1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Rep. Author manuscript; available in PMC 2018 November 09.

-, HHS Public Access
«

Published in final edited form as:
Cell Rep. 2018 October 09; 25(2): 449-463.e4. doi:10.1016/j.celrep.2018.09.035.

A Dimerization Function in the Intrinsically Disordered N-
Terminal Region of Src

Danislav S. Spassov!, Ana Ruiz-Saenzl, Amit Piplel, and Mark M. Moasserl:2*

1Department of Medicine, Helen Diller Family Comprehensive Cancer Center, University of
California, San Francisco, San Francisco, CA 94143, USA

2L ead Contact

SUMMARY

The mode of regulation of Src kinases has been elucidated by crystallographic studies identifying
conserved structured protein modules involved in an orderly set of intramolecular associations and
ligand interactions. Despite these detailed insights, much of the complex behavior and diversity in
the Src family remains unexplained. A key missing piece is the function of the unstructured N-
terminal region. We report here the function of the N-terminal region in binding within a
hydrophobic pocket in the kinase domain of a dimerization partner. Dimerization substantially
enhances autophosphorylation and phosphorylation of selected substrates, and interfering with
dimerization is disruptive to these functions. Dimerization and Y419 phosphorylation are
codependent events creating a bistable switch. Given the versatility inherent in this intrinsically
disordered region, its multisite phosphorylations, and its divergence within the family, the unique
domain likely functions as a central signaling hub overseeing much of the activities and unique
functions of Src family kinases.

In Brief

Spassov et al. report that Src exists in cells and functions as a dimer and that dimerization and
autophosphorylation are codependent events. Through a comprehensive structure-function
analysis, they show that the dimer is an asymmetric dimer held through the interaction of the
myristoylated N-terminal unique domain of one partner with a hydrophobic pocket in the kinase
domain of another.
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INTRODUCTION

The Src family kinases (SFKSs) are a closely related family of non-receptor tyrosine kinases
that play important roles in many different cellular signaling pathways (Erpel and
Courtneidge, 1995; Parsons and Parsons, 2004; Thomas and Brugge, 1997). Their
participation in such a wide repertoire of cellular pathways and the plethora of substrates
phosphorylated by SFKs preclude the assignment of a unique function to this family, and it
appears that SFKs play a fundamental role in regulating many aspects of metazoan life. The
SFK family encompasses 11 members in humans by the Manning classification, including a
core group of closely related members Src, Yes, Fyn, Fgr, Blk, Hck, Lck, and Lyn and a
more distantly related group of Frk, Srm, and Brk (Manning et al., 2002). Src, Yes, and Fyn
are widely ex-pressed in most tissue types, whereas the other members have a much more
restricted expression pattern. All SFKs share a simple modular domain structure consisting
of SH3, SH2, and catalytic kinase domains (KDs) followed by a short C-terminal tail, all of
which are highly homologous within the family. However, N-terminal sequences of ~70-80
residues are entirely divergent imparting a unique identity and possibly unique and
nonredundant function to individual members. The more closely related core SFK members
also share a few residues at the extreme N terminus following cleavage of the starting
methionine, providing a recognition motif for myristoylation of the N-terminal glycine by
N-myristoyl transferase (NMT) (Resh, 1994, 1999). This motif, along with several charged
amino acids within the first 10-17 residues that enhance affinity to membrane lipids, is
referred to as the SH4 domain and accounts for the localization of these SFKs to membranes
(McCabe and Berthiaume, 1999; Resh, 1994).

Decades of efforts have revealed considerable insights into how the activities of SFKs are
regulated by their modular structure (extensively reviewed in Boggon and Eck, 2004;
Roskoski, 2004; Sicheri and Kuriyan, 1997; Xu et al., 1999). Key determinants of their
activity are phosphorylation and protein-protein interactions. Phosphorylation at Tyr 527
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(using chicken c-Src numbering) by C-terminal Src kinase (CSK) is inhibitory, while
phosphorylation at Tyr 416 is activating, although neither of these phosphorylations by
themselves exert full positive or negative regulatory control. Pioneering crystallographic
studies reveal that Src is held in an autoinhibited state by intramolecular interactions
wherein the SH2 domain is bound to its phosphorylated C-terminal Tyr 527 and the SH3
domain engages a proline-rich SH2-KD linker region and the kinase N-lobe. In this state, the
active site of the KD is disrupted by displacement of the aC helix. These intramolecular
interactions are weak in nature and can be destabilized by solicitation of the SH2 and SH3
domains by higher-affinity ligands (Moarefi et al., 1997) or by dephosphorylation of Tyr 527
by a number of phosphatases (Roskoski, 2005). Auto-phosphorylation at Tyr 416 stabilizes
the activation loop, an event that in most kinases is required for catalytic activity. Thus, the
selection of substrates by Src is directly influenced by ligand recognition via the SH3 and
SH2 domains and not simply by the substrate motif preferences of its catalytic domain active
site in what has been termed the “turned on by touch” mode of signaling (Boggon and Eck,
2004). As such, the activities of SFKs are greatly affected by their molecular surroundings.
These structural modules are highly homologous across the entire family, leaving
unanswered why the family is so large and how individual members can perform unique
functions.

A key feature of SFKs that is missing in current models of their regulation is their unique
domains (UDs). This is because the UD is intrinsically disordered and has eluded analysis in
the crystallographic studies that have informed much of our current understanding of SFK
regulation. However, considerable lines of evidence suggest that the UD is critically
involved in the regulation of SFKs. Although the UD sequences are not conserved between
family members, they are well conserved across species, suggesting that it is not merely a
spacer region but rather harbors specific functions. Furthermore, although there is little
sequence homology between the UDs of SFKs, studies using nuclear magnetic resonance
(NMR) and small-angle X-ray scattering reveal compaction of the UD mediated through
several long-range interactions between aromatic residues that are conserved within the SFK
family, suggesting that these disordered regions share at least some common structural
features (Arbesu et al., 2017). The UDs of individual SFK members confer specific
signaling functions distinct from other members, and in fact some of these functions can be
lost by UD deletion or transferred by UD-swapping experiments (Carrera et al., 1995; Hoey
et al., 2000; Summy et al., 2003; Wer-dich and Penn, 2005). Further consistent with a
regulatory function, the UDs of SFKs are phosphorylated and dephosphorylated on several
sites, affecting their signaling functions (Amata et al., 2013, 2014; Hansen et al., 1997;
Johnson et al., 2000; Joung et al., 1995). How these phosphorylations regulate function
remain largely unknown, awaiting more mechanistic insights into the functions of the UD.
The most detailed function described thus far is for the UD of Lck. Lck binds the T cell co-
receptors CD4 and CD8 on the surface of T lymphocytes through its UD (Shaw et al., 1989).
Although its UD is unstructured in isolation, it adopts an organized heterodimeric solution
structure when complexed with zinc and the cytoplasmic tails of CD4 or CD8, providing a
glimpse of how this disordered region can mediate a highly specific interaction that enables
Lck to function as a second messenger signaling molecule for these surface receptors (Kim
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et al., 2003). Such a function has yet to be demonstrated for any other SFK UD, and in fact
more recent efforts seem to imply considerable versatility in the functions of UDs.

The interest in understanding the functions of intrinsically disordered proteins (IDPs) or
intrinsically disordered regions (IDRs), such as the UD of SFKSs, has exploded in recent
years as the sheer abundance and relevance of IDPs and IDRs in the eukaryotic proteome
has become apparent (Dunker et al., 2002; Wright and Dyson, 1999, 2015). IDPs frequently
exhibit multiple interaction capabilities and function as protein interaction hubs in cell-
signaling networks (Dunker et al., 2005; Kim et al., 2008). Although intrinsically disordered,
they often contain small elements that fold upon binding to protein targets, mediating
interactions characterized by high specificity but modest affinity. Such interactions begin
and end with rapid kinetics and thus are highly dynamic and often transient (Dyson and
Wright, 2005; Wright and Dyson, 1999). The modest affinities of IDPs allows for a
substantial degree of regulation through post-translational modifications, enabling them to
function as signaling hubs (Borg et al., 2007; Gsponer and Babu, 2009; Van Roey et al.,
2012, 2013). The emerging evidence and the developing paradigms for how IDRs can
mediate key regulatory functions has renewed our interest in understanding the functions of
the disordered UDs at the N-terminal region of SFKs.

In this work, we began by asking whether SFKs signal as dimers, what structural elements
may be mediating the formation of such dimers, and how dimerization affects signaling
function. The evidence implicates the UD along with the N-terminal myristoylation as
critical mediators of dimerization and highly relevant for kinase activity and substrate
phosphorylation.

Src Forms Dimers Involving the SH4-UD and KD Regions

Dimerization is a key mechanism mediating the signaling functions of many protein kinases.
However, a role for dimerization has not been described for SFKs. We began this study by
asking whether Src dimerizes, and if so, to determine the structural determinants that
mediate dimerization and the potential relevance of dimerization in Src signaling. Constructs
were generated using the full-length human c-Src or various deletion mutants lacking one or
more of its functional domains. The structures and nomenclature used for all these
constructs are schematically depicted in Figure 1. All constructs were generated in duplicate
with either a hemagglutinin (HA) tag or a FLAG tag at the C terminus, enabling simple
detection of dimerization through HA or FLAG co-immunoprecipitation assays. Transient
transfection of these constructs was done in SYF cells (Src-Yes-Fyn null), which lack the
expression of the SFK family in order to eliminate any background effects related to
competition from endogenously expressed SFK proteins. The transfection efficiencies are
high and the expression levels achieved in these experiments are roughly comparable to the
endogenous expression of Src in many human cell lines, and thus the interactions detected in
these studies are not due to artifactually high expression (Figure S1). The high transfection
efficiency of GFP and full-length Src provides a reasonable estimate of this transfection
technique in this cell type, although there may be differences in efficiency among the many
different mutant constructs used.
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From these HA or FLAG co-immunoprecipitation assays, it is clear that Src forms dimers
(Figure 2A). Dimerization of Src requires the N-terminal region containing the SH4 and UD
(Figure 2B, lane 3 versus lane 7; Figure 2C, lane 1 versus lane 2). Dimerization is
maintained in constructs lacking the SH3-SH2 domains (Figure 2B, lane 3). Dimerization is
greatly impaired, although not completely lost, in constructs lacking the UD and SH3-SH2
domains but maintaining the SH4 domain (Figure 2B, lane 5). Dimerization is also greatly
impaired, although not completely lost, in constructs lacking myristoylation due to G2A
mutation (Figure 2C, lane 3). The SH3-SH2 domains have no ability to dimerize with
themselves (Figure 2D, lane 5) and are dispensable for dimerization of full-length Src
(Figure 2B, lane 3). The KD has no ability to dimerize with itself (Figure 2B, lane 7);
however, the KD is not dispensable for the dimerization of Src, and constructs lacking the
KD are impaired in dimerization (Figure 2D, lane 3). The N-terminal SH4-UD segment is
not able to dimerize with itself. This cannot be demonstrated through the simple expression
of an SH4-UD segment, since this instrinsically disordered segment by itself is unstable and
very poorly expressed (Figure S2). However, the SH4-UD region fused to mCherry is stable
and expressed and shows no detectable self-dimerization (Figure 2E). Taken together, these
data suggest that the N-terminal SH4-UD region and the KD region are the functional
determinants of dimerization. Both myristoylation and the adjacent UD region have
functions that contribute to the dimerization of Src. This is evident in assays using constructs
that lack only the UD domain or constructs that are defective in myristoylation due to
mutation of the myristoylated glycine 2 residue. In these assays, separate deletion of
myristoylation or the UD region partially, but not completely, diminishes dimerization
(Figures 2B and 2C).

Dimerization Is Asymmetric

The assays described above query the dimerization of identical constructs. In experimental
designs that query the dimerization of nonidentical constructs, it is evident that the N-
terminal SH4-UD is only required on one partner for dimerization (Figure 2G, lane 2). A
partial decrease in dimerization is evident when the SH4-UD region is present in only one
partner. On the other hand, the deletion of the KD in either partner prevents dimerization
(Figure 2H, lanes 2 and 3). This implicates a more complex role for the KD, which is
explored further below.

Dimerization Is Direct

The observed interaction of Src proteins is a direct interaction and not a molecular
proximation afforded by larger cellular macromolecular protein complexes. This is evident
when recombinant purified HA-tagged and FLAG-tagged Src proteins are incubated by
themselves /in vitro (Figure 21). Purified Src run on a native gel migrates in two molecular
weight forms consistent with monomers and dimers (Figure 2J). The relative ratio of
monomers to dimers in this assay is likely not a faithful reflection of in-cell dimerization due
to dimer disruption by the stringent purification process. Larger oligomeric forms may also
be potentially disrupted during purification, and the macromolecular environment of Src in
cells may involve larger forms. The cell-based assays suggest that the minimal regions
necessary for dimerization are the N-terminal region and the KD. The interaction of these
two domains can also be recapitulated /n vitro. While the N-terminal SH4-UD region cannot
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be expressed and purified by itself, it is stable and can be purified when fused with
glutathione S-transferase (GST). This recombinant purified SH4-UD-GST protein binds a
purified KD, confirming the affinity of the N-terminal region of Src with the C-terminal KD
of Src (Figures 2K).

Src Dimerization Is Directly Evident in Living Cells

The dimerization of Src observed in co-immunoprecipitation assays is an in-cell interaction
and not a post-lysis artifact. For more direct evidence of Src dimerization in living cells, we
took an orthogonal approach using a protein fragment complementation assay. The
complementation of fragmented SNAP tags is particularly useful to detect stable protein-
protein interactions, as it is not complicated by the irreversible complementation seen with
many split fluorescent proteins (Mie et al., 2016). The signal generated by the
complementation of split SNAP tags fused to the C terminus of Src provides direct evidence
in living cells of Src dimerization (Figure 3). The dimer-ization observed in this assay
requires the N-terminal SH4-UD of Src, consistent with the biochemical studies discussed
above (Figure 3).

Y419 Phosphorylation and Open Conformation Are Required for Src Dimerization

The dimerization of Src is linked with its activation state and conformational dynamics.
Dimerization is promoted by the open active state of Src, and the closed tethered state is
nonpermissive to dimerization. This is evident in dimerization assays using the Y530F
mutant that promotes the open state by destabilizing the Y530-SH2 interaction (Liu and
Pawson, 1994) or using the 530YEEI mutant that promotes the closed state by stabilizing the
Y530-SH2 interaction (Schindler et al., 1999) (Figure 4A). Auto-phosphorylation of Y419 is
required for dimerization, as evident in Y419F mutation analysis (Figure 4B). This is also
evident in kinase-dead constructs that cannot auto-phosphorylate and thereby fail to
dimerize (Figure 4C). Experiments with kinase inhibitors shed more subtle insights into the
requirement for autophosphorylation in dimerization. If Src inhibitor treatment is applied
immediately upon Src expression, then dimers will not form (Figure 4D, lane 2). However, if
Src is inactivated long after its expression and dimerization, then preformed dimers are not
disrupted despite clear dephosphorylation of Y419 (Figure 4D, lane 3; Figure S3). The
observed reduction of dimerization following 1 hr of late Src inhibitor exposure is not due to
disruption of preformed dimers; rather, it is due to the natural turnover of Src and the
inhibition of dimerization in newly expressed Src molecules. This becomes most evident if
the late initiation of Src inhibitor treatment is allowed to continue for a prolonged time
frame beyond the life-time of Src proteins that may have been previously engaged in dimers
(Figure 4D, lane 4). These experiments are consistent with the scenario wherein
autophosphorylation of Y419 is a prerequisite for dimerization but is thereafter dispensable
once the dimer is formed.

Y419 Phosphorylation and the SH4-UD Are Required in cis

Assay designs querying the dimerization of nonidentical constructs provide more clarity
regarding the requirement for kinase activity and autophosphorylation in dimerization.
Autophosphorylation at Y419 is required only in one partner for dimerization (Figure 4E,
lanes 6 and 7). Since the N-terminal region was also shown to be required in only one
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partner, a logical next question is whether these two requirements are in cisor in trans.
Comparing dimerization in a variety of experimental arms designed to test whether the N-
terminal region and the Y419 autophosphorylation are required in ¢isor in trans, it is evident
that this requirement is in ¢/s (Figure 4E, lane 6 versus lane 7). Similarly, an assay designed
to test whether the N-terminal region and catalytic kinase activity are required in ¢/sor in
trans revealed that this requirement is also in cis (Figure 4F, lane 3 versus 4). Taken together,
this means that for dimerization to occur, partner A must contain an SH4-UD region and be
auto-phosphorylated on its Y419 in order to dimerize with partner B. The
autophosphorylation of Y419 is an intermolecular phosphorylation involving another partner
A, as Src does not have the ability for intramolecular Y419 autophosphorylation. The fact
that Y419 autophosphorylation is an intermolecular event was demonstrated in a more
specifically designed experiment using the K298M kinase-dead mutant of Src. Constructs
were generated that contain the 20-kDa C-terminal SNAP tag. These constructs migrate
higher on gels, allowing for easy identification of simultaneously expressed tagged and
untagged forms of Src. In this experimental design, it is evident that the kinase-dead mutant
of Src is autophosphorylated on Y419 in an inter-molecular event by a wildtype Src (Figure
4G, lanes 4 and 5).

Dimerization Involves the N-Terminal Myristate Binding to a KD Pocket in trans

The evidence thus far identifies the SH4-UD region as well as the KD to be determinants of
Src dimerization. How these regions can mediate dimerization is not evident from our
current understanding of Src structure, since the SH4-UD domain is intrinsically disordered
and almost all of the X-ray crystallographic studies have been performed on constructs
lacking the N-terminal region or lacking myristoylation. Studies of the closely related Abl
kinase provide some insights into potential binding interfaces. Abl is myristoylated similar
to Src. However, the myristoyl moiety can engage in an intramolecular interaction with the
KD (Hantschel et al., 2003; Nagar et al., 2003). In this interaction, the myristoyl moiety
embeds deep into a hydrophobic pocket within the base of the C-lobe of the KD (Figure S4).
This engagement of the myristate group induces conformational changes in the C-lobe that
affects its regulation (Nagar et al., 2003). Crystallographic studies of Src show structural
features at this site of the KD that could potentially also bind myristate, and this is supported
by NMR studies (Cowan-Jacob et al., 2005). In structural alignment, the overall architecture
of this myristoyl pocket in Abl and Src appear nearly identical (Figure S4). To explore the
possibility that this type of myristate-KD interaction may mediate the dimerization of Src,
we focused on mutational studies of this hydrophobic pocket in Src (Figure 5A). Several
bulkier residues lining this pocket were mutated to alanine, opening up this pocket in the KD
of Src, potentially making it more permissive to myristate binding. These mutations, to
varying degrees, increase the dimerization observed between the KD segment and the N-
terminal region of Src (Figure 5B). On the other hand, T459 is a lone small amino acid at the
gate of this pocket, and a T459F mutation introduces a bulkier residue into this site, making
it more restrictive for myristate binding. Consistent with this, the T459F mutation decreases
the dimerization observed between the KD and the N-terminal region of Src (Figure 5C).
Taken together, these studies support the hypothesis that dimerization involves the
interaction of the myristoylated N-terminal region on one partner with the KD hydrophobic
pocket in another. Alternatively it remains possible that an intramolecular myristate-KD
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interaction forces a conformational state that exposes another dimerization interface. To
distinguish between these possibilities, the restrictive T459F mutation or the more
permissive L494A mutation were introduced into the KD either in ¢isor in trans with the
SH4-UD region. In these experiments, it is evident that the restrictive T459F mutation
diminishes dimerization only when it is introduced in frans with the SH4-UD domain
(Figure 5D, lane 2 versus lane 3), and similarly, the more permissive L494A mutation
enhances dimerization only when it is introduced in #ranswith the SH4-UD domain (Figure
5E, lane 2 versus lane 3). These experiments are most consistent with a mode of
dimerization wherein the N-terminal region of one partner binds to the KD of the other
partner.

The binding of the myristate to the KD would be expected to come at the cost of membrane
localization, since it would no longer be available for embedding into the plasma membrane.
Consistent with this, the mutations that increase myristate-KD binding demonstrate a
decrease in membrane localization, whereas the mutations that decrease myristate-KD
binding demonstrate an increase in membrane localization (Figure S5). The myristate-KD
binding is also potentially subject to competition by appropriately designed small-molecule
inhibitors. Such inhibitors have been developed that bind the myristate-binding pocket in
Abl (Zhang et al., 2010) (Figure S4D). This allosteric inhibitor of Abl, although not
specifically designed for the analogous hydrophobic pocket in Src, does show some weak
activity in increasing the membrane localization of Src, consistent with its ability to at least
partially compete out the myristate-KD interaction (Figure S5D). These data are consistent
with the notion that the observed dimerization of Src is mediated through myristate binding
within the hydrophobic pocket of the KD analogous to Abl. Whether the UD segment also
makes specific interactions with residues on the KD C-lobe is not addressed by these
experiments, although numerous experiments with deletion constructs described earlier
reveal that both myristoylation and the UD segments are important for dimerization.

N-Terminal Region Enhances Kinase Activity

The N-terminal region of Src is not only important in its dimerization but also contributes to
kinase activity. Deletion of the N-terminal SH4-UD region reduces Src autophosphorylation
(Figure 6A). This impairment of Src autophosphorylation activity is not due to increased
Y530 phosphorylation (Figure 6A) and cannot be rescued by forcing the open and active
conformation through Y530F mutation (Figure 6B). Both the myristoyl moiety and the UD
contribute to activity with a greater impact from the loss of myristoylation. Myristoylation
may directly enhance catalytic activity by its binding to the KD or alternatively may mediate
an increase in substrate phosphorylation through localization effects or endorsing a specific
molecular microenvironment. As an example, the catalytic activity of the Src-related
cytoplasmic Abl kinase is known to be regulated by its myristoylation signal (Hantschel et
al., 2003). To more directly explore the role of the N-terminal SH4-UD region in the
catalytic activity of Src inde-pendent of their effects on compartmentalization, we turned to
in vitro kinase assays. Src was expressed and purified from HEK293T cells so that it may be
properly myristoylated (Figure 6C). Assay conditions were established to be in linear range
with respect to duration and concentration (Figure S6). Deletion of the N-terminal SH4-UD
region substantially diminishes the kinase activity of Src measured through its

Cell Rep. Author manuscript; available in PMC 2018 November 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Spassov et al.

Page 9

autophosphorylation (Figure 6D). These are partial decreases relative to wild-type, and the
elimination of myristoylation has a bigger impact than the elimination of the UD (Figures
6D, 6E, and S6). Partial differences can also be appreciated in cell-based experiments by
increasing expression levels through increasing plasmid DNA amounts transfected (Figure
S7). Similar results are obtained when assaying the kinase activity of Src against purified
substrates, including paxillin, enolase, or Trask/CDCP1 (Figure 6F). The concentration-
activity relationship of wild-type (WT) Src is consistent with an increase in specific activity
as a function of concentration (Figure 6E), a finding that is consistent with a dimerization-
driven mode of activation. Although it is difficult to compare soluble protein concentrations
in vitroto compartmentalized proteins in cells, the cellular concentration of Src is estimated
to be in the 1-10 nM range (Gee et al., 1986; Milo et al., 2010), and thus these /in7 vitro
experiments are in a concentration range that can potentially inform physiologic behavior.
More-over, disruption of Src N-terminal myristoylation in several human cell lines by a
selective inhibitor of N-myristoyltransferase also diminishes Src autophosphorylation and
phosphorylation of the substrate FAK (Figures 6G and 6H), although in the cellular context,
effects on subcellular or molecular localization may also be contributing to the observed
effects.

Dimerization Is Required for Signaling Activity

Interfering with kinase activity or Y419 autophosphorylation prevents dimerization as shown
by the mutational and drug inhibition studies described above. The reverse also holds true,
such that interfering with dimerization interferes with the cellular phosphorylation activities
of Src. This was determined by the identification and use of constructs that can interfere
with dimerization in a dominant-negative manner. The Y419F-K298M-Y530F triple mutant
of Src, which lacks its two main regulatory phosphorylation sites and is also kinase dead,
has been used in the field as a dominant-negative version of Src. Our studies would suggest
that this triple mutant exerts its dominant-negative activities by interfering with the
dimerization of Src. Consistent with this notion, this triple-mutant Src, while deficient at
self-dimerization, does bind with WT Src and diminishes the autophosphorylation activity of
WT Src and the transphosphorylation activity of the substrate FAK (Figure 7A). Since we
have shown that dimerization is mediated through the N-terminal SH4-UD region, we
should be able to reproduce this dominant-negative or inhibitory activity through the
expression of a competing SH4-UD segment alone. Indeed, we find through stepwise
deletion of the KD and SH3-SH2 regions of this dominant-negative construct that its
dominant-negative function is preserved and in fact enhanced by the smaller constructs,
possibly related to higher expression of these smaller constructs (Figure 7B). The minimal
SH4-UD region by itself is unstable and not expressed, but a GFP-fused version is well
expressed and demonstrates that the inhibitory activity is entirely contained within this
minimal region (Figure 7B, lane 5). More detailed analysis of this minimal SH4-UD-GFP
construct reveals that it binds WT Src and successfully outcompetes a WT Src partner in the
process, and the result is inhibition of Src Y419 autophosphorylation activity and inhibition
of phosphorylation of its substrate, FAK (Figure 7C).
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DISCUSSION

The experiments here provide structural and functional insights into the dimerization of Src.
They show that Src does dimerize and that dimerization is mediated by the myristoylated N-
terminal region of one partner and the hydrophobic pocket within the KD C-lobe of the other
partner. Dimerization requires Y419 phosphorylation in ¢/s with the N-terminal region but is
dispensable after dimer formation. The fact that Y419 phosphorylation is required for
dimerization is corroborated by Y419F mutation, kinase-dead Src mutants, and kinase
inhibitor studies. But why phosphorylation of Y419 in c/sis required for the N-terminal
region to engage the KD of a partner in frans is not immediately clear. Stable protein
interactions often involve intermediate conformational states and it is possible that the Y419
phosphorylated state of Src provides an appropriate platform for a transient conformation
that precedes the more stable dimeric state. It is also possible that when Src is not
phosphorylated at Y419, the N-terminal region is bound to specific proteins or engaged in a
specific conformational state and that Y419 phosphorylation releases it from such a state,
making it available for dimerization. Regardless of the structural basis, the functional link
between Y419 phosphorylation and dimerization provides important clues regarding the role
of Y419 phosphorylation in the activities of Src kinases. In the earliest days of this field,
Y419 phosphorylation was thought to be integral to the activation process of Src because of
reduced signaling and biologic activities observed with Y419F mutation of Src and
emerging evidence from other kinases that phosphorylation in the activation loop of kinases
is essential for access to the active site (Adams, 2003; Nolen et al., 2004). But numerous
lines of evidence proved inconsistent with this generalization. The Y419F mutation only
produces partial changes in observed activities, and these appear to be context dependent,
possibly substrate dependent, discordant between in vitro and in-cell experiments, and not
observed in all circumstances (Boerner et al., 1996; Ferracini and Brugge, 1990; Kmiecik
and Shalloway, 1987). In in vitro kinase reactions, substrate phosphorylation occurs in
competition with Y419 autophophorylation (Sun et al., 2002). Furthermore, the Y419F
mutant of Src retains activity /n vitro (Ferracini and Brugge, 1990; Piwnica-Worms et al.,
1987), as does the Y419A mutant of Hck (Porter et al., 2000). In some cell signaling
functions, Y419 phosphorylation appears redundant. For example, Src catalytic activity is
required to phosphorylate FAK and mediate integrin signaling and cell spreading and
migration, yet this integrin-induced function is performed without a detectable induction in
Y419 phosphorylation of Src and is unmitigated by the Y419F mutation of Src (Cary et al.,
2002). Furthermore, the v-src oncogene retains its tumorigenic properties despite Y416F
mutation (analogous to human Y419F) (Snyder and Bishop, 1984). Cowan-Jacob et al.
(2005) reported crystallographic studies of the unphosphorylated form of Src, revealing the
A-loop to be in the open extended state with the active site exposed, consistent with the
conformation of an active kinase. The active conformation was seen regardless of whether
the kinase was bound to an inhibitor or AMP-PNP or in apo form. Although seemingly not
required to stabilize its extended conformation, it was hypothesized that Y419
phosphorylation of the A-loop may facilitate binding certain substrates. It is clear now that
while Y419 phosphorylation alters the biologic behavior of Src, this is not due to on or off
switching of catalytic activity. Our studies establishing a functional link between Y419
phosphorylation and dimerization provide further insights into the role of Y419
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phosphorylation. Our findings suggest that Y419 phosphorylation, by enabling dimerization,
may promote Src to participate in specific macro-molecular complexes and thereby affect
substrate access and selection by Src, affecting its functions in this more specific way rather
than a nonspecific activation of catalytic function. It is possible that monomeric Src has
biologic actions distinct from dimeric Src and that Y419 phosphorylation can dictate this
transition. While our study establishes the existence and importance of Src dimerization, the
techniques used here do not rigorously address the stoichiometry of dimerization. Future
lines of study will more specifically need to determine how much of Src is involved in
monomers versus dimers versus larger oligomers and establish the dynamics of these macro-
molecular events using techniques more suited for these queries.

The fact that Y419 autophosphorylation is required for dimerization (Figure 4) and that
dimerization is required for Y419 autophosphorylation (Figure 7) presents a seemingly
difficult regulatory relationship to reconcile at first glance, since it seems to present a
substantial barrier for the establishment of an autophosphorylated Src dimer. But this likely
proceeds through transient unstable states of dimerization without phosphorylation or vice
versa and a high threshold to adopt an initial stable phosphorylated dimer. This, in fact,
describes a bistable switch common in biologic systems. While some signaling events in
biological systems provided graded outputs operating like a rheostat, other signaling events
in nature provide binary outputs, operating like a switch in the on or off positions. Such
biological systems are stable in the off position and stable in the on position and are thus
called bistable switches (Chatterjee et al., 2008; Pomerening, 2008). The barrier to activation
in such bistable switches functions to ensure that the signal is not activated prematurely, and
the self-perpetuating mechanism functions to ensure continuous and sustained output once
activated, functioning as a sort of biology memory for an initiating signal that does not itself
persist. The relationship between Src autophosphorylation and dimerization appears to
describe such a bistable switch and suggests a binary signaling mode of output inherent in at
least some of the functions of the Src family.

Many kinases are known to dimerize, although the modes of dimerization vary considerably
between kinase families (Lavoie et al., 2014). The best-understood function of dimerization
is the regulation of the on or off state of kinases through orthosteric or allosteric
mechanisms. In the case of Src kinases, the observed bistable switch linked with
dimerization is unlikely to correspond to catalytic on or off states. Consistent with this, and
as described above, the Y419F mutant of Src is impaired in dimerization yet retains activity
in in vitroand in vivo studies. More likely, the dimerization of Src affects its biologic
behavior, perhaps including access to specific macromolecular complexes or engagement of
specific substrates. The fact that the N-terminal region mediates dimerization when binding
a partner KD yet mediates membrane localization when embedding in the plasma membrane
creates a functional competition that may have additional relevance to the regulation of the
activities of Src kinases. The N-terminal region is also known to mediate interactions with
other proteins (Shaw et al., 1989; Vonakis et al., 1997), also potentially in competition with
its dimerization function, providing yet another layer of complexity in the functions of this
region. The multifunctional nature of the N-terminal domain is likely enabled by its lack of
an ordered structure, allowing it to adopt different conformations during interactions with
different partners. The flexibility inherent in the UD makes it an attractive candidate as a
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regulatory hub that governs the overall activities of Src kinases. Adding additional layers of
diversity is that fact that dimerization in the Src family is not restricted to homodimers. We
also readily detect Src-Fyn heterodimers and Fyn-Fyn homodimers in similar HA or FLAG
pulldown assays (not shown). Since the N-terminal UDs are divergent between Src family
members, the existence of various homodimeric and heterodimeric complexes of Src kinases
creates even broader diversity in potential signaling activities associated with the various
homo- and heterodimers.

Our understanding of the mechanisms underlying the regulation of Src kinases was largely
informed by the crystallographic studies of the late 1990s. These developments came during
an era of pioneering studies revealing how structured protein modules have evolved to
regulate protein function. Now, two decades later, many of the complexities in the Src family
remain difficult to explain, and current models of Src regulation have major conceptual gaps
that await deeper insights. These gaps may potentially be filled by a new leap in proteomics,
recognizing the sheer abundance and functional significance of unstructured protein regions.
Indeed, we may have underestimated the importance of the N-terminal region of Src kinases,
and this unstructured region may underlie much of the complexity inherent in the functions
of this kinase family. This would be consistent with an increasing body of evidence
regarding the critical role of IDRs in regulating protein function. These regions can harbor
structural plasticity, adopting different structures on different targets (Dyson and Wright,
2005), or they can bind via dynamically heterogeneous conformations, or they can bind
without any apparent order (Baker et al., 2007; Mittag et al., 2010; Tompa and Fuxreiter,
2008; Wang et al., 2011). The conformational entropy inherent in IDRs facilitates the
allosteric coupling of protein domains, placing IDRs at the heart of the processes that
regulate protein functions. Since the interactions of IDRs are based on limited or transient
structural features and lower-affinity interactions, they are much more affected by post-
translational modifications, and it is well appreciated that IDRs are a hub for the regulation
of protein function through post-translational modification (Borg et al., 2007; Gsponer and
Babu, 2009; Van Roey et al., 2012, 2013). Indeed, post-translational modifications of the
proteome are biased toward IDRs, including phosphorylation, glycosylation, hydroxylation,
acetylation, sulfation, ADP ribosylation, SUMOylation, and ubiquitination (lakoucheva et
al., 2004; Pejaver et al., 2014). The N-terminal region of Src is no exception to this and is
known to undergo multiple phosphorylations with consequent affects in its observed
activities (Amata et al., 2013, 2014; Hansen et al., 1997; Johnson et al., 2000; Joung et al.,
1995). The presence of other post-translational modifications of the N-terminal UD of Src
has not been studied to date, but our work provides a compelling case that the functions of
Src kinases may be regulated in part by post-translational modification of the N-terminal
UD. IDRs such as the UD of Src can function as signaling hubs, coordinating the activities
of Src kinases in response to specific modifications. Such modifications can bias the binding
affinities of the N-terminal region between the KD of a dimerization partner, the plasma
membrane, or an interacting protein or cytoskeletal macromolecule.

The dimerization of Src has been considered and detected by other studies but with
conflicting results and no functional insights. Weijland et al. (1997) purified and studied a
truncated Src protein missing the N-terminal SH4-UD region and found it to be monomeric
by gel filtration chromatography, consistent with our findings using a similarly truncated
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construct. Kemble and Sun (2009) studied bacterial purified Src with an interest in redox
effects and reported that oxidation induces a covalent dimerization of Src /n vitro mediated
through disulfide Cys bridging. Irtegun et al. (2013) reported Y416 phosphorylation in the
closed state of Src and in their studies conducted ultracentrifugation of EGFP fused Src,
observing both monomeric and dimeric forms. These studies suggest the possibility that Src
may form dimers, but the lack of myristoylation, the presence of dimerizing tags, or the lack
of in cell evidence has not allowed confirmation and insightful analysis of dimerization. Le
Roux et al. (2016a, 2016b) studied the kinetics of /in vitro liposome binding to N-terminal
Src regions and reported that the myristoylated SH4 region alone binds with kinetics that
suggest dimerization is involved. The near-complete lack of protein content in this minimal
construct and its dependency on lipid composition in the liposome may indicate the role of
this region in the clustering of Src at the membrane and in membrane microdomains rather
than dimerization involving protein interfaces. The arrangement of Src in some packed
crystal structures of KD fragments has been interpreted as dimeric (Breitenlechner et al.,
2005), but the relevance of these crystal findings to the physiologic structure of the full-
length native protein is doubtful.

The importance of Src myristoylation has been known for some time, but this has largely
been attributed to its role in mem-brane localization. Src constructs defective in
myristoylation have altered phosphorylation activities (Bagrodia et al., 1993; Linder and
Burr, 1988) and loss of transforming ability (Kamps et al., 1985, 1986), but the functions of
the myristoyl moiety exceed beyond simple membrane localization. In some proteins,
myristate is known to bind intramolecularly within hydrophobic pockets of the protein. In
these scenarios, alternative binding modes (i.e., to the membrane versus the protein) affect
protein function and define a myristoyl switch, such as seen in HIV-1 gag, recoverin, and
Abl (Ames et al., 1995, 1996; Hantschel et al., 2003; Nagar et al., 2003; Resh, 2004; Tanaka
et al., 1995). Src may also be regulated by a myristoyl switch, and our results support this
model, but structural evidence for such a binding mode has thus far eluded crystallographic
studies. Patwardhan and Resh (2010) conducted a biochemical analysis of myristoylated and
non-myristoylated Src and reported effects on kinase activity, a possible association with the
KD hydrophobic pocket, and enhanced protein stability and half-life. These are partly
consistent with our findings, but this study did not investigate dimerization or signaling
functions. The importance of the N-terminal UD for autophosphorylation activity has been
demonstrated for the more distantly SFK-related protein Srms. The N-terminal UD of this
protein is required for its catalytic activity (Goel et al., 2013), although the lack of N-
terminal myristoylation in Srms highlights key differences between these distantly related
kinases.

STARXMETHODS
KEY RESOURCES TABLE
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CONTACT FOR REAGENT AND RESOURCE SHARING

Requests for information and reagents should be directed to and will be fulfilled by the Lead
Contact, Mark M. Moasser at the University of California, San Francisco Helen Diller
Family Comprehensive Cancer Center, mark.moasser@ucsf.edu.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

SYF, HEK293T, MDA _MB-468, and MDA-MB-231 cell lines were obtained from the
American Type Culture Collection and grown in DMEM/F12 medium containing 10% fetal
bovine serum, and 1% (v/v) penicillin-streptomycin solution. KM20 and WiDr cells were a
gift from Dr. Michael Korn and were grown in the same medium.

METHOD DETAILS

Plasmid constructs—The cloning strategy was based on the Gateway system
(ThermoFisher Scientific). The pDEST40 vector was modified to have either 2xHA or
2XFLAG tags in-frame at the C terminus of the inserts. The mutant constructs were
generated in pPDONR221 vectors and subsequently shuttled into both pDEST40-2XHA and
pDEST40-2XFLAG destination vectors. In the constructs designed for protein purification,
the V5, HA, or FLAG tags were fused in frame with the carboxyl terminus, followed by a
PreScission protease cleavage site and an in-frame GST (pDEST40-PP-GST).
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The coding sequence of human c-Src was amplified from c-Src cDNA clone sc125208
(Origene). The primer sequences for this and all other construct cloning and mutation are
provided in Table S1. Some constructs were cloned by amplification of the desired segment
with appropriate primer extensions for cloning into pPDONR221. The amplified PCR product
was recombined by using BP Clonase Il (ThermoFisher Scientific) into pDonR221. Some
constructs were made by deletion cloning, i.e., outward PCR amplification of the entire
plasmid omitting the desired deletion region. These were done by low number amplification
cycles using Pfu Ultra HF polymerase and 5° phosphorylated primers followed by a self
ligation reaction and Dpnl digestion. Point mutations were created by site-directed
mutagenesis using Pfu Ultra HF polymerase, whole plasmid amplification, followed by
Dpnl digestion and ligation in bacteria. All constructs were sequenced across the insert to
verify the identity of the construct and rule out the presence of undesired mutations. The
constructs in pDONR221 were moved to destination vectors using LR Clonase 11
(ThermoFisher).

Purification of src proteins—Plasmids containing the desired WT or mutant Src
constructs with in-frame C-terminal tags (V5, HA,FLAG) followed by a PreScission
protease cleavage site and GST were transfected in HEK293T cells (typically 40-60 pg
plasmid per 15 cm dish). Next day the cells were treated with 1mM dasatinib (unless
otherwise stated) for 1 hour to dephosphorylate Src and cells lysed in HEK293T cells lysis
buffer (20mM Tris HCL, pH 7.5, 1% Triton X-100, 10% Glycerol, 400 mM NaCl, 1mM
EDTA, 200 nM DTT, 1 mM PMSF, 2 pg/ml Leupeptin, 2 pg/ml Aprotinin, 1 nM sodium
vanadate). The lysates were incubated at 4°C for 30 minutes with constant rotation, and then
centrifuged at 16,000 g for 5 min. The supernatant was collected and incubated with
Glutathione Sepharose 4B beads (GE Healthcare)at 4°C for 3 hours with constant rotation.
The beads were washed 4 times with HEK293T lysis buffer and once with PPCB
(PreScission Protease Cleavage Buffer: 50 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1
mM dithiothreitol (DTT), pH 7.0). Next the beads were incubated with 1U PreScission
protease (GE Healthcare) in PPCB at 4°C overnight with constant rotation. Next day the
supernatant, containing the purified src proteins was carefully collected. Typically, around
10% of the sample was run in a gel for Coumassie staining. The purified proteins were
stored at —20°C in 50% glycerol.

Split SNAP-tag complementation assay—The split SNAP-tag complementation assay
was performed by splitting the SNAP tag into nSNAP and cSNAP fragments following
GIn91 according to a previously established complementation assay for living cells (Mie et
al., 2012). Modified pDEST40 vectors were engineered with c-terminal nSNAP or cSNAP
tags following 2XHA or 2XFLAG tags to generate pDEST40-2XHA-nSNAP and
pDEST40-2XFLAG-cSNAP expression vectors. All constructs were confirmed by
sequencing. WT and mutant Src inserts were then cloned into these vectors. These vectors
were transfected into SYF cells using Lipofectamine 2000 according to the manufacturer’s
instructions (Invitrogen). 24h after transfection, cells were labeled with SNAP-Cell Oregon
Green (1 uM) for 30min. The cells were washed three times to remove unreacted substrate,
counterstained with 5uM Hoescht 33342 for 2 minutes and incubated in fresh medium for 30
min. Cells were fixed with 4% formaldehyde solution (Thermo Scientific) and
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permeabilized with 0.02% Triton X-100. Cells were blocked and stained with the indicated
anti-HA antibody (Y-11 sc-805 Rb) at 1:500 and anti-FLAG Ab (Sigma F1804 Ms) at 1:200
followed by the appropriate secondary antibodies conjugated with Alexa Fluor 546
(excitation at 488 nm and emission at 585-615 nm) or Alexa Fluor 647 (excitation at 633
nm and emission from 650 nm). Cells were imaged using a Spinning disk confocal Nikon Tl
inverted microscope (x 40 objective, lasers 405, 488, 561 and 648 nm). For each
transfection, at least 49 cells were analyzed using ImageJ. The complementation signal was
plotted as a function of expression levels of the individual constructs.

Immunoprecipitation assays—Equal amounts (250ng-2 ug) of indicated HA and
FLAG-tagged src constructs were co-transfected in SYF cells (6cm or 10 cm dishes). Total
cellular lysates were harvested in modified RIPA buffer (10 mM Na phosphate (pH 7.2), 150
mM NacCl, 0.1% SDS, 1% NP40, 1% Na deoxycholate, protease inhibitors and 1mM sodium
orthovanadate). For immunoprecipitation studies, 200-300ug of lysate in mRIPA was
incubated overnight with mouse anti- HA antibodies (clone F7, SantaCruz Biotechnology),
immune complexes collected by protein G-Sepharose beads (GE Healthcare), washed, and
the denatured complexes separated by SDS-PAGE, transferred to membranes, and
immunoblotted with appropriate antibodies. For western blotting, 30ug of each lysate was
separated by SDS-PAGE, transferred to membrane, and immunoblotted using appropriate
primary and secondary antibodies and enhanced chemoluminescence visualization.

For detection of Src dimers using native gel electrophoresis, Src and SrcG2A constructs
were purified from HEK293T cells as described above. Equal amounts of purified Src and
SrcG2A were loaded into nativePAGE Novex Bis-Tris gels (Life Technologies).
Electrophoresis was performed in the presence of Coomassie G-250 in the cathode buffer
according to the manufacturer’s instructions (#BN1002BOX Life Technologies). Gels were
transferred onto a PVDF membrane and blocked with 3% bovine serum albumin. The
membranes were stained with primary antibodies overnight at 4°C, washed 3 times with
TBST (Tris-buffered saline containing 0.5% tween), stained with secondary antibodies for 1
hour at room temperature and detected using the chemiluminescence method.

In vitro interaction of purified S4-UD with KD—For purification of the N-terminal
S4-UD region fused to GST, the construct did not contain the Precision Protease cleavage
site. The S4-UD-GST fusion construct was expressed in HEK293T cells and lysates loaded
on Glutathione Sepharose 4B beads (GE Healthcare) at 4°C for 3 hours and subsequently
washed 4 times with HEK293T lysis buffer and once with mRIPA. To demon-strate the
interaction with the KD, the purified Src KD was incubated with the S4-UD-GST bound
beads at 4°C overnight in mRIPA buffer. Next day the bound proteins were eluded with
Elution Buffer (25 mM glutathione, 50 mM Tris, pH 8.8, 10 mM DTT, 200 mM NacCl, 10%
glycerol)) and boiled in Laemmli buffer. The proteins were separated by SDS-PAGE and
immunoblotted.

In vitro dimerization of purified src proteins—HA and FLAG tagged src constructs
containing Y530F mutation were purified from HEK293T cells as described above, but the
cells were not treated with dasatinib to preserve the endogenous Y419 phosphorylation. The
src proteins were dialyzed against buffer D (50 mM Tris-HCI, 150 mM NacCl) by using
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Slide-A-Lyzer MINI Dialysis Devices (ThermoFisherScientific). The dialyzed proteins were
co-incubated in the presence of kinase assay buffer (see below) and immunoprecipitated
with mouse anti-HA antibody, or normal mouse 1gG control antibodies. The immune
complexes were washed and boiled, separated on SDS-PAGE, transferred to membrane, and
immunoblotted with anti-FLAG antibodies.

In vitro kinase assay—The kinase assay buffer and ATP were purchased from
SignalChem (Richmond, BC). The indicated amounts of purified src proteins were incubated
in kinase assay buffer (5 mM MOPS, pH7.2, 2.5 mM B-glycerol-phosphate, 4 mM MgCl2,
2.5 mM MnCI2, 1 mM EGTA, 0.4 mM EDTA, 10 mM DTT, 250 mM ATP) at 30°C for 10-
30 min. The reactions were stopped with 5x Laemmli buffer and boiling for 5 min. The
results were analyzed by SDS-PAGE and western blotting. Recombinant human Paxillin was
purchased from Raybiotech (Norcross, GA) and recombinant Enolase (ENO3) was
purchased from Sino Biological Inc.(Beijing, PRC). All recombinant proteins used as
substrates were purified from bacteria and therefore were not phosphorylated prior to the
kinase reactions. HEK293T cells, transfected with the desired src constructs were treated
with 1 mM dasatinib (Src and Csk inhibitor) to dephosphorylate Src for 1 hour prior to lysis.

Extraction of membrane and cytosolic fractions—Separation of membrane and
cytosolic fractions was performed with Mem-Per™ Plus Membrane Protein Extraction Kit
(ThermoFisher Scientific). Briefly, the FLAG-tagged versions of indicated src constructs
were transfected in SYF cells. Next day the cells were lysed in Permeabilization buffer and
span 16,000 g for 15 min. The supernatant containing cytosolic proteins was care-fully
transferred to a new tube. Any residual droplets of supernatant that still remain around the
pellets were removed carefully with P10 pipette. Next the pellets were resuspended in
Solubilization buffer and incubated at 4°C for 30 minutes with constant mixing. After
spinning at 16,000 x g for 15 minutes at 4°C, the supernatants containing solubilized
membrane and membrane-associated proteins were collected. The collected cytosolic and
membrane proteins were run on SDS-PAGE and visualized with anti-FLAG antibodies. The
efficiency of fractionation procedure was monitored with antibodies against HSP90
(localizes to the cytosolic frac-tion) and Caveolin-1 (localizes to the membrane fraction).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of image-based signals was done using ImageJ software (https://
imagej.nih.gov/).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

M.M.M. was supported by NIH grant CA122216.

Cell Rep. Author manuscript; available in PMC 2018 November 09.


https://imagej.nih.gov/
https://imagej.nih.gov/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Spassov et al.

Page 20

REFERENCES

Adams JA (2003). Activation loop phosphorylation and catalysis in protein kinases: is there functional
evidence for the autoinhibitor model? Biochemistry 42, 601-607. [PubMed: 12534271]

Amata I, Maffei M, Igea A, Gay M, Vilaseca M, Nebreda AR, and Pons M (2013). Multi-
phosphorylation of the intrinsically disordered unique domain of c-Src studied by in-cell and real-
time NMR spectroscopy. ChemBioChem 14, 1820-1827. [PubMed: 23744817]

Amata |, Maffei M, and Pons M (2014). Phosphorylation of unique domains of Src family kinases.
Front. Genet 5, 181. [PubMed: 25071818]

Ames JB, Tanaka T, Ikura M, and Stryer L (1995). Nuclear magnetic resonance evidence for Ca(2+)-
induced extrusion of the myristoyl group of recoverin. J. Biol. Chem 270, 30909-30913. [PubMed:
8537345]

Ames JB, Tanaka T, Stryer L, and Ikura M (1996). Portrait of a myristoyl switch protein. Curr. Opin.
Struct. Biol 6, 432—-438. [PubMed: 8794166]

Arbesu M, Maffei M, Cordeiro TN, Teixeira JMC, Pérez Y, Bernado P, Roche S, and Pons M (2017).
The unique domain forms a fuzzy intramolecular complex in Src family kinases. Structure 25, 630—
640.e634. [PubMed: 28319009]

Bagrodia S, Taylor SJ, and Shalloway D (1993). Myristylation is required for Tyr-527
dephosphorylation and activation of pp60c-src in mitosis. Mol. Cell. Biol 13, 1464-1470. [PubMed:
7680096]

Baker JM, Hudson RP, Kanelis V, Choy WY, Thibodeau PH, Thomas PJ, and Forman-Kay JD (2007).
CFTR regulatory region interacts with NBD1 predominantly via multiple transient helices. Nat.
Struct. Mol. Biol 14, 738-745. [PubMed: 17660831]

Boerner RJ, Kassel DB, Barker SC, Ellis B, DeLacy P, and Knight WB (1996). Correlation of the
phosphorylation states of pp60c-src with tyrosine kinase activity: the intramolecular pY530-SH2
complex retains significant activity if Y419 is phosphorylated. Biochemistry 35, 9519-9525.
[PubMed: 8755732]

Boggon TJ, and Eck MJ (2004). Structure and regulation of Src family kinases. Oncogene 23, 7918—

7927. [PubMed: 15489910]

Borg M, Mittag T, Pawson T, Tyers M, Forman-Kay JD, and Chan HS (2007). Polyelectrostatic
interactions of disordered ligands suggest a physical basis for ultrasensitivity. Proc. Natl. Acad.
Sci. USA 104, 9650-9655. [PubMed: 17522259]

Breitenlechner CB, Kairies NA, Honold K, Scheiblich S, Koll H, Greiter E, Koch S, Schafer W, Huber
R, and Engh RA (2005). Crystal structures of active SRC kinase domain complexes. J. Mol. Biol
353, 222-231. [PubMed: 16168436]

Carrera AC, Paradis H, Borlado LR, Roberts TM, and Martinez C (1995). Lck unique domain
influences Lck specificity and biological function. J. Biol. Chem 270, 3385-3391. [PubMed:
7531706]

Cary LA, Klinghoffer RA, Sachsenmaier C, and Cooper JA (2002). SRC catalytic but not scaffolding
function is needed for integrin-regulated tyrosine phosphorylation, cell migration, and cell
spreading. Mol. Cell. Biol 22, 2427-2440. [PubMed: 11909938]

Chatterjee A, Kaznessis YN, and Hu WS (2008). Tweaking biological switches through a better
understanding of bistability behavior. Curr. Opin. Biotechnol 19, 475-481. [PubMed: 18804166]

Cowan-Jacob SW, Fendrich G, Manley PW, Jahnke W, Fabbro D, Liebetanz J, and Meyer T (2005).
The crystal structure of a c-Src complex in an active conformation suggests possible steps in c-Src
activation. Structure 13, 861-871. [PubMed: 15939018]

Dunker AK, Brown CJ, Lawson JD, lakoucheva LM, and Obradovic Z (2002). Intrinsic disorder and
protein function. Biochemistry 41, 6573-6582. [PubMed: 12022860]

Dunker AK, Cortese MS, Romero P, lakoucheva LM, and Uversky VN (2005). Flexible nets. The roles
of intrinsic disorder in protein interaction networks. FEBS J 272, 5129-5148. [PubMed:
16218947]

Dyson HJ, and Wright PE (2005). Intrinsically unstructured proteins and their functions. Nat. Rev.
Mol. Cell Biol 6, 197-208. [PubMed: 15738986]

Cell Rep. Author manuscript; available in PMC 2018 November 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Spassov et al.

Page 21

Erpel T, and Courtneidge SA (1995). Src family protein tyrosine kinases and cellular signal
transduction pathways. Curr. Opin. Cell Biol 7, 176-182. [PubMed: 7612268]

Ferracini R, and Brugge J (1990). Analysis of mutant forms of the c-src gene product containing a
phenylalanine substitution for tyrosine 416. Oncogene Res 5, 205-219. [PubMed: 1690870]

Gee CE, Griffin J, Sastre L, Miller LJ, Springer TA, Piwnica-Worms H, and Roberts TM (1986).
Differentiation of myeloid cells is accompanied by increased levels of pp60c-src protein and
kinase activity. Proc. Natl. Acad. Sci. USA 83, 5131-5135. [PubMed: 2425362]

Goel RK, Miah S, Black K, Kalra N, Dai C, and Lukong KE (2013). The unique N-terminal region of
SRMS regulates enzymatic activity and phosphorylation of its novel substrate docking protein 1.
FEBS J 280, 4539-4559. [PubMed: 23822091]

Gsponer J, and Babu MM (2009). The rules of disorder or why disorder rules. Prog. Biophys. Mol.
Biol 99, 94-103. [PubMed: 19344736]

Hansen K, Alonso G, Courtneidge SA, Ronnstrand L, and Heldin CH (1997). PDGF-induced
phosphorylation of Tyr28 in the N-terminus of Fyn affects Fyn activation. Biochem. Biophys. Res.
Commun 241, 355-362. [PubMed: 9425276]

Hantschel O, Nagar B, Guettler S, Kretzschmar J, Dorey K, Kuriyan J, and Superti-Furga G (2003). A
myristoyl/phosphotyrosine switch regulates c-Abl. Cell 112, 845-857. [PubMed: 12654250]

Hoey JG, Summy J, and Flynn DC (2000). Chimeric constructs containing the SH4/Unique domains of
cYes can restrict the ability of Src(527F) to upregulate heme oxygenase-1 expression efficiently.
Cell. Signal 12, 691-701. [PubMed: 11080622]

lakoucheva LM, Radivojac P, Brown CJ, O’Connor TR, Sikes JG, Obradovic Z, and Dunker AK
(2004). The importance of intrinsic disorder for protein phosphorylation. Nucleic Acids Res 32,
1037-1049. [PubMed: 14960716]

Irtegun S, Wood RJ, Ormshy AR, Mulhern TD, and Hatters DM (2013). Tyrosine 416 is
phosphorylated in the closed, repressed conformation of c-Src. PLoS ONE 8, e71035. [PubMed:
23923048]

Johnson TM, Williamson NA, Scholz G, Jaworowski A, Wettenhall RE, Dunn AR, and Cheng HC
(2000). Modulation of the catalytic activity of the Src family tyrosine kinase Hck by
autophosphorylation at a novel site in the unique domain. J. Biol. Chem 275, 33353-33364.
[PubMed: 10934191]

Joung I, Kim T, Stolz LA, Payne G, Winkler DG, Walsh CT, Strominger JL, and Shin J (1995).
Modification of Ser59 in the unique N-terminal region of tyrosine kinase p56Ick regulates
specificity of its Src homology 2 domain. Proc. Natl. Acad. Sci. USA 92, 5778-5782. [PubMed:
7597029]

Kamps MP, Buss JE, and Sefton BM (1985). Mutation of NH2-terminal glycine of p60src prevents
both myristoylation and morphological transformation. Proc. Natl. Acad. Sci. USA 82, 4625-
4628. [PubMed: 2991884]

Kamps MP, Buss JE, and Sefton BM (1986). Rous sarcoma virus trans-forming protein lacking
myristic acid phosphorylates known polypeptide substrates without inducing transformation. Cell
45, 105-112. [PubMed: 3006923]

Kemble DJ, and Sun G (2009). Direct and specific inactivation of protein tyrosine kinases in the Src
and FGFR families by reversible cysteine oxidation. Proc. Natl. Acad. Sci. USA 106, 5070-5075.
[PubMed: 19273857]

Kim PW, Sun ZY, Blacklow SC, Wagner G, and Eck MJ (2003). A zinc clasp structure tethers Lck to T
cell coreceptors CD4 and CD8. Science 301, 1725-1728. [PubMed: 14500983]

Kim PM, Sboner A, Xia Y, and Gerstein M (2008). The role of disorder in interaction networks: a
structural analysis. Mol. Syst. Biol 4, 179. [PubMed: 18364713]

Kmiecik TE, and Shalloway D (1987). Activation and suppression of pp60c-src transforming ability by
mutation of its primary sites of tyrosine phosphorylation. Cell 49, 65-73. [PubMed: 3103925]
Lavoie H, Li JJ, Thevakumaran N, Therrien M, and Sicheri F (2014). Dimerization-induced allostery

in protein kinase regulation. Trends Biochem. Sci 39, 475-486. [PubMed: 25220378]

Le Roux AL, Busquets MA, Sagués F, and Pons M (2016a). Kinetics characterization of c-Src binding
to lipid membranes: Switching from labile to persistent binding. Colloids Surf. B Biointerfaces
138, 17-25. [PubMed: 26638178]

Cell Rep. Author manuscript; available in PMC 2018 November 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Spassov et al.

Page 22

Le Roux AL, Castro B, Garbacik ET, Garcia Parajo MF, and Pons M (2016b). Single molecule
fluorescence reveals dimerization of myristoylated Src N-terminal region on supported lipid
bilayers. ChemistrySelect 4, 642—647.

Linder ME, and Burr JG (1988). Nonmyristoylated p60v-src fails to phosphorylate proteins of 115—
120 kDa in chicken embryo fibroblasts. Proc. Natl. Acad. Sci. USA 85, 2608-2612. [PubMed:
2451829]

Liu X, and Pawson T (1994). Biochemistry of the Src protein-tyrosine kinase: regulation by SH2 and
SH3 domains. Recent Prog. Horm. Res 49, 149-160. [PubMed: 7511826]

Manning G, Whyte DB, Martinez R, Hunter T, and Sudarsanam S (2002). The protein kinase
complement of the human genome. Science 298, 1912— 1934. [PubMed: 12471243]

McCabe JB, and Berthiaume LG (1999). Functional roles for fatty acylated amino-terminal domains in
subcellular localization. Mol. Biol. Cell 10, 3771- 3786. [PubMed: 10564270]

Mie M, Naoki T, Uchida K, and Kobatake E (2012). Development of a split SNAP-tag protein
complementation assay for visualization of protein-protein interactions in living cells. Analyst
(Lond.) 137, 4760-4765. [PubMed: 22910969]

Mie M, Naoki T, and Kobatake E (2016). Development of a split SNAP-CLIP double labeling system
for tracking proteins following dissociation from protein-protein complexes in living cells. Anal.
Chem 88, 8166-8171. [PubMed: 27448142]

Milo R, Jorgensen P, Moran U, Weber G, and Springer M (2010). BioNumbers—the database of key
numbers in molecular and cell biology.Nucleic Acids Res 38, D750-D753. [PubMed: 19854939]

Mittag T, Marsh J, Grishaev A, Orlicky S, Lin H, Sicheri F, Tyers M, and Forman-Kay JD (2010).
Structure/function implications in a dynamic complex of the intrinsically disordered Sicl with the
Cdc4 subunit of an SCF ubiquitin ligase. Structure 18, 494-506. [PubMed: 20399186]

Moarefi I, LaFevre-Bernt M, Sicheri F, Huse M, Lee CH, Kuriyan J, and Miller WT (1997). Activation
of the Src-family tyrosine kinase Hck by SH3 domain displacement. Nature 385, 650-653.
[PubMed: 9024665]

Nagar B, Hantschel O, Young MA, Scheffzek K, Veach D, Bornmann W, Clarkson B, Superti-Furga G,
and Kuriyan J (2003). Structural basis for the autoinhibition of c-Abl tyrosine kinase. Cell 112,
859-871. [PubMed: 12654251]

Nolen B, Taylor S, and Ghosh G (2004). Regulation of protein kinases; controlling activity through
activation segment conformation. Mol. Cell 15, 661-675. [PubMed: 15350212]

Parsons SJ, and Parsons JT (2004). Src family kinases, key regulators of signal transduction. Oncogene
23, 7906-7909. [PubMed: 15489908]

Patwardhan P, and Resh MD (2010). Myristoylation and membrane binding regulate c-Src stability and
kinase activity. Mol. Cell. Biol 30, 4094-4107. [PubMed: 20584982]

Pejaver V, Hsu WL, Xin F, Dunker AK, Uversky VN, and Radivojac P (2014). The structural and
functional signatures of proteins that undergo multiple events of post-translational modification.
Protein Sci 23, 1077-1093. [PubMed: 24888500]

Piwnica-Worms H, Saunders KB, Roberts TM, Smith AE, and Cheng SH (1987). Tyrosine
phosphorylation regulates the biochemical and biological properties of pp60c-src. Cell 49, 75-82.
[PubMed: 3103926]

Pomerening JR (2008). Uncovering mechanisms of bistability in biological systems. Curr. Opin.
Biotechnol 19, 381-388. [PubMed: 18634875]

Porter M, Schindler T, Kuriyan J, and Miller WT (2000). Reciprocal regulation of Hck activity by
phosphorylation of Tyr(527) and Tyr(416). Effect of introducing a high affinity intramolecular
SH2 ligand. J. Biol. Chem 275, 2721-2726. [PubMed: 10644735]

Resh MD (1994). Myristylation and palmitylation of Src family members: the fats of the matter. Cell
76, 411-413.

Resh MD (1999). Fatty acylation of proteins: new insights into membrane targeting of myristoylated
and palmitoylated proteins. Biochim. Biophys. Acta 1451, 1-16. [PubMed: 10446384]

Resh MD (2004). A myristoyl switch regulates membrane binding of HIV-1 Gag. Proc. Natl. Acad.
Sci. USA 101, 417-418. [PubMed: 14707265]

Roskoski R, Jr. (2004). Src protein-tyrosine kinase structure and regulation. Biochem. Biophys. Res.
Commun 324, 1155-1164. [PubMed: 15504335]

Cell Rep. Author manuscript; available in PMC 2018 November 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Spassov et al.

Page 23

Roskoski R, Jr. (2005). Src kinase regulation by phosphorylation and dephosphorylation. Biochem.
Biophys. Res. Commun 331, 1-14. [PubMed: 15845350]

Schindler T, Sicheri F, Pico A, Gazit A, Levitzki A, and Kuriyan J (1999). Crystal structure of Hck in
complex with a Src family-selective tyrosine kinase inhibitor. Mol. Cell 3, 639-648. [PubMed:
10360180]

Shaw AS, Amrein KE, Hammond C, Stern DF, Sefton BM, and Rose JK (1989). The Ick tyrosine
protein kinase interacts with the cytoplasmic tail of the CD4 glycoprotein through its unique
amino-terminal domain. Cell 59, 627-636. [PubMed: 2582490]

Sicheri F, and Kuriyan J (1997). Structures of Src-family tyrosine kinases. Curr. Opin. Struct. Biol 7,
777-785. [PubMed: 9434895]

Snyder MA, and Bishop JM (1984). A mutation at the major phosphotyrosine in pp60v-src alters
oncogenic potential. Virology 136, 375-386. [PubMed: 6205504]

Summy JM, Qian Y, Jiang BH, Guappone-Koay A, Gatesman A, Shi X, and Flynn DC (2003). The
SH4-Unique-SH3-SH2 domains dictate spec-ificity in signaling that differentiate c-Yes from c-Src.
J. Cell Sci 116, 2585- 2598. [PubMed: 12734402]

Sun G, Ramdas L, Wang W, Vinci J, McMurray J, and Budde RJ (2002). Effect of autophosphorylation
on the catalytic and regulatory properties of protein tyrosine kinase Src. Arch. Biochem. Biophys
397, 11-17. [PubMed: 11747305]

Tanaka T, Ames JB, Harvey TS, Stryer L, and Ikura M (1995). Sequestration of the membrane-
targeting myristoyl group of recoverin in the calcium-free state. Nature 376, 444-447. [PubMed:
7630423]

Thomas SM, and Brugge JS (1997). Cellular functions regulated by Src family kinases. Annu. Rev.
Cell Dev. Biol 13, 513-609. [PubMed: 9442882]

Tompa P, and Fuxreiter M (2008). Fuzzy complexes: polymorphism and structural disorder in protein-
protein interactions. Trends Biochem. Sci 33, 2-8. [PubMed: 18054235]

Van Roey K, Gibson TJ, and Davey NE (2012). Motif switches: decision-making in cell regulation.
Curr. Opin. Struct. Biol 22, 378-385. [PubMed: 22480932]

Van Roey K, Dinkel H, Weatheritt RJ, Gibson TJ, and Davey NE (2013). The switches.ELM resource:
a compendium of conditional regulatory interaction interfaces. Sci. Signal 6, rs7.

Vonakis BM, Chen H, Haleem-Smith H, and Metzger H (1997). The unique domain as the site on Lyn
kinase for its constitutive association with the high affinity receptor for IgE. J. Biol. Chem 272,
24072-24080. [PubMed: 9295361]

Wang Y, Fisher JC, Mathew R, Ou L, Otieno S, Sublet J, Xiao L, Chen J, Roussel MF, and Kriwacki
RW (2011). Intrinsic disorder mediates the diverse regulatory functions of the Cdk inhibitor p21.
Nat. Chem. Biol 7, 214-221. [PubMed: 21358637]

Weijland A, Williams JC, Neubauer G, Courtneidge SA, Wierenga RK, and Superti-Furga G (1997).
Src regulated by C-terminal phosphorylation is monomeric. Proc. Natl. Acad. Sci. USA 94, 3590—
3595. [PubMed: 9108021]

Werdich XQ, and Penn JS (2005). Src, Fyn and Yes play differential roles in VEGF-mediated
endothelial cell events. Angiogenesis 8, 315-326. [PubMed: 16400523]

Wright PE, and Dyson HJ (1999). Intrinsically unstructured proteins: re-assessing the protein
structure-function paradigm. J. Mol. Biol 293, 321-331. [PubMed: 10550212]

Wright PE, and Dyson HJ (2015). Intrinsically disordered proteins in cellular signalling and regulation.
Nat. Rev. Mol. Cell Biol 16, 18-29. [PubMed: 25531225]

Xu W, Doshi A, Lei M, Eck MJ, and Harrison SC (1999). Crystal structures of c-Src reveal features of
its autoinhibitory mechanism. Mol. Cell 3, 629-638. [PubMed: 10360179]

Zhang J, Adrian FJ, Jahnke W, Cowan-Jacob SW, Li AG, lacob RE, Sim T, Powers J, Dierks C, Sun F,
et al. (2010). Targeting Bcr-Abl by combining allosteric with ATP-binding-site inhibitors. Nature
463, 501-506. [PubMed: 20072125]

Cell Rep. Author manuscript; available in PMC 2018 November 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Spassov et al.

Page 24

Highlights
Src exists in cells as dimers

The unique domain of one partner interacts with the kinase domain of another
partner

The myristoyl group is involved in binding a hydrophobic pocket in the kinase
domain

Dimerization and autophosphorylation are codependent events
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Figure 1. Index to Constructs
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construct structure
N-terminal
region
< >
ST4
P UD |SH3| SH2 KD
H ---------- SH3| SH2 KD
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4 UD SH3‘ SH2 ‘
4 UD | (unstable; not expressed)
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4 UD |[SH3| sH2 | KD InSNAP|
4 UD [SH3| SH2 | KD cSNAP|
|SH3| SH2 | KD InSNAP|
[SH3| SH2 | KD [cSNAP|

The various constructs designed for use in this study are shown here with the nomenclature
used to refer to them. All constructs were created in both HA- and FLAG-tagged versions

for easy analysis of dimerization. In addition, some of these constructs were further
modified by point mutations and these are indicated in the figure labels.
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Figure 2. Dimerization of Src Requires the N-Terminal Region and Kinase Domain
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(A—H) SYF cells were transfected with the indicated constructs. HA-tagged proteins were
immunoprecipitated from cell lysates and immunoblotted with the indicated antibodies.
Immunoblots of whole-cell lysates were also performed as indicated.
(1) Y530F mutant of Src tagged with HA or FLAG was purified from HEK293T cells. The
Y530F mutant was used to best demonstrate in vitro dimerization, since Src purified from
these cells has significant Y530 phosphorylation and can promote the closed conformation.
Coomassie stains of the purified proteins are shown on the left. The purified proteins were
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mixed and incubated for 2 hr, followed by addition of anti-HA antibodies or isotype control
immunoglobulin G (IgG). The anti-HA immunoprecipitates were immunoblotted as
indicated and shown on the right. A portion of the input mixture prior to
immunoprecipitation was also immunoblotted as indicated.

(J) Src and SrcG2A constructs were purified from HEK293T cells and analyzed in blue
native gels followed by immunoblot using anti-Src antibody.

(K) The GST-tagged S4-UD construct was expressed and purified from HEK293T cells by
pull-down on glutathione Sepharose beads. The FLAG-tagged KD construct was expressed
and purified from HEK293T cells by glutathione sepharose beads and the GST tag cleaved
off. The purified proteins were mixed and incubated overnight at 4°C in mRIPA buffer;
beads were pulled down, eluted in GST elution buffer, separated by SDS-PAGE, and
immunoblotted as indicated. Experiments with the various constructs were performed 2—4
times, and representative data are shown here.

Cell Rep. Author manuscript; available in PMC 2018 November 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Spassov et al. Page 28

A SNAP-cell

a-FLAG a-HA Oregon Green Hoechst
wtSrc-FLAG-cSNAP
wtSrc-HA-nSNAP
S32-KD-FLAG-cSNAP
S32-KD-HA-nSNAP
vector-FLAG-cSNAP
vector-HA-nSNAP

S32-KD-FLAG-cSNAP
S32-KD-HA-nSNAP

...
1)
®

6]

wtSrc-FLAG-CSNAP
wtSrc-HA-nSNAP

HA construct expression (a.u.)

FLAG construct expression (a.u.)

Figure 3. Dimerization of Src Is Directly Evident in Living Cells
(A) SYF cells were transfected with the indicated dual constructs carrying complementary

nSNAP and cSNAP tags. The expression of each of the two constructs was evaluated by
anti-HA and anti-FLAG immunostaining, and their interaction was evaluated by the SNAP-
cell reagent using fluorescence reporters selected for comfortable spectral separation.
Images were obtained using a spinning-disk inverted confocal microscope and a 40x
objective. Scale bars, 10 pm.
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(B) The two expression signals and the complementation signal were quantified in
individual cells in the WT Src transfection and the S32-KD construct transfection. The
expression of the two constructs (from HA and FLAG immunostains) is depicted in the x
and y axes, whereas the intensity of the complementation signal is depicted in the diameter
of the circles on the graph and has been corrected for background evident in vector
transfected controls. Complementation of the full-length WT Src is best compared with the
S32-KD construct in ranges of similar expression such as the 2-8 ranges along the xand y
axes. Experiments were done 3 times, and representative data are shown here.
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Figure 4. Dimerization of Src Requires Y419 Autophosphorylation in cis with the N-Terminal

Region

(A-C) SYF cells were transfected with the indicated constructs. HA-tagged proteins were
immunoprecipitated from cell lysates and immunoblotted with the indicated antibodies.
Immunoblots of whole-cell lysates were also performed as indicated.
(D) SYF cells were transfected with HA-tagged and FLAG-tagged full-length wild-type Src
and treated with DMSO control or 1 mM dasatinib and anti-HA immunoprecipitates were
immunoblotted as indicated. The dasatinib treatment was started either early or late or for
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short or long durations as indicated. For more clarity, the treatment timeline is shown
graphically in Figure S3.

(E and F) SYF cells were transfected with the indicated constructs. HA-tagged proteins were
immunoprecipitated from cell lysates and immunoblotted with the indicated antibodies.
Immunoblots of whole-cell lysates were also performed as indicated.

(G) SYF cells were transfected with the indicated higher or lower migrating Src constructs,
and cell lysates were immunoblotted as indicated. Experiments with the various constructs
were performed 2—4 times, and representative data are shown here.
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Figure 5. Dimerization of Src Is Mediated through a Kinase Domain Hydrophobic Pocket in

trans with the N-Terminal Region

(A) The region of the putative hydrophobic pocket within the C-lobe of the Src kinase
domain is shown from structure 2SRC. The residues mutated to widen or narrow the pocket

are indicated.

(B-E) SYF cells were transfected with the indicated constructs. HA-tagged proteins were
immunoprecipitated from cell lysates and immunoblotted with the indicated antibodies.
Immunoblots of whole-cell lysates were also performed as indicated. The double bands seen
in some immunoblots are due to a higher migrating Y 338-phosphorylated form of Src as
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determined in additional experiments. Experiments with the various constructs were
performed twice, and representative data are shown here.
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Figure 6. The N-Terminal Region of Src Regulates Catalytic Activity
(A and B) SYF cells were transfected with the indicated constructs and cell lysates

immunoblotted as indicated.

(C) The indicated full-length or partial length Src constructs were expressed and purified
from dasatinib-treated HEK293T cells. Dasatinib treatment was to enable the purification of
unphosphorylated Src. Coomassie stains of the purified proteins are shown here.
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(D) In vitro kinase reactions were carried with 10 nM of the indicated purified VV5-tagged
Src proteins for 10 min and assayed by anti-pY419Src immunoblotting. ATP was omitted in
the negative control arms.

(E) The same /n vitro kinase reactions were performed using different concentrations of
protein as indicated. The quantified autophosphorylation results are shown here, and the
corresponding immunoblots of these reactions are shown in Figure S6. The data points
represent the average of n = 2; errors bars represent SEM.

(F) Three separate /n vitro kinase reactions were performed using 4 nM Src proteins and
each of the three indicated purified recombinant substrates. Kinase reaction linear conditions
were previously established and are as follows: 40 nM paxillin in reaction for 20 min, 250
nM enolase in reaction for 20 min, and 70 nM Trask/CDCP1 in reaction for 10 min.
Substrate phosphorylation was assayed by anti-pTyr immunoblotting and kinase and
substrate proteins immunoblotted with V5 and substrate-specific antibodies. ATP was
omitted in the negative control arms.

(G) The indicated cell lines were treated with 1 pM DDD85646 for 30 hr and cell lysates
immunoblotted as indicated. Anti-pY416Src antibodies cross-react with all members of the
Src family.

(H) The same lysates were assayed specifically for Src autophosphorylation by anti-Src
immunoprecipitation and immunoblotted as indicated. Experiments with the various
constructs were performed 2-3 times, and representative data are shown here.
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Figure 7. Interfering with Src Dimerization Disrupts Signaling
(A) SYF cells were transfected with the indicated constructs. HA-tagged proteins were

immunoprecipitated from cell lysates and immunoblotted with the indicated antibodies.
Immunoblots of whole-cell lysates were also performed as indicated.
(B) SYF cells were transfected with the indicated constructs and cell lysates immunoblotted

as indicated.

(C) SYF cells were transfected with the indicated constructs. HA-tagged proteins were
immunoprecipitated from cell lysates and immunoblotted with the indicated antibodies.
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Immunoblots of whole-cell lysates were also performed as indicated. Experiments were
performed twice, and representative data are shown here.
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