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Vascular endothelial growth factor (VEGF) is one of
the major angiogenesis regulators. It binds to its ty-
rosine kinase receptors, KDR and FIt-1. However, little
is known about their downstream signal transduction
properties. We screened human brain cDNA library
using the yeast two-hybrid system with the KDR cyto-
plasmic region as bait to find KDR binding proteins.
After 6.2 x 10° clones were screened, we identified Sck,
one of the Shc homologues, as a KDR binding protein.
Sck also binds to FIt-1 and their binding is dependent
on the kinase activities of KDR and FIt-1. Extensive
site-directed mutagenesis of KDR revealed that Y1175
of KDR is a major binding site for Sck. As Sck contains
the SH2 domain and PTB domain, we tested whether
they bind to KDR and FIt-1. The SH2 domain of Sck
binds to both of them. Deletion of the SH2 domain
from Sck resulted in the complete loss of binding. On
the other hand, the PTB domain of Sck does not bind
to KDR and FlIt-1. These results indicate that Sck binds
to KDR and FIt-1 via its SH2 domain and might play an
important role in VEGF signal transduction. o 199
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Vascular endothelial growth factor (VEGF), one of
the major angiogenic factors, has two endothelial spe-
cific receptor tyrosine kinases, designated KDR and
FIt-1 (1). It stimulates various responses in endothelial
cells, for example, mitogenesis (2), chemotaxis (3), gene
expressions [e.g., heparin-binding epidermal growth
factor (4), COX-1 (5, 6) and the alphal and alpha2
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Abbreviations used: Sck, Shc-like; KDR, kinase insert domain-
containing receptor; Flt-1, fms-like tyrosine kinase-1; SH2, src ho-
mology domain 2; PTB, phosphotyrosine-binding domain; CH, colla-
gen homology domain; PLCy, phospholipase C gamma; PI3K,
phosphatidyl inositol 3-kinase; Grb2, growth factor binding protein
2; SHP-2, src homology 2 phosphatase 2; GAP, GTP-ase activating
protein; PAEC, porcine aortic endothelial cell; HUVEC, human um-
bilical vein endothelial cell; EGF, epidermal growth factor; EGFR
epidermal growth factor receptor; MAPK, mitogen activated protein
kinase.

subunits of integrins (7)], reorganization of actin stress
fiber, activation of FAK (8), disorganization of junc-
tional proteins (9) and VE-cadherin tyrosine phosphor-
ylation (10). Various intracellular signals correspond-
ing to these cellular responses are initiated from KDR
and FIt-1, however, the understanding of these signals
are not enough. Immunological studies suggested that
PI3K p85, PLCvy, Nck and GAP bind to both KDR and
FIt-1 in bovine aortic endothelial cells upon VEGF
stimulation (11). Using the baculovirus expressed Flt-1
as a probe, PLCvy has been shown to bind to the phos-
phorylated Y1169 of FIt-1 (12). The yeast two hybrid
analysis revealed that both N- and C-SH2 domains of
PI3K p85 bind to Y1213 of FIt-1 (13) and N- but C-SH2
domain of PLCy binds to Y794 and Y1169 of Flt-1 and
Y801 and Y1175 of KDR (14). Shc, Grb2 and tyrosine
phosphatase SHP-2 have been shown to form a com-
plex with KDR in KDR-overexpressing porcine aortic
endothelial cells in a VEGF-dependent manner (15).
Recently, we reported that Nck binds to Y1213 and
Y1333 of FIt-1 and SHP-2 binds to Y1213 of FIt-1 (16).

To find KDR binding proteins, we screened human
brain cDNA library using the yeast two hybrid system
with KDR cytoplasmic domain as a bait. In this paper,
we report that Sck, one of Shc homologues, binds to
both KDR and FIt-1 in their tyrosine kinase dependent
manner.

MATERIALS AND METHODS

Yeast two hybrid system screen. Yeast two-hybrid plasmid pGBT9
containing the cytoplasmic region of KDR (790-1356 amino acids)
(KDR/pGBT9) (16)was used as a bait. A human brain cDNA library
constructed in prey plasmid pACT2 pretransformed into the yeast
strain Y187 (MATq, ura3-52, his3-200, ade2-101, trp1-901, leu2-3, 112,
galdA, gal80A, met™, URA3::GAL1 as-GAL 1 p1a-1acZ ) was purchased
from CLONTECH. The screening was performed as described in the
manufacturer’s instructions. Briefly, the yeast PJ69-2A (MATa, trpl-
901, leu2-3, 112, ura3-52, his3-200, gal4A, gal80A, LYS2:GAL1 s
GALLl;ara-HIS3, GAL2,os-GAL211A-ADE2) transformed with KDR/
pGBT9 was mated with the yeast Y187 pretransformed with the li-
brary. The resulted diploids were selected as the colonies growing
without adenine and histidine. The B-galactosidase activities of these
colonies were assayed and the colonies showing the positive activities
were selected. The library plasmids were isolated from the selected
colonies and re-introduced into the yeast Y187 to confirm the interac-

0006-291X/98 $25.00
Copyright © 1998 by Academic Press
All rights of reproduction in any form reserved.



Vol. 251, No. 1, 1998

tion with KDR cytoplasmic region. The positive clone cDNAs were
partially sequenced.

Construction of Sck mutants. Partial Sck cDNA was isolated by
using the Rapid-Screen cDNA Library Panel human fetal brain
(OriGene). Briefly, master 96 well plate was PCR-screened with the
primer pair, Sck/SH2/FW (TTCCCTTGGAGGACCACTGG) and Sck/
SH2/RV (AGGCGAAATGGTTCCGTCTTTGG). Nine subplates cor-
responding to the wells showing the positive amplification were
re-PCR-screened with the same primer pair. The E. coli cells in the
positive wells were isolated and PCR-screened with the same primer
pair. The resulted candidate clones were sequenced and the clone
(8B6A5) containing the PTB domain was isolated.

The Sck constructs used here were PCR amplified and subcloned
into the prey vector pACT2. Primer pairs were: sense 5'-
GGAATTCGATTCATCCGGAAGGGCAGCTTCATCC-3', antisense
5'-CCGCTCGAGTCAGGGCTCCCGTGAGACCACG-3’ for the plas-
mid containing PTB, CH and SH2 domains (Sck PTB-CH-SH2).
sense 5-GGAATTCGATTCATCCGGAAGGGCAGCTTCATCC-3', anti-
sense 5-CCGCTCGAGCGGGATGCTGTTGTAGTAATTGTG-3' for
the plasmid containing PTB domain (Sck PTB). sense 5'-GAA-
GATCTTTCCCTTGGAGGACCAGTGG-3', antisense 5'-CCGCTC-
GAGGCGAAATGGTTCCGTCTTTGG-3' for the plasmid containing
SH2 domain (Sck SH2). For the plasmid containing PTB and CH but
SH2 domains (Sck PTB-CH), the plasmid Sck PTB-CH-SH2 was
digested with Pvull and Xhol. The fragment containing the vector
sequence was blunt ended and ligated.

Construction of Flt-1 and KDR mutants. Site-directed mutagen-
esis of FIt-1 and the primers used were described previously (16). The
triple mutant of Flt-1 (Y1309F, Y1327F and Y1333F) were con-
structed using the Chameleon double-stranded site-directed mu-
tagenesis kit (Stratagene) with three primers, Y1309F, Y1327F, and
Y1333F, as described in the manufacturer’s instructions. Site-
directed mutagenesis of KDR was carried out using the same kit. The
sequences of mutating primers were as follows: Y801F, AACTGAA-
GACAGGCTTCTTGTCCATCGTCATGG; Y822F, GTGAACGACTG-
CCTTTTGATGCCAGCAA; K868A, GGACAGTAGCAGTCGCAATG-
TTGAAAGAAGG; Y951F, AGGGAAAGACTTCGTTGGAGCAATCC;
Y996F, CCTGAAGATCTGTTTAAGGACTTCCTGACC; Y1175F,
GGATGGCAAAGACTTCATTGTTCTTCCG; Y1319F, CAGACAC-
CACCGTGTTCTCCAGTGAGGAAGC.

B-Galactosidase assay. The filter assay was performed according
to the method of Bartel et al. (17) and described previously (16).

RT-PCR analysis. cells (5 X 10°) of HUVECs [primary culture,
passage number 3 (KURABOU)] grown in HuMedia-EG2
(KURABOU) were used as the origin of mMRNAs. mRNAs were puri-
fied using the mRNA capture kit (ROCHE MOLECULAR BIO-
CHEMICALS). RT-PCR was performed using Titan one tube RT-
PCR system (ROCHE MOLECULAR BIOCHEMICALS) with either

clone No. 2#7
PTB-CH-SH2
PTB-CH

PTB

SH2

FIG. 1. Structural representation of wild type and mutant Sck.
The PTB and SH2 domains are indicated by shaded boxes. The
segments of the clones analyzed in this study are indicated by bars.
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FIG. 2. Expression of Sck mRNA in HUVEC. mRNA purified
from 5 X 10° HUVECs grown in growth media were subjected to the
RT-PCR using the primer pairs for Sck (lane 2) and B-actin (lane 3).
One hundred base pair DNA size markers were loaded at both sides
(lanes 1 and 4). Similar results were obtained in three different
experiments.

the Sck specific primer pair, Sck/P/F4 (AGAGCAACCTTCGCTTT-
GCC) and Sck/P/B9 (AGGGTCGCATGTCAAACAGATC) or the
human B-actin specific primer pair, B-AC/FW (CCAAGGCCAAC-
CGCGAGAAGATGAC) and B-AC/RV (AGGGTACATGGTGGTGCC-
GCCAGAC). All procedures were followed as described in the man-
ufacturer’s instructions.

RESULTS AND DISCUSSION

Identification of Sck as a binding protein of KDR.
We screened human brain ¢cDNA library using the
yeast two hybrid system with KDR cytoplasmic region
as a bait. As a screening method, we utilized the selec-
tion of the diploids growing without adenine and his-
tidine resulted from the mating the yeast PJ69-2A
expressing KDR with the yeast Y187 expressing the
library. The yeast PJ69-2A has the two reporter genes,
ADE?2 and HIS3, therefore, the yeasts having a cDNA
for KDR binding proteins are able to grow without
adenine and histidine. As a result of two rounds of
screening, we obtained 50 colonies growing without
adenine and histidine among calculated 6.2 X 10° dip-
loids. In order to remove false positives, we assayed the
B-galactosidase activity of these 50 colonies with the
filter assay and selected 48 colonies showing the posi-
tive B-galactosidase activity. After isolating plasmids
derived from cDNA library from these yeasts, we co-
transformed these plasmids and KDR/pGBT9 into the
yeast Y187. We assayed the p-galactosidase activity of
the transformants and selected 38 plasmid clones. Fi-
nally, in order to remove the clones binding to the DNA
binding region of Gal4 protein, we co-transformed
these 38 plasmids and pGBT?9 into the yeast Y187 and
assayed the B-galactosidase activity of the transfor-
mants, but none of them showed the positive
B-galactosidase activity. Therefore, we selected these
38 plasmid clones as candidates for cDNAs of KDR
binding proteins. We determined the partial DNA se-
guences of them and searched for the cDNAs having
homology to them. Among these, we found the frag-
ment of Sck gene (clone number 2#7), one of Shc ho-
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FIG. 3. Sck binds to KDR and FIlt-1 via its SH2 domain. The baits are the cytoplasmic regions of wild-type and kinase mutant of KDR
(A) or FIt-1 (B) introduced into pGBT9. The preys were the mutants of Sck introduced into pACT2. The bait and prey plasmids were
cotransformed into the yeast reporter strain Y187. Liquid assay of B-galactosidase activities of the transformants were assayed using
chemiluminescent Galacton Star as a substrate. Values represent the mean = SD of triplicate determinations expressed in relative light

units divided by reaction time (60 min) and optical density.

mologues. This fragment contained from 616 to 2356 of
the partial sequence of Sck described by Nakamura et
al. (18) (Fig. 1). The analysis of PAEC overexpressing
KDR revealed that Shc forms a complex with KDR in a
VEGF stimulation dependent manner and becomes
phosphorylated on its tyrosine residues (19). These
data suggest that Sck might also play in KDR signal
transduction in endothelial cells through the binding to
KDR. Therefore, we picked up Sck as worth analyzing
in detail.

Among other clones, there are 12 clones (clone num-
ber 1#7, 1#10, 1#11, 1#13, 1#35, 2#1, 2#2, 2#8, 2#10,
2#13, 2#14, 2#19) that are highly homologous to PI3K
p85. Previously, we could not detect the binding of the
N- and C-SH2 domains of PI3K p85 to KDR by the
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yeast two hybrid analysis (16). This discrepancy might
be due to the difference of the expression level of PI3K
p85. We used the low-level expression vector pGAD424
in the previous report, on the other hand, we used the
high-level expression vector pACT2 in the screening.
PI3K p85 has been shown to bind to FIt-1 cytoplasmic
region by the yeast two hybrid analysis (13). It is also
shown that PI3K p85 forms a complex with KDR and
FIt-1 in BAEC upon VEGF stimulation (11). The result
that PI3K p85 was selected through the screening with
KDR cytoplasmic region as a bait suggests that PI3K
p85 might play some roles in VEGF signal transduc-
tion through the binding to KDR as well as FIt-1.
However, it is also shown that VEGF stimulation in
endothelial cells failed to activate the PI3K enzymatic
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FIG. 4. Schematics of KDR and Flt-1 cytoplasmic regions. Figure points out mutated tyrosine residues in this study (upper: KDR, lower:

FIt-1). TM; transmembrane, KI; kinase insert, TK; tyrosine kinase.

activity (8). Therefore, further analysis will be required
to reveal the roles of PI3K p85 in VEGF signal trans-
duction. The remaining 25 clones are now under inves-
tigation.

Expression of Sck in HUVEC. If Sck plays some
roles in VEGF signal transduction, the expression of
Sck in endothelial cells must be confirmed. It has been
shown that Sck is expressed mainly in human liver,
pancreas and prostate (18). However, the expression of
Sck in endothelial cells has not been confirmed so far.
Therefore, we performed RT-PCR analysis with the
specific primers to Sck (corresponding to 509-1189 of
ABO001451) to confirm the expression of Sck mRNA in
endothelial cells. We purified mRNA from human um-
bilical vein endothelial cell (HUVEC) and used it for
the template. The result shown in Fig. 2 revealed the
band with the expected length, i.e., 681 bp, was ampli-
fied with the Sck specific primer. This result indicates
that Sck is indeed expressed in endothelial cells.

Sck interacts with both KDR and Flt-1 and their
interaction is kinase-dependent. We tested whether
Sck binds to KDR and FIt-1. Using the plasmid FIt-1/
pGBT9 to express Flt-1 cytoplasmic region as a bait, we
assayed the B-galactosidase activity of each transfor-
mant. As shown in Fig. 3, Sck bound to Flt-1 as well as
to KDR. Next, we examined whether these bindings
are dependent on the tyrosine kinase activities of KDR
and FIt-1 using the mutants lost their kinase activities.
As shown in Fig. 3, the binding of them was completely
dependent on their kinase activities. These results sug-
gest that Sck binds to the phosphorylated tyrosine
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residues of KDR and FIt-1 upon the activation of KDR
and FIt-1 in endothelial cells.

Essential domain of Sck for the binding to KDR and
FIt-1 is its SH2 domain but not its PTB domain.
There are three domains in Sck protein, i.e., PTB do-
main (amino acid number 54-238), CH domain (239—
393) and SH2 domain (394-487) (18). Among these
three domains, PTB domain and SH2 domain might be
responsible for the binding to the phosphorylated ty-
rosine residues of KDR and FIt-1. The partial clone of
Sck obtained by the screening has C terminal half of
PTB domain and full SH2 domain. This suggests that
SH2 domain binds to KDR and FIt-1. In order to con-
struct the prey plasmid expressing various region of
Sck, we obtained a cDNA of Sck containing the full
length of PTB domain (193-2356) from human brain
cDNA library and used it as a template. We first in-
vestigated whether SH2 domain of Sck can bind to
KDR and FIt-1. B-galactosidase activity of each trans-
formant was quantified using Galacton-Star as a sub-
strate. As shown in Fig. 4, SH2 domain can certainly
bind to both of them. Next, we examined whether PTB
domain van bind to KDR and FIt-1. As a result, PTB
domain could not bind to both of them. In addition, the
clone containing full PTB domain and SH2 domain
binds to both of them and the clone containing full PTB
domain but not SH2 domain could not bind to them.
From these results, we concluded that SH2 domain of
Sck is an essential region for the binding to KDR.

Unexpectedly, the p-galactosidase activities of the
transformants having Sck PTB-CH-SH2 were much
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FIG. 5. Sck SH2 binds to Y1175 of KDR. The prey Sck SH2 plasmid was co-transformed with the mutants of KDR into yeast Y187. The
B-galactosidase activities of the resulted transformants were assayed using chemiluminescent Galacton Star as a substrate. Values represent
the mean =+ SD of triplicate determinations expressed in relative light units divided by reaction time (60 min) and optical density.

higher than those of other transformants. This sug-
gests that although PTB domain and CH domain are
not necessary for the binding to KDR and FIt-1, they
may stabilize the structure of SH2 domain and lead to
the firm binding. However, further study must be
needed to confirm this possibility.

Sck SH2 domain binds to Y1175 of KDR. To deter-
mine the tyrosine residues of KDR and Flt-1 responsi-
ble for Sck binding, we co-transformed the SH2 domain
of Sck and either KDR or FIt-1 mutant constructs
whose tyrosine residues were individually mutated to
phenylalanine (Fig. 5). B-galactosidase activity of each
transformant was quantified using Galacton-Star as
substrate. As shown in Fig. 5, the mutation of kinase
domain (K868A of KDR and K861A of FIt-1) causes
complete loss of the activity. Substitution of Y1175 of
KDR resulted in about 98% lowering of B-galactosidase
activity. However, substitution of tyrosine residues of
FIt-1 did not cause a significant lowering of
B-galactosidase activity. These results indicate that
Y1175 of KDR is responsible for the binding to Sck. We
further examined the effect of a triple mutant of Flt-1
(Y1309F, Y1327F, and Y1333F), however, it did not
lead to a significant lowering of B-galactosidase activity
(data not shown). There might be several tyrosine res-
idues of FIt-1 that are responsible for the binding to the
SH2 domain of Sck. Further analysis is required to
identify the responsible tyrosine residues of Flt-1.

In this paper, we reported Sck as a binding protein to
activated KDR and FIt-1. SH2 domain but PTB domain
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of Sck is responsible for the binding. We showed Y1175
of KDR is responsible for the binding of the SH2 do-
main of Sck to KDR, but we could not determine the
responsible tyrosine residues of Flt-1. The binding of
Sck to the activated EGFR has been reported, however,
the responsible tyrosine residues of EGFR are not de-
termined (18). So, this is the first time that the sur-
rounding amino acid sequence of the tyrosine residues
to which Sck binds is reported. The most important
guestion that we have to answer is how Sck plays in
VEGF signal transduction. Upon EGF stimulation, Sck
binds to EGFR and is phosphorylated on its tyrosine
residues and Grb2 binds to the phosphorylated Sck
(18). Therefore, Sck might play some roles in MAPK
activation as an adapter protein in EGF system, so
that it might also play some roles in VEGF system.
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