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ABSTRACT: Phosphorylation of the human p52Shc adaptor
protein is a key determinant in modulating signaling complex
assembly in response to tyrosine kinase signaling cascade
activation. The underlying mechanisms that govern p52Shc
phosphorylation status are unknown. In this study, p52Shc
phosphorylation by human c-Src was investigated using
purified proteins to define mechanisms that affect the
p52Shc phosphorylation state. We conducted biophysical
characterizations of both human p52Shc and human c-Src in
solution as well as membrane-mimetic environments using the acidic lipid phosphatidylinositol 4-phosphate or a novel
amphipathic detergent (2,2-dihexylpropane-1,3-bis-β-D-glucopyranoside). We then identified p52Shc phosphorylation sites under
various solution conditions, and the amount of phosphorylation at each identified site was quantified using mass spectrometry.
These data demonstrate that the p52Shc phosphorylation level is altered by the solution environment without affecting the
fraction of active c-Src. Mass spectrometry analysis of phosphorylated p52Shc implies functional linkage among phosphorylation
sites. This linkage may drive preferential coupling to protein binding partners during signaling complex formation, such as during
initial binding interactions with the Grb2 adaptor protein leading to activation of the Ras/MAPK signaling cascade. Remarkably,
tyrosine residues involved in Grb2 binding were heavily phosphorylated in a membrane-mimetic environment. The increased
phosphorylation level in Grb2 binding residues was also correlated with a decrease in the thermal stability of purified human
p52Shc. A schematic for the phosphorylation-dependent interaction between p52Shc and Grb2 is proposed. The results of this
study suggest another possible therapeutic strategy for altering protein phosphorylation to regulate signaling cascade activation.

Adaptor proteins facilitate the assembly of protein
complexes that modulate signaling cascade activity.1

Protein phosphorylation plays a central role in the
spatiotemporal activation of these signaling cascades by
determining the order, and affinity, of signaling complex
assembly in response to receptor activation.2 Aberrant signaling
pathway activation is associated with the pathogenesis of
human disease, including cancer and diabetes,3,4 so under-
standing adaptor protein phosphorylation is a fundamental
component of linking pathway activation to disease onset and
progression. A predominant player in signaling complex
assembly is the p52Shc adaptor protein that regulates a wide
array of cellular processes, including insulin and lipid signaling,
endocytosis, ubiquitination, and the Ras/MAPK/ERK path-
ways.5,6 Indeed, the breadth of protein−protein interactions for

p52Shc is demonstrated by a recent mass spectrometry study
that identified the murine p52Shc phosphorylation interactome,
comprised of 41 different binding partners, in response to EGF-
dependent signal activation.6 These protein−protein interac-
tions are facilitated by the modular domain architecture of
p52Shc, which consists of N-terminal phosphotyrosine binding
(PTB), central collagen homology-1 (CH1), and C-terminal
Src homology-2 (SH2) domains,5,7 each of which contains
known and putative phosphorylation sites.
One of the most heavily studied p52Shc binding interactions,

using both in vivo and in vitro systems, is that with the Grb2
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adaptor protein.5,6,8−10 In v-Src-transformed Rat-2 cells,
tyrosine phosphorylation at residues 239, 240, and 318 in the
CH1 domain of p52Shc recruits Grb2, leading to activation of
the Ras/MAPK signaling pathway.7,8 Using HA-tagged p52Shc
isolated from EGF-stimulated and v-Src-transfected COS1 cells,
it was shown that doubly phosphorylated p52Shc at Tyr239/
240 bound to the SH2 domain of Grb2 more strongly than
singly phosphorylated p52Shc at Tyr318,9 suggesting that the
enhanced interaction between p52Shc and Grb2 may underlie
aberrant prolonged activation of the various signaling cascades,
resulting in pathological conditions. If this is so, defining a
molecular mechanism for p52Shc site-specific tyrosine
phosphorylation could be beneficial for developing novel
therapeutic interventions to potentiate signaling cascade
activity. Indeed, this idea is supported by the observation that
bovine c-Src phosphorylates a GST-p52Shc fusion protein at
Tyr239 or Tyr240 only in the presence of the acidic lipid
phosphatidylinositol 4-phosphate [PtdIns(4)P],11 suggesting
that the p52Shc conformation and local environment are
driving factors in determining the phosphorylation state. How
this local environment may drive signaling complex formation,
whether it is formed in the cytoplasm followed by migration to
the activated receptor or formed directly on the membrane
surface, is not known. The current model suggests p52Shc is
phosphorylated in the cytoplasm that, in turn, leads to binding
partner (e.g., Grb2) assembly and migration of the bound
complex to the membrane surface where it interacts with the
receptor tyrosine kinase.5

In this study, we examined c-Src-mediated phosphorylation
of p52Shc in aqueous and membrane-mimetic environments
using purified proteins. We demonstrate that p52Shc
phosphorylation by purified human c-Src is sensitive to
solution conditions and suggest how altered phosphorylation
may relate to signaling complex formation. Human p52Shc
forms specific, and nonspecific, binding interactions with
PtdIns(4)P that are mediated by divalent and monovalent
cation concentration and pH. Unlike a previous PtdIns(4)P
binding study using an isolated PTB domain,12 the specific
PtdIns(4)P binding interaction was observed only in the
presence of CaCl2 with full-length human p52Shc. Further-
more, lipid binding led to a decrease in p52Shc thermal stability
and altered phosphorylation levels that were independent of c-
Src activity and concentration. Addition of a neopentyl glycol
detergent [2,2-dihexylpropane-1,3-bis-β-D-glucopyranoside
(OGNG)] to purified p52Shc resulted in additional destabiliza-
tion and altered phosphorylation status. Intriguingly, the
p52shc phosphorylation pattern in OGNG showed the same
phosphorylation pattern that v-Src did, without affecting the
fraction of active c-Src. On the basis of the findings in this
study, we propose a model in which p52Shc cellular localization
impacts its phosphorylation, its interaction with binding
partners, and subsequent activation of downstream signaling
cascades.

■ EXPERIMENTAL PROCEDURES
Cloning, Expression, and Purification of Human

p52Shc. A plasmid carrying isoform 7 (307P → PA) of
human p52Shc cDNA was obtained from ORIGENE (Rock-
ville, MD). The cDNA fragment was amplified and ligated into
a modified pLgals1 plasmid13 with a C-terminal 3C protease
recognition sequence, human galectin-1, and 10-His tag. The
DNA sequence of the ligated human p52Shc, encoding residue
1−474, was confirmed by DNA sequencing. The pLgals1-

p52Shc plasmid was used to transform Rosetta(DE3)
Escherichia coli cells (EMD Millipore) with expression of the
fusion protein in Luria broth induced by addition of 1 mM
isopropyl β-D-thiogalactopyranoside (IPTG). Following in-
duction, cells were grown for 4 h at 30 °C and harvested by
a 20 min low-speed spin at 3000g. Pelleted cells were
resuspended in 20 mM Tris at pH 7.8 at room temperature
(pH 7.8RT) (all Tris pH values were measured at room
temperature), 1 M NaCl, 25 mM imidazole, and 5% (v/v)
glycerol (buffer A) containing 1 mM phenylmethanesulfonyl
fluoride (PMSF) at 4 °C. Cells were lysed via sonication
(Sonics Vibra Cell VCX500 with 13 mm probe 630-0220) at
50% amplitude (30 s on, 30 min off; 10 cycles) on ice. The total
cell lysate was centrifuged at 26000g and loaded onto cobalt
resin by gravity flow. The resin was washed with 150 mL of
buffer A followed by elution using buffer A containing 200 mM
imidazole. The elution sample was mixed with His-MBP-3C
protease and digested overnight at 4 °C to remove the galectin-
1 expression tag while dialyzing against 20 mM Tris pH 7.8RT,
20 mM NaCl, 5 mM β-marcaptoethanol (βME), and 5% (v/v)
glycerol. 3C protease was removed using an amylose affinity
column with the flow-through collected for subsequent
purification. The flow-through was injected onto a 5 mL
Hitrap anion exchange Q-column (GE Healthcare) equilibrated
in 20 mM Tris pH 7.4RT, 20 mM NaCl, 5% (v/v) glycerol, and
5 mM βME (buffer B) and eluted with buffer B containing 250
mM NaCl. p52Shc fractions were pooled with a final protein
concentration determined by the 280 nm absorbance (molar
extinction coefficient of 36900 M−1 cm−1). Purified p52Shc was
stored at 4 °C until it was used. All chemicals were obtained
from Sigma or Research Products International unless
otherwise specified.

Cloning, Expression, and Purification of Human c-Src.
Plasmids carrying human c-Src cDNA14 or Yersinia pestis
YopH15 were purchased from the DNASU Plasmid Repository
(https://dnasu.org). The c-Src cDNA segment, encoding
residues 86−536, was amplified via polymerase chain reaction
and ligated into MCS1 of the CDFDuet-1 plasmid (Novagen)
using BamHI and HindIII restriction sites. To prevent c-Src
degradation during E. coli expression, we cloned the Y. pestis
YopH c-DNA sequence into MCS2 of the same plasmid
creating a co-expression system with human c-Src as described
previously.16 Plasmid ORF sequences were confirmed by
standard DNA sequencing. The CDFDuet1-cSrc-YopH co-
expression plasmid was transformed into Rosetta(DE3) (EMD
Millipore) E. coli cells. Cells were cultured at 37 °C until the
OD600 reached ≈0.6, at which point the culture temperature
was lowered to 30 °C. When the OD600 reached 0.9−1.0, cells
were induced using 1 mM IPTG and then grown for an
additional 4 h at 30 °C prior to cells being harvested via a low-
speed spin for 20 min at 3000g. A purification protocol for the
bacterially expressed kinase domain of c-Src has been described
previously,16 though we observed that modifications were
required to purify full-length c-Src containing the SH3, SH2,
and kinase domains in the current system. Instead of dialyzing
against Tris pH 7.5RT buffer without NaCl, we dialyzed cobalt-
eluted c-Src and YopH fractions against 20 mM Tris pH 7.5RT,
20 mM NaCl, 5% (v/v) glycerol, and 1 mM DTT followed by
anion exchange purification on a HiTrap Q-column (GE
Healthcare). YopH elutes in the flow-through, while c-Src binds
to the resin and elutes in 100−150 mM NaCl. c-Src-containing
fractions were pooled and concentrated for subsequent size
exclusion chromatography (SEC) in 20 mM HEPES (pH 7.4),
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100 mM NaCl, 5% (v/v) glycerol, and 1 mM DTT. The c-Src
concentration was determined by the 280 nm absorption
(molar extinction coefficient of 83770 M−1 cm−1). Thus, a
novel bacterial expression and purification system for human c-
Src (residues 86−536) containing the SH3, SH2, and kinase
domains has been developed. The purified c-Src activity was
probed by conducting kinase reactions in 5 mM ATP and 5
mM MgCl2. The presence of activating Tyr419 and the absence
of inactive Tyr530 phosphorylation were confirmed by Western
blots using the c-Src-specific anti-phospho-Tyr419 or anti-
phospho-Tyr530 antibody (catalog no. 6943S or 2105P,
respectively, from Cell Signaling Technology).
Circular Dichroism (CD) Spectroscopy. The pooled

HiTrap Q-column fractions were dialyzed against 20 mM
MOPS (pH 7.4), 100 mM NaCl, and 5% (v/v) glycerol for CD
spectroscopy analysis; 100 μM CaCl2 and 30 μM PtdIns(4)P
were added to the protein samples following dialysis and prior
to CD data collection. CD spectra were recorded using a
JASCO J-715 spectropolarimeter equipped with a PTC-348WI
temperature controller. Purified p52Shc in a sealed 0.1 cm path-
length cuvette was used for measurements with a scan rate of
10 nm/min from 190 to 260 nm. Each sample was scanned
three times, and the average of three scans was used for data
analysis. Similarly, thermal unfolding of p52Shc was conducted
while the CD signal at 207 or 222 nm was being monitored
with a rate of heating of 2 °C/min from 25 to 80 °C.
Fluorescence Spectroscopy. The intrinsic tryptophan

fluorescence of purified human p52Shc or c-Src at 0.3 or 0.1
μM, respectively, was measured using an ISS photon counting
spectrofluorometer in 20 mM MES (pH 5.0) or 20 mM
HEPES (pH 7.4) containing 100 mM NaCl and 5% (v/v)
glycerol. The excitation wavelength was set at 295 nm, and the
emission spectra between 310 and 420 nm were recorded at 25
°C. Each sample was scanned three times, and the average of
three scans was analyzed. PtdIns(4)P (Avanti Polar Lipids,
Inc.) was dissolved in water to prepare a 1 mM stock. Each
sample was equilibrated for 30 min at room temperature prior
to data collection. Binding data were fitted using a Langmuir
isotherm 1:1 binding model.
Dynamic Light Scattering (DLS). PtdIns(4)P at 30 μM in

Tris pH 7.4RT, 100 mM NaCl, and 5% (v/v) glycerol was used
for all dynamic light scattering experiments. The data were
collected on a Zetasizer Nano Z (Malvern Instruments Ltd.),
and the sample scattering intensity was measured three times.
The data were averaged to determine the hydrodynamic radii of
the PtdIns(4)P cluster.
Analytical Ultracentrifugation (AUC). The p52Shc

oligomerization state and conformation were evaluated at a
protein loading concentration of 8.7 μM using AUC. The
experiments were performed in a Beckman Optima XL-I
analytical ultracentrifuge at the Center for Analytical Ultra-
centrifugation of Macromolecular Assemblies at the University
of Texas Health Science Center at San Antonio. Sedimentation
velocity experiments were performed at 40000 rpm and
scanned at 280 nm in intensity mode, in 20 mM Tris pH
7.4RT and 100 mM NaCl. Experimental data were collected at
20 °C using 1.2 cm Epon two-channel centerpieces (Beckman

Coulter). Hydrodynamic corrections for buffer density and
viscosity were estimated by UltraScan to be 1.0029 g/mL and
1.0129 cP, respectively. The partial specific volume of p52Shc
(0.7276 mL/g) was estimated by UltraScan from protein
sequence using a method analogous to the methods outlined in
ref 17. All data were analyzed with UltraScan-III version 2.2,
release 1743, as previously described.18 Optimization was
performed by two-dimensional spectral analysis (2DSA)19 with
simultaneous removal of time-invariant and radially invariant
noise contributions. 2DSA solutions were subjected to
parsimonious regularization by genetic algorithm analysis20

and further refined using Monte Carlo analysis to determine
confidence limits for the determined parameters (Table 1).21

Diffusion-corrected integral sedimentation coefficient distribu-
tions were obtained from the enhanced van Holde−Weischet
analysis.22 The calculations were computationally intensive and
conducted on high-performance computing platforms.21 All
calculations were performed on the Lonestar cluster at the
Texas Advanced Computing Center at the University of Texas
at Austin.

Interaction between p52Shc and c-Src Studied by
SEC. Equimolar amounts of p52Shc and c-Src (200 μg each) in
a total volume of 500 μL were injected onto a Superdex 200
10/300 GL column (GE Healthcare) equilibrated and run in 20
mM HEPES (pH 7.4), 100 mM NaCl, 5% (v/v) glycerol, and 1
mM DTT at a flow rate of 0.5 mL/min on a Hitachi
Chromaster liquid chromatography system. Both proteins were
incubated and equilibrated for 30 min at 25 °C before SEC
injection.

Assessment of p52Shc and c-Src in Vitro Phosphor-
ylation. The total protein concentration of each SEC fraction
was determined via a BCA assay (Thermo Scientific), and 0.5
μg of total protein (c-Src and p52Shc) was used for kinase
reactions in 20 mM HEPES (pH 7.4), 100 mM NaCl, 5 mM
MgCl2, and 5 mM ATP at 25 °C for 30 min in a total volume of
20 μL. The reaction was terminated by addition of sodium
dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−
PAGE) sample buffer, and the samples were run on an 8%
(w/v) SDS−PAGE gel and evaluated by Western blotting.
After being transferred, polyvinylidene difluoride membranes
were blocked with TBST buffer containing 5% (w/v) dry milk.
The membranes were incubated in a TBST milk solution
containing the anti-phosphotyrosine antibody (catalog no.
8954S from Cell Signaling Technology). The protein was
visualized using the HRP-conjugated secondary rabbit anti-IgG
antibody (Cell Signaling Technology) followed by addition of
chemiluminescent substrate (Thermo Scientific).

Isothermal Titration Calorimetry (ITC). Purified p52Shc
was concentrated using 30 kDa molecular mass cutoffMicrocon
ultracentrifugal filters (EMD Millipore) and then buffer
exchanged into 20 mM MOPS (pH 7.4), 100 mM NaCl, and
5% (v/v) glycerol using Econo-Pac 10DG desalting columns.
The sample was further dialyzed against the desalting column
buffer with three changes of the dialysate, and the dialysate was
used to dissolve CaCl2 to prepare the 300 μM titrant. Dialyzed
p52Shc at 14 μM was titrated with 5 μL of the CaCl2 stock at
each injection at 30 °C, and the data were collected using a VP-

Table 1. Genetic Algorithm−Monte Carlo and SV Results from the AUC Experimenta

species molar mass (kDa, measured) molar mass (kDa, theoretical) s (×10−13 s) f/f 0 amount RH (Å)

monomer 63.56 (32.07, 95.06) 63.77 2.96 (2.23, 3.70) 1.95 (1.80, 2.11) 47.1% 52
aValues in parentheses are 95% confidence intervals for the respective parameter.

Biochemistry Article

DOI: 10.1021/acs.biochem.5b00122
Biochemistry 2015, 54, 3469−3482

3471

http://dx.doi.org/10.1021/acs.biochem.5b00122


ITC (Microcal Inc.) instrument. Analysis of ITC data was
performed using Origin (OriginLab).
Mass Spectrometry. Kinase reactions were conducted in

20 mM HEPES (pH 7.4), 100 mM NaCl, 5% (v/v) glycerol,
and 1 mM DTT using 1 or 0.5 μg of c-Src and 25 μg of p52Shc
at 25 °C for 16 h. The reaction samples were loaded onto 10%
(w/v) SDS−PAGE gels with protein bands cut from the gel
and processed by a standard in-gel digestion. Briefly, the cut
bands were washed and destained, reduced with DTT, and
alkylated with iodoacetamide. After these reagents had been
washed off the gel pieces, the proteins were digested with
trypsin at 25 °C overnight. Peptides were gel extracted,
evaporated to dryness, and reconstituted in 50 μL of 1% (v/v)
acetic acid for analysis. The samples were analyzed using a
Thermo Scientific LTQ-XL system with an Eksigent splitless
nanoflow high-performance liquid chromatography system.
Samples (10 μL) were injected onto a 10 cm × 75 μm
capillary reverse phase C18 column (Phenomenex Jupiter). The
column was eluted with a 60 min linear gradient of acetonitrile
in water with 0.1% (v/v) formic acid (from 3 to 63%). A data-
dependent analysis was used to acquire one mass spectrum and
nine CID spectra per cycle. Approximately 12000 CID spectra
were acquired in each analysis. All spectra were used to search
the human RefSeq database with search parameters, including
variable modification of serine, threonine, and tyrosine by
phosphorylation. Serine and threonine phosphorylation sites
were also searched by plotting neutral loss chromatograms for
the loss of H3PO4. The CID spectra of all phosphorylated
peptides were verified by manual interpretation of the spectra.
This process was aided by the CID spectra of the
corresponding unphosphorylated peptides. Relative phospho-

peptide amounts were measured using the Native Reference
Peptide method.23,24 Briefly, the LTQ mass spectrometer was
used in the selected reaction monitoring mode to monitor the
respective phosphorylated and unphosphorylated versions of
each peptide. The relative degree of phosphorylation was then
determined by changes in the ratio of the phosphorylated to
unphosphorylated peptide.

■ RESULTS
Full-Length Human p52Shc Adopts a Folded and

Extended Conformation in Solution. Full-length human
p52Shc (residues 1−474) was expressed as a C-terminal human
galectin-10-His fusion protein in E. coli. The affinity tag was
removed following 3C protease digestion, and p52Shc was
purified to homogeneity as judged by SDS−PAGE (Figure 1a,
inset). Purified p52Shc is monodisperse in solution at pH 7.4 as
demonstrated by SEC (Figure 1a). To further characterize the
oligomerization and conformational state of p52Shc in solution,
we performed AUC SV experiments. s value distributions are
shown in the van Holde−Weischet integral distribution plot
(Figure 1b), and frictional ratios were determined by Genetic
Algorithm−Monte Carlo analysis (Figure 1c). The s values,
hydrodynamic parameters, and molar masses calculated from
the SV experiments are listed in Table 1. The molecular mass
found for the predominant species was in excellent agreement
with the theoretical molecular mass expected for the
monomeric species, while the frictional ratio of p52Shc
(1.95) suggests that it is considerably anisotropic, adopting
either an unfolded or extended structure. The measured
average hydrodynamic radius (RH) of p52Shc (52 Å) is
comparable to the calculated radius of gyration (RG) for an

Figure 1. Biophysical properties of human p52Shc. (a) Size exclusion chromatogram of purified full-length human p52Shc (52 kDa). The purified
protein was run on a size exclusion column at pH 7.4. The peak fraction corresponding to monomeric p52Shc is shown with an asterisk on the SDS−
PAGE gel (inset; left lane, molecular mass marker with the position of 50 kDa indicated) and in the chromatogram. (b) van Holde−Weischet
diffusion-corrected sedimentation coefficient distributions for p52Shc determined by AUC with abscissa values corresponding to the sedimentation
coefficient corrected for 20 °C and water (“S20,W”) and the ordinate corresponding to the percent of the sedimentation boundary with a
corresponding S value (colored green). (c) Genetic algorithm−Monte Carlo analysis of the AUC data identifying one major species sedimenting
around 3 S. Most minor contributions are lower-molecular mass contributions, which suggests that the protein is not involved in mass action. The
color gradient indicates partial concentration with the most concentrated species around ∼3 S with a frictional ratio of ∼1.9. (d) Far-UV CD
spectrum of purified p52Shc at pH 7.4 and 25 °C. (E) Tryptophan fluorescence spectra of purified p52shc at pH 7.4 in the native state (black line)
or in the unfolded state in 6 M guanidine hydrochloride (GdnCl, red line). The excitation wavelength (λex) was set to 295 nm.
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extended random coil (72 Å), assuming the power law
relationship between chain length and RG.

25 The average RH
of p52Shc is larger than the RH of a protein with similar residue
length in the globular state, such as the 494-residue yeast
triosephosphate isomerase (RH = 29.7 Å),26 yet far-UV CD
spectra, with two minima at 222 and 207 nm, indicate strong
secondary structural elements in purified p52Shc at pH 7.4
(Figure 1d). Furthermore, in the presence of 6 M guanidine
hydrochloride, tryptophan fluorescence was red-shifted com-
pared to that of the native tryptophan fluorescence (Figure 1e),
indicating that the environment around the tryptophan residues
is shielded from the aqueous environment in the native state
p52Shc structure. These observations demonstrate that purified
p52Shc adopts a folded and extended conformation in solution.
This intrinsic flexibility could play an important role in
spatiotemporal coordination of interactions between p52Shc
and its numerous binding partners identified in a previous
study.6 Scaffolding proteins that recognize multiple binding
partners are known to be highly disordered and conformation-
ally variable.27

Interaction between Purified p52Shc and PtdIns(4)P
Is Modulated by CaCl2 at pH 7.4. A previous centrifugation
study showed that among a variety of phospholipids,
PtdIns(4)P-containing BrPC vesicles bound most tightly to
the isolated N-terminal PTB domain of p52Shc with a KD of 52
μM at pH 7.4.12 In the PTB domain, there are two tryptophan
residues that can serve as sensitive probes to monitor PtdIns(4)
P binding by fluorescence spectroscopy. Because p52Shc is
known to function at neutral pH of the plasma membrane
surface as well as at acidic pH of endosomal/lysosomal
compartments,28 we tested binding of PtdIns(4)P to the
purified full-length p52Shc at both neutral and acidic pH. At
pH 5.0 and 7.4 in the absence of p52Shc, PtdIns(4)P formed
91−122 nm clusters (Figure S1 of the Supporting Informa-
tion), the size comparable to that of PtdIns(4,5)P clusters (80−
130 nm) reported previously in vitro and in vivo.29−32 At pH
5.0, PtdIns(4)P titration to p52Shc caused quenching of
tryptophan fluorescence in a concentration-dependent manner
(apparent KD = 4.1 μM) (Figure 2a). In contrast, although
addition of PtdIns(4)P resulted in a decrease in tryptophan
fluorescence, no saturable PtdIns(4)P binding was observed at
pH 7.4 (data not shown). However, CD spectroscopy indicates
changes in p52Shc stability as the presence of PtdIns(4)P
lowered the midpoint of thermal unfolding (Tm) by 2 °C
(Figure 2b, green line) relative to that of p52Shc alone (Figure
2b, black line). When p52Shc and PtdIns(4)P were incubated
at pH 7.4 and analyzed by SEC, p52Shc eluted as a stable
higher-molecular mass species (Figure 2c, red line) that was
diminished upon addition of 250 mM NaCl (Figure 2c, blue
line), indicating that the interaction between p52Shc and
PtdIns(4)P at pH 7.4 is reversible and involves weak
electrostatic interaction.
Because p52Shc was shown to be involved in lipid signaling,6

PtdIns(4)P binding was also tested in the presence of calcium,
the major modulator of lipid signaling cascades.33 At pH 7.4 in
the presence of 100 μM CaCl2, the tryptophan fluorescence
decreased in a PtdIns(4)P concentration-dependent manner as
observed at pH 5.0 (Figure 2d). When EDTA was added to a
sample containing 200 μM PtdIns(4)P and 100 μM CaCl2, the
native state tryptophan fluorescence was recovered (Figure 2d,
orange line). Fitting the binding data, while taking nonspecific
interactions into account, yielded an apparent KD value of 9.8
μM in the presence of CaCl2 at pH 7.4 (Figure 2d, inset).

Figure 2. Spectroscopic studies of the interaction between p52Shc and
PtdIns(4)P. (a) PtdIns(4)P titration at pH 5.0 and 25 °C monitored
by fluorescence spectroscopy. The tryptophan fluorescence of p52Shc
was recorded using a λex of 295 nm at the indicated PtdIns(4)P
concentration. The normalized fluorescence intensity was plotted vs
the emission wavelength. PtdIns(4)P binding data at pH 5.0 (inset)
were fit to a 1:1 binding model as described in Experimental
Procedures. The apparent dissociation constant, KD, is indicated in the
figure. (b) Thermal unfolding of p52Shc monitored by CD
spectroscopy. The signal at 222 nm was monitored under different
conditions. The Tm under each condition is indicated with dotted
lines. (c) Size exclusion chromatogram of p52Shc at pH 7.4 in 30 μM
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When the same data were fitted to a 1:1 specific binding model,
the obtained KD [73 μM (Figure 2d, inset)] was comparable to
the previously reported value of 52 μM using the isolated PTB
domain.12 To investigate the role of CaCl2 in the interaction
between p52Shc and PtdIns(4)P, isothermal titration calorim-

etry and CD spectroscopy experiments were performed.
Although p52Shc did not bind to CaCl2 in the absence of
PtdIns(4)P (Figure S2 of the Supporting Information), the
presence of both CaCl2 and PtdIns(4)P shifted the midpoint of
thermal unfolding by 4 °C (Figure 2b, red line). These
observations indicate that CaCl2 is a mediator of specific
p52Shc and PtdIns(4)P interaction.

Purified Human c-Src Undergoes Autophosphoryla-
tion at Tyr419 and Binds to PtdIns(4)P at pH 7.4 in a
CaCl2-Independent Manner. p52Shc is known to interact
with a variety of kinase binding partners, including c-Src, a key
regulatory kinase that mediates a wide range of cell signaling
cascades.1,34 A previous SPR experiment showed binding of
GST-mouse p52Shc fusion protein to a 19-residue c-Src
peptide, derived from the kinase domain, in a phosphorylation-
independent manner (KD = 18 nM).1 Because PtdIns(4)P
binds to both p52Shc and the isolated SH3 domain of c-
Src,12,35 the lipid-mediated interaction between the two
proteins may affect overall kinase reaction efficiency and
determine which sites on p52Shc are phosphorylated in

Figure 2. continued

PtdIns(4)P in the absence (red) or presence (blue) of 250 mM NaCl.
(d) PtdIns(4)P titration at pH 7.4 in the presence of 100 μM CaCl2.
The tryptophan fluorescence of p52Shc was monitored at different
concentrations of PtdIns(4)P in the presence of CaCl2 at pH 7.4 and
25 °C. After p52Shc tryptophan fluorescence containing 200 μM
PtdIns(4)P and 100 μM CaCl2 was measured, EDTA was added to a
final concentration of 10 mM, and the tryptophan fluorescence was
recorded again (orange). The binding data in the presence of 100 μM
CaCl2 were plotted vs PtdIns(4)P concentration (inset). The data that
were fit using the total (specific + nonspecific, blue) and the specific
binding model (red) are shown, with the apparent KD for each model
indicated. The total and specific binding models yielded apparent KD
values of 9.8 and 73.1 μM, respectively.

Figure 3. Purified human c-Src spanning residues 86−536 undergoes autophosphorylation at Tyr419 and binds to PtdIns(4)P at pH 7.4. (a) Size
exclusion chromatogram of 51 kDa human c-Src, spanning residues 86−536 containing the SH3, SH2, and kinase domains. The protein eluted at an
elution volume of 15.7 mL in the absence of PtdIns(4)P (red). No change in the elution volume was observed in the presence of 30 μM PtdIns(4)P
(blue). (b) Far-UV CD spectrum of purified c-Src at pH 7.4 and 25 °C. The thermal unfolding of c-Src was monitored at 222 nm (inset), showing a
Tm of 51 °C. (c) Western blot and densitometry analysis of c-Src autophosphorylation at Tyr419 or Tyr530 in the presence or absence of ATP. The
blot was probed with the anti-pTyr419 or anti-pTyr530 c-Src antibody as indicated in the figure. The data were normalized for the reaction without
ATP. (d) MS/MS spectrum of phosphorylated c-Src derived from residues 413−422 (LIEDNEY419TAR) containing autophosphorylation site Y419.
(e) Titration of PtdIns(4)P at pH 7.4 monitored by fluorescence spectroscopy. Tryptophan fluorescence spectra of c-Src at different PtdIns(4)P
concentrations are shown as different color lines. (f) Fitting of the binding data using a 1:1 binding model yielded a KD of 25.7 μM at pH 7.4 and 25
°C.

Biochemistry Article

DOI: 10.1021/acs.biochem.5b00122
Biochemistry 2015, 54, 3469−3482

3474

http://dx.doi.org/10.1021/acs.biochem.5b00122


response to c-Src activation. To test this hypothesis, human c-
Src, containing SH3, SH2, and kinase domains (residues 86−
536), was expressed in E. coli and purified to homogeneity as
judged by SDS−PAGE (Figure 3a, inset). SEC and the CD
spectrum of the purified protein showed that it is monomeric in
solution (Figure 3a, red line) with clear secondary structure
elements (Figure 3b) that undergo cooperative thermal
unfolding with a Tm of 51 °C (Figure 3b and inset).
Furthermore, activating autophosphorylation at Tyr419 was
observed upon incubation with MgCl2 and ATP (Figure 3c,d),
while the inhibitory phosphorylation at Tyr530 was absent
(Figure 3c). Unlike that of p52Shc, binding of c-Src to
PtdIns(4)P at pH 7.4 did not require CaCl2, yielding a KD value
of 25.7 μM when tryptophan fluorescence was monitored upon
PtdIns(4)P titration (Figure 3e,f). In contrast to p52Shc,
addition of PtdIns(4)P to c-Src did not shift the SEC elution
volume (Figure 3a, blue line), which suggests that purified c-Src
binds to smaller PtdIns(4)P species or, possibly, monomeric
PtdIns(4)P. These results demonstrate that the human c-Src
expressed in E. coli and purified in this study is folded and fully
functional.

p52Shc Phosphorylation Does Not Require Stable
Binding to c-Src. To test whether p52Shc phosphorylation by
c-Src requires the formation of a stable complex, both
unphosphorylated p52Shc and c-Src (200 μg each) were co-
incubated for 30 min at pH 7.4 and 25 °C and subjected to
SEC analysis. The total protein concentration in each elution
fraction was determined by a BCA assay, and an equal amount
of protein from each fraction was subjected to phosphorylation
by addition of MgCl2 and ATP. The kinase reaction samples
were loaded onto an SDS−PAGE gel and analyzed by Western
blotting using the anti-phosphotyrosine antibody for detection
of both p52Shc and c-Src phosphorylation. In contrast to the
previous SPR study,1 a stable p52Shc−cSrc complex with an
expected molecular mass of 103 kDa was not observed: there
was no appreciable change in the SEC elution volume of
p52Shc or c-Src (Figure S3 of the Supporting Information, blue
line). Human c-Src eluted across both peaks 1 and 2 as
evidenced by the presence of phosphorylation in both peak
fractions, with a majority of p52Shc and c-Src eluting in peaks 1
and 2, respectively (Figure S3a of the Supporting Information,
blue line, and Figure S3b of the Supporting Information). To
test if PtdIns(4)P is required to stabilize a p52Shc−cSrc

Figure 4. Cancer-associated tyrosine phosphorylation by c-Src contains the unique consensus sequence E/Q-pTyr-V/L. (a) NMR structure of the
isolated PTD domain [Protein Data Bank (PDB) entry 1SHC].12 The N-terminus and the C-terminus are labeled as N and C, respectively. Tyr163
and Tyr205 phosphorylation sites are shown as red sticks. Tyr52 and Tyr166 (blue sticks) satisfy the unique consensus sequence requirement but
were not phosphorylated by c-Src. (b) Crystal structure of the isolated SH2 domain (PDB entry 1MIL)36 with the N- and C-termini labeled. The
Tyr411 phosphorylation site is shown as red sticks. (c) Amino acid sequence of the p52Shc phosphopeptide. The phosphorylation site in each
peptide is colored red. Blue boxes indicate consensus phosphorylation sequences identified in this study. (d) MS/MS spectra of a peptide derived
from residues 329−347 containing the Ser344 phosphorylation site. The left panel is the MS/MS spectrum of the doubly charged unmodified
peptide (CID of m/z 866.0). The average of six spectra is shown. The right panel is the MS/MS spectrum of the Ser344-phosphorylated peptide
(CID of m/z 906.0). Neutral loss peaks are colored red. The average of four spectra is shown.
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complex, both proteins were co-incubated in the presence of
PtdIns(4)P prior to SEC analysis and subsequent kinase
reaction. The presence of both p52Shc and a trace amount of c-
Src in high-molecular mass species (denoted with an asterisk in
Figure S3 of the Supporting Information) is indicated by the
presence of tyrosine phosphorylation on a Western blot (Figure
S3b of the Supporting Information, asterisk). However, a large
majority of c-Src eluted as monomer and underwent
autophosphorylation when it was co-incubated with p52Shc
and PtdIns(4)P (Figure S3a of the Supporting Information,
peak 2 on the red line, and Figure S3b of the Supporting
Information). These results indicate that phosphorylation of

p52Shc does not require the formation of a stable complex with
c-Src.

Cancer-Associated p52Shc after in Vitro Phosphor-
ylation by c-Src Contains Accessible E/Q-pTyr-V/L. To
identify p52Shc phosphorylation sites by c-Src, kinase reactions
were conducted using the purified proteins at pH 7.4 for mass
spectrometry analysis combined with in-gel trypsin digestion.
The peptide coverage of p52Shc in all kinase reactions tested in
this study ranged from 92 to 96%, covering all tyrosine residues.
Of 10 tyrosine residues in p52Shc, Tyr163 in the PTB domain,
Tyr205 in a loop connecting the PTB and CH1 domains, and
Tyr411 in the SH2 domain were phosphorylated. In NMR and

Figure 5. p52Shc phosphorylation is affected by the solution environment. (a−e) The level of phosphorylation in each peptide was quantified by the
native peptide reference method as described in Experimental Procedures. The ratio of the chromatographic area for each phosphorylated and
unmodified peptide (HPO3/unmodified) was evaluated. The HPO3/unmodified ratio for each condition was normalized to that of the
corresponding 0.5 μg c-Src reaction. The normalized phosphorylation level for each peptide under different conditions is shown with bars. The
phosphorylation levels are for reactions with 0.5 μg of c-Src (green), 1 μg of c-Src (blue), 0.5 μg of c-Src with 30 μM PtdIns(4)P (blue), and 0.5 μg
of c-Src with 2 mM OGNG (gray). (f) p52Shc phosphorylation map. The normalized phosphorylation level for each peptide was color-coded to aid
visualization. Different colors at each phosphorylation site were assigned on the basis of the normalized phosphorylation level: the normalized
phosphorylation level (HPO3/unmodified) of >1.5 (red), <1.0 (blue), 1.0−1.4 (green), and barely detectable (gray). Reaction conditions are labeled
as 1 μg c-Src, PtdIns(4)P, and OGNPG. Because the level of phosphorylation at Tyr239/240 was barely detectable for the 0.5 μg c-Src reaction, the
ratio (HPO3/unmodified) derived from a Tyr163-containing peptide was used as a native reference peptide to normalize the level of
phosphorylation at Tyr239/240. The Tyr163-containing peptide satisfied criteria as a native reference peptide, including similar elution time and
mass spectrometry responses.

Biochemistry Article

DOI: 10.1021/acs.biochem.5b00122
Biochemistry 2015, 54, 3469−3482

3476

http://dx.doi.org/10.1021/acs.biochem.5b00122


crystal structures of the isolated PTB and SH2 domains,12,36

these tyrosine residues are located in loop regions (Figure
4a,b). The sequence of these peptides is quite dissimilar to the
known c-Src consensus phosphorylation sequence, E-E-I-pY-E/
G-X-F, identified in a previous peptide library study.37 Instead,
the amino acid sequence of these tyrosine-phosphorylated
peptides contained the following unique consensus sequence:
hydrophilic (E/Q)-pTyr-large hydrophobic (L/V) (Figure 4c).
However, two other tyrosine phosphorylation sites identified in
this study slightly deviated from this sequence pattern. These
phosphorylation sites include Tyr239/240 (Q-pTyr-N) and
Tyr318 (S-pTyr-V). In addition to this consensus sequence
requirement, phosphorylation sites must be accessible to the c-
Src active site. This is implied by the absence of

phosphorylation at Tyr52 and Tyr166 in the PTB domain.
While these two tyrosine residues satisfy the consensus
sequence requirement (S-Y52-L and A-Y166-V), both residues
are located in the central β-sheet core region (Figure 4a).
Furthermore, the lack of phosphatases and other competing
kinases afforded to in vitro kinase reactions with the purified
proteins helped us to uncover another intriguing site of
phosphorylation in human p52Shc by c-Src. Although c-Src is
classified as a nonreceptor tyrosine kinase, MS/MS spectra of a
peptide derived from residues 339−347 showed an increase in
average peptide molecular mass of 80 Da, corresponding to
HPO3, as well as H3PO4 neutral loss peaks (Figure 4d),
unambiguously assigning the spectra to a serine phosphor-
ylation-containing peptide. Although some kinases, including c-

Figure 6. Human p52Shc partitions between the cytosol and the membrane surface. (a) Proposed model for the role of PtdIns(4)P and CaCl2
binding in p52Shc localization. Full-length p52Shc is shown as a ribbon cartoon (represented by only the PTB domain structure; the orientation of
the PTB domain is arbitrary). In the absence or low localized concentrations of PtdIns(4)P, p52Shc stays predominantly in the cytosol (left). An
increased PtdIns(4)P membrane concentration facilitates the formation of PtdIns(4)P clusters and targets p52Shc to the membrane surface by
nonspecific electrostatic interactions (middle). When p52Shc is at the membrane surface, the p52Shc population containing phosphorylated Tyr
239/240 and Tyr318 increases, resulting in the recruitment of Grb2 preferentially at the membrane surface. This PtdIns(4)P−p52Shc binding
interaction is further facilitated by localized increases in Ca2+ concentration resulting in a tighter anchoring of p52Shc to the luminal face of the
membrane surface that may play a role in stabilization of signaling complexes. (b) Proposed model for the interaction between p52Shc and Grb2. In
the cytosol, unphosphorylated (1) or phosphorylated p52Shc at Y318 (6) and/or Ser344 (2) equilibrates. At the membrane surface, p52Shc
phosphorylation at Y239/240 is favored (3), and p52Shc binds to Grb2 more tightly at the membrane surface (4). When p52Shc is away from the
membrane surface, the level of phosphorylation at Y239/240 is diminished while Y318 and S344 phosphorylation is preserved (5). Alternatively,
phosphatases may dephosphorylate Ser344, leading to dissociation of Grb2 (4 → 6).
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Src, are known to be promiscuous,2 phosphorylation of Ser344
of 30 serine residues in p52Shc implies involvement of a
phosphorylation specificity mechanism more complex than the
canonical sequence-based recognition mechanism. Although
other cellular components may play a role in determining
specific phosphorylation sites, all phosphorylation sites
including Ser344 identified in this study except one
(pTyr163) were previously identified in a variety of cancer
tissue samples, including leukemia and breast and lung cancer,
according to PhosphoSitePlus.38

p52Shc Conformation- and Stability-Dependent
Phosphorylation. Increased intracellular concentrations of
activated c-Src are associated with a variety of human cancers as
well as diabetic nephropathy.39,40 Under such pathological
conditions, an increase in the amount of phosphorylated
proteins by highly activated c-Src could result in prolonged
activation of downstream signaling cascades. This assumes that
kinase reactions involve distributive phosphorylation mecha-
nisms in which the amount of phosphorylated proteins is
proportional to the amount of activated kinases. To investigate
whether phosphorylation of p52Shc by c-Src involves a
distributive mechanism, the amount of c-Src in the kinase
reaction was doubled to 1 μg, and the level of phosphorylation
at each site was quantified by the native reference peptide
method described previously.23,24,38 In this method, mass
spectrometry analysis is conducted in selected ion monitoring
mode, and the chromatographic area of each unmodified and
modified form for the same peptides is evaluated to obtain the
ratio of phosphorylated to unphosphorylated peptide (HPO3/
unmodified). The ratio, HPO3/unmodified, for each reaction
condition was then normalized to that of a 0.5 μg c-Src reaction
for the same peptide and denoted as pY or pS abundance
(Figure 5a−e). Overall, the phosphorylation level at each site
was site-dependent. For example, as expected for the
distributive mechanism, the phosphorylation level at Tyr205
and Ser344 in the 1 μg c-Src reaction was doubled compared to
that of the corresponding 0.5 μg c-Src reaction (Figure 5a,b). In
contrast, the level of phosphorylation at Tyr163 and Tyr411
was reduced (Figure 5c,d), demonstrating that phosphorylation
at one site affects phosphorylation at other sites. We further
addressed a question of whether p52Shc conformation
influences the pattern or amount of phosphorylated p52Shc.
Because the addition of PtdIns(4)P influenced the biophysical
properties of p52Shc (Figure 2), a kinase reaction was
conducted in the presence of PtdIns(4)P using 0.5 μg of c-
Src, and the phosphorylation level of each peptide was
quantified. The results are mapped onto the p52Shc domain
structure (Figure 5f) to identify possible functional relation-
ships among the phosphorylation sites. Interestingly, in the
presence of PtdIns(4)P, altered phosphorylation levels were
observed without changing the overall phosphorylation pattern.
For instance, Tyr163 phosphorylation was enhanced more than
that of the 1 μg c-Src reaction (Figure 5c,f). An increased level
of Tyr163 phosphorylation in the PTB domain coincided with
the increased level of phosphorylation at Tyr318 in the CH1
domain (Figure 5f). More importantly, these changes in the
phosphorylation level were not due to an increase in the active
fraction of c-Src because the percentage ratio of unphosphory-
lated and phosphorylated c-Src at Tyr419, the activating
autophosphorylation site, was always close to 50% under all
conditions investigated in this study (Figure 5e). Therefore, the
observed changes in the phosphorylation level should solely
depend on p52Shc conformation and stability. Because

phosphorylated p52Shc mediates assembly of signaling
complexes at the membrane surface, including insulin receptor
signaling,5 kinase reactions were also conducted in a
membrane-mimetic environment using the amphiphilic
OGNG detergent that has an uncharged hydrophilic head-
group. OGNG is a member of the maltose-neopentyl glycol
family of amphiphilic detergents designed to facilitate
solubilization and stabilization of polytopic integral membrane
proteins.41 Under our experimental conditions, where OGNG
exists predominantly in micellar form, distinct phosphorylation
levels were again observed. For example, a reduced level of
Tyr205 phosphorylation correlated with an increased level of
phosphorylation at Tyr411 (Figure 5f), suggestive of an
antagonistic functional role between these two sites. This
reduction in the phosphorylation abundance at Tyr411 could
be due to Tyr205 phosphorylation- or OGNG-induced p52Shc
conformational changes that block access to Tyr411 by c-Src.
Intriguingly, the Grb2 binding site, composed of Tyr239,
Tyr240, and Tyr318 in the CH1 domain, was robustly
phosphorylated upon addition of OGNG (Figures 5f and
6b), as evidenced by an 80 Da (-HPO3) increase in the average
molecular mass of the phosphopeptide compared to that of the
unmodified peptide (Figure S4a,b of the Supporting
Information). This observation suggests that the membrane
surface primes the p52Shc conformation for these tyrosine
phosphorylation events and subsequent Grb2 binding. This
increased level of phosphorylation at the Grb2 binding site was
also correlated with the thermal stability of p52Shc: in the
presence of OGNG, p52Shc was the least stable (Figure S5 of
the Supporting Information; Tm = 55 °C), implying that
tyrosine phosphorylation at positions 239, 240, and 318
involves partial unfolding of p52Shc. These findings suggest
that partitioning of p52Shc between the cytosol and the
membrane surface impacts p52Shc phosphorylation abundance.
This is likely to be important in selecting p52Shc binding
partners and, as a result, in determining which downstream
signaling cascades are activated.

■ DISCUSSION
Adaptor proteins are traditionally viewed as passive mediators
in the activation of signaling cascades by serving as molecular
platforms.42 In this classical view of signal activation, p52Shc
phosphorylation is a key determinant in selecting its binding
partner among numerous others followed by migration of a
bound complex to the membrane surface where it interacts with
receptor tyrosine kinases.5 On the other hand, the protein
landscape model envisions the ensemble of preexisting
conformers and the population redistribution within this
ensemble after changes in the surrounding environment or
ligand binding have taken place.43 This implies that p52Shc
prepartitioning between the cytosol and the membrane surface,
prior to its phosphorylation, could determine the phosphor-
ylation site as well as abundance by priming p52Shc
conformation and stability. To test this hypothesis, we first
characterized purified p52Shc and its binding partner, c-Src, in
aqueous and membrane-mimetic environments using biochem-
ical and biophysical methods (Figures 1−3). Despite its
multimodular architecture, p52Shc underwent cooperative
two-state thermal unfolding (Figure 2b), suggesting that the
entire protein consists of one cooperative unit. This property is
likely to be important in facilitating domain−domain
communication in p52Shc following changes in local environ-
ment or side chain modification (e.g., phosphorylation). On the
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basis of a previous study using the isolated PTB domain,12 we
characterized the full-length human p52Shc conformation and
stability in the presence of PtdIns(4)P, a negatively charged
lipid in the inner leaflet of the plasma membrane.44 Under our
experimental conditions, PtdIns(4)P formed clusters (Figure
S1 of the Supporting Information) that mimic a raftlike
environment.29−32 We demonstrate that the interaction
between PtdIns(4)P and p52Shc is destabilizing (Figure 2b;
Tm = 58 °C) and induces partitioning of p52Shc between the
monomer and PtdIns(4)P cluster−p52Shc complex (Figure
2c). The binding of PtdIns(4)P to p52Shc at pH 7.4 was readily
dispersed by addition of NaCl (Figure 2c), indicating that the
binding is reversible and mediated via electrostatic interactions.
As observed in other proteins containing lipid binding modules
such as C2, FERM, and MARCKS,45 the interaction between
p52Shc and PtdIns(4) was nonspecific at pH 7.4. These
findings suggest that the nonspecific interaction of p52Shc with
PtdIns(4)P is likely to play a role in p52Shc membrane
targeting as well as bifurcation of activated signaling cascades to
the cytosolic and receptor-mediated signaling pathways. This is
implied by the p52Shc partitioning (Figure 2c) as well as the
distinct phosphorylation level observed in the presence of
PtdIns(4)P (Figure 5). In particular, a prominent increase in
the level of Tyr318 phosphorylation, one of the key
phosphorylation sites for Grb2 binding,9,46 suggests preferential
recruitment of Grb2 at the raftlike membrane surface rather
than away from the membrane in the cytosol. More
importantly, changes in p52Shc phosphorylation level are
associated with p52Shc stability without affecting the fraction of
active c-Src, demonstrating p52Shc conformation-dependent
phosphorylation. We also found that CaCl2 mediates specific
interaction between p52Shc and PtdIns(4)P (Figure 2d), which
results in the stabilization of p52Shc as evidenced by the
increased midpoint of thermal denaturation (Figure 2b). On
the basis of these observations, the following PtdIns(4)P-
mediated p52Shc localization model is proposed (Figure 6a). In
the absence of PtdIns(4)P, monomeric p52Shc predominantly
exists in the cytosol. An increase in the PtdIns(4)P
concentration facilitates formation of the acidic lipid-rich
clusters in membranes that function to target p52Shc to
these clusters via nonspecific electrostatic interactions. This
p52Shc partitioning prior to its phosphorylation not only
determines the site and abundance of phosphorylation but also
aids in the selection of the resultant binding partner. An
increase in the intracellular Ca2+ concentration, as observed in
EGF-stimulated cells,47 mediates specific binding between
p52Shc and PtdIns(4)P by serving as an interaction bridge,
resulting in anchoring of p52Shc at specific membrane sites.
This Ca2+-mediated stable interaction between p52Shc and
PtdIns(4)P could also play a role in determining the duration
of signal propagation by stabilizing a signaling complex being
assembled at the membrane surface. This model may also be
important in p52Shc-mediated EGFR transfer between endo-
somes and lysosomes during receptor degradation as
PtdIns(4)P is known to accumulate in these acidic compart-
ments.28,48 This is supported by the increased PtdIns(4)P
binding affinity at acidic pH (Figure 2a), implying that p52Shc
may have an additional role in EGFR receptor trafficking from
the plasma membrane to these acidic organelles.
To further study how the chemical property of lipid impacts

p52Shc phosphorylation, we used an uncharged nonionic
detergent (OGNG) to mimic a membrane environment. A
correlation between p52Shc thermal stability and phosphor-

ylation of the Grb2 binding region was again observed (Figure
5f). In OGNG, human p52Shc was the least stable among the
conditions tested in this study (Figure S5 of the Supporting
Information). When kinase reactions were conducted in the
presence of OGNG, all Grb2 binding residues, including
Tyr239 or Tyr240, and Tyr318 in the CH1 domain were
robustly phosphorylated by c-Src, implying that the extent of
p52Shc partial unfolding at the membrane surface determines
the abundance of phosphorylation at Grb2 binding tyrosine
residues. A previous immunoprecipitation and mutagenesis
study showed that Grb2 bound to the doubly phosphorylated
p52Shc peptide at Tyr239 and Tyr240 tighter than the singly
phosphorylated p52Shc peptide at Tyr318.9 Together with our
experimental observations, it is likely that the composition and
chemical properties of lipids in the membrane determine the
extent of p52Shc partial unfolding at the membranes surface,
and that dictates the level of subsequent phosphorylation in the
Grb2 binding region in the CH2 domain. This further suggests
that the biophysical properties of p52Shc play an important role
in regulating signaling cascade activation.
This study also demonstrates that c-Src phosphorylates

Ser344 of p52Shc despite being classified as a nonreceptor
tyrosine kinase. While this may indicate the promiscuous nature
of c-Src activity, the selection of this specific serine residue out
of 30 serine residues in p52Shc argues against nonspecific or
adventitious phosphorylation. Indeed, a similar observation was
made in a previous study using affinity-purified p52Shc
expressed in mouse embryonic fibroblasts.6 In this previous
study, when murine p52Shc was phosphorylated by c-Src, Erk1,
or AKT1, Ser355 (corresponding to Ser344 in human p52Shc)
phosphorylation was consistently observed. This suggests that
phosphorylation specificity may not be solely determined by
the identity of kinases, and it further indicates the importance
of the conformation and/or stability of kinase substrates in
determining downstream phosphorylation events. The impor-
tance of this Ser phosphorylation was highlighted in this same
previous study where a mutation to alanine at Ser355 in mouse
p52Shc caused a loss of binding to a majority of p52Shc
binding partners, including Grb2,6 suggesting that phosphor-
ylation at this site is crucial for stabilizing signaling complexes.
These data support the following model for the interaction of
p52Shc with Grb2 (Figure 6b). Unphosphorylated [labeled
(1)] and phosphorylated [labeled (2) and (6)] p52Shc at Y318
and/or S344 equilibrate in the cytoplasm. Singly phosphory-
lated p52Shc at Y318 binds weakly to Grb2 in the cytosol
[labeled (5) in Figure 6b]. Upon p52Shc localization at the
membrane surface, Y239/240 is heavily phosphorylated (Figure
5f), resulting in the recruitment of Grb2 [labeled (4) in Figure
6b]. In the cytosol, Y239/240 phosphorylation is poorly
retained, resulting in weaker Grb2 binding or complete
dissociation from p52Shc. Although stepwise dephosphoryla-
tion at Y239/240 and Y318 also can cause Grb2 dephosphor-
ylation, these steps may be bypassed by dephosphorylation at
Ser344, resulting in Grb2 dissociation [(5) to (6) in Figure 6b].
Alternatively, multiple tyrosine phosphorylation events and
serine phosphorylation by c-Src may indicate the importance of
kinetic proofreading as an error-reduction mechanism whereby
the level of nonspecific, or “off-target”, phosphorylation is
reduced via the coupled action of phosphatases.2,49 This is
important in activating desirable signaling cascades in an
environment-dependent manner, and it is intriguing that the
additional p52Shc phosphorylation sites observed in this study
are also found in human cancers.38 In addition to these cancer-
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associated p52Shc phosphorylation sites, we discovered a novel
site of tyrosine phosphorylation by c-Src at Tyr163 of p52Shc.
This phosphorylation is likely to be transient phosphorylation
in vivo as previous p52Shc phosphorylation studies using
classical pull-down assays and Western blots were unable to
detect phosphorylation at Tyr163. Transient phosphorylation
may be important in the rapid assembly and/or disassembly of
signaling complexes, while stable phosphorylation serves as a
molecular platform for protein docking and binding events.
Interestingly, Tyr163 appears to be the most sensitive to
changes in environment (Figure 5f) as seen in the variable
phosphorylation abundance under each experimental condition.
The in vivo expression of p52Shc carrying a mutation at
transient phosphorylation sites will be necessary to study the
role of transient phosphorylation in biological signal
propagation and disease progression.
In the classical view of signaling activation mechanisms,

kinases play the central role in regulating signaling cascades via
phosphorylation.2 For that reason, they have been considered
as major therapeutic targets.50 This study suggests that p52Shc
conformational stability and membrane binding influence
phosphorylation site specificity and abundance. These proper-
ties may be exploited to alter the activation or duration of
biological signaling cascades for therapeutic purposes. For
example, to block prolonged activation of Ras/MAPK/ERK
signaling by preventing p52Shc and Grb2 interaction, the
combined action of phosphatases and shifting the conforma-
tional equilibrium of p52Shc to the cytosolic form could serve
as an effective strategy for suppressing Tyr239/240 phosphor-
ylation.
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Tris-buffered-serine-Tween-20.
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