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Abstract

Aberrant activation of the EGF receptor (EGFR) contributes to many human cancers by activating
the Ras-MAPK and other pathways. EGFR signaling is augmented by Src-family kinases, but the
mechanism is poorly understood. Here, we show that human EGFR preferentially phosphorylates
peptide substrates that are primed by a prior phosphorylation. Utilizing peptides based on the
sequence of the adaptor protein Shcl, we show that Src mediates the priming phosphorylation,
promoting subsequent phosphorylation by EGFR. Importantly, the doubly phosphorylated Shcl
peptide binds more tightly to the Ras activator Grb2, a key step in activating the Ras-MAPK
pathway, than singly phosphorylated peptides. Finally, a crystal structure of EGFR in complex
with a primed Shcl peptide reveals the structural basis for EGFR substrate specificity. These
results provide a molecular explanation for the integration of Src and EGFR signaling with
downstream effectors such as Ras.
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The epidermal growth factor receptor (EGFR) is a transmembrane receptor tyrosine kinase
that plays a critical role in regulating cell proliferation, differentiation, migration, and
apoptosisl. EGFR is comprised of an extracellular ligand-binding domain, an intracellular
tyrosine kinase domain, and a C-terminal tail that contains several autophosphorylation sites.
Ligand binding induces EGFR dimerization, which activates the kinase domain by an
allosteric mechanism, and leads to signaling through the Ras-MAPK, PI3K-AKT, and other
pathways?.

Aberrant EGFR signaling, through overexpression and/or mutation, contributes to many
solid tumors, including non-small cell lung cancer (NSCLC), head and neck cancer, and
cancers of the breast, ovary, prostate, pancreas and colon. As a result, EGFR is a key drug
target and therapeutics targeting mutant EGFR have proven successful for the treatment of
several cancers3. However, despite the clinical success of EGFR inhibitors, most patients
that initially respond eventually become resistant?.

An important element of EGFR signaling is its cooperativity with the cytoplasmic tyrosine
kinase Src®. Src enhances EGF-induced Ras-MAPK signaling and also mediates
transactivation of EGFR by GPCRs, cytokine receptors, and integrins®=9. This functional
interaction between Src and EGFR may also play a role in tumorigenesis. For example,
concurrent overexpression of Src and EGFR is often observed in human cancers and has
been shown to produce a synergistic increase in proliferation, transformation, and
tumorigenesis in model systems10-12, Further, mutant EGFRs found in NSCLC require
cooperativity with Src for transformation314, Finally, the expression and activation of Src
has recently emerged as a potential mediator of resistance to EGFR inhibitors1®>-17-

The mechanism underlying the functional interaction between EGFR and Src is poorly
understood; however, it has been proposed to be dependent, in part, on Src phosphorylation
of Tyr845 of EGFR®7. Tyr845 is in the activation loop of EGFR and phosphorylation at
homologous residues in other tyrosine kinases is generally required for activationl8.
However, phosphorylation of Tyr845 is not required for EGFR catalytic activity or EGF-
induced activation of the Ras-MAPK pathway 619, In addition, Src-mediated activation
affects only a subset of EGFR functions and correlates with a different pattern of
downstream protein phosphorylations as compared to EGF-mediated activation820, These
results suggest that additional mechanisms underlie the ability of Src to augment selective
aspects of EGFR function.

To further investigate the functional interaction between EGFR and Src, we used a peptide
library approach to examine their substrate specificities. Surprisingly, we found that EGFR
preferentially phosphorylates substrates with a phosphotyrosine at the +1 position relative to
the phosphorylation site. We identified several candidate EGFR phosphorylation sites,
including Tyr239 of the adaptor protein Shcl, that have a phosphotyrosine at the +1 position
in vivo. Using synthetic peptides based on the sequence surrounding Tyr239 of Shcl, we
found that Src preferentially phosphorylates Tyr240, promoting subsequent phosphorylation
of Tyr239 by EGFR. We also found that, compared to the singly phosphorylated peptides,
the doubly phosphorylated Shcl peptide binds more tightly to Grb2, a key step in activating
the Ras-MAPK pathway. Finally, we determined the crystal structure of the EGFR kinase
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domain in complex with a Shcl peptide ‘primed’ at Tyr240 and this structure reveals the
structural basis for EGFR substrate specificity. Together, these results reveal a previously
unknown characteristic of EGFR signaling that contributes to the functional synergy
between EGFR and Src.

Determination of the EGFR optimal substrate motif

To determine the substrate specificity of EGFR, we used a positional scanning peptide
library (PSPL) approach?l, The PSPL approach utilizes a set of 198 biotinylated peptide
libraries, each containing a tyrosine fixed at the central position and one additional amino
acid fixed at flanking positions (Fig. 1a). An advantage of the PSPL approach, as compared
to other methods used to profile kinase substrate specificity, is that phosphorylated amino
acids are also fixed at the flanking positions enabling the identification of kinases whose
specificity determinants include a priming phosphorylation. The other positions in each
library contain a degenerate mixture of all amino acids, excluding cysteine and tyrosine.

The peptide libraries were simultaneously phosphorylated in solution using recombinant
EGFR kinase domain and y-32P-ATP. Aliquots of each reaction were then spotted in parallel
on a streptavidin-coated membrane and the relative preference for each amino acid at each
position was determined by the level of radiolabel incorporation into the corresponding
peptides. Surprisingly, we found that EGFR has a strong preference for phosphotyrosine at
the +1 position relative to the phosphorylation site (Fig. 1b). The remaining positions are
less important for EGFR substrate recognition, with a minor preference for acidic amino
acids at several positions N-terminal to the central tyrosine, in agreement with previous
studies?2. We also determined the optimal substrate motif for the L858R mutant of EGFR,
which is found frequently in non-small cell lung cancer?3. Because this mutation lies in the
activation loop of the kinase domain, a region critical for binding of substrates, it could
potentially alter EGFR substrate specificity. However, we found that the L858R mutant has a
motif that is essentially identical to wild-type EGFR (Fig. 1b). Phosphorylation of the
peptide library with phosphotyrosine at the +1 position was blocked by the EGFR-specific
inhibitor gefitinib, confirming that the results were not due to a contaminating kinase
(Supplementary Fig. 1). Data from three independent peptide library assays were averaged
to generate a consensus EGFR phosphorylation motif (Fig. 1¢c and Supplementary Table 1).

Identification of candidate EGFR phosphorylation sites

The PSPL results suggest that cellular substrates of EGFR are likely to have a
phosphotyrosine one position C-terminal to the phosphorylation site. The primary cellular
substrate of EGFR, like other receptor tyrosine kinases, is the receptor itself. Ligand binding
induces EGFR dimerization and autophosphorylation of tyrosine residues in the intracellular
region of the receptor and these phosphorylated tyrosines serve as docking sites for effector
molecules. The docked effector molecules, and other cytoplasmic proteins, can also be
phosphorylated by EGFR, linking the activated receptor to downstream signaling pathways.
The intracellular region of EGFR does not contain any Y-Y sequences; therefore, the optimal
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phosphorylation motif determined in the peptide library is likely to be a determinant of
EGFR specificity for downstream substrates rather than autophosphorylation.

To identify potential downstream substrates that have a phosphotyrosine one position C-
terminal to the predicted phosphorylation site, we used PhosphoSitePlus (http://
www.phosphosite.org). PhosphoSitePlus is a database of experimentally observed post-
translational modifications from Cell Signaling Technologies?4. We searched the database to
find tyrosine phosphorylation sites that are sensitive to treatment with EGFR-specific
inhibitors and have a phosphotyrosine at the +1 position. Interestingly, many of the predicted
phosphorylation sites occur in proteins with known roles in EGFR signaling (Table 1).
However, of these predicted substrates, only Shcl has been reported to be directly
phosphorylated by EGFR25. Shc1 is an adaptor protein that integrates the activity of various
signaling proteins, including RTKSs, cytoplasmic kinases, integrins, and GPCRs, with the
Ras-MAPK pathway?2®. Phosphorylation of Shcl at Tyr239 creates a pTyr-X-Asn-X-motif, a
binding site for the SH2 domain of Grb2, leading to activation of the Ras-MAPK
pathway?27+28,

To test whether prior phosphorylation also enhances EGFR activity toward the identified
candidate substrates, we generated synthetic peptides corresponding to the sequences
surrounding the predicted Shcl and MET phosphorylation sites (Table 1). Consistent with
the PSPL results, both peptides were substantially better substrates for EGFR when the
tyrosine at the +1 position was phosphorylated (Fig. 2a and Supplementary Fig. 2).

EGFR phosphorylation of Shcl is enhanced by a priming kinase

While it has been reported that EGFR regulates the phosphorylation of Tyr239 and Tyr240
of Shcl, whether one or both sites are directly phosphorylated by EGFR has not been
examined?®. The above results show that EGFR phosphorylation of the Shcl peptide at
Tyr239 is enhanced by phosphorylation at Tyr240. This coordinated regulation could result
if EGFR sequentially phosphorylates both sites. In this scenario, EGFR would phosphorylate
the unmodified substrate at Tyr240 with low efficiency. Once the initial phosphorylation
occurs, the substrate would be activated for subsequent phosphorylation at Tyr239. A similar
mechanism has been proposed for SR protein kinase 1 (SRPK1), which ‘primes’ and then
sequentially phosphorylates arginine-serine dipeptide repeats in RS proteins2?. Consistent
with this possible mechanism, EGFR has weak but detectable activity toward the unmodified
Shcl peptide (Fig. 2a). Alternatively, a different kinase may prime Shcl at Tyr240,
enhancing EGFR phosphorylation of Tyr239.

To determine which mechanism most likely explains EGFR phosphorylation of Shcl, we
analyzed the product of EGFR phosphorylation of the unmodified Shcl peptide by HPLC
and tandem mass spectrometry (LC-MS/MS). If EGFR sequentially phosphorylates both
sites, it would be expected that the initial product generated would be peptides
phosphorylated at Tyr240. Over time, the doubly phosphorylated product would then
accumulate. If a different kinase primes Shcl, the product generated would be peptides
phosphorylated at Tyr239 and the doubly phosphorylated product should not be detected.
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To analyze the reaction between EGFR and the unmodified Shcl peptide, we first
synthesized the three possible product peptides: the product of phosphorylation at Tyr239
(pY-Y), the product of phosphorylation at Tyr240 (Y-pY), and the product of
phosphorylation at both sites (pY-pY). We then determined retention times for each product
peptide and the substrate peptide (Y-Y) by reverse-phase HPLC. While complete separation
was achieved between the substrate, mono-, and doubly phosphorylated peptides, both
mono-phosphorylated peptides (pY-Y, Y-pY) had the same retention time (Fig. 2b). Aliquots
of an /n vitro kinase reaction containing EGFR and the unphosphorylated Shcl peptide were
then monitored at different time points under the same HPLC conditions. Even after 2 hours,
mono-phosphorylated peptides were the only product detected (Fig. 2c). To determine
whether the mono-phosphorylated product generated was the peptide phosphorylated at
Tyr239, Tyr240, or a mixture, the mono-phosphorylated peak was collected and analyzed by
LC-MS/MS. Of all the phosphopeptide spectra identified by LC-MS/MS in the mono-
phosphorylated peak (>50 spectra), 100% were phosphorylated at Tyr239 (Fig. 2d and 2e).
No peptides phosphorylated at Tyr240 were detected after rigorous inspection of the
fragment ions. Moreover, the peptide phosphorylated at Tyr239 (pY-Y) was a very
unfavorable substrate for phosphorylation by EGFR (Fig. 2a). Together, these results are
consistent with a mechanism wherein EGFR specifically phosphorylates Tyr239 of Shcl and
phosphorylation of Tyr240 by a different kinase enhances this activity.

Because the peptide phosphorylated at Tyr239 is not a substrate for further phosphorylation
by EGFR (no pY-pY peptides were detected in Fig. 2c), the reaction with the Shcl peptide
can be assumed to follow a standard Michaelis-Menten mechanism. Therefore, we compared
the K, and kg values for EGFR phosphorylation of the unmodified peptide with the
peptide primed at Tyr240. The rate constant (kq5t) was similar for both peptides (Table 2).
However, the priming phosphorylation decreased the Ky, for the peptide by approximately 4-
fold.

Src primes Shcl for EGFR phosphorylation

The results presented above suggest that prior phosphorylation by a priming kinase enhances
EGFR activity towards Shcl, and potentially other substrates. We were therefore interested
in identifying the kinase, or kinases, responsible for the priming phosphorylation. In the case
of Shcl, Src has been previously reported to coordinately phosphorylate both Tyr239 and
Tyr2402527 \We were therefore interested in further examining if Src sequentially
phosphorylates both sites or if Src preferentially phosphorylates Ty239 or Tyr240. First, we
examined the substrate specificity of Src using the PSPL assay. Src was considerably less
specific than EGFR and displayed activity toward many of the peptides comprising the
PSPL assay (Fig. 3a). Src had strong preferences for acidic residues in the —3 position,
hydrophobics, especially Isoleucine, at the —1 position, and aromatics at the +3 position
(Supplementary Table 2). Interestingly, tyrosine was a relatively strong selection at several
positions relative to the phosphorylation site (particularly +3 and —3), consistent with a
potential role for Src in priming substrates (Fig. 3a). Src treated with the Src-family inhibitor
dasatinib did not exhibit selectivity at these positions, confirming that the results were not
due to a contaminating kinase (Supplementary Fig. 1).
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We then tested Src activity toward the unmodified and phosphorylated peptides
corresponding to the sequence surrounding Tyr239 of Shcl. Src phosphorylated each
peptide. However, in contrast to EGFR, the unphosphorylated Shcl peptide was a better
substrate for Src than peptides with either Tyr239 or Tyr240 already phosphorylated (Fig.
3b). To determine which site(s) on the unmodified Shcl peptide were phosphorylated by Src,
aliquots of the reaction were monitored at different time points using the same HPLC
conditions as were used in the analysis of EGFR specificity. Similar to the results seen with
EGFR, mono-phosphorylated peptides were the predominant product of the reaction with
Src (Fig. 3c). Mass spectrometric analysis of the mono-phosphorylated peak indicated that
95% of all phosphopeptide spectra detected were phosphorylated at Tyr240 (Fig. 3d and 3e).
Only if both Src and EGFR were included in the reaction, was the peptide phosphorylated at
both Tyr239 and Tyr240 produced (Fig. 3f). Together, these results suggest that Src
phosphorylates Tyr240 of Shcl, priming it for phosphorylation at Tyr239 by EGFR.

Phosphorylation of Tyr239 enhances Shcl binding to Grb2

To determine if Src and EGFR coordinately phosphorylate Tyr240 and Tyr239 of Shcl in
cells, we utilized a phospho-specific Shc antibody that only detects Shcl when it is
phosphorylated at both sites (Supplementary Fig. 3.). When MCF10A cells, which have high
Src activity, were stimulated with EGF, significant phosphorylation of both Tyr239 and
Tyr240 was detected (Fig. 4a). However, when Src activity was blocked with the Src
inhibitor dasatinib, the dual phosphorylation induced by EGF was almost completely
abolished (Fig. 4a). These results are consistent with our /7 vitro data and indicate that the
combined activities of Src and EGFR generate doubly phosphorylated Shcl in cells.

As discussed above, it is well established that Src activity augments MAPK signaling
initiated by EGFR®. For example, cells in which both Src and EGFR are overexpressed or
coactivated show a synergistic increase in total Shc phosphorylation, Shc1-Grb2 binding,
and MAPK activation10:11:30- Our results suggest that one mechanism by which Src can
enhance EGF-induced MAPK signaling is by phosphorylating Tyr240 of Shcl to promote
EGFR phosphorylation of Tyr239. A potential second mechanism is by enhancing the
phosphorylation-induced interaction between Shcl and Grb2. To test this possibility, we
generated synthetic peptides corresponding to phosphorylated Tyr239 and Tyr240 of Shcl.
The peptides were immobilized, incubated with cell lysates, and Grb2 binding to each
peptide was detected by immunoblotting (Fig. 4b). As expected, the peptide phosphorylated
at Tyr239 (pY-Y) bound Grb2 whereas the peptide phosphorylated at Tyr240 (Y-pY, which
lacks the pTyr-X-Asn-X Grb2 binding motif) did not bind to Grb2. Importantly, the peptide
phosphorylated at both Tyr239 and Tyr240 (pY-pY) bound significantly more Grb2 than the
peptide phosphorylated at Tyr239 alone (Fig. 4b). Consistent with this observed
enhancement in the interaction between Shcl and Grb2, generation of doubly
phosphorylated Shcl correlates with enhanced MAPK activation in cells (Fig. 4a).

A crystal structure of Grb2 in complex with a pseudo-peptide based on the sequence of Shcl
doubly phosphorylated at Tyr239 and Tyr240 has been reported3L. In the structure, the
phosphate of phosphorylated Tyr240 makes several interactions with the Grb2 SH2 domain
(Fig 4c). These interactions confer a 3-fold increase in the affinity of doubly phosphorylated
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Shcl for Grb2 as compared to phosphorylation at Tyr239 alone3!, Taken together, these
results indicate that Src and EGFR coordinately regulate the phosphorylation of Shcl
Tyr240 and Tyr239 in cells and the dual phosphorylation enhances the ability of Shcl to
bind Grb2 (Fig. 4d).

Structural basis for EGFR substrate specificity

In order to identify the molecular basis for EGFR substrate specificity, we determined the
crystal structure of the EGFR L858R kinase domain in complex with the Shcl peptide
primed at Tyr240 (PDHQYpYNDF; crystallographic and refinement statistics are provided
in Table 3). Like other protein kinases, the EGFR kinase domain has an N-terminal lobe,
comprised of an antiparallel B-sheet and single a-helix (C-helix), and a predominantly a-
helical C-terminal lobe (Fig. 5a). The activation loop (A-loop) lies near the interface of the
two lobes and provides part of the platform for peptide binding (discussed below). In the
structure of the EGFR-Shcl peptide complex, several Shcl peptide residues (proline at P-4,
aspartic acid at P-3, and phenylalanine at P+4) did not have well defined electron density
and are not included in the model (Supplementary Fig. 4).

The Shcl peptide binds in an extended conformation to the C-lobe and A-loop of EGFR,
similar to the mode of substrate binding in other protein kinase-peptide substrate complexes
(Fig. 5a). A short, antiparallel p-strand interaction is formed between the peptide and the C-
terminal segment of the A-loop. Four hydrogen bonds are formed between the Shcl peptide
backbone at positions P-1 to P+3 and the mainchain of the EGFR kinase domain from
residues Gly874 to 11e878. The hydroxyl oxygen of Tyr239 (Y-0) is hydrogen bonded to
Asp837, the catalytic base, and is in position for phosphoryl transfer. Surprisingly, the only
other sequence-specific interaction observed between EGFR and the Shcl peptide occur
with phosphoTyr240 (pY+1). The phosphate group binds the e-amino nitrogen of Lys879
and the main chain nitrogen of Ala920 (Fig. 5b). The binding site formed by Lys879 and
Ala920 in the EGFR is only weakly basic, consistent with the observation that
phosphorylation of Tyr240 enhances, but is not required for, EGFR activity.

The position equivalent to EGFR Lys879 is conserved in the other active members of the
ERBB family of receptor tyrosine kinases, ERBB2 and ERBB4. We therefore tested whether
ERBB2 and ERBBA4, like EGFR, have specificity for primed substrates. Using the PSPL
assay, we found that both ERBB2 and ERBB4 also had a strong preference for
phosphotyrosine at the +1 position relative to the phosphorylation site (Supplementary Fig.
5).

We also determined the crystal structure of the EGFR kinase domain in complex with a
substrate peptide having the optimal sequence as determined in the PSPL assay. In addition
to the strong selection for phosphotyrosine at the +1 position, EGFR has weak preferences
for acidic residues, particularly N-terminal to the phosphorylation site, and hydrophobic
residues, particularly at the +3 position (Fig. 1 and Supplementary Table 1). The optimal
substrate peptide (DEEDYpYEIP) binds to the EGFR kinase domain in a mode that is nearly
identical to that observed with the Shcl peptide, with the phosphotyrosine at the +1 position
forming interactions with the e-amino nitrogen of Lys879 and the main chain nitrogen of
Ala920 (Supplementary Fig. 4). Surprisingly, despite having an optimized sequence, only
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one additional substrate side chain interaction is observed between the aspartic acid at P-1
and Arg841 of EGFR. In previously reported structures of tyrosine kinase domains in
complex with substrate peptides (for example IRK, IGF1R, and ABL), hydrophobic contacts
between amino acids C-terminal to the phosphorylation site and hydrophobic pockets on the
surfaces of the enzymes are the predominant interactions observed32-34. While the surface
of EGFR has a structurally equivalent hydrophobic pocket (formed from the side chains of
Val876, 11e878 and 11e886), the Isoleucine at the +3 position of the optimal substrate peptide
but did not have well defined electron density. These structural observations further suggest
that, other than phosphotyrosine at +1, the primary sequence surrounding the
phosphorylation site may have little influence on EGFR specificity.

DISCUSSION

Cooperativity with Src is a key element of EGFR signaling and plays an important
functional role in EGFR-driven cancers; however, the underlying mechanism is poorly
understood. Here, we provide a molecular explanation for how Src activity is integrated with
EGFR signaling. We found that EGFR preferentially phosphorylates substrates that are
primed by a prior phosphorylation and, in the case of the adaptor protein Shcl, we showed
that Src mediates the priming phosphorylation. Importantly, the dual phosphorylation of
Shcl by Src and EGFR significantly enhanced Shcl binding to Grb2, a key step in activating
the Ras-MAPK pathway, beyond EGFR phosphorylation alone (Fig. 4d).

Evidence that EGFR selectivity for phosphotyrosine primed substrates is relevant in cells
comes from the observation that many tyrosine phosphorylation sites in cells driven by
EGFR mutations have a phosphotyrosine at the +1 position3°. We used the PhosphositePlus
database to identify a subset of these sites that have also been shown to be sensitive to
treatment with EGFR-specific inhibitors (Table 1). In the case of Shcl Tyr239, we showed
that Src can function as the priming kinase and catalyze the priming phosphorylation at
Tyr240. However, it is likely that Src primes multiple substrates for EGFR phosphorylation.
For example, a recent study showed that EGFR phosphorylation of Mig6, a putative tumor
suppressor and feedback inhibitor of EGFR, is enhanced by prior phosphorylation of an
adjacent tyrosine by Src36. If Src primes multiple EGFR substrates, it will be important to
determine if this is a mechanism by which Src promotes signaling through a subset of
pathways downstream of EGFR or if Src induces the phosphorylation of a different set of
substrates.

The crystal structure of the EGFR kinase domain in complex with a Shcl peptide
phosphorylated at Tyr240 provides a molecular explanation for EGFR specificity for primed
substrates. Interestingly, in both this structure and a structure of EGFR in complex with an
optimized substrate peptide, the major sequence-specific interaction was between EGFR and
the phosphate of the phosphotyrosine at P+1 (Fig. 5 and Supplementary Fig. 4). This
observation suggests that prior phosphorylation is the dominant sequence feature recognized
by EGFR, not the sequence of the surrounding amino acids. A lack of stringent primary
sequence requirements suggests that EGFR has the potential to phosphorylate substrates
primed by many different tyrosine kinases and this could serve as a mechanism of signal
integration with multiple signaling pathways.
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In the case of Shcl, we showed that Src preferentially phosphorylates Tyr240 to promote
EGFR phosphorylation of Tyr239. However, our PSPL results indicate that Src has relatively
strong selectivity for tyrosine at several positions surrounding the phosphorylation site (Fig.
3a). These results suggest that Src could potentially catalyze priming phosphorylations at
multiple positions flanking tyrosine phosphorylation sites. Substrate priming may therefore
be a general characteristic of Src signaling and may be the mechanism by which Src
participates in signaling downstream of several receptor tyrosine kinases®.

Our current work indicates that the SH2 domain of Grb2 binds doubly phosphorylated Shcl
with greater affinity than Shcl phosphorylated at Tyr239 alone (Fig. 4b). We previously
investigated the optimal binding motif for the Grb2 SH2 domain?8. We found that Asn at the
+2 position relative to the phosphotyrosine dominated the binding selectivity (Asn is found
at the +2 position relative to pY239 of Shcl) and subsequent work elucidated the structural
basis for this specificity3’. However, our original study only investigated selectivity for the
20 natural amino acids; selectivity for phosphorylated amino acids within the optimal
binding motif was not addressed. Our current results, together with several recent studies
showing increased affinity of SH2 domains for doubly phosphorylated peptides, raise the
possibility that the presence of multiple phosphorylations within an SH2 domain recognition
motif may be a common mechanism that enables complex regulation of SH2 domain-target
protein interactions38-41,

Finally, it is well established that protein kinase substrate selectivity is strongly influenced
by the sequence immediately surrounding the phosphorylation site. Until recently, selectivity
for phosphorylated amino acids was thought to be unique to the serine/threonine protein
kinases glycogen synthase kinase-3 and casein kinase 14243, However, recent high-
resolution phosphoproteomics analyses have made it clear that the sequences surrounding
phosphorylation sites often contain additional sites of phosphorylation®3. For example, a
survey of multiply phosphorylated proteins showed that more than half of all
phosphorylation sites are within 4 amino acids of another site*4. Based on these
observations, proximal phosphorylations would be expected to be an important selectivity
determinant for far more protein kinases. One explanation for why so few kinases with this
selectivity have been identified is that phosphorylated amino acids had to be excluded from
previous methods used to determine protein kinase selectivity /in vitro. Consistent with this,
recent studies utilizing the PSPL approach have identified several additional kinases with
selectivity for phosphorylated substrates*6-49. These observations, together with results
described here, suggest that coordinated substrate phosphorylation by two or more kinases is
likely to be a common mechanism of signal integration that contributes to both normal and
oncogenic protein kinase signaling.

ONLINE METHODS

Positional Scanning Peptide Library (PSPL) assay

Recombinant, wild-type and L858R EGFR kinase domains (residues 696-1022) and
recombinant Src were generated as previously described®%:51. Recombinant ERRB2 was
from Life Technologies and recombinant ERBB4 was from SignalChem. The sequence of
each of the 198 peptide libraries is G-A-X-X-X-Z-X-Y-X-X-X-X-A-G-K-K-biotin (Z=fixed
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amino acid, X=equimolar mixture of amino acids excluding Tyr and Cys). Aqueous stocks
of each library were prepared in 50mM Hepes, pH 7.4 and arrayed in 384-well plates
containing 50mM Tris pH 7.5, 100mM MgCl,, 10mM MnCly, 2mM DTT. Each row in the
array contained libraries with a different fixed position relative to the central tyrosine and in
each column that position is fixed to a different amino acid. EGFR or Src and y-32P ATP
were added to the wells and the entire set of peptide libraries was phosphorylated in parallel
at 30° for 1-2 hours. The final concentrations of the reaction components were 50uM
peptide library, 200nM EGFR or 70nM Src, and 100uM ATP at a specific activity of ImCi
v-32P-ATP/umol in a total volume of 10uL. Following the reaction, 2uL aliquots from each
well were simultaneously transferred to an avidin-coated membrane (Promega SAMZ biotin
capture membrane) using a 384-slot pin replicator (VP Scientific). Membranes were washed
sequentially with 0.1% SDS in TBS, 2M NaCl + 1%H3P0Oy4, and 2M NaCl, then dried.
Phosphate incorporation into each library was quantified using a phosphorimager and the
ImageQuant 5.2 software from Molecular Dynamics. The amount of phosphate incorporated
into each well was divided by the average of all the wells in a row to give the selectivity
value for a given amino acid relative to the other residues at the same position. Therefore,
values greater than 1 represent positive selections and values less than 1 represent negative
selections.

In vitro kinase assays

Peptides based on the sequences surrounding MET Tyr1234 (MYDKEYYSVHN) and Shcl
Tyr239 (PPDHQYYNDFP) were synthesized, HPLC purified, and verified by mass
spectrometry. Lysine residues were added to the C-terminus of the peptides to ensure
quantitative binding in phosphocellulose assays. The relative activity of EGFR or Src for
each peptide was determined in reactions containing 100nM EGFR or 100nM Src, kinase
buffer (50mM Tris pH 7.5, 10mM MgCl,, 10mM MnCl,, 2mM DTT), 200uM ATP at a
specific activity of 1mCi y-32P-ATP/umol, and 400uM peptide. After incubation at 30° for
30min, aliquots of each reaction were spotted onto P81 phosphocellulose papers and washed
extensively with 75mM H3P0,. Filters were dried and radioactivity determined by
scintillation counting. Values from control reactions in which the substrate peptide was
omitted were subtracted from experimental values. All reactions were done in triplicate.

For the HPLC analysis of the reaction products, the concentrations of EGFR and Src were
adjusted to compensate for different specific activities. The final concentrations of the
reaction components were 1uM EGFR or 5uM Src, 500uM Shcl peptide, and ImM ATP in a
100uL reaction volume. For the reaction containing both Src and EGFR, the reaction was
initiated by the addition of Src and after a 60min preincubation, EGFR was added. At
various times, 25uL aliquots of the reactions were removed and quenched with EDTA.
Quenched aliquots were analyzed by HPLC on a 4.6 x 150mM Agilent Eclipse Plus C18
column. Peptides were eluted with a 30 min linear gradient of 0-30% solvent B with a flow
rate of 1.0 ml/min where solvent A contained 0.1% trifluoroacetic acid and solvent B
contained 0.1% trifluoroacetic acid in 100% acetonitrile. The elution profile was monitored
by absorbance at 220nm. The retention times of each peptide was established by individual
injections under the same HPLC conditions. To identify the sites on the Shcl peptide
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phosphorylated by EGFR or Src, the reaction products were analyzed by reversed-phase
microcapillary/tandem mass spectrometry (LC/MS/MS).

Kinetic parameters for EGFR phosphorylation of the Shcl peptides were determined using
the phosphocellulose assay. Increasing concentrations of peptide (0 — 12mM) were
incubated with 100nM EGFR in kinase buffer supplemented with 2uCi y-32P-ATP/reaction
for 30 min at 30°. Initial rates were determined from the linear portion of the reaction (<5%
substrate consumption). Kinetic parameters were determined by fitting data to the Michaelis
Menten equation by use of nonlinear least squares analysis of initial rates. Data shown are
the average of three separate experiments, each done in triplicate.

Tandem mass spectrometry (LC/MS/MS)

LC/MS/MS was performed using an EASY-nLC nanoflow HPLC (Thermo Fisher Scientific)
with a self-packed 75 pm id x 15 cm C18 column coupled to an LTQ-Orbitrap XL mass
spectrometer (Thermo Fisher Scientific) in the data-dependent acquisition and positive ion
mode at 300 nL/min. Peptide ions from the predicted Shcl peptide phosphorylation sites
were also targeted in MS/MS mode for quantitative analyses. MS/MS spectra collected via
collision induced dissociation (CID) were searched against the concatenated target and
decoy (reversed) single entry Shcl sequence and full Swiss-Prot protein databases using
Sequest (Proteomics Browser Software, Thermo Fisher Scientific) with differential
modifications for Ser/Thr/Tyr phosphorylation (+79.97) and the sample processing artifacts
Met oxidation (+15.99), and deamidation of Asn and GlIn (+0.984). False discovery rates
(FDR) of peptide hits were estimated below 1.5% based on reversed (background) database
hits. Passing MS/MS spectra were manually inspected to be sure that all b- and y- fragment
ions aligned with the assigned sequence and the pTyr modification sites were correctly
assigned. Quantification of phospho- peptides was achieved by assessing the number of
spectral counts (identified peptides) for each assigned pTyr site.

Cell culture and immunoblotting

MCF10A cells were purchased from ATCC and maintained in HUMEC Medium (Life
Technologies). Cells were authenticated by DNA fingerprinting analysis (STR analysis) and
confirmed to be free of mycoplasma contamination by QF-PCR. Cells were incubated 16
hours in growth-factor-free medium before pretreatment with dasatinib (250 or 500nM) for 1
hour and stimulation with 1ng/mL EGF for 3 minutes. Cells were then lysed in RIPA buffer
supplemented with protease inhibitors (Roche) and phosphatase inhibitors (Calbiochem).
Proteins were resolved by SDS-PAGE, transferred to nitrocellulose membranes, and subject
to immunoblotting. Antibodies against phospho-EGFR Y845 (cat. no. 6963), phospho-
EGFR Y1068 (cat. no. 2236), phospho-Src (cat. no. 6943), Src (cat. no. 2123), phospho-Shc
(cat. no. 2434), and phospho-p44/42 MAPK (cat. no. 4370) were purchased from Cell
Signaling Technology. Antibodies against EGFR (cat. no. 610016), Shc (cat. no. 610878),
and p44/42 MAPK (cat. no. 610123) were purchased from BD Biosciences. The anti-Grb2
antibody (cat. no. sc-255) was from Santa Cruz Biotechnology. Validation for each antibody
is provided on the manufacturers’ websites. Original images of blots used in this study can
be found in Supplementary Data Set 1.
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Shcl phosphopeptide binding assay

Biotinylated phosphopeptides corresponding to the sequence surrounding Shcl Tyr239
(Biotin- AHA-DHQYYNDFPGKE) were immobilized on streptavidin-sepharose beads and
incubated with A431 cell lysate. Beads were collected by centrifugation and washed. Bound
proteins were eluted with SDS sample buffer and resolved by SDS-PAGE. Proteins were
transferred to nitrocellulose and probed by western blotting with an anti-GRB2 antibody.

Structure determination

The EGFR L858R kinase domain was crystallized as previously describedC.
Phosphopeptides based on the Shcl Tyr239 phosphorylation site (PDHQYpYNDF) and the
optimal EGFR substrate motif (DEEDYpYEIP), were synthesized, HPLC purified, and
verified by mass spectrometry. Peptides were introduced into the crystals by soaking the
crystals for 4 hours in reservoir solution supplemented with 10mM peptide. This solution
was also used as the cryoprotectant. Diffraction data were collected at Argonne National
Laboratory 1D24 beamline at 100K. Data were processed and merged with HKL.2000%2, The
structure was determined by the Difference Fourier method using the EGFR L858R kinase
structure (PDB 21TV)%0 as the starting model. Simulated-annealing in CNS was then used to
obtain a less biased model and 2Fo-Fc and Fo-Fc maps for manual model inspection and
adjustment®3, Repeated rounds of manual refitting and crystallographic refinement were
performed using COOT®455, The peptides were modeled into the closely fitting positive Fo-
Fc electron density and then included in following refinement cycles. Detailed statistics are
in Table 3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Determination of EGFR optimal substrate motif. (a) Schematic representation of the peptide

libraries used in the positional scanning peptide library assay (Z, fixed amino acid; X,

degenerate mixture of amino acids). (b) Peptide library results for wild-type and L858R
EGFR kinase domains. Representative images from 3 independent experiments are shown.
Quantification is provided in Supplementary Table 1. (c) Primary and secondary selections

determined from the EGFR peptide library results. An “X’ denotes no selectivity.
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Figure 2.
Shcl is phosphorylated by EGFR at Tyr239. (a) EGFR kinase assays with synthetic peptides

corresponding to the sequence surrounding Tyr239 of Shcl (PDHQYYNDAKKK = Y-Y,;
PDHQYpYNDAKKK = Y-pY; PDHQpYYNDAKKK = pY-Y). Error bars, s.d. (n=3
technical replicates) (b) Reversed-phase HPLC separation of Shcl peptide standards
(PDHQpYpYNDAKKK = pY-pY). The retention times of each peptide were established by
individual injections (data not shown). (c) HPLC analysis of an EGFR kinase assay with the
Shcl Y-Y peptide at multiple time points. (d) Mass spectrometry based analysis of the 120
min peak in panel C. The LC-MS/MS spectrum for the singly phosphorylated peptide
PDHQpYYNDAKKK is shown. (e) Percentage of peptide spectra detected by mass
spectrometry phosphorylated at Tyr239 or Tyr240.
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Figure 3.
Src primes Shcl for EGFR phosphorylation by phosphorylating Tyr240. (a) Peptide library

results for Src. Representative image from 3 independent experiments is shown.
Quantification is provided in Supplementary Table 2. (b) Src kinase assays with synthetic
peptides corresponding to the sequence surrounding Tyr239 of Shcl (PDHQYYNDAKKK =
Y-Y; PDHQYpYNDAKKK = Y-pY; PDHQpYYNDAKKK = pY-Y). Error bars, s.d. (n=3
technical replicates) (c) HPLC analysis at of a Src kinase assay with the Shcl Y-Y peptide at
multiple time points. (d) Mass spectrometry based analysis of the 120 min peak in panel C.
The LC-MS/MS spectrum for the singly phosphorylated peptide PDHQYpYNDAKKK is
shown. (e) Percentage of peptide spectra detected by LC-MS/MS phosphorylated at Tyr239
or Tyr240. (f) HPLC analysis of an /in vitro kinase assay containing Src, EGFR and the Y-Y
Shcl peptide at multiple time points.
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Figure 4.
Dual phosphorylation of Tyr239 and Tyr240 is controlled by EGFR and Src in cells and

enhances Shcl binding to Grb2. (a) Immunoblot analysis of cell lysates prepared from
MCF10A cells pretreated with dasatinib for 1 hour then stimulated with 1ng/mL EGF for 3
min. (b) Pulldown assay and anti-Grb1 immunoblot. Samples are lysates from A431 cells
incubated with the indicated biotinylated phosphopeptides. (Lysate = L; Control Beads = B;
DHQYYNDFPGKE = Y-Y; DHQYpYNDFPGKE = Y-pY; DHQpYYNDFPGKE = pY-Y;
DHQpYpYNDFPGKE = pY-pY). (c) Structure of a pseudo-peptide based on the sequence of
Shcl phosphorylated at Tyr239 and Tyr240 (mAZ-pY-(aME)pY-N-NH2) bound to the SH2
domain of Grb2 (PDB ID:1JYQ)3L. Hydrogen bonds are indicated with dashed lines. (d)
Model for the integration of EGFR and Src signaling by coordinated phosphorylation of
Shcl. EGFR phosphorylation of Shcl at Tyr239 creates a binding site for Grb2, leading to
activation of the Ras-MAPK pathway. Active Src enhances activation by phosphorylating
Tyr845 of the EGFR as well as Tyr240 of Shcl. Phosphorylation of Tyr240 of Shcl
potentiates phosphorylation at Tyr239 by the EGFR and enhances the binding of Grb2. Full-
size images are shown in Supplementary Data Set 1.
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Figure 5.
Shcl phosphopeptide binding to the EGFR kinase domain. (a) Overall structure of the

EGFR L858R kinase domain bound to a Shcl peptide phosphorylated at Tyr240
(PDHQYpYNDF). The peptide is shown in stick form. (b) Detailed view of interactions
between EGFR and the primed Shcl substrate peptide. Hydrogen bonds are indicated with
dashed lines.
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Candidate EGFR phosphorylation sites identified in PhosphoSitePlus

Table 1

Symbol Name Site  Sequence

MLLT4 Adhesion protein afadin 1656 RQEEGYYSRLE
C9orf150 Chromosome 9 open reading frame 150 227 KLDSEYyYCFG_
CD34 Adhesion protein CD34 329 LGEDPYYTENG
EFNB1 Membrane protein of the Ephrin family 343  SPANIYYKV__
EIF2A Eukaryotic translation initiation factor 2A 250 KTGASYYGEQT
EMD Nuclear membrane protein emerin 94 GYNDDYYEESY
PTK2 Focal adhesion kinase FAK 576 MEDSTYyYKASK
ERBB2 Receptor tyrosine kinase HER2 1221 AFDNLYyWDQD
JAK1 Janus Kinase 1 1034 ETDKEYYTVKD
LSR Lipolysis stimulated lipoprotein LISCH 406 SMRVLYyMEKE
MET HGF receptor tyrosine kinase 1234 MYDKEYYSVHN
ERRFI1 EGFR Negative regulator M1G-6 394 VSSTHYYLLPE
PKP4 Adhesion protein plakophilin 4 420  YEGRTYySPVY
PVRL3 Nectin family adhesion protein PVRL3 510 ERPMDYYEDLK
SHC1 Adaptor protein Shcl 239  PPDHQYyNDFP
INPPL1 Inositol phosphatase SHIP-2 986 FNNPAYYVLEG
SKT Skeletal development protein SKT 244 ESRNVYYELND
TANC2 Ankyrin-repeat containing protein TANC2 1919 LLEDDYYSPHG
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The PhosphoSitePlus database was searched for sites that conform to the EGFR YpY motif and whose phosphorylation correlates with EGFR

activity. Putative phosphorylation sites are shown in bold. Phosphorylated tyrosines are shown in lower case.
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Table 2
EGFR steady-state kinetic parameters for Shcl peptides

Peptide  Sequence Km (UM) ket 571 Keat/Km (LM ™1s71)

Y-Y PDHQYYNDAKKK 1829 +172 0.060+0.006 3.34E-5
Y-pY PDHQYpYNDAKKK 488 + 34 0.063 £0.008 1.30E-4

Kinetic parameters were determined by unweighted, nonlinear least squares analysis. Values represent means from three separate experiments +
s.e.m. The phosphorylated tyrosine is underlined.

Nat Struct Mol Biol. Author manuscript; available in PMC 2016 June 01.



Begley et al. Page 23

Table 3

Data collection and refinement statistics

EGFR L858R + Shcl peptide EGFR L858R + Optimal peptide

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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Data collection
Space group
Cell dimensions
a b cA)
a By ()
Resolution (&)

123

143.9, 143.9, 143.9
90.0, 90.0, 90.0

50.0-2.6 (2.69-2.6)4

123

144.6, 144.6, 144.6

90.0, 90.0, 90.0

50.0-2.8 (2.9-2.8)4

Rinerge 0.068 (0.477) 0.062 (0.473)
1ol 13.8 (2.3) 16.6 (2.2)
Completeness (%) 99.0 (99.5) 98.8 (99.3)
Redundancy 34(3.1) 34(3.1)
Refinement
Resolution (A) 38.5-2.6 34.1-2.8
No. reflections 15207 12361
Ruork ! Riree 0.182/0.266 0.192/0.222
No. atoms

Protein 2501 2495

Water 129 63
Bfactors

Protein 59.5 69.7

Water 61.3 65.9
r.m.s. deviations

Bond lengths (A) 0.010 0.010

Bond angles (°) 1.180 1.146

a\/alues in parentheses are for highest-resolution shell.
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