of n-Src and NR2A C-tail proteins
SPR sensorgrams in A–F show the binding of wild-type and mutant n-Src proteins at
concentrations of 0 to 400 nM to NR2A C-tail protein immobilized on a CM5 chip to a
surface density of 2000 RU. Sensorgrams in panel A are displayed as overlaid triplicate
experiments, while panels B–G are displayed as single representative experiments for
clarity. The degree of reproducibility of the respective B–G triplicate runs was similar to that
shown in panel A. G: SPR sensorgram showing the binding of BSA at 400 nM (negative
control). Insets in A–F: Summary data showing affinity curves fit to a one-site binding
model derived from SPR binding curves normalized to the response at 400 nM (mean ±
SEM for each concentration of n-Src protein); KD: (mean ± SEM) of steady-state binding
constants (n = 6).
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Table 1

n-Src constructs

n-Src Constructs Corresponding c-Src Mutation Mutation Location Phenotype

Wild-type None None Native

Y535F Y527F C-tail Constitutively active

K303R/Y535F K297R/Y527F Kinase domain and C-tail Kinase dead

D101N/Y535F D99N/Y527F SH3 domain and C-tail SH3 domain dysfunction

R183K/Y535F R175K/Y527F SH2 domain and C-tail SH2 domain dysfunction

D101N/R183K/Y535F D99N/R175K/Y527F SH3, SH2 domain and C-tail SH3 and SH2 domain dysfunction

Y535FΔ1–258 Y527FΔ1–250 N-terminal, SH3, SH2 domain and
C-tail

Deletion of N-terminal, SH3 and SH2
domain of active n-Src

K303R/Y535F Δ1–258 K297R/Y527F Δ1–250 N-terminal, SH3, SH2, kinase
domain and C-tail

Deletion of N-terminal, SH3 and SH2
domain of kinase dead n-Src

The n-Src constructs are listed by the residue(s) mutated, corresponding mutation(s) in chicken c-Src, and respective phenotype based on the
mutation(s).
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