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ABSTRACT: Src family kinases (SFKs) are modular signaling proteins possessing SH3, SH2, and tyrosine
kinase domains. The SH3 and SH2 domains of SFKs have dual roles: they regulate the activity of the kinases,
and they also target SFKs to their cellular substrates. We generated a series of novel SFKs by replacing the
SH2 and SH3 domains of Hck with the syntrophin PDZ domain. In some constructs, the negative regulatory
tyrosine in the C-terminal tail was also replaced with a PDZ ligand sequence. When expressed in mammalian
cells, the substrate specificity of the PDZ-kinases was directed to a different group of proteins than wild-type
Hck. The PDZ-kinases phosphorylate neuronal nitric oxide synthase (nNOS), a known binding partner of the
syntrophin PDZ domain. We also introduced a PDZ hgand at the C-terminus of the adaptor protein Cas.

PDZ-Hck kinases phosphorylate the engineered Cas proteln in Cas™/~ cells and restore the migration defect of
these cells. A PDZ-kinase was also functional in rewiring MAPK signaling via an engineered ErbB2 construct
containing a PDZ ligand sequence. Several of the PDZ-kinases show autoregulatory properties similar to
natural SFKs. Thus, the PDZ—ligand interaction is able to functionally replace the normal SH2—pY527
interaction that regulates SFKs. Our data highlight the modularity and evolvability of signaling proteins.

Like many signaling proteins, Src family kinases (SFKs)' are
molecular switches composed of physically and functionally
separable modular domains (/). Their modular structure enables
SFKs to participate in diverse signaling pathways (2—4). From
N- to C-terminus, SFKs possess unique, SH3, SH2, and tyrosine
kinase domains. In the basal state, SFK catalytic domains are
inhibited by intramolecular interactions involving the SH2
and SH3 domains. The SH2 domain binds a sequence in the
C-terminal tail that requires phosphorylation of Tyr527, and the
SH3 domain binds to a linker region between the SH2 and
catalytic domains (3, 6). Disruption of these interactions leads to
SFK activation and cell transformation (5—8). The SH2 and SH3
domains of SFKs also play an important role in substrate
recognition, because many substrates possess ligands for the
domains (2, 9). Activated mutants of Src (such as v-Src, the trans-
forming protein from Rous sarcoma virus) use SH3/SH2 inter-
actions to phosphorylate substrates and transform cells, while
point mutations and deletions within the SH3/SH2 domains
interfere with transformation (2). The domain architecture of
SFKsis conserved across all species, including choanoflagellates,
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the most primitive organisms known to possess SFKs (10). The
dual functionality of the SH2 and SH3 domains (substrate
targeting and autoregulation) raises the question of which role
emerged first in evolution. Studies on choanoflagellate SFKs
suggest that substrate targeting evolved earlier and that the
complex modes of autoregulation seen in nonreceptor tyrosine
kinases arose more recently in evolution (11, 12).

There are a finite number of modular domains, and they
recombined to generate novel signaling proteins during the
course of evolution (/). Domains can also be recombined
experimentally to create novel switch-like proteins (/3). The actin
polymerization domain of N-WASP was joined with combina-
tions of PDZ and SH3 domains and their respective ligands (/4).
This led to a variety of novel modular proteins which activated
actin polymerization in the presence of exogeneous PDZ/SH3
ligands. The synthetic proteins also displayed different modes of
regulation: some were activated by both inputs (PDZ and SH3),
while others were activated by a single input, analogous to logic
gates (/4). A similar study achieved control of Rho-family
guanine nucleotide exchange factors (GEFs) using a hetero-
logous regulatory module (15). These studies on WASP and GEFs
focused on rewiring the input control of these activities. The dual
functionality of SFK SH3 and SH2 domains (regulation and
substrate targeting), and the fine-tuning of the intramolecular
interactions (/6), has suggested that it would be difficult to
reengineer them (/7).

In this study, we generated novel tyrosine kinases which
recapitulated the signaling properties of natural SFKs. In one
construct, we replaced the SH2 domain of the SFK Hck with
a PDZ domain to redirect the enzyme’s substrate specificity.
In additional constructs, we replaced the entire regulatory appar-
atus of Hck with a PDZ domain and C-terminal PDZ ligand
sequences. The resulting artificial PDZ-Hck kinases displayed
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three salient features of modular signaling proteins: (i) their
substrate specificity was governed by the PDZ domain; (ii) they
displayed autoregulatory properties similar to natural SFKs; and
(iii) they were versatile and could be used to rewire two separate
signaling pathways. Our data highlight the modularity and
evolvability of signaling proteins and suggest that the targeting
function of modular domains is most amenable to manipulation.

MATERIALS AND METHODS

Reagents and Antibodies. DMEM, trypsin-EDTA, penicil-
lin, streptomycin, and amphotericin B were purchased from
GIBCO (Cellgro). FBS, Polybrene, anti-Flag HRP, and anti-
tubulin antibodies were from Sigma. Cas C-20 antibody was from
Santa Cruz Biotech (Santa Cruz, CA), and Cas monoclonal
antibody was from BD Biosciences (San Jose, CA). Anti-
phosphotyrosine 4G10 mouse monoclonal and ErbB2 antibody
was from Millipore, and anti-pY416 antibody was from Bio-
source. The ErbB2 hybridoma 4D10 was a kind gift from
Dr. Deborah Brown (Stony Brook University). Erk and p-Erk
antibodies were from Cell Signaling Technology. HRP conju-
gated secondary antimouse and antirabbit antibodies, and ECL
and ECL™ kits were from Amersham.

Plasmid Construction. For mammalian expression, all con-
structs were subcloned into pCM V-Tag2B (Stratagene) between
the EcoRI and Xhol sites. The neuronal nitric oxide synthase
(nNOS) construct was subcloned into pXJ-HA between the
BamHI and Xhol sites. For retroviral expression, PDZ-kinase
constructs were subcloned into the EcoRI and Xhol sites of
pMSCV-IRES-GFP (a kind gift from Dr. Nicholas Carpino,
Stony Brook University). To generate Cas-VKESLYV, site-direc-
ted mutagenesis was performed on wild-type Cas cloned into
pCDNAG6. Cas-VKESLV was further subjected to site-directed
mutagenesis to delete the Src binding sequence of Cas. To
produce the kinase-dead ErbB2 construct with a C-terminal
PDZ ligand, pCDNA3-kdErbB2 (Dr. Len Neckers, NIH) was
subcloned into pBS-SK(+) and site-directed mutagenesis was
performed. The kdErbB2-VKESLV was subcloned back into
pCDNA3 for mammalian expression. All constructs were con-
firmed by restriction digestion and sequencing.

Cell Culture and Transient Transfection. SYF cells were
purchased from ATCC (Manassas, VA) and gradually adapted
for maintenance in DMEM containing 10% FBS and 1x
antibiotic/antimycotic at 37 °C in a humidified 5% CO, incu-
bator. Cells were transiently transfected using TransIT LTI
(Mirus) transfection reagent following the manufacturer’s re-
commendations. Typically, 1—10 mg of DNA was transfected
using a DNA:TransIT ratio of 1:2.

Western Blotting and Immunoprecipitation. Cells were
transiently transfected and harvested 40 h post transfection
in RIPA buffer containing 1 mM sodium orthovanadate and
10 mM sodium fluoride. Protein concentration was estimated
using the Bradford assay (Bio-Rad). For analysis of whole cell
lysates, lysates (10—50 ug) were separated on 10% SDS—PAGE
and transferred onto PVDF membranes. The membranes were
probed with anti-Flag, anti-pY416, anti-tubulin and 4G10 anti-
bodies. For immunoprecipitation, lysates (500 ug) were pre-
cleared for 1 h at 4 °C, followed by incubation with antibody
(1—2 ug) for 2 h or overnight at 4 °C on a rotator. Immunopre-
cipitates were washed three times with buffer, and proteins were
eluted in Laemmli buffer, separated by SDS—PAGE, transferred
to PVDF, and analyzed by Western blotting as shown in the
figures. Quantification was carried out with the LI-COR Odyssey
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Quantification software package (version 2.0). All Western blot
experiments were performed at least three times, and typical
results are shown.

Retrovirus Generation and Infection. Retroviruses were
derived essentially as described (18, 19). Briefly, Phoenix retro-
virus producer cell lines were obtained from Dr. Nicholas
Carpino (Stony Brook) and were maintained in DMEM contain-
ing 10% FBS and 1x antibiotic/antimycotic solution. Cells were
transiently transfected with 10 ug of the retroviral constructs
along with 10 ug helper plasmid. Retroviruses were collected at
32°C for 2 days at 12 hintervals. Aliquots were frozen at —80 °C.
Cas ™/~ cells were transiently transfected with Cas-VKESLYV and
selected with 5 ug/mL blasticidin (Sigma) for one week. For
infection, 2 x 10° Cas ™/~ cells stably expressing Cas-VKESLV
were plated in a 6 well plate and spin infected with the retroviruses
along with Polybrene (4 ug/mL). Two days postinfection >90%
cells were GFP positive. The cells were harvested and used for
wound healing assays.

Migration and Wound Healing Assays. For migration
assays, Cas™ '~ cells were transiently transfected with Cas-
VKESLV along with PDZ-kinase or Hck. The cells were
harvested 24 h post transfection and 2 x 10> cells were placed
ina 12 well transwell migration assay plate. Cells were allowed to
migrate for 12 hin a 5% CO,, humidified incubator maintained
at 37 °C. Cells were washed with PBS, harvested from the bottom
of the transwell insert and the bottom of the well in a final volume
of 100 uL of DMEM, and counted using a hemocytometer. Each
condition was processed in triplicate, and the percentage migra-
tion was calculated using the formula:

Y%migration = [(number of cells migrated)/

(total number of cells)] x 100

Wound healing assays were performed essentially as des-
cribed (20). Retrovirally infected Cas™/~ cells were plated on
60 mm dishes and grown to confluency. The plates were washed
with 1x PBS and multiple wounds were scratched using a P200
pipet tip across the plate. Phase contrast images of wounds were
imaged at 10 min intervals for 10—12 h using a Carl Zeiss inverted
microscope with 20x objective.

RESULTS

Domain Architecture of Novel Kinases. We generated a
panel of novel kinases in which the SH2 and SH3 domains of the
SFK Hck were replaced by the syntrophin PDZ domain. The
PDZ domain was chosen because it is similar in size to the SH2
domain and because it binds to ligands at the C-termini of target
proteins. Thus, it could potentially recapitulate both functions of
the SH2 domain (substrate targeting and pY527 tail binding).
Construct ZK represents the most basic PDZ-kinase, with only
the substrate targeting function intact. In constructs ZKVcar
and ZK Vion,, the SH2 domain of Hek was replaced by the PDZ
domain, and the C-terminal pTyr sequence that normally inter-
acts with the SH2 domain of Hck was replaced by a PDZ ligand
(Figure 1). Construct ZK Vi one contains the high-affinity PDZ
ligand sequence VKESLYV, which binds to the syntrophin PDZ
domain with a Ky of 8 uM (21). ZK V.. contains the sequence
VKQSLL, which binds with a K4 of 100 uM (/4). These values
are comparable to the Ky for the Src SH2 domain binding to
the relatively low-affinity pY 527 tail sequence (29 uM) (22). The
length and sequence of the linker between PDZ and kinase
domains were designed to provide sufficient flexibility for an
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FIGURE 1: Domain architecture of Hck and PDZ-kinases. The PDZ-
kinases are named according to the position of the domains from
N- to C-terminus. The PDZ domain is denoted by Z, the SH3 domain
by 3, kinase domain by K, and C-terminal PDZ ligand by V. The
polyproline type II helix that binds to the SH3 domain is denoted by
PP. ZKVong has the high-affinity PDZ ligand sequence VKESLV
(Kq = 8 uM) at the C-terminus, while ZKV .. has the low-affinity
sequence VKQSLL (K4 = 100 uM). For wild-type Hck, arrows
indicate intramolecular autoinhibitory interactions, and for PDZ-
kinases, arrows indicate predicted interactions. The dashed lines in
ZKV e denote a weaker affinity interaction between the PDZ
domain and the C-terminal PDZ ligand.

intramolecular interaction between PDZ and ligand to occur.
In construct 3ZKV, the SH3 domain was retained, while the
SH2—pY527 interaction was replaced by the nonnative PDZ—
ligand pair. Because 3ZKV contained the polyproline linker
sequence of WT Hck between the PDZ and catalytic domains,
this kinase potentially has two autoinhibitory interactions, one
natural (via the SH3 domain) and one artificial (via the PDZ
domain). We also generated the control construct KV, which
possesses a kinase domain and C-terminal PDZ ligand sequence
but lacks the PDZ domain (Figure 1). All kinase constructs
contained an N-terminal FLAG tag, and as a consequence they
lacked the normal SFK N-terminal fatty acylation motif. Thus,
the targeting signal for membrane-associated substrates was also
removed in the PDZ-kinases.

PDZ Domain Redirects Specificity of Hck. We first tested
whether the presence of the PDZ domain altered Hck substrate
specificity. To examine phosphorylation of cellular proteins, we
expressed the PDZ-kinases ZK Vone and ZK in Src/Yes/Fyn
triple-knockout (SYF) cells (23) and measured global tyrosine
phosphorylation by antiphosphotyrosine immunoblotting of
lysates. The pattern of cellular phosphoproteins was markedly
different when the PDZ domain was attached to the catalytic
domain, as compared to WT Hck or the KV control (Figure 2).
A smaller number of proteins are phosphorylated by the KV
control than the PDZ-containing kinases ZK Vo, and ZK,
consistent with the role of associated domains in directing SFK
substrate recognition. We also compared the PDZ-containing
kinases to an activated (tail tyrosine mutated) form of Hck
(Supplemental Figure 1, Supporting Information). Some cellular
proteins appeared to be phosphorylated both by YF-Hck and the
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FIGURE 2: PDZ domain redirects specificity of the kinase. SYF cells
were transiently transfected with wild-type Hck or the PDZ-kinases.
The cells were harvested 40 h post-transfection, and whole cell lysates
(50 ug) were separated on a 10% SDS—PAGE and transferred onto
PVDF membranes. The membrane was probed with anti-pTyr anti-
body, 4G10. To measure expression, the membrane was probed with
anti-Flag antibody. The larger band in the KV lane is a nonspecific
band present in anti-FLAG immunoblots. Anti-tubulin blotting was
performed as a loading control.

PDZ-kinases, but there were clear differences in the lower
molecular weight range. The data suggest that the PDZ domain
retargeted Hck to an alternative group of substrates. We also
observed that the ZKVgyone and 3ZKV constructs, which
possessed C-terminal PDZ ligands, were less active than the
ZK construct lacking the ligand (Figure 2 and Supplemental
Figure 1, Supporting Information), raising the possibility that the
engineered PDZ—ligand interaction was functioning to repress
kinase activity (see below).

Syntrophin PDZ Domain Directs Phosphorylation of
nNOS. One known binding partner of the syntrophin PDZ
domain is the PDZ domain of nNOS; the two domains hetero-
dimerize in a linear head-to-tail interaction (24). To test whether
the substrate specificity of the PDZ-Hck constructs mirrored the
specificity of the associated PDZ domain, we expressed the PDZ-
kinases along with nNOS in SYF cells and immunoprecipitated
nNOS, and examined its phosphorylation using anti-pTyr Wes-
tern blotting. All kinase constructs containing a PDZ domain
promoted nNOS phosphorylation, while the kinase domain
alone (KV) did not (Figure 3), although KV was catalytically
active (Figure 2). We found that WT Hck phosphorylates nNOS
(Supplemental Figure 2, Supporting Information), presumably
due to an interaction with the SH2 or N-terminal unique domain,
which are missing in the PDZ-kinases. In the context of the
engineered kinases, recognition of nNOS is strictly dependent on
the presence of the associated PDZ domain.

Autoregulation of PDZ-Kinases. Next, we tested for
inhibition of kinase activity by the PDZ—ligand interaction.
We immunoprecipitated PDZ-kinases from SYF cell lysates and
probed for autophosphorylation on the activation loop (pY416)
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FIGURE 3: Syntrophin PDZ domain directs phosphorylation of
nNOS. SYF cells were transiently transfected with the PDZ-kinases
along with HA-tagged nNOS PDZ domain. The cells were harvested
40 h post-transfection and lysates were subjected to immunoprecipi-
tation using anti-HA antibody. The immunoprecipitates were sepa-
rated by 10% SDS—PAGE, and Western blotting was carried out
with anti-pTyr antibody. The membrane were stripped and reprobed
with anti-HA antibody to ensure equivalent nNOS PDZ immuno-
precipitation. The intensity of the pTyr signal was quantified relative
to ZK Virong, after normalization to the nNOS signal. Kinase expres-
sion was measured in whole cell lysates using anti-Flag antibody.
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FIGURE 4: Activation state of the PDZ-kinases. SYF cells were
transiently transfected with empty vector, ZKVyong, ZKVyeak,
ZK, WT Hck, or 3ZKV. Cells were harvested 40 h post transfection
and immunoprecipitation reactions were carried out with anti-
Flag antibody. Immunoprecipitates were separated on a 10%
SDS—PAGE and transferred onto a PVDF membrane. The mem-
brane was probed with anti-pTyr416 antibody and with anti-
Flag antibody. In the anti-Flag blot, a nonspecific band that
comigrated with ZK Vi ong, ZKVyear, and ZK was present in all
lanes; this band was consistently observed in anti-Flag blots of SYF
cell lysates.

as a measure of kinase activity. Construct ZK (lacking a C-
terminal PDZ ligand) displayed strong activity, and ZKV e
was comparable to ZK (Figure 4). ZKV0n, and 3ZKV, with
high-affinity PDZ ligands at the C-terminus, were inhibited
relative to ZK. Thus, the degree of regulation correlated
with the strength of the autoinhibitory interaction. The auto-
phosphorylation of 3ZKV was comparable to WT Hck
(Figure 4), suggesting that transplantation of the PDZ ligand
can yield a kinase with similar autoregulatory properties as
WT Hck.

PDZ-Kinase Leads to Phosphorylation of Engineered Cas.
Next, we tested whether the PDZ-kinases could be directed
toward Cas, a known SFK substrate. Cas is a large, multidomain
scaffolding protein that resides in focal adhesions. Cas undergoes
rapid phosphorylation following mitogenic stimulation and in
response to fibronectin attachment via integrin receptors (23, 26).
Phosphorylation of Cas plays a critical role in cell adhesion,
migration, and proliferation. Cas contains a C-terminal Src
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FIGURE 5: Reengineered Cas is phosphorylated by PDZ-kinase.
(A) A schematic diagram depicting the domain architecture of
wild-type Cas and a mutant Cas construct containing a PDZ ligand.
The domains of Cas include the SH3 domain, the substrate region
with 15 potential tyrosine phosphorylation sites, and the Src binding
sequence (SBS). The SBS has a polyproline rich region for Src SH3
domain binding and a tyrosine (Y 668) which, when phosphorylated,
binds to the Src SH2 domain. In Cas-VKESLV-PPX, the PDZ ligand
sequence VKESLV was added to the C-terminus of Cas, and the
polyproline region was mutated in order to block interactions with
endogenous SFKs. (B) Cas™/™ cells were transiently cotransfected
with the kinases and Cas-VKESLV-PPX. The cells were harvested
40 h post-transfection and lysates were subjected to immunoprecipi-
tation using anti-Cas antibody. The immunoprecipitates were sepa-
rated on a 7.5% SDS—PAGE and immunoblotted with anti-pTyr
antibody 4G10. The same membrane was stripped and reprobed with
anti-Cas antibody to ensure equivalent Cas pull-down. The intensity
of the pTyr signal was quantified relative to WT Hck, after normal-
ization to the anti-Cas signal. Kinase expression was assessed by anti-
Flag Western blotting of cell lysates.

binding site (SBS) with ligands for the SH2 and SH3 domains
of Src (27, 28). We added the PDZ ligand VKESLV to the
C-terminus of Cas and mutated the SH3 ligand sequence of Cas,
which is the most important feature of Src binding (29). The
mutated SH3 ligand is designated PPX. We coexpressed Cas-
VKESLV-PPX and the PDZ-kinases in Cas ™/~ cells (cells lacking
endogenous Cas) and immunoprecipitated Cas-VKESLV-PPX
from the lysates. Constructs containing a PDZ domain target
Cas-VKESLV-PPX for phosphorylation, while the kinase do-
main alone (KV) does not (Figure 5). Thus, PDZ-mediated
targeting can position the catalytic domain for phosphorylation
of a substrate that is usually driven by SH3/SH2 interactions.
Wild-type Hck phosphorylated Cas-VKESLV-PPX weakly,
probably due to residual binding between the SH2 domain of
Hck and Y668 in the Src binding sequence of Cas-VKESLV-
PPX. The order of activity of the synthetic constructs toward
Cas-VKESLV-PPX (ZK > ZKVyeak > ZKVrone > 3ZKV) is
consistent with the existence of autoregulatory properties in the
constructs.

Reengineered Cas and PDZ-Kinase Restore Migration
Defect. Cas™ '~ cells are defective in cell migration (25, 26, 30).
Expression of SFKs alone in these cells is not sufficient to
overcome this defect (31, 32). We tested whether the synthetic
connection between Cas-VKESLV-PPX and PDZ-kinase could
restore migration signaling in these cells. Coexpression of Cas-
VKESLV-PPX and PDZ-kinase (ZK), but not wild-type Hck,



10960  Biochemistry, Vol. 48, No. 46, 2009

17.5=

15 =

§ 125=
[

2  10=
IS

§ 75+
=4
()

o 5 -

25=

0 -

Cas KO - Hck ZK - Hck ZK

cells

+ Cas-VKESLV-PPX + Cas-VKESLV

FIGURE 6: PDZ-kinase and reengineered Cas restore migration defect
of Cas-deficient cells. Migration assays on Cas '~ cells expressing
the indicated constructs were carried out in a 96-well transwell
migration assay chamber. Expression of kinases and Cas variants
was confirmed by Western blotting (Supplemental Figure 4, Sup-
porting Information). Migration experiments were also carried out
with Cas-VKESLYV, a Cas construct that contains a Src binding
sequence with an intact polyproline sequence plus the PDZ ligand at
the C-terminus.

potentiated cell migration (Figure 6). Cas-VKESLV-PPX alone
gave some migration activity, probably due to its phosphorylation
via SH2 ligand binding by endogenous SFKs present in Cas™/~
cells (Figure 6). The migration activity for ZK plus Cas-VKESLV-
PPX was comparable to the activity of WT Hck plus a form of
Cas with an intact polyproline sequence (Cas-VKESLV, Figure 6).
We confirmed these findings by wound healing assays of Cas ™/~
cells alone (Video 1) or expressing ZK and Cas-VKESLV-PPX
(Video 2). The activity of ZK was also higher than an activated
mutant of Hek (YF-Hck), in which the inhibitory tyrosine at the
C-terminus was mutated to Phe (Supplemental Figure 3, Sup-
porting Information). These results show that a functional
connection between SFKs and Cas can be produced using non-
native interactions. The results are consistent with a previous
study in which Src was targeted to Cas when the two proteins
were fused to amphipathic helices that dimerized to form a coiled-
coil (33).

PDZ-Hck and Engineered ErbB2 Restores MAPK Sig-
naling. To test the generality of these observations, we studied
PDZ-driven substrate targeting in another system. Autopho-
sphorylation of the RTK ErbB2 leads to the recruitment of SFKs
to form a signaling complex. SFKs then phosphorylate Y877 in
the activation loop of ErbB2, which creates a binding site for
Grb2 and promotes downstream Ras-MAPK signaling (34). We
eliminated the normal mode of SFK binding by producing a
kinase-dead form of ErbB2. We placed a PDZ ligand (VKESLYV)
at the C-terminus of kinase-dead ErbB2 (Figure 7A). We co-
expressed Kd-ErbB2-VKESLV and PDZ-kinase (ZK) in COS7
cells, immunoprecipitated Kd-ErbB2-VKESLV, and examined
phosphorylation of Tyr877 by Western blotting. Whereas WT
Hck was unable to phosphorylate Y877 of Kd-ErbB2-VSELV,
the PDZ-kinase promoted phosphorylation (Figure 7). Coex-
pression of Kd-ErbB2-VKESLV and PDZ-kinase also led to
an increase in MAPK (Erk) phosphorylation, while the phos-
phorylation of Erk in cells expressing Kd-ErbB2-VKESLV
alone or Kd-ErbB2-VKESLV plus Hck was comparable to
COS7 cells (Figure 7). The results point to the flexibility of the
targeting function in the associated domains of SFKs and show
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FIGURE 7: Rewiring of Ras-MAPK signaling. (A) Model for rewired
signaling via engineered ErbB2 and PDZ-kinase. Wild-type ErbB2
autophosphorylates sites in the C-terminus, leading to recruitment of
Src. Src phosphorylates Y877 of ErbB2, recruiting the Grb2/Sos
complex and promoting downstream Ras/MAPK signaling. Kd-
ErbB2-VKESLYV is not phosphorylated on the C-terminus, but
PDZ-kinase binds to the PDZ ligand and phosphorylates Y877.
Gray circles represent unphosphorylated tyrosines, and red circles
represent phosphorylated sites. (B) COS7 cells were transiently
transfected with ZK or Hck in the presence or absence of
Kd-ErbB2-VKESLV. The cells were harvested 40 h post-transfection
and lysates were subjected to immunoprecipitation using anti-ErbB2
antibody. The immunoprecipitates were separated by 10%
SDS—PAGE and Western blotting was carried out with anti-
pTyr877 antibody. Gel quantification is given below the pY877 blot.
The membranes were stripped and reprobed with anti-ErbB2 anti-
body to ensure equivalent ErbB2 immunoprecipitation. (C) COS7
cell lysates were separated by 10% SDS—PAGE and probed
with anti-pErk and anti-Erk antibodies. Gel quantification is
given below the pErk blot. Expression of ErbB2 and kinases was
assessed by Western blotting (Supplemental Figure 5, Supporting
Information).

that cell signaling can be rewired by engineering protein—protein
interactions.

DISCUSSION

Extensive domain shuffling occurred during the course
of evolution of metazoans. This is readily apparent from
the structures of modern signaling proteins, which are con-
structed with a modular architecture that makes them highly
evolvable. The prevalence of domain shuffling is also apparent in
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choanoflagellates, unicellular organisms that are closely related
to metazoans. The genome of the choanoflagellate Monosiga
brevicollis contains a number of signaling proteins with domain
combinations not found in higher eukaryotes (10, 35, 36).

During the course of evolution, it appears that there has been a
gradual separation of catalytic and targeting functions in signal-
ing enzymes (37). Many metabolic enzymes (e.g., phosphofruc-
tokinase and hexokinase) have catalytic and regulatory functions
integrated in the same domain (38). Eukaryotic Ser/Thr kinases
such as PDK 1 and MAP kinases possess substrate docking sites
in the catalytic domain (39—42). In tyrosine kinases, which arose
more recently, the catalytic and specificity-determining modules
are separated into independently folding domains. This arrange-
ment makes tyrosine kinases more flexible in terms of evolution,
and a variety of domain combinations are found in the families of
tyrosine kinases (43—45). Adaptor and scaffolding proteins are
among the most recently evolved signaling proteins, indicative of
a complete separation of the targeting and catalytic functions on
different polypeptides (7, 46).

The modular design of SFKs is crucial for substrate recogni-
tion, but it has an additional functional consequence: the SH3
and SH2 domains participate in autoinhibitory interactions that
allow SFKs to act as complex switches (5, 6). The need to
maintain the repressed state of SFKs has been fine-tuned through
evolution for cell survival. In this study, we tested whether new
functionality could be imparted to such a complex switch by
replacing the conserved domains. We replaced the regulatory
apparatus of a SFK with a heterologous PDZ domain and PDZ-
binding ligand, and tested effects on substrate targeting and
regulation.

We observed clear changes in the substrate specificity of the
PDZ-kinases, with the PDZ domain acting as the dominant
element in substrate recognition (Figures 2, 3, and 5). The
phosphorylation of Cas-VKESLV by the PDZ-kinases was
compatible with the normal cellular function of Cas in promoting
migration (Figure 6). Thus, the normal connections in this
signaling pathway can be replaced by heterologous connections.
This result is comparable to earlier studies in which Src was
retargeted to Cas using a coiled-coil dimerization strategy (33).
We also show that the PDZ-kinase can be targeted to ErbB2-
VKESLV and that phosphorylation occurs in a manner that
enables downstream Ras-MAPK signaling (Figure 7). These
findings are consistent with the role of domain shuffling in
establishing new connectivities in signaling; these connectivities
can be exploited experimentally. For example, using a chimeric
adaptor protein consisting of the SH2 domain of Grb2 fused to
the death effector domain of Fadd, normally proliferative EGFR
signaling was redirected to trigger cell death (47).

Our results also suggest that it is possible to engineer a novel
mode of allosteric regulation in a SFK. PDZ and SH2 domains
are similar in size and shape, and the preference for PDZ domains
binding to protein C-termini suggested that the natural interac-
tion between the SH2 domain and pY-containing tail might be
functionally replaced by a PDZ C-terminal tail interaction.
Indeed, construct ZK Vo had lower activity than ZK, which
lacks the PDZ ligand (Figures 2—5). Construct ZKV ar, with a
low-affinity tail, showed higher levels of activity than ZK Vi one.
Although the repression is not as tight as that observed for
natural SFKs, these results are consistent with studies on a
SFK with a high-affinity SH2 ligand (pYEEI) engineered in
the C-terminus; this SFK is more difficult to activate by SH2
ligands than wild-type SFKs, which possess a low-affinity tail
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sequence (/6). The highest level of repression was observed in
3ZKV, which has two possible modes of regulation; in fact, its
autoinhibition (as measured by autophosphorylation and Cas
phosphorylation) is comparable to that observed for the SFK
Hck (Figures 4 and 5). Our results suggest that novel signaling
kinases with engineered targeting and regulation might be
created. From an engineering standpoint, it appears to be more
difficult to create intramolecular interactions which repress
catalytic activity than interactions which regulate substrate
access. In the latter case, the positioning of the interacting
partners on the kinase is more flexible, while relatively precise
interdomain interactions are necessary for autoinhibition.

Our studies shed light on how the substrate targeting and
regulatory functions in modular signaling proteins might have
evolved. Construct ZK, the most basic PDZ-kinase, could be
viewed as a model for an early intermediate in SFK evolution.
The altered substrate specificity of ZK (Figures 2—5) suggests
that substrate targeting may have evolved first as a function of
the accessory domains in tyrosine kinases. ZKVy, and
ZKVirong Would represent successive stages in the development
of allosteric control. Because these constructs lack the specific
interdomain contacts observed in c-Src, they do not possess all of
Src’s regulatory properties (e.g., phosphodependent regulation,
cooperativity). Further evolutionary fine-tuning would then be
necessary to develop the mature allosteric regulation observed in
modern SFKs. Consistent with this, a recent study from our
laboratory on choanoflagellate SFKs shows that even though
M. brevicollis Src is phosphorylated at the C-terminus regulatory
Y527 by Csk, the regulation observed in mammalian SFKs has
not yet evolved in this organism (/7).
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