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SUMMARY

Multiple layers of regulation modulate the activity and
localization of protein kinases. However, many details
of kinase regulation remain incompletely understood.
Here, we apply saturation mutagenesis and a chemi-
cal genetic method for allosterically modulating kinase
global conformation to Src kinase, providing insight
into known regulatory mechanisms and revealing a
previously undiscovered interaction between Src’s
SH4 and catalytic domains. Abrogation of this interac-
tion increased phosphotransferase activity, promoted
membrane association, and provoked phosphotrans-
ferase-independent alterations in cell morphology.
Thus, Src’s SH4 domain serves as an intramolecular
regulator coupling catalytic activity, global conforma-
tion, and localization, as well as mediating a phospho-
transferase-independent function. Sequence conser-
vation suggests that the SH4 domain regulatory
interaction exists in other Src-family kinases. Our
combined approach’s ability to reveal a regulatory
mechanism in one of the best-studied kinases sug-
gests that it could be applied broadly to provide
insight into kinase structure, regulation, and function.

INTRODUCTION

Eukaryotic protein kinases (EPKs) comprise a family of ~540
enzymes in humans that are integral mediators of signal
transduction (Taylor et al., 2012). Dysregulation of EPK activ-
ity is associated with numerous human diseases (Lahiry

et al., 2010). Regulation of EPK phosphotransferase activity
is varied and complex, encompassing catalytic domain (CD)-
intrinsic mechanisms contained completely within the CD
(Figure 1A), interdomain mechanisms between the CD and
other regions of the kinase, and extrinsic mechanisms that
provide context-dependent control. Interdomain regulation
is pervasive; half of all EPKs contain at least one other pro-
tein domain (Manning et al., 2002). Although these domains
often directly regulate CD activity, they can also have impor-
tant phosphotransferase-independent functions (Kung and
Jura, 2016).

One of the best-characterized families of multi-domain
EPKs is the Src family kinases (SFKs). In addition to a C-ter-
minal CD, SFKs contain a membrane-interacting SH4 domain,
a Unique domain, and regulatory SH2 and SH3 domains (Fig-
ure 1B). Decades of research have elucidated the structure,
mechanisms of regulation, and biological functions of SFKs,
and the roles of the SH2 and SH3 domains in regulating phos-
photransferase activity are best understood (Figure 1C) (Bog-
gon and Eck, 2004). Despite this knowledge about SFKs in
general and Src in particular, questions regarding regulation
and phosphotransferase-independent functions remain. How
do SFK domains coordinate to regulate CD activity? Do the
less well-understood SH4 and Unique domains play a role in
directly regulating phosphotransferase activity? What are the
phosphotransferase-independent roles of SFK regulatory do-
mains? These questions are challenging to investigate, both
for Src and for other multi-domain kinases, because of the
dearth of tools for manipulating conformation, probing the
importance of specific residues in regulating phosphotransfer-
ase activity, and investigating phosphotransferase-indepen-
dent functions.

To answer these questions, we combined cysteine installation
for modulating allostery and targeted inhibition of kinases
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(CystIMATIK), a chemical genetic method for controlling kinase
conformation, with comprehensive mutagenesis of Src’s CD
(Figures 1D and 1E). This combined approach revealed details
of well-studied Src domains and uncovered an interaction be-
tween Src’s SH4 domain and a pocket in the C-lobe of Src’s
CD with no previously known function. Abrogation of this
SH4 domain/CD interaction increased phosphotransferase ac-
tivity, disengaged the SH2 and SH3 regulatory domains, and
increased association with membranes. Moreover, exposure of
Src’s SH4 domain mediated phosphotransferase-independent
alterations in cell morphology. Thus, Src’s SH4 domain serves
as an intramolecular regulator coupling catalytic activity, global
conformation, and localization and mediating a phosphotrans-
ferase-independent cellular function. Analysis of SFK residue
conservation in the light of comprehensive mutagenesis data,
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Figure 1. Dissection of Intramolecular Ki-
c' nase Regulation Using a Multidisciplinary
Approach
(A) Structural features of Src’s catalytic domain
(CD) (PDB: 3DQW), showing the C-spine (Cata-
lytic, green), R-spine (Regulatory, blue), helix aC
(yellow), and the A-loop (Activation, pink).
(B) Linear schematic of Src kinase (Ung, Unique
domain).
(C) Src kinase in the closed, autoinhibited (left;
PDB: 2SRC) and an open (right,; PDB: 1Y57)
global conformation. The SH3 domain is shown in
orange, the SH2 domain in green, and the CD in
purple.
(D) Deep mutational scanning for the simultaneous
measurement of the activity of nearly all possible
single mutants of a kinase.
(E) Cysteine installation for modulating allostery
and targeted inhibition of kinases (CystIMATIK),
a method for selectively modulating intramolecular
regulatory domain interactions and global confor-
mation of a drug-sensitized kinase with confor-
mation-selective, ATP-competitive probes.

combined with additional biochemical
experiments, strongly suggests that the
SH4 regulatory interaction is conserved
among SFKs.

RESULTS

Parallel Measurement of the

Activity of 3,506 Src Mutants

To identify residues important for regu-
lating Src’s activity, we used deep muta-
tional scanning (DMS) (Fowler and Fields,
2014; Fowler et al., 2010), adapting an
assay based on S. cerevisiae growth (Fig-
ure 2A) (Kritzer et al., 2018). Yeast pro-
vides a eukaryotic cellular environment
to probe intrinsic regulation in the absence
of extrinsic regulatory factors, with growth
rates correlating to overall levels of cellular
phosphotyrosine (Figures 2B and 2C). We
mutagenized the CD of full-length Src (Src™"; refer to Figure S1A
and Table S1 for all constructs), transformed this library into yeast,
collected samples during outgrowth, and deeply sequenced each
sample to quantify the frequency of all variants at every time point
(Figures 2A and S1B). Then, we calculated activity scores for all
3,506 single-amino-acid variants in our library (Figures 2D and
S1C; Table S2) (Rubin et al., 2017); classified each variant as
gain of function, loss of function, or wild-type-like (WT-like) (Fig-
ure 2E); and organized our large-scale Src variant activity scores
into a sequence-function map covering ~70% of possible CD sin-
gle mutants (Figure 2F). The map revealed expected patterns (Fig-
ures S1C and S1D) and identified 46 essential residues where
>90% of mutations resulted in loss of function (Table S3). Finally,
individually determined growth rates were negatively correlated
with large-scale variant activity scores (Figure 2G), and the activity
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Figure 2. Multiplex Measurement of the Activity of 3,506 Single-Amino-Acid Src Variants
A) Schematic of a yeast growth-based deep mutational scanning (DMS) of the Src CD.
B) Individually assessed growth curves for yeast expressing Src™" WT, K298M, T3411, or a control vector (n = 3).

¢
(
(C) Src and phosphotyrosine (pY) immunoblots of yeast expressing Src
(D) Scatterplot showing activity score correlations between two independent transformations of the Src
(

™ variants for 24 h.

myr

1 2 3
Activity Score

variant library (Pearson’s R = 0.91).

E) Activity scores for variants classified as gain of function (n = 403, green), WT-like (n = 1,288, orange), or loss of function (n = 1,681, blue).

(legend continued on next page)
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scores accurately reflected yeast and human cellular phosphotyr-
osine levels (Figures 2H, 21, S1E, and S1F).

Residue-Scale Mapping of Src Regulatory Interactions
Our large-scale mutagenesis data provide the first comprehen-
sive functional view of Src intramolecular regulation at residue-
scale resolution. We reasoned that residues in the CD that
participate in autoinhibitory interactions would contain multiple
gain-of-function mutations. To identify surfaces important for
autoinhibition, we clustered the 27 residues in Src’s CD that
had at least five gain-of-function mutations based on spatial
proximity. Seven clusters of residues distributed across both
lobes of the CD emerged (Figure 3A).

Two gain-of-function clusters, 4 and 7, coincided with autoin-
hibitory interactions between Src’s CD and its SH2 and SH3 do-
mains. Autoinhibited Src adopts a closed global conformation,
with the SH2 and SH3 domains forming an extensive interaction
interface with the CD (Figure 1C; Xu et al., 1997). While the
importance of the interaction between Src’s phosphorylated
C-terminal tail and the SH2 domain in stabilizing the closed,
autoinhibited global conformation is well understood (Young
et al., 2001), the contributions of specific residues lining the
SH2 domain/CD interface have not been determined. Thus, we
mapped gain-of-function cluster 4 onto the CD’s SH2 domain
interface (SH2-CD; Figure 3B, top). Every substitution at position
D368 was activating, suggesting that D368’s interaction with
R159 (Figure S2A) in the SH2 domain is important for stabilizing
the closed, autoinhibited conformation. We purified a non-phos-
phorylated, full-length Src construct lacking an N-terminal
myristoyl group (Src™), measured phosphotransferase activity
(Figures 3C and S2B), and assessed intramolecular regulatory
domain engagement using an immobilized SH3 domain ligand
pull-down (Figure 3D). Consistent with D368K leading to
increased activity by disrupting Src’s intramolecular autoinhibi-
tion, Src™- D368K’s association with an immobilized SH3 ligand
was increased ~10-fold relative to Src™ WT (Figures 3E and
S2C). Therefore, the D368-R159 salt bridge is critical for stabiliz-
ing the closed, autoinhibited global conformation of Src, with
other interface interactions making minimal contributions.

In autoinhibited Src, the SH3 domain binds to a surface
composed of the CD’s N-terminal lobe and the linker connecting
the CD to the SH2 domain (SH3/linker-CD; Figure 3B, middle).
Mutations that disrupt interactions between the SH3 domain,
CD, and SH2-linker hyperactivate SFKs (Gonfloni et al., 1997;
LaFevre-Bernt et al., 1998). We found that many of the residues
lining the SH3 domain/CD/SH2-linker interface, which contains
cluster 7, have gain-of-function mutations. Thus, unlike the
SH2 domain/CD interface, the SH3 domain/CD/SH2-linker
interface is much less tolerant of substitutions. Srcf- T293D, a

gain-of-function mutant in this interface, had increased phos-
photransferase activity and association with the immobilized
SH3 domain ligand (Figures 3C and 3E). Our data support the
canonical model of Src autoinhibition: the SH3 domain acts as
a clamp that forms broadly distributed interactions with the
SH2-linker and the CD, and the SH2 domain serves as a latch
that stabilizes a closed global conformation (Xu et al., 1999).
Two of the largest gain-of-function clusters we identified do
not overlap known intramolecular regulatory interfaces. The
largest, cluster 2, is located at the intersection of the aF/aE/al he-
lices in the C-terminal lobe of Src’s CD and contains 5 of the 15
most activating mutations (Figure 3B, bottom). This region, to the
best of our knowledge, is not known to participate in regulatory
interactions in any tyrosine kinase. However, surface geometry
comparison analysis suggested that this region comprises an
orphan-binding pocket, the oF pocket, for many kinases
(Thompson et al., 2009). The aF pocket is highly conserved
across SFKs (Figure 3F). Interestingly, two aF pocket Src mu-
tants can transform cells (Levy et al., 1986) via an unknown
mechanism (Bjorge et al., 1995; Seidel-Dugan et al., 1992).
Based on its large 1,361 A2 surface area and the number of
gain-of-function mutations, we hypothesized that the oF pocket
serves as an intramolecular regulatory surface that stabilizes
Src’s closed, autoinhibited global conformation. To test this
hypothesis, we characterized the Src™ «F pocket mutants
E381T and 1444K. In vitro, both mutants showed ~10-fold in-
creases in ke but little difference in Ky, for ATP relative to Src™
WT (Figures 3C and S2B). Expression of Src™" E381T led to
high levels of cellular phosphotyrosine compared to WT in multiple
mammalian cells lines (Figures 21, S2D, and S2E). Next, we exam-
ined the subcellular localization of GFP C-terminal fusions of Srcin
Src/Yes/Fyn (—/—/-) fibroblasts (SYFs) (Klinghoffer et al., 1999).
Src®FP E381T displayed enhanced localization to late endosomes
and the perinuclear region compared to Src® WT (Figures 3G
and S2F). In addition, it promoted non-apoptotic membrane bleb-
bing (Figure 3G), a phenotype consistent with localized disruption
of the actin-myosin cortex (Charras, 2008). To the best of our
knowledge, this blebbing phenotype has not previously been
observed with any other hyperactive Src variants. Thus, we were
curious whether blebbing derived from the E381T mutant’s
increased phosphotransferase activity or through a phospho-
transferase-independent mechanism, such as exposure of an
otherwise intramolecularly sequestered binding surface.

Chemical Genetic Control of Kinase Global
Conformation

Many protein kinases, including SFKs, possess phosphotrans-
ferase-independent cellular roles (Kung and Jura, 2016). Deter-
mining whether a phenotypic effect, like the one we observed

(F) Position-averaged activity scores mapped onto the Src CD (PDB: 3DQW). Nonsense mutants were excluded from the average score. Sequence-activity map
of Src CD. Black dots in the map indicate the WT amino acid, and gray tiles indicate missing data. Bar graph indicates relative evolutionary conservation at each
position as determined by Kullback-Leibler entropy. Secondary structure and functional motif annotations were obtained from the ProKinO database.

(G) Dot plot of individually assessed growth rates compared to activity scores for a panel of Src™" variants (n = 3; Pearson’s R = —0.97). Growth rates for WT,

K298M, and T341I from Figure 2B are shown for comparison.
(H) Src and phosphotyrosine (pY) immunoblots of yeast expressing Src

myr

variants.

(I) Correlation between yeast DMS-derived activity scores and the ratio of phosphotyrosine/Src levels in HEK293Ts for a panel of Src™" variants (n = 3; Pearson’s
R =0.97; Figures ST1E and S1F). Points represent individual measurements, and the horizontal lines indicate the mean of all measurements.

See also Figure S1 and Tables S2 and S3.
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Figure 3. Large-Scale Mutagenesis Data Reveal Src’s Regulatory Interfaces

(A) Hierarchical clustering of Src residues with at least five gain-of-function mutations based on spatial coordinates of the atomic centroids of each side chain

(right) projected onto the Src structure (left; PDB: 2SRC).

(B) Structural detail (left) and activity scores (right) for every variant at each residue comprising clusters that overlap with the SH2-CD (cluster 4, top), SH3/linker-

CD (cluster 7, middle), and oF pocket (cluster 2, bottom) interfaces (PDB: 2SRC). In the left panels, CD residues that are not part of a cluster are shown in white,

SH2-linker residues in tan, SH2 residues in green, and SH3 residues in orange.

(C) Phosphotransferase activity of purified Src™- WT, T293D, E381T, or 1444K (n = 3-6).

(D) Schematic of the SH3 pull-down assay. To detect global conformation, Src is incubated with an immobilized SH3 domain ligand. Closed, SH3-engaged Src is

unable to bind to the resin, whereas open, SH3-disengaged Src binds. After washing, retained Src is eluted and quantified by western blot or in-gel fluorescence.
(legend continued on next page)
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for Src E381T, is caused by changes in phosphotransferase
activity or a phosphotransferase-independent mechanism is
challenging, as options for decoupling conformational state
from activity are limited. Kinase inhibitors can modulate intramo-
lecular regulatory domain interactions and global conformation
by stabilizing different ATP-binding site conformations. For
example, stabilization of SFKs in the helix aC-out conformation
with inhibitors promotes a closed global conformation and re-
duces engagement of intermolecular binding partners (Krishna-
murty et al., 2013; Leonard et al., 2014). Conversely, stabilization
of an inactive conformation of the Asp/Phe/Gly (DFG)-motif
at the base of the activation loop promotes an open global
conformation (Skora et al., 2013). Thus, conformation-selective
inhibitors that modulate SFK global conformation while simulta-
neously blocking phosphotransferase activity could be used
to investigate phosphotransferase-independent phenotypic
effects. However, this strategy requires a set of inhibitors selec-
tive for distinct conformations, each with specificity sufficient to
ascribe observed phenotypes to modulation of the conformation
of the targeted SFK.

To address this shortcoming, we developed CystIMATIK.
CystIMATIK is based on the introduction of a functionally neutral
cysteine mutation into the active site of a target kinase, sensi-
tizing it to a set of electrophile-containing CystIMATIK probes
that stabilize different ATP-binding site conformations. Only
the mutant kinase is sensitive to the CystIMATIK probes, which
should not bind to other kinases or the WT targeted kinase. As
a starting point for our probes, we used 1, a derivative of an in-
hibitor that only binds to the ATP-binding sites of kinases that
contain both a Cys residue on the B2 strand of the N-terminal
lobe and a Thr residue at the gatekeeper position (V284 and
T341 in Src, respectively) (Figures 4A and 4B; Serafimova
et al., 2012). As expected, we found that WT Src and Hck,
another SFK, are insensitive to 1, but that V284C variants are
potently inhibited (Figures 4C and S3A).

CystIMATIK probe 1 contains a substituent at the C-5 position
of the pyrrolopyrimidine scaffold that should not affect the
conformation of SFK ATP-binding sites, thus minimally perturb-
ing global conformation. To generate conformation-selective
versions of 1, we introduced substituents at the C-5 position to
stabilize the helix a.C-out (2) or DFG-out conformations (3). Like
1, probes 2 and 3 potently inhibited V284C mutants of Src and
Hck but showed minimal inhibition of WT SFKSs (Figure 4C). Crys-
tal structures of 1-3 bound to Src®P V284C confirmed that each
probe stabilizes the expected ATP-binding site conformation
(Figure 4D; Table 1). Thus, CystIMATIK probes that stabilize
desired ATP-binding site conformations can be generated by
varying the pyrrolopyrimidine scaffold’s C-5 substituent.

Next, we performed SH3 domain pull-down assays with
CystIMATIK probe-SFK complexes to determine whether each
probe promotes the expected SFK global conformation (Figures

3D and 4E) (Krishnamurty et al., 2013; Leonard et al., 2014).
Helix aC-out-stabilizing inhibitor 2 led to minimal pull-down of
SrcFAG v284C, consistent with 2 stabilizing a closed global
conformation. Conversely, the DFG-out-stabilizing inhibitor 3
greatly increased SH3 domain-accessible SrcfA¢ v284C. 1,
which minimally perturbs global conformation, yielded an inter-
mediate level of SH3 domain accessibility. The same trend was
observed with Hck"\¢ V284C in probe-treated cells (Figure S3B)
and with purified Src lacking the SH4 and Unique domains (Src®P
V284C) (Figure S3C). Furthermore, we found that the C-terminal
tails of 2- and 3-bound Src®P V284C and Hck®P V284C demon-
strated expected levels of accessibility to phosphorylation by
C-terminal Src kinase (Csk; Figures 4F, 4G, and S3D-S3F; Leo-
nard et al., 2014). Thus, CystIMATIK probes affect intramolecular
engagement of SFK SH2 and SH3 domains and, consequently,
global conformation as predicted based on the ATP-binding
site conformations they stabilize.

To assess the specificity of our CystIMATIK probes, we per-
formed comprehensive kinase profiling assays (Golkowski
etal., 2017). Lysates from stable isotope labeling by amino acids
in cell culture (SILAC)-labeled HEK293T cells, engineered to
stably express Hck™ G V284C along with low levels of endoge-
nous WT Hck, were incubated with 10 uM 1, 2, 3, or DMSO, and
an immobilized matrix of nonselective inhibitors. Mass spectro-
metric determination of kinase enrichment in the presence of
each CystIMATIK probe relative to DMSO allowed us to assess
probe-kinase binding (Figure S3G). Hck™¢ v284C was the
only kinase among the ~220 enriched that was depleted in the
presence of inhibitors 1 and 2. Inhibitor 3 was slightly less selec-
tive for Hok™™¢ v284C, with EPHA2 also showing significant
depletion (Figures 4H and S3H). Therefore, CystIMATIK probes
enable precise control of CD conformation in a highly selective
manner, allowing us to decouple Src’s phosphotransferase
activity from its global conformation.

Phenotypic Effects of Conformation-Selective Src
Inhibition

We next used CystIMATIK to modulate Src’s global conformation
in the absence of phosphotransferase activity. If Src E381T’s
increased phosphotransferase activity drives the blebbing we
observed (Figure 3G), all three CystIMATIK probes should abolish
the effect. Conversely, if blebbing is a phosphotransferase-
independent consequence of E381T exposing an otherwise
intramolecularly sequestered binding surface, treatment with
CystIMATIK probes 3 and, to a lesser extent, 1, should result in
blebbing. Expression of Src®F v284C or Src®F WT in SYFs
yielded a small number of blebbing cells, which was minimally
affected by treatment with probe 2 (Figures 5A, S4A, and S4B).
However, treatment of Src® " V284C-expressing SYFs with
probe 3 resulted in rapid (Figures 5B, S4C; Videos S1 and S2)
and dose-dependent (Figure 5C) induction of blebbing. Blebbing

(E) Percent retained Src in the SH3 pull-down assay with purified Src™ WT, T293D, or D368K (n = 3-6).

(F) Sequence alignment of Src family kinase aF pocket residues. Colors indicate classification of the analogous mutation from the Src DMS.

(G) Representative micrographs (left) and percent bleb quantification (right) for SYFs expressing either Src®P WT or Src® P E381T. Scale bars, 10 um. Each point
represents a replicate transfection with multiple cells imaged and scored in a double-blind fashion. Horizontal lines indicate the mean of all replicates. See Table

S5 for the total number of replicates and cells analyzed. *p < 0.05.
See also Figure S2.
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Figure 4. CystIMATIK

Src®P v284C (nM)

(A) Structure of the CD of Src (PDB: 2SRC) bound to AMP-PNP. Positions that are important for sensitivity to cysteine installation for modulating allostery and
targeted inhibition of kinase (CystIMATIK) probes are shown as sticks (T341 (red) and V284 (blue).
(B) Sequence alignment of Src and Hck with various kinases and the C-terminal kinase domain of p90 ribosomal protein S6 kinase, CTD-RSK2.

(C) CystIMATIK probes 1-3. Half maximal inhibitory concentration (ICs0) values (n = 3, mean + SEM), determined in the presence of 1 mM ATP, for Src®® WT, Src3P
V284C, Hek®P WT, and Hck®P V284C are shown below each probe. Hck is numbered according to analogous Src residue.

(D) Crystal structures of the Src®P V284C-1 (left; PDB: 5SWH), Src®P V284C-2 (middle; PDB: 5TEH), and Src®P V284C-3 (right; PDB: 5SYS) complexes. Top: 1-3
are shown as sticks colored by atom. Bottom: helix aC (yellow) and the Phe (pink) of the DFG motif are shown. C284, K298, and E313 are depicted as sticks.
(E) Percent retained Src in the SH3 pull-down assay for Src™A® V284C-expressing HEK293s treated with CystIMATIK probe 1, 2, or 3 (n = 3).

(F) SH2 domain accessibility assay using Csk. Src®° V284C-CystIMATIK probe complexes are incubated with Csk and y*P-ATP, and radioactive phosphate
transfer to Src®P V284C is quantified. Closed, SH2-engaged Src cannot be phosphorylated by Csk, whereas open, SH2-disengaged Src is efficiently phos-
phorylated by Csk.

(G) Quantification of Csk’s phosphorylation of the Src®° V284C-2 and Src® V284C-3 complexes.

(H) Kinome profiling of CystIMATIK probes 1-3. Profiled kinases are represented by gray circles and interacting kinases by red circles. For interacting kinases,
circle size scales with log, SILAC ratio of DMSO control over 10 uM of each CystIMATIK probe (a mean log, SILAC ratio >1 cutoff was applied; n = 3). The heatmap

shows all kinase targets for each CystIMATIK probe.

For (E) and (G), points represent individual measurements and the horizontal lines indicate the mean of all measurements.

See also Figure S3 and Table S7.

appears to be a direct consequence of modulation of Src’s
conformation, because treatment of SYFs expressing Src® "
WT, which is resistant to CystIMATIK probes, with 3 did not
significantly increase membrane blebs (Figure S4D). Deletion of
the GFP tag did not change the results (Figures S4E and S4F).
To exclude artifacts arising from variability in probe cell perme-
ability, we performed a pretreatment competition experiment
with inhibitor 2. Consistent with the ability of inhibitor 2 to rapidly
permeate cells and occupy the ATP-binding site of Src, Src®
V284C-expressing cells pre-treated with 2 for 15 min prior to
addition of 3 showed levels of blebbing comparable to cells
treated with DMSO or 2 alone (Figures 5A and S4F). Thus, the
open global conformation of Src, stabilized by 3, appears to pro-
mote blebbing in a phosphotransferase-independent fashion.

The blebbing observed in Src® " E381T- and Src® " v284C-ex-
pressing SYFs treated with 3 are similar in dynamics and scale to
features that depend on Rho GTPase-mediated contractility
(Charras, 2008). Indeed, pretreating Src® V284C-expressing
SYFs or Src™" V284C-expressing HelLa cells with a selective
inhibitor of the Rho effector kinase Rock prevented 3-promoted
blebbing (Figures 5D and S4G). To explore whether Src mem-
brane localization is important for blebbing, we tested whether 3
could promote blebbing in SYFs expressing Src® G2A/NV284C,
which cannot be myristoylated at its N terminus. This Src mutant
demonstrates a decreased association with membranes,
because both the N-myristoyl group and the polybasic SH4
domain are required for high-affinity membrane interaction (Sigal
et al., 1994). Treatment of Src®™ G2A/N284C-expressing SYFs
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Table 1. X-Ray Crystallography Statistics for Src Structures

5SWH 5TEH 5SYS

(VC 151) (VC 156) (VC 245)
Space group P1 P1 P1
Molecules 2 2 2
Cell dimensions
a 41.82 41.79 41.81
b 64.14 63.59 63.86
c 74.91 76.07 75.63
Alpha 77.94 76.73 77.87
Beta 89.5 89.93 90.1
Gamma 89.83 89.79 89.83
Resolution 73.2-2.5 74.0-3.0 73.9-2.8
Rmerge 0.186 0.168 0.176
Rom 0.075 0.111 0.111
<l/ol> 8.5 6.0 5.7
Completeness (%) 80 (73) 80 (74) 87 (74)
Redundancy 71 3.4 B3
No. of reflections 19,893 11,499 15,434
Rwork/Réree 0.241/0.2871 0.3069/0.3659 0.2857/0.3339
No. of atoms
Protein 4,111 4,200 4,128
Ligand/ion 62 74 86
Water 62 18 67
B-factors
Protein 53 77 64
Ligand/ion 74 52 87
Water 30 52 27
RMSDs
Bond lengths 0.012 0.018 0.01
Bond angles 1.528 2.027 1.423

RMSDs, root-mean-square deviations.

with 3 did not produce blebbing (Figure 5E), suggesting that
adoption of an open conformation alone is insufficient to induce
blebbing and that high-affinity membrane association is required.

Overexpression of SFK SH4 domain constructs also results in
dynamic membrane blebbing through an incompletely defined
mechanism (Tournaviti et al., 2007). Our discovery that 3 pro-
duces a similar phenotype suggests that Src’s membrane-inter-
acting N terminus can be allosterically modulated through Src’s
ATP-binding site like its SH2 and SH3 domains. Thus, we per-
formed co-sedimentation assays with purified, myristoylated
WT Src (Src™9), analogs of our CystIMATIK probes (inhibitors
4-6; Figure 5F), and liposomes (Figures 5G, S4H, and S4l). The
SrcfA%.6 complex, stabilized in the DFG-out conformation,
showed significantly increased liposome association compared
to apo Src™¢ and the Src™®-4 complex, suggesting that the N
terminus is more accessible to membranes when intramolecular
SH2 and SH3 domain engagement is disrupted. Furthermore,
stabilization of the helix «C-out conformation with inhibitor 5 re-
sulted in the lowest level of co-sedimentation, reinforcing a cor-
relation between SH2/SH3 domain intramolecular engagement

400 Molecular Cell 74, 393-408, April 18, 2019

and N terminus sequestration. Thus, stabilization of the DFG-
out conformation, with concomitant adoption of an open global
conformation, increases the accessibility of Src’s membrane-
interacting N terminus. Moreover, promoting Src’s open global
conformation results in striking blebbing, which requires Src’s
interactions with membranes, but not its phosphotransferase
activity.

Characterization of a N-Terminal Regulatory Site in Src
Our co-sedimentation and cellular data are consistent with intra-
molecular sequestration of Src’s N terminus in the closed global
conformation, preventing membrane interaction. Disengagement
of the SH2 and SHS3 regulatory domains disrupts this sequestra-
tion and exposes the N terminus in the open global conformation.
Moreover, our large-scale mutagenesis and biochemical data
support the importance of the aF pocket in regulating Src’s
conformation. Thus, guided by structure-based modeling, we
hypothesized that the aF pocket binds to and sequesters the N
terminus (Figures 6A and S5A). Our hypothesis predicts that oF
pocket mutations should disrupt sequestration of the N terminus,
exposing it and increasing Src’s affinity for membranes. We per-
formed co-sedimentation assays comparing membrane associa-
tion of purified Src™A% WT and Src™*¢ E381T (Figures 6B and
S5B). Src™ ¢ E381T showed enhanced membrane association
relative to Src™¢ WT, implying that the E381T mutation results
in a more membrane-accessible N terminus.

We also observed that the aF pocket mutations increase the
phosphotransferase activity of full-length Src in yeast, mamma-
lian cells, and in vitro. Moreover, deletion of the SH4 domain
(Src®P or Src®S™) resulted in an ~10-fold increase in phospho-
transferase activity compared to Srct- WT (Figures 6C and
S5C-S5E). These observations suggest a model where the
SH4 domain serves as a “fastener” promoting the intramolecular
association of Src’s regulatory SH2 and SH3 domains through its
interaction with the oF pocket, thereby decreasing phospho-
transferase activity. If aF pocket mutations and SH4 domain de-
letions abrogate the same SH4 domain/aF pocket interaction,
then combining the two should yield a minimal additional in-
crease in phosphotransferase activity. Indeed, neither E381T
nor 1444K appreciably increased the phosphotransferase activity
of Src®P or Src®SH (Figures 6C and S5C-S5E). In contrast, acti-
vating mutations located outside of the aF pocket further
increased Src®P’s catalytic activity (Figure S5E). N-terminal
myristoylation did not affect E381T activity, suggesting that
E381T mainly disrupts interactions with the SH4 domain and
not the N-terminal myristoyl group (Figure S5F). Finally, E381T
increased purified Src™'s capacity for activation loop autophos-
phorylation, and, as for trans-phosphorylation, deletion of the
SH4 domain did not increase autophosphorylation further (Fig-
ures 6D and S5G). Thus, mutations in the «F pocket and deletion
of the SH4 domain are both activating in a variety of contexts, but
combining the two does not further increase activity.

Consistent with the oF pocket/SH4 domain fastener model,
the level of intramolecular SH3 domain engagement of con-
structs lacking an SH4 domain (Src*™ or Src®P WT) was lower
than Src™ WT in a pull-down assay (Figures 6E and S5H-S5J).
While oF pocket mutations significantly decreased intramo-
lecular SH3 domain engagement in Srctt, they only minimally
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influenced the already increased level of SH3 domain disen-
gagement in constructs lacking an SH4 domain (Figures 6E
and S5H-S5J). Thus, mutations in the aF pocket appear to
activate Src’s phosphotransferase activity by releasing intramo-
lecular autoinhibition promoted by the SH4 domain fastener,
although indirect disruption of the SH2/CD interface may also
contribute. These results strongly suggest that the activity-
modulating effects of the SH4 domain and the oF pocket operate
through the same mechanism and that these two distal regions
physically interact.

Next, we used chemical footprinting to determine whether the
oF pocket is shielded when Src is in the closed global conforma-
tion (Figures 6F-6H). We measured isotopically coded maleimide
labeling (Kahsai et al., 2014) of a purified Src construct (Srctt
K445C) containing a solvent-accessible cysteine mutation. Iso-
topic coding allowed ratiometric, quantitative comparisons of
maleimide labeling between Src™ complexed to inhibitors
5 or 6, which promote closed or open global conformations,
respectively. We found that K445C labeling was ~5-fold greater
in the DFG-out, open conformation compared to the helix aC-out,
closed conformation (Figure 6H). However, no change in labeling
was observed at a control cysteine residue whose accessibility
should not change between the closed and open conformations.
Deletion of the SH4 and Unique domains abrogated global
conformation-dependent differences in labeling of K445C, sug-
gesting that the N-terminal region physically occludes the aF
pocket.

We next evaluated the interaction in trans by performing
pull-downs with an immobilized construct consisting of the
non-myristoylated SH4 domain of Src (Figure 6l). A Src construct
containing only the CD (Src®P) exhibited efficient SH4 domain-
mediated pull-down (Figures 6J and S5K). Moreover, E381T
and 1444K mutations abrogated pull-down in the context of
Src®P, while activating mutations located outside the «F pocket
did not. Src™- WT demonstrated less efficient pull-down than
Src®P WT, consistent with intramolecular SH4 domain engage-
ment competing with SH4 pull-down in trans (Figure 6K). More-
over, pull-down of the SH2/SH3-domain-disengaged Srcft
V284C-3 complex was much greater than the SH2/SH3-
domain-engaged Src™- V284C-2 complex, showing that the
conformation of Src’s regulatory SH2 and SH3 domains are
coupled to the SH4 domain’s fastening interaction with the aF

pocket (Figure S5L). Thus, a more open global conformation of
full-length Src increases aF pocket accessibility and hence
pull-down with an immobilized SH4 domain in trans.

Finally, the non-myristoylated SH4 domain construct used for
pull-downs did not affect Src®P autophosphorylation when
added in trans, suggesting that the SH4 domain fastener does
not directly influence the CD’s phosphotransferase activity
(Figure S5M). However, the rate of Srcf- autophosphorylation
increased in the presence of the non-myristoylated SH4 domain
construct, consistent with disruption of intramolecular SH4-
domain-mediated autoinhibition (Figure S5N). Autophosphory-
lation of 1444K and E381T Src™ were not affected by the
addition of the non-myristoylated SH4 domain construct (Fig-
ure S50), consistent with these mutations disrupting the inter-
action between the a«F pocket and SH4 domain either in cis or
in trans.

The SH4 Domain Regulatory Interaction Is Conserved in
Other SFKs

We revealed a previously unknown, direct regulatory interaction
between Src’s SH4 domain and its «F pocket and showed that
the interaction regulates Src’s conformation, activity, localiza-
tion, and effect on cells. Src shares a common domain architec-
ture with the seven other human SFKs, suggesting that the SH4
domain regulatory interaction might also be shared. The aF
pocket is highly conserved among SFKs but varies considerably
among the 12 human tyrosine kinases that have the same SH3/
SH2/CD domain organization as the SFKs but lack SH4 domains
(SH4—; Figures 7A and S6A). To better understand the meaning
of these substitutions, we analyzed them in light of their effects
on Src phosphotransferase activity (Figure 2F). Neither of the
two SFK substitutions, relative to Src, was gain of function,
whereas 11 of the 48 SH4— kinase substitutions were gain of
function. While the limited number of substitutions among the
SFKs precludes meaningful statistical analysis, this trend sug-
gests that aF pocket substitutions in SFKs preserve interaction
with the SH4 domain, whereas substitutions in SH4— kinases
disrupt it.

To provide additional support for the conservation of the SH4
domain/aF pocket interaction among SFKs, we investigated
Fyn. As for Src, deletion of Fyn’s SH4 and Unique domains
(Fyn®P) increased phosphotransferase activity and promoted

Figure 5. Conformational Changes at the ATP-Binding Site Drive Phosphotransferase-Independent Cellular Blebbing
(A) Representative micrographs (left) and percent bleb quantification (right) for Src®P V284C-expressing SYFs treated for 15 min with DMSO, CystIMATIK probe

1, 2, or 3, or pretreated with 2 for 15 min, followed by 3.

(B) Representative micrographs from time course experiments performed with Src® V284C-expressing SYFs treated with CystIMATIK probe 2 or 3. Insets show

membrane blebs.

(C) Percentage of Src® P V284C-expressing SYFs treated with 1, 3, or 10 uM 3 for 15 min showing blebs. Values for DMSO and 10 M conditions were used

previously in Figure 5A.

epresentative micrographs (left) and percent bleb quantification (right) for Src -expressing s pretreated with the Rock inhibitor 9
D) R i i hs (left) and bleb ificati ight) for Src® " v284C ing SYF: d with the Rock inhibitor GSK429286A

and then treated with DMSO or 3 for 15 min.

(E) Representative micrographs (left) and percent bleb quantification (right) for Src®™F G2A/V284C-expressing SYFs treated with DMSO or 3 for 15 min.
(F) Structures of probes 4, 5, and 6 and ICsq values for Src™- WT determined in the presence of 1 mM ATP (n = 3, mean + SEM).

(G) Quantification of Src immunoblots for co-sedimentation assays performed with apo Src

FLAG‘ SI’CFLAG-4, SrcFLAG FLAG

-5, or Src -6, and lipsosomes composed

of 1:1:1 phosphatidylcholine, phosphatidylserine, and phosphatidylethanolamine (PC:PS:PE) or 2:1 PC and PS (2PC:PS) (Figures S4H and S4l).
In all micrographs, scale bars represent 10 um. For (A)—(E), each point represents a replicate treatment with multiple cells imaged and scored in a double-blind
fashion. See Table S5 for the total number of replicates and cells analyzed. Horizontal lines indicate the mean of all replicates. **p < 0.001.

See also Figure S4.
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Figure 6. Direct Interaction of the SH4 and CD Regulates Src Activity and Dictates Cellular Phenotype

(A) Proposed SH4 domain “fastener” model (left) and the Src constructs used for biochemical characterization (right).

(B) Quantification of Src immunoblots for co-sedimentation assays performed with Src™A¢ WT or SrcPA¢ E381T, and liposomes composed of PC:PS:PE
or 2PC:PS.

(C) Phosphotransferase activity of purified Src™, Src® or Src2SH* with either the WT or E381T sequence. (n = 4-6). Values for Src™- WT and E381T were used
previously in Figure 3C.

(D) Autophosphorylation quantification of Src™ or Src2SH* with either the WT or E381T sequence at various time points after ATP addition (n = 3).

(E) Percent retained Src in the SH3 pull-down assay with purified Src™ or Src2SH with either the WT or E381T sequence (n = 3-5). Values for Src™- WT were used
previously in Figure 3E.

(F) Model showing the global conformation of SrcF- K445C-5 or Srcf- K445C-6.

(G) Isotope-coded maleimide labeling of Src™t K445C. An example mass spectrum of the light and heavy maleimide-labeled peptide containing K445C
(oF peptide) is shown. The inset shows the location of the aF and control peptides.

(H) Peak intensity ratios of the maleimide-labeled oF and control peptides from the Src™-K445C-5 or Src™- K445C-6 complexes (n = 4). Peak intensity ratios of the
maleimide-labeled oF peptide from the Src®P K445C-5 or Src®P K445C-6 complexes (n = 2) are also shown.

(legend continued on next page)
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Figure 7. Functional Characterization of the SH4 Domain/aF Pocket Interaction

(A) Sequence alignment of SH4 domain-lacking human non-receptor tyrosine kinases (SH4—) at aF pocket residues. Colors indicate classification of the anal-
ogous mutation from the Src DMS.

(B) Phosphotransferase activity of purified Fyn™ WT or Fyn®® WT (n = 3).

(C) Percent retained Fyn in the SH3 pull-down assay with purified Fyn™ WT or Fyn®® WT (n = 3).

(D) Representative micrographs (top) and percent bleb quantification (bottom) for Fyn™"-expressing SYFs treated with DMSO or CystIMATIK probe 3 for 15 min.
(E) DMS of Src’s SH4 domain. Dots indicate WT amino acid at that residue.

(F) Percent retained Src™MRA-3D in an SH4 pull-down assay with immobilized WT, P8N, or P8N/K5I SH4 domain (n = 3).

(G) Proposed model of SH4 domain-mediated autoinhibition (myristoyl [green], unstructured SH4 and Unique [gray], SH3 [orange], SH2 [green], and CD [purple]).
For (D), each point represents a replicate treatment with multiple cells imaged and scored in a double-blind fashion. Horizontal lines indicate the mean of all
replicates. See Table S5 for the total number of replicates and cells analyzed. *p < 0.05; **p < 0.01, **p < 0.001.

See also Figure S6.

an SH3 domain-accessible, open global conformation relative  crease in blebbing, like for Src (Figures 7D and S6C). Thus,
to Fynf- (Figures 7B, S6B, and 7C). Treatment of Fyn™" Fyn likely has an intramolecular SH4 domain interaction analo-
V284C-expressing SYFs with probe 3 resulted in a marked in-  gous to Src’s.

() SH4 pull-down assay schematic. Src variants are incubated with the immobilized SH4 domain (residues 1-18) of Src, and the amount of retained Src is
quantified after washing and elution. Src®P variants with mutations outside (left) and within (right) the «F pocket are shown.

(J) Percent retained Src in the SH4 pull-down assay with purified Src®P WT, E381T, 1444K, T293D, or W285T (n=3).

(K) Percent retained Src in the SH4 pull-down assay with purified Src®® WT or Src™ WT (n = 3). Points represent individual measurements, and horizontal lines
indicate the mean of all measurements.

See also Figure S5.
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Unlike the oF pocket, SFK SH4 domain sequences are
diverse, leading us to wonder which residues are important for
the SH4 domain/aF pocket interaction. Therefore, we asked
whether the phosphotransferase activity of SH4 domain variants
could be measured in yeast. We worried that yeast activity mea-
surements could be confounded by SH4 domain variant effects
on myristoylation and localization. However, we found that two
N-terminal Src truncations (Src*S"* and Src®P), which are not
myristoylated and cannot associate with membranes, strongly
suppressed yeast growth, reflecting their enhanced in vitro activ-
ities (Figure S6D). Encouraged by these results, we performed a
DMS of Src’s SH4 domain (residues 2-19) in the context of
Src™" (Figure 7E). Unlike for Src’s CD, 76% of SH4 domain mu-
tations were functionally neutral, with only 16% resulting in loss
of function and 8% in gain of function (Table S4). Thus, the SH4
domain is under greatly reduced functional constraint relative to
the CD. Mutations at SH4 domain residues 2-9 had much larger
effects, both positive and negative, than mutations at residues
10-19. In particular, mutations at residues Ser3 and Pro8
conferred greatly increased Src activity. Pull-down of Src®°
with SH4 domain P8N, one of the most activating mutants,
was substantially decreased compared to WT (Figures 7F and
S6E). Introduction of a second gain-of-function mutant, K5I,
further decreased Src®P pull-down. The importance of the N-ter-
minal portion of the SH4 domain for interacting with the oF
pocket helps to explain why disruption of this interaction alters
Src’s capacity to interact with membranes in vitro and in cells
because this region is also required for high-affinity membrane
interactions (McLaughlin and Aderem, 1995).

DISCUSSION

Together, DMS and CystIMATIK revealed a regulatory interac-
tion in Src, defined by the intramolecular engagement of the
membrane-interacting, N-terminal SH4 domain with the oF
pocket in the C-terminal lobe of the CD. We propose that the
interaction between the SH4 domain and the aF pocket serves
as a fastener that enhances autoinhibitory engagement of the
core SH2/SH3 regulatory module with the CD (Figure 7G). By
enhancing SH2/SH3-domain-mediated autoinhibition, the SH4
domain fastener ensures that Src possesses low phosphotrans-
ferase activity and minimal accessibility to intermolecular bind-
ing partners when the SH4 domain is not associated with
membranes. Release of the SH4 domain fastener, through
competitive association with membranes, could act as an initial
step in Src activation by facilitating increased accessibility of
Src’s SH2 and SH3 domains to other binding partners. Because
the intramolecular engagement of the SH2, SH3, and SH4
domains of Src appear to be coupled, intermolecular binding
partners that disrupt autoinhibitory SH2/SH3 domain engage-
ment could also weaken the SH4 domain’s intramolecular inter-
action with the oF pocket and promote the enhanced membrane
association of Src.

A recent report suggests that in the open global conformation,
Src forms a homodimer that facilitates autophosphorylation via
interaction of the N terminus of one protomer with the CD domain
of the other (Spassov et al., 2018). Intramolecular release of the
SH4 domain fastener could enable the N terminus to form an

asymmetric dimer with the CD of a second Src protomer.
Thus, this dimerization-dependent autophosphorylation mecha-
nism is consistent with our SH4 domain fastener model, with the
N terminus of Src contributing to autoinhibition in a closed global
conformation and autophosphorylation in an open global
conformation.

Atruncated construct comprising Src’s SH4, Unique, and SH3
domains adopts a compacted structure with SH3 and SH4
interdomain contacts (Maffei et al., 2015). How this affects the
SH4 domain’s interaction with the oF pocket is unclear, but addi-
tional structural studies with full-length Src constructs should
provide insight into whether these are competitive or comple-
mentary binding events. Another unresolved question is how
the SH4 domain/aF pocket interaction affects autoinhibition
through Src’s phosphorylated C-terminal tail. Our SH4 domain
fastener model predicts that intramolecular engagement of
Src’s SH4 domain should strengthen the interaction between
the SH2 domain and the CD’s phosphorylated C-terminal tail
and vice versa. Whether intramolecular engagement of the
SH4 domain affects inhibitory C-terminal tail phosphorylation
by Csk and dephosphorylation by phosphatases also remains
to be determined.

The SH4 domain/aF pocket interaction likely plays a regulatory
role in SFKs beyond Src. Deletion of Fyn’'s N terminus led to
increased phosphotransferase activity and a more open global
conformation, and CystIMATIK probes promoting an open
global conformation of Fyn led to blebbing, consistent with
release of SH4 domain sequestration. Moreover, the aoF pocket
sequence is highly conserved among SFKs and lacks any
gain-of-function substitutions. By contrast, SFK SH4 domains
are diverse and subjected to varying degrees of post-transla-
tional palmitoylation. What can explain this diversity? Our results
show that the SH4 domain i