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Summary
Neuronal Src (n-Src) is an alternative isoform of Src kinase containing a 6-amino acid insert in the
SH3 domain that is highly expressed in neurons of the central nervous system (CNS). To investigate
the function of n-Src, wild-type n-Src, constitutively active n-Src in which the C-tail tyrosine 535
was mutated to phenylalanine (n-Src/Y535F) and inactive n-Src in which the lysine 303 was mutated
to arginine in addition to the mutation of Y535F (n-Src/K303R/Y535F), were expressed and purified
from E. coli BL21(DE3) cells. We found that all three types of n-Src constructs expressed at very
high yields (~500 mg/L) at 37°C, but formed inclusion bodies. In the presence of 8 M urea these
proteins could be solubilized, purified under denaturing conditions, and subsequently refolded in the
presence of arginine (0.5 M). These Src proteins were enzymatically active except for the n-Src/
K303R/Y535F mutant. n-Src proteins expressed at 18°C were soluble, albeit at lower yields (~10 –
20 mg/L). The lowest yields were for n-Src/Y535F (~10 mg/L) and the highest for n-Src/K303R/
Y535F (~20 mg/L). We characterized the purified n-Src proteins expressed at 18°C. We found that
altering n-Src enzyme activity either pharmacologically (e.g., application of ATP or a Src inhibitor)
or genetically (mutation of Y535 or K303) was consistently associated with changes in n-Src stability:
an increase in n-Src activity was coupled with a decrease in n-Src stability and vice versa. These
findings, therefore, indicate that n-Src activity and stability are interdependent. Finally, the successful
production of functionally active n-Src in this study indicates that the bacterial expression system
may be a useful protein source in future investigations of n-Src regulation and function.
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INTRODUCTION
Src family kinases (SFKs) are highly expressed in the central nervous system (CNS) and are
found to play important roles in the regulation of neural development and synaptic transmission
[1–3]. Src is the best characterized kinase of the SFKs and has become an important target for
the development of therapeutic approaches to many diseases. Three types of Src kinases have
been identified: cellular Src (c-Src), viral Src (v-Src) and neuronal Src (n-Src) [4–6]. n-Src is
expressed as the dominant form of Src in the developing brain [4,5,7]. C-terminal Src kinase
(Csk) is also highly expressed in the embryonic brain, followed by a decrease in expression as
the brain matures [4,8,9]. Csk specifically phosphorylates the C-tail tyrosine of SFKs (e.g.,
Y527 in chicken c-Src) and thereby acts as an endogenous depressor of SFKs [4,8,9]. It has
been found that with a decrease in Csk expression the activity of Fyn (a member of SFKs) but
not Src, is enhanced [7]. Although the activity of n-Src expressed in yeast can be down-
regulated by Csk co-expression, n-Src showed much higher activity than c-Src, even in the
repressed form [7]. Focal adhesion kinase (FAK), a non-receptor tyrosine kinase, activates
SFKs via SH2- and SH3-mediated interactions. Endogenous FAK expressed in neurons binds
specifically to the SH3 domain of c-Src but not n-Src [10]. These findings imply that n-Src
may behave differently when compared to c-Src in the regulation of development and function
of the CNS. Compared with other SFKs, high flexibility is found in the n-Src loop which has
a unique conformation stabilized by the establishment of several intra-molecular hydrogen
bonds [11]. The expression of n-Src is temporally augmented at the onset of neural
differentiation, with constitutive activation of n-Src in vivo resulting in aberrant dendritic
morphogenesis in mouse cerebellar Purkinje cells [12]. Most of the current knowledge
regarding the structure and function of Src is obtained from well conducted investigations of
c-Src and/or v-Src [3–5,13,14]. n-Src however remains largely unstudied. In the present study
we expressed and purified wild-type, constitutively active and inactive n-Src proteins, and
characterized their regulation in vitro.

Methods
n-Src protein expression and purification

cDNAs encoding full length mouse wild-type n-Src, n-Src/Y535F, n-Src/K303R/Y535F or n-
Src/K303A/Y535F confirmed by sequencing, were cloned into the pET15b vector and
subsequently transformed into E. coli BL21(DE3) cells. To determine the optimal expression
conditions, 20 mL cultures of N-terminal His6-tagged wild-type n-Src were grown in LB
(Luria-Bertani) medium supplemented with 100 mg/mL of ampicilin at 37°C until the optical
density at wavelength of 600 nm (OD600) of the cultures reached 0.6. The temperature was
then kept at 37 °C or adjusted to 4, 10, 18 or 25 °C. The protein expression was induced with
1 mM IPTG for 4 hours. Cells were then harvested by centrifugation at 7,500 g for 15 min at
4°C. Pellets resuspended in Buffer A (50 mM Tris-Cl, pH 8.0, 0.5 M NaCl, 25 mM imidazole)
containing 1 mM PMSF were lysed using a sonicator, and then centrifuged at 25,000 g at 4°C
for 15 min. Yields of soluble n-Src protein were estimated by performing SDS-PAGE and
staining with Coomassie Blue G250. We found that the highest yield of soluble n-Src protein
was obtained from the expression at 18°C.

Using the modified Autoinduction™ protocol [15], large scale cultures (1 L) were grown in
Terrific Broth medium supplemented with 100 mg/mL of ampicillin at 37 °C for 3 – 4 hrs
followed by lowering the temperature to 18 °C for an additional 18 hours. Cells were then
harvested, lysed and clarified as mentioned above. The supernatant loaded on a Chelating
Sepharose column (Amersham Biosciences) was washed with Buffer A, followed by protein
elution with 500 mM imidazole. His tag was removed by incubation with thrombin for 4 hrs
at 37°C. Purified proteins were then concentrated following extensive dialysis in buffer
containing 30 mM phosphate and 30 mM NaCl (pH 7.0), and stored at −20°C under reducing
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conditions (1 mM DTT). Based on SDS-PAGE and Western blotting (see below), the purity
of the proteins was estimated to be at least 95%. For the subsequent analyses, the concentration
of n-Src and its mutants was obtained using absorbance at 280nm and an extinction coefficient
of 84,270 for wild-type n-Src and 82,780 M−1cm−1 for its mutants as calculated using ExPASy
ProtParam tool (http://expasy.org/tools/protparam.html).

SDS-PAGE and trypsin digestion
Purified n-Src proteins were separated and stained on a 7.5% SDS-PAGE gel. The bands
corresponding to each n-Src protein were excised from the gel and washed with 200 μL of 50%
acetonitrile and 25 mM ammonium bicarbonate (pH 8.0) according to the manufacturer’s
protocol (Trypsin Profile IGD Kit, Sigma Aldrich). Gel slices were then dehydrated in 100%
acetonitrile and dried. Gel slices were rehydrated and digested with 20 μL (0.4 μg) of reagent
grade trypsin (Sigma Aldrich) and 50 μL of Trypsin Reaction Buffer at 37°C for 15 hrs. Peptides
were extracted with 50% acetonitrile and 5% trifluroacetic acid. Extracts were dried under
vacuum at room temperature and reconstituted in 3 μl of 50% acetonitrile and 0.1%
trifluroacetic acid. Following a 4 hr, 37°C digest with trypsin, peptides were dissolved in 50%
methanol, 0.1% acetic acid solution and infused at a flow rate of 200 nL/min with electrospray
ionization (ESI) potential of 4.1 kV. The spectra were scanned for 20 min, using ESI linear ion
trap mass spectrometer (LTQ MS, Thermo Finnigan). Ion Max electrospray was used as the
ESI ion source.

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), anti-pY527 antibody (Cell Signaling), anti-
pY416 antibody (Cell Signaling), and anti-phosphotyrosine antibody (4G10, Upstate) were
used.

A modified ELISA-based kinase assay (PTK101, Sigma) was performed to determine the
kinase activity of the n-Src proteins, as recommended by the manufacturer. n-Src proteins were
added into the tyrosine kinase reaction buffer containing excess Mg2+, Mn2+ and ATP in
microtiter plates coated with poly-Glu-Tyr substrate. The phosphorylation reactions were
stopped via the addition of the Src inhibitor PP2 at each time point as indicated. A horseradish
peroxidase (HRP)-conjugated anti-phosphotyrosine antibody was used to detect the
phosphorylated substrate. A color reaction was induced by adding HRP substrate o-
phenylenediamine dihydrochloride (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). Steady-state kinase activity assays for the three proteins were carried
out at room temperature for 30 min.

Circular dichroism (CD) studies
Far-UV CD measurements were performed using a Jasco 810 spectropolarimeter with a
PTC343 Peltier unit (Jasco, Inc.). Wavelength scans from 180 – 260 nm were collected at 0.2
mg/mL protein concentration, in 30 mM phosphate buffer pH 7.5, 30 mM NaCl, 1 mM
dithiothreitol (DTT). A quartz cuvette with a 0.1 cm pathlength (Hellma) was used. Spectra
were collected at room temperature at a scan rate of 50 nm/min in 0.2 nm increments with a
response time of 4 sec. Results from three independent scans (collected in triplicates) and three
protein preparations were collected for each sample (and each buffer), averaged and corrected
for absorption of the buffer. Spectral analyses were performed using software provided by the
manufacturer (Jasco). The mean residue ellipticity, [Θ], was obtained as follows:

(1)
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where Θ in the CD signal in millidegrees, l is the pathlength (in cm), c is the protein
concentration (in M), and N is the number of amino acids [16]. Secondary structure
deconvolution was performed using the CDPro software with a basis set for known secondary
structure content of 29 proteins [17]. The secondary structure contents were calculated with
the software CDPro from the three algorithms (SELCON3, CONTINL and CDSSTR).

Urea denaturation studies were performed by pre-equilibrating protein samples at
concentrations from 0 M to 6.0 M for at least 2 hrs at room temperature. No difference in signals
was observed between 2 and 24 hr-incubation, suggesting that the proteins were equilibrated
at 2 hrs. Spectra were collected with the same parameters as with the native proteins described
above. Data points at 218 nm were expressed as a fraction of the total molar ellipticity change
to estimate the midpoint of irreversible unfolding.

Effects of temperature on protein structure were also investigated. Initially, full wavelength
scans (180 – 260 nm) were collected in 5°C increments after a 5 min equilibration in the cell
holder. Spectra were collected from 20 – 70°C as a function of heating rate (10, 15 and 20°C/
hr) to determine the kinetics of unfolding. Unfolding was found to be independent of the heating
rate (data not shown), and irreversible. For optimal signal-to-noise ratio, a heating rate of 15°
C/hr was used. Total ellipticity change was the greatest at 208 nm, and this wavelength was
selected for monitoring secondary structure loss upon thermal denaturation. Data were
collected in 0.2°C increments between 20 and 70°C. At each 10°C increment, samples were
equilibrated for 5 min and full scans were collected. Molar ellipticity at 208 nm was expressed
as a fraction of the total molar ellipticity change and midpoints of unfolding were estimated.

Intrinsic tryptophan fluorescence spectroscopy
Intrinsic tryptophan fluorescence was measured as described previously [18]. Fluorescence
emission spectra of Src proteins at 1 μM were recorded at 25ºC in a temperature-controlled
cuvette holder on a Cary Eclipse spectrophotometer (Varian Instruments). Buffers and samples
were filtered through 0.22 μm filter to insure removal of any aggregates. Protein samples
containing varying amounts of urea were excited at 295 nm. The emission spectra were
collected from 304 to 500 nm. The baseline recording was done with buffer alone prior to every
run. Integrated fluorescence for each spectrum was normalized to the highest value detected
in the presence of 0 M urea concentration and plotted versus the denaturant concentration. The
midpoints of unfolding for each protein were estimated from the plot.

Light scattering measurement
Effects of temperature on protein self-association were examined by using light scattering at
an excitation/emission wavelength of 340 nm in a Cary Eclipse spectrophotometer (Varian
Instruments) equipped with a Peltier temperature controller. Solutions containing 1 μM of Src
proteins were heated at 15°C/hr in a 1 cm pathlength quartz cuvette with stirring. Responses
at 340 nm were collected in triplicates for three samples of each protein. The normalized light
scattering signal was plotted against the temperature, and midpoints were estimated.

Results
Recombinant n-Src proteins expressed in E. coli BL21(DE3) cells

Bacterial were cultured using the Autoinduction protocol [15] at 37°C followed by expression
of n-Src proteins at 18°C. We found that all three types of n-Src constructs expressed at very
high yields (~500 mg/L) at 37°C, but formed inclusion bodies. The formation of inclusion
bodies is frequently observed with expression of eukaryotic proteins in bacteria [19,20]. In the
presence of 8 M urea these proteins could be solubilized, purified under denaturing conditions,
and subsequently refolded in the presence of arginine (0.5 M). Urea denaturation studies by
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measuring intrinsic tryptophan fluorescence showed no changes in the fluorescence signal,
even when 6 M urea was added to the protein. We thus concluded that these proteins were
unsuitable for biophysical studies, most likely due to the presence of high concentration of
arginine. However, we found that these Src proteins were enzymatically active with the
exception of the n-Src/K303R/Y535F mutant (data not shown).

n-Src proteins expressed at 18°C were soluble, but the yields were lower (~10 – 20 mg/L, Table
1) when compared to expression at 37°C that produced inclusion bodies. The lowest yields
were for n-Src/Y535F (~10 mg/L) and the highest for n-Src/K303R/Y535F (~20 mg/L) (Table
1). Figure 1A shows the Coomassie-stained SDS-PAGE and Western blot assays of purified
n-Src proteins expressed at 18°C in E. coli BL21(DE3) cells. Consistently, all these proteins
were identified with an antibody recognizing Src C-tail (Upstate Biotechnology), wild-type
and n-Src/Y535F were identified with an antibody recognizing phosphorylated tyrosine residue
424 corresponding to tyrosine 416 in chicken c-Src (Cell Signaling), but only wild-type n-Src
was detected with an antibody recognizing phosphorylated tyrosine residue 535 corresponding
to tyrosine 527 in chicken c-Src (Cell Signaling) (Fig. 1A). The sequence coverage of purified
n-Src proteins was determined by analysis of tryptic peptides using tandem mass spectrometry.

To confirm that n-Src proteins purified from E. coli were functionally active, we examined
enzyme activity of purified n-Src proteins using a modified ELISA-based assay. Figure 1B
shows kinetics of the enzyme activity detected in wild-type n-Src, n-Src/Y535F and n-Src/
K303R/Y535F. Compared with wild-type n-Src, n-Src/Y535F showed twice the enzymatic
activity, whereas the K303R mutant showed no activity (Fig. 1B). Km values of wild-type n-
Src and n-Src/Y535F were 0.087 ± 0.012 (mean ± SEM) and 0.04 ± 0.005 mg/mL, and Vmax
72.51 ± 1.10 and 107.4 ± 1.28 nM/min, which are similar to those found by others in c-Src
purified from human platelets [21] and from bacteria [22]. Similarly to n-Src proteins expressed
in mammalian cells [23], tyrosine phosphorylation at Y535 and/or Y424 was found in wild-
type and constitutively active n-Src purified from E. coli, which may be produced via intra-
and/or intermolecular mechanisms [24,25].

Effects of adding ATP on wild-type n-Src
To obtain insights for understanding how endogenous SFKs may be regulated, effects of
addition of ATP (varied from 0 to 0.2 mM) on wild-type n-Src in vitro were examined (Fig.
2). We found that adding ATP increased the phosphorylation of the tyrosine residues 424 and
535 (Fig. 2A, B), and that the enzyme activity of wild-type n-Src increased in an ATP
concentration-dependent manner (Fig. 2C). This increase could not be found in the n-Src
mutant in which K303 (corresponding to K295 in chicken c-Src) and Y535 were mutated to
arginine and phenylalanine, respectively (n-Src/K303R/Y535F, Fig. 2C). With increases in
temperature from 35 to 60°C, the light scattering of n-Src increased (Fig. 2D). The ATP
addition shifted the light scattering of n-Src towards lower temperatures (Fig. 2D). The
midpoints of light scattering were estimated at 50% of the total signal change. The midpoints
of light scattering of Src incubated with 0, 0.02, 0.05 and 0.2 mM of ATP were estimated at
57, 54, 50 and 48°C, respectively.

A change in static light scattering intensity is directly proportional to an increase in turbidity
of a protein solution, which may be induced by protein self-association and aggregation.
Although mechanisms which may cause changes in the aggregation of n-Src and its mutants
remain to be studied, the finding that addition of ATP increased light scattering signals (Fig.
2D) suggests a decrease in Src stability.
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The characteristics of n-Src protein unfolding
We examined the secondary structure of wild-type n-Src, constitutively active n-Src (n-Src/
Y535F), in which activity of the enzyme was increased when compared with wild-type n-Src
(Fig. 1B), and inactive n-Src (n-Src/K303R/Y535F) proteins by measuring far-UV circular
dichroism (CD) spectra. We found that wild-type n-Src, n-Src/Y535F and n-Src/K303R/Y535F
proteins in vitro had nearly identical far-UV CD features (Fig. 3A). The spectra of n-Src
proteins showed a signal maximum at 195 nm and minima at 208 and 222 nm, indicating high
helical content. The α-helix, β-sheet, turn and random coil contents in wild-type n-Src were
calculated with CDPro at 40 ± 4% (mean ± SEM), 17 ± 1%, 26 ± 3% and 18 ± 5%, respectively
(Table 2). No significant difference in the secondary structure content among the three n-Src
proteins was found (Table 2). We then examined the secondary structure integrity of Src
proteins in the presence of urea. No apparent change in CD spectra at 208 nm through 222 nm
was noted for wild-type n-Src (Fig. 3B), n-Src/Y535F or n-Src/K303R/Y535F (data not shown)
in urea concentrations up to 2.0 M. At 4.5 M urea, there were significant changes in CD spectra
at 208 nm through 222 nm (Fig. 3B). Reduction in negative ellipticities at 208, 218, and 222
nm implied losses in α-helical and β-sheet conformations (Fig. 3B). We analyzed the CD data
at 218 nm, where the greatest reduction of negative ellipticity was observed with increasing
urea concentration (Fig. 3B). Figure 3C shows summarized data of molar ellipticity at 218 nm
recorded from wild-type n-Src, n-Src/Y535F, and n-Src/K303R/Y535F proteins. Apparent
changes in molar ellipticity were observed in the presence of urea exceeding the concentration
of 0.5 M. Increasing urea concentration to 1.5 M resulted in 20% and 10% changes in molar
ellipticity of n-Src/Y535F and wild-type n-Src, respectively, while no change was detected in
n-Src/K303R/Y535F (Fig. 3C). In the presence of 3.0 M urea, a half-maximal change in the
ellipticity was found in n-Src/Y535F. Midpoints of denaturation were estimated at 50% change
in total ellipticity at 2.8 M urea for n-Src/Y535F, 3.2 M urea for wild-type n-Src, and 3.8 M
urea for n-Src/K303R/Y535F (Fig. 3C). When urea concentration was increased to 5.0 M, the
ellipticity of all three proteins changed by 90% (Fig. 3C). No aggregation was observed in the
presence of urea. After removal of urea from all three proteins, 50% signal recovery was
observed, as compared with ellipticity at 218 nm of urea-free samples (data not shown).

We then investigated urea effects on the tertiary structures of wild-type n-Src, n-Src/Y535F
and n-Src/K303R/Y535F using fluorescence spectroscopy. Upon excitation at 295 nm, the
intrinsic tryptophan fluorescence emission spectra were collected from 304 to 500 nm. In their
native state, all Src proteins had an emission wavelength maximum at 340 nm, indicating
hydrophobic environments for tryptophans, and thus folded states [26,27]. At 6.0 M urea the
maximum emission wavelength shifted to 355 nm as a result of unfolding and exposure of
tryptophans to a polar solvent, which is consistent with previous reports [26,27]. Since only a
two-state unfolding was observed for all three proteins, the observed changes in fluorescence
emission intensities of Src’s nine tryptophans likely represent global unfolding of the proteins.
Partial recovery in fluorescence signals could be detected after the removal of urea (data not
shown). Integrated fluorescence intensities normalized to the total signal change recorded from
the three proteins were plotted versus urea concentrations as summarized in Figure 3D.
Apparent changes were observed in fluorescence signals at concentration higher than 0.5 M.
When urea concentration was increased to 1.6 M, a 10% signal change was observed for n-
Src/Y535F but not for wild-type n-Src or n-Src/K303R/Y535F. With a subsequent increase of
urea concentration to 2.8 M, 50% signal reduction was found in n-Src/Y535F protein (Fig.
3D). Midpoints of urea denaturation were estimated at 50% amplitude of fluorescence signals
at 2.8 M urea for n-Src/Y535F, 3.2 M urea for wild-type n-Src, and 3.6 M for n-Src/K303R/
Y535F (Fig. 3D). At 5.0 M urea concentration, the fluorescence signals were diminished by
90% in all three proteins (Fig. 3D). These findings were consistent with those found in urea-
induced CD spectral changes (Fig. 3B).
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In contrast to urea, which triggered the greatest ellipticity change at 218 nm, increasing
temperature resulted in the maximal signal change at 208 nm. Figure 4A shows summarized
data of relative changes in molar ellipticity at 208 nm induced by temperature change. We
found that when the temperature was increased from 20 to 35° C, the ellipticity changed by
20% in all three proteins (Fig. 4A). When the temperature was increased to 60°C, the ellipticity
was diminished by 90% (Fig. 4A). The midpoints of thermal denaturation for wild-type n-Src,
n-Src/Y535F and n-Src/K303R/Y535F proteins were estimated at 44, 42 and 46°C,
respectively.

To evaluate the role of protein self-association in the change of ellipticity induced by an
increase in temperature, we measured light scattering of wild-type n-Src, n-Src/Y535F and n-
Src/K303R/Y535F at temperatures ranging from 20 to 70° C. Following completion of thermal
unfolding, samples were equilibrated at room temperature for 20 minutes. Forty to 50% of
fluorescence signals recorded at 20° C were recovered in all three Src proteins, as determined
by fluorescence spectroscopy, indicating irreversible thermal unfolding.

In contrast to that found in the CD spectra at temperatures up to 35° C (Fig. 4A), increases in
light scattering were less than 10% in all three Src proteins. The midpoints of light scattering
in wild-type n-Src, n-Src/Y535F and n-Src/K303R/Y535F were 51, 48 and 54°C, respectively
(Fig. 4B), which were significantly higher than the midpoints observed using CD spectroscopy
at 208 nm (Fig. 4A). These findings suggested that temperature-induced CD spectral changes
around 37° C were mainly due to protein unfolding, and not self-association. Both CD
spectroscopy and light scattering showed that the increasing temperature had the greatest effect
on n-Src/Y535F, and the smallest on n-Src/K303R/Y535F.

Effects of the SFK inhibitor PP2 on Src stability
We investigated effects of a pharmacological Src inhibitor, PP2 (4-amino-5-(4-
chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine) [28,29] on light scattering of the three
proteins under varying temperature conditions. Effects of PP3 (4-amino-7-phenylpyrazol[3,4-
d]pyrimidine) [30], an inactive form of PP2 [30] were examined as a control. Wild-type n-Src
and n-Src/Y535F (2 μM) were each incubated with a 3-fold excess of PP2 (6 μM) for 1 hr. In
the presence of PP2, both wild-type n-Src and n-Src/Y535F showed a shift in their light
scattering curves towards higher temperatures. The midpoints of light scattering of wild-type
n-Src and n-Src/Y535F increased from 51 and 48° C to 56 and 55° C, respectively. In contrast,
PP3 application did not induce any change in light scattering when compared with control (no
treatment, Fig. 5). These findings demonstrated that PP2 increased n-Src self-association.

Effects of low-concentration urea or arginine on n-Src activity
To examine whether n-Src activity may be affected by altering protein unfolding, we
investigated effects of adding low concentrations (0.5–1 M) of urea [31–33] or arginine [34–
37] on n-Src activity, which produced no detectable change in the overall structure of the
proteins. Figure 6A shows the kinase activities of these proteins measured in the absence or
presence of urea or arginine. Presence of 0.05 M urea produced an increase in kinase activities
of both wild-type n-Src and n-Src/Y535F. Urea concentration-dependent increase in kinase
activity was found up to the concentration of 0.3 M urea. Subsequent addition of urea
diminished the enzyme activity (Fig. 6A). In contrast, the presence of urea produced no
detectable change in the activity of n-Src/K303R/Y535F. Compared with increases in the
kinase activity (14 ± 8%, 12 ± 5%, 30 ± 5%, n=3) of wild-type n-Src induced by urea at
concentrations of 0.05, 0.1 and 0.15 M, significantly greater increases (P<0.05, Mann-Whitney
test) in the kinase activity of n-Src/Y535F (43 ± 6%, 44 ± 5%, 44 ± 1%, n=3) were noted,
indicating again a higher sensitivity of constitutively active Src (n-Src/Y535F) to urea.
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Conversely, the presence of up to 0.3 M arginine resulted in concentration-dependent
reductions in kinase activities of wild-type n-Src and n-Src/Y535F. At maximum, arginine
inhibited the kinase activities of wild-type n-Src and n-Src/Y535F by 28 ± 7.0% (n=3) and 38
± 3% (n=3), respectively. At arginine concentrations exceeding 0.3 M the enzyme activities
were constant (Fig. 6A). In contrast, arginine had no effect on the activity of n-Src/K303R/
Y535F. Furthermore, we compared kinase activity of the n-Src/Y535F protein when the ion
concentration was changed by adding NaCl. Although increasing NaCl concentration reduced
the n-Src activity, the effect produced by increasing NaCl was significantly smaller than that
produced by adding the same concentration of arginine (Fig. 6B). Thus, we conclude that
arginine may inhibit Src kinase through an ionic strength-independent mechanism.

Discussion
Previous work on Src kinase has made significant strides studying the role of Src in many
different capacities [3–5,13,14]. However, these attempts have been limited by the difficulty
of acquiring sufficient amounts of the protein. It has been proposed that expression of Src in
vitro causes toxicity in the cells leading to cell death and thereby preventing adequate protein
yields [4,5,13]. Our work demonstrated that while some toxicity may occur in BL21(DE3)
cells expressing n-Src, the majority of the protein is sequestered in inclusion bodies.
Furthermore, the protein can be extracted using urea and refolded in the presence of arginine
into a functionally active protein. Additionally, slowing the expression by lowering the
expression temperature to 18°C allows for the production of soluble n-Src protein at lower
yields (10 – 20 mg/L). These proteins can nonetheless be purified and concentrated for
biophysical studies. The ability to express and purify the full length n-Src proteins provide new
avenues of research and allow for previously difficult structure/function studies to be
performed.

Characterization of these in vitro expressed proteins demonstrated that with an increase in
concentration of added ATP, the kinase activity and phosphorylation at both Y424 and Y535
of wild-type n-Src protein were enhanced. This finding suggests that both Y424 and Y535 in
n-Src may be autophosphorylated in vitro. Wild-type n-Src can be a “mixture” of active and
inactive n-Src. The activity measured in wild-type n-Src represented an integrated result
depending upon ATP added. Unexpectedly, adding more ATP also shifted the light scattering
of n-Src towards lower temperatures. This implies that the n-Src stability may be altered with
changes in n-Src activity.

Urea- and temperature-induced unfolding show a trend in the stability of the secondary
structure of Src proteins: n-Src/Y535F with the highest kinase activity was the most prone to
unfolding and n-Src in which lysine 303 was mutated to arginine, producing the lowest kinase
activity, was the most stable. Consistent with our findings, a previous study reported that v-
Src protein expressed and purified from E. coli is less stable when compared with c-Src [38].
Crystallographic studies show that bindings of the SH2 domain to the phosphorylated C-tail,
and/or SH3 domain to the SH2-kinase linker, lock Src in a closed conformation and thereby
prevent the interaction of the Src kinase domain with its substrate [13,39,40]. However, recent
detailed investigations also show that the SH2 domain may strongly interact with the kinase
N-terminal lobe and position the kinase αC helix in an active configuration in active protein
tyrosine kinases such as Fps [41]. This is stabilized by ligand binding to the SH2 domain
[41]. We found that changes in Src enzyme activity produced either pharmacologically (e.g.,
application of ATP or a Src inhibitor) or genetically (e.g., mutation of Y535F, K303R or K303A
in n-Src) are consistently associated with changes in Src stability. Our data showed that the
Y535F mutation left n-Src in an open form providing increased activity and lower stability.
However, the additional mutation of K303R which abolished n-Src activity while leaving it in
the open form increased stability. These findings suggest an important link between the stability
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of n-Src and its subsequent activity. The mechanisms underlying the stability change and roles
played by the “open form” (which may be induced by Y535F mutation) in this stability
modification of Src, however, remain to be clarified.

Our data show that additional mutation at K303 (which is involved in a critical salt bridge with
E310 required for catalytic activity of Src [13,39,40]) to arginine abrogated
autophosphorylation of Src at position Y424, rendered n-Src inactive, depressed Src unfolding
and reduced self-association. Inhibiting n-Src activity through application of PP2 reduced Src
self-association in both constitutively active and wild-type n-Src. Therefore, the kinase domain
may play a primary role in the control of Src unfolding and self-association.

Urea, acting as a destabilizing agent at low concentration, has been found to up-regulate
adenylate kinase activity without changing the secondary or tertiary structure of the enzyme
[33]. Although arginine binding may be in a limited capacity when compared to guanidinium
hydrochloride [42], arginine can interact with most amino acid side chains and the peptide
bonds, and thereby bind to the protein surface [34,35,43]. Concentrations of arginine from 0.1
– 0.5 M have been used to enhance protein stability and solubilization [34–37]. Arginine is
also a part of the SH3 domain’s proline-rich ligand and is bound by an aspartate at position
101 (D101). Mutation of this aspartate in the Pro-rich ligand binding pocket inactivates the
SH3 domain (D101N) [44,45]. Although the detailed mechanisms underlying the arginine
effect on Src activity remain to be clarified, it is also possible that arginine binding to SH3
domain increases SH3 domain stability and decreases Src activity [44,45].

Using a bacterial expression system we were able to express and purify sufficient amounts of
enzymatically functional n-Src proteins [21,22] to perform detailed investigations into the
functions of n-Src. We characterized the purified n-Src proteins expressed at 18°C and found
that changes in n-Src enzyme activity were consistently associated with changes in n-Src
stability. These data suggest that Src kinase activity may be stability-associated and that n-Src
proteins purified from a bacterial expression system can be useful for detailed investigations
of n-Src regulation and function.
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Figure 1. Purified n-Src proteins
A: purified Src proteins expressed in E. coli BL21(DE3) Cells. Cms: visualized with
Coomassie G250. The numbers on the left of the gel indicate the molecular mass (kDa). WB:
Western blotting with antibodies as indicated. SrcpY535 (corresponding to c-SrcpY527): probed
with anti-pY527 antibody (Cell Signaling); SrcpY424 (corresponding to c-SrcpY416): probed
with anti-pY416 antibody (Cell signaling). Src: an antibody recognizing the C-tail of Src
(Upstate Biotechnology). B: the kinetics of kinase activity of purified n-Src proteins. Values
in brackets indicate number of experimental repeats.
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Figure 2. Addition of ATP increases the enzyme activity and thermal unfolding of wild-type n-Src
Gels in A and B were loaded with purified wild-type n-Src protein (which was pre-treated with
λ-phosphatase) following addition of ATP at various concentrations as indicated. The filters
were probed with antibodies against n-Src pY424 (A) or n-Src pY535 (B) and sequentially
stripped and probed for total Src as indicated to the right of blots. Bar graphs show the ratios
(means ± SEM calculated from 6 experiments) of the band intensities detected with antibodies
against n-Src pY424 or pY535 versus those of total Src detected with an antibody recognizing
the C-tail of Src, which were normalized to that in the presence of 0.1 mM ATP. C: summary
data (means ± SEM from triplicate determinations of 2 separate experiments) showing the
activity of recombinant wild-type and inactive n-Src following ATP addition at various
concentrations as indicated for 30 min. D: summary data showing light scattering
measurements of λ-phosphatase treated wild-type n-Src proteins on addition of ATP. The data
represent mean of three determinations of three separate experiments. Solid lines in D represent
the best fits of data with error bars indicating standard error.
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Figure 3. Urea unfolding of wild-type and mutant n-Src
A: CD spectra, each spectrum represents mean (± SEM) calculated from three scans. B:
denaturation profile of wild-type n-Src with increasing urea concentration. C: assessment of
molar ellipticity dependence on presence of urea monitored at 218 nm as a fraction of the total
ellipticity change. Solid lines represent the best fit of data (mean ± SEM) calculated from three
trials. D: summarized data (mean ± SEM) for global unfolding measured by fluorescence
spectroscopy.
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Figure 4. Thermal unfolding of wild-type and mutant n-Src
A: summarized CD data (mean ± SEM) showing relative changes in molar ellipticity at 208
nm (Scan rate: 200 nm/min; heating rate: 15°C/hr; only data points every 4°C were plotted).
B: summarized fluorescence data (mean ± SEM) showing relative changes in light scattering.
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Figure 5. Effects of the SFK inhibitor, PP2, on thermal unfolding
Summarized fluorescence data (mean ± SEM) showing relative changes in light scattering
measurement of n-Src (A) and n-Src/Y535F (B) induced by PP2 and PP3.
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Figure 6. Urea up-, but arginine down-regulates the activity of n-Src and n-Src/Y535F
A: summary data (mean ± SEM) showing kinase activities, which were normalized to wild-
type n-Src, in the presence of urea or arginine at various concentrations, as indicated. B:
summary data showing the activity of n-Src/Y535F (Y535F) following addition of NaCl or
arginine at various concentrations as indicated for 30 min. The activity was normalized to that
of Y535F. Values in brackets indicate the number of experimental repeats. #, ## and ###:
P<0.05, 0.01 and 0.001 (Mann-Whitney U test).

Marin et al. Page 17

Protein Expr Purif. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Marin et al. Page 18

Ta
bl

e 
1

Su
m

m
ar

y 
of

 v
ec

to
rs

 a
nd

 p
ur

ifi
ed

 p
ro

te
in

 y
ie

ld
s

Pr
ot

ei
n

N
-te

rm
in

al
 ta

g
C

-te
rm

in
al

 ta
g

Y
ie

ld
 (m

g/
L

)
K

m
 (m

g/
m

L
) (

m
ea

n 
± 

SE
M

)
V

m
ax

 (n
M

/m
in

) (
m

ea
n 

± 
SE

M
)

Pu
ri

ty

W
ild

-ty
pe

 n
-S

rc
H

is
-ta

g
N

on
e

10
 –

 2
0

0.
08

7 
± 

0.
01

2
72

.5
1 

± 
1.

10
>9

5%

n-
Sr

c/
Y

53
5F

H
is

-ta
g

N
on

e
10

0.
04

 ±
 0

.0
05

10
7.

4 
± 

1.
28

>9
5%

n-
Sr

c/
K

30
3R

/Y
53

5F
H

is
-ta

g
N

on
e

20
-

≈0
>9

5%

Protein Expr Purif. Author manuscript; available in PMC 2011 December 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Marin et al. Page 19

Table 2

Secondary structure content (mean ± SEM)

α-helix β-sheet turn random coil

n-Src 40 ± 4% 17 ± 1% 26 ± 3% 18 ± 5%

n-Src/Y535F 41 ± 4% 15 ± 1% 26 ± 2% 18 ± 5%

n-Src/ K303R/Y535F 41 ± 4% 17 ± 2% 26 ± 3% 18 ± 5%

The secondary structure contents were calculated with the software CDPro from the three algorithms (SELCON3, CONTINL and CDSSTR).
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