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Protein tyrosine kinases are key enzymes of mammalian signal
transduction. Substrate specificity is a fandamental property that
determines the specificity and fidelity of signaling by protein tyro-
sine kinases. However, how protein tyrosine kinases recognize the
protein substrates is not well understood. C-terminal Src kinase
(Csk) specifically phosphorylates Src family kinases on a C-terminal
Tyr residue, which down-regulates their activities. We have previ-
ously determined that Csk recognizes Src using a substrate-docking
site away from the active site. In the current study, we identified the
docking determinants in Src recognized by the Csk substrate-dock-
ing site and demonstrated an interaction between the docking
determinants of Src and the Csk substrate-docking site for this rec-
ognition. A similar mechanism was confirmed for Csk recognition
of another Src family kinase, Yes. Although both Csk and MAP
kinases used docking sites for substrate recognition, their docking
sites consisted of different substructures in the catalytic domain.
These results helped establish a docking-based substrate recogni-
tion mechanism for Csk. This model may provide a framework for
understanding substrate recognition and specificity of other pro-
tein tyrosine kinases.

The human genome contains ~500 genes for protein kinases, includ-
ing ~100 protein tyrosine kinases (PTKs)® (1). PTKs are important
mediators of signal transduction and key targets of anticancer drug
discovery (2). They mediate cellular signaling by responding to
upstream signals and phosphorylating protein substrates on Tyr resi-
dues. To send a regulatory signal to specific protein targets, each PTK
phosphorylates only one or a few protein substrates on specific tyrosine
residues. Thus, substrate specificity determines signaling specificity and
fidelity and distinguishes one PTK from another (3).

One of the best understood PTK regulatory systems is the regulation
of Src family protein tyrosine kinases (SFKs) by phosphorylation of a Tyr
on its C-terminal tail (4, 5). There are nine kinases in the Src family, and
each one contains, from the N to the C terminus, a myristoylation motif,
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a unique region, an SH3 domain, an SH2 domain, a catalytic domain,
and a regulatory C-terminal tail. The C-terminal tail contains a Tyr
residue (Tyr-527 in avian Src) for phosphorylation by the C-terminal
Src kinase (Csk) (6) and the Csk-homologous kinase (7). The phospho-
rylated tail Tyr binds to the SH2 domain intramolecularly (8, 9), which
leads to inactivation of SFKs (10). Ever since the PTK-substrate relation-
ship between Csk and Src families was established about 15 years ago,
how Csk specifically recognizes Src family kinases and phosphorylates
them on the C-terminal tail Tyr has been an intriguing question (11, 12).
This exemplifies the largely unanswered question of how PTKs recog-
nize protein substrates in general.

Although the Tyr residue for phosphorylation is located on the C-ter-
minal tail of SFKs, SFKs are ~50,000-fold better substrates than pep-

tides, mimicking the C-terminal tails (k_,/K,, ratio comparison) (13).

at
Mutagenic studies confirm that the C-terminal tail does not contain all
necessary determinants for Csk recognition (14). These findings suggest
that SFKs contain structural motifs located away from the C-terminal
tail that are recognized by Csk, and by extension, that Csk contains a
SFK recognition site away from the active site. These suggestions would
imply that remote docking interactions are a key component of Csk-Src
recognition. Since PTK substrate specificity can rarely be accounted for
by local amino acid sequences surrounding the phosphorylation site,
such a docking-based substrate recognition mechanism may apply to
many, if not all, PTKs.

We have recently (15) determined that the Csk catalytic domain con-
tains a substrate-docking site that is crucial for the recognition and
phosphorylation of Src. Four residues located in a region centered on
the a-helix D in the peptide-binding lobe are critical for Csk to bind to
and phosphorylate Src. Csk mutants carrying multiple mutations at
these positions are fully or nearly fully active toward a peptide substrate
but unable to bind to, phosphorylate, or regulate Src. Furthermore, a
peptide mimicking the sequence of the a-helix D inhibits Csk phospho-
rylation of Src with a 20-fold higher potency than Csk phosphorylation
of a peptide substrate. These results compellingly demonstrate that
these residues are key determinants of the Csk substrate-docking site for
specifically recognizing Src family kinases.

Building on this foundation, the current study identified key residues
in Src that are crucial for Csk recognition and examined their interac-
tions with the substrate-docking site of Csk. The results demonstrated a
docking-based mechanism for Csk-Src recognition. This finding should
facilitate our effort to understand PTK substrate recognition and spec-
ificity in general.

MATERIALS AND METHODS

Chemicals and Reagents—All reagents used for bacterial culture and
protein expression were purchased from Fisher. Chromatographic res-
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ins, glutathione-agarose, iminodiacetic acid-agarose, and Sephadex G25
were purchased from Sigma. DNA primers were synthesized by Inte-
grated DNA Technologies. [y-**P]ATP (6,000 Ci mol ') was purchased
from PerkinElmer Life Sciences.

Recombinant Protein Expression and Site-specific Mutagenesis—Wild
type human Csk was expressed in Escherichia coli (DH5a) using pGEX-
Csk-st plasmid (16). Site-specific mutants were generated using
QuikChange (Stratagene) and confirmed by DNA sequencing. The chicken
Src mutant devoid of kinase activity (kdSrc) was co-expressed with GroEL
and GroES chaperone in BL21(DE3) (14). Full-length human yes gene was
closed from a human fetal cDNA library (17) and inserted into the
PRSET-A plasmid for expression of a His,-Yes fusion protein. The fusion
protein was purified as described for kdSrc. Yes-TM was generated by
QuikChange. Protein concentration was determined by Bradford method
and A,g, in 6 M urea, and the purity was examined by SDS-PAGE and
Coomassie Blue staining.

Kinase Activity Assays—Kinase activity of Csk and mutants was
determined using polyE,Y or kdSrc as the substrate as described previ-
ously (15). Briefly, phosphorylation reactions were performed in 50-ul
volumes at 30 °C in the protein kinase assay buffer: 50 mm EPPS (pH 8.0)
containing 5% glycerol, 0.005% Triton X-100, and 0.05% 2-mercapto-
ethanol. The standard assay used 3 nM WT Csk, 12 mm MgCl,, 0.2 mMm
ATP ([y->*P]ATP, 1,000 dpm pmol '),and 1 mgml ™" polyE,Y or 10 um
kdSrc. After a 10-min reaction time, 35 ul of the reaction mixture was
spotted onto Whatman filter paper strips (2 X 1 cm), which were
washed in 5% trichloroacetic acid at 65 °C three times for 20 min each.
The radioactivity incorporated into polyE,Y or kdSrc was determined
by liquid scintillation counting. All assays were performed in duplicates
and at least three times with reproducible results.

To determine the catalytic parameters of Csk using kdSrc as a sub-
strate, 1-20 uMm kdSrc was used as the variable substrate. The assays
were performed as described above. The reaction minus Csk was used as
background controls. The background was under 2,000 cpm, whereas
the signals were in the range of 10,000 -100,000 cpm. The K, and k_,,
values were determined using double reciprocal plot.

Csk Inactivation of Yes—The ability of Csk to inactivate Yes and
Yes-TM was determined as described previously (18). Yes and Yes-TM
(250 ng) was incubated with Csk (3 nMm) in the presence of 0.1 mm ATP
and 12 mm MgCl, at 30 °C for 10 min. To determine Yes and Yes-TM
phosphorylation, [y->*P]JATP (10,000 dpm pmol ') was used in the
phosphorylation reaction, and a sample of 10 ul of the reaction mixture
was withdrawn at indicated times. The reaction was mixed right away
with SDS-PAGE sample buffer and heated at 90 °C for 10 min. The
proteins were fractionated by SDS-PAGE, and phosphorylation was
detected by autoradiography. To determine the effect of Csk phospho-
rylation on Yes kinase activity, non-radioactive ATP was used in the Csk
phosphorylation reaction. At different times, 10-ul aliquots were with-
drawn, and the Yes activity was determined using 0.4 mg/ml RCM-
lysozyme and [y-**P]JATP (1000 dpm pmol ). Since RCM-lysozyme
was preferentially phosphorylated by Yes, the residual Yes activity after
the initial incubation could be accurately determined without removing
Csk from the incubation. To minimize continued Csk phosphorylation
of Yes during the activity assay, the reactions were allowed to proceed
for 1 min. The reactions were stopped by spotting onto filter papers and
washing with 5% warm trichloroacetic acid. The phosphate incorpo-
rated into RCM-lysozyme was determined by liquid scintillation count-
ing. Similar reactions in the absence of Yes were carried out in parallel
and used as background.

8184 JOURNAL OF BIOLOGICAL CHEMISTRY

(GRS SH3 B SH2 § Cataiytic sl
CatakdSrc | Catalyiic sl
WM sH3 3 sH2 § Cataivic il
_ Y527
GST-Sre tail [ GsT }
& 5 % 2
B A < o C 3 < o
o 2§ 9 o, 2§ 9
& £ 6% &6 & & b
E 38 2o 282 O
- -
—
——
Protein stain Autoradiogram

FIGURE 1. Characterization of Src phosphorylation by Csk. A, deletion mutants of
kdSrc used to locate the recognition motifs in Src. KdSrc starts at Val-71, and cata-kdSrc
starts at 248. KdSrc-6A is identical to kdSrc except containing six mutations of E524A,
P525A, Q526A, Q528A, P529A, and G530A. GST-Src tail contains GST fused to the Src
C-terminal tail starting with Thr-521. B and C, phosphorylation of the kdSrc mutants by
Csk. The mutants (10 um) were incubated with Csk (36 nm) in 12.5 um kinase assay buffer
containing 20 um [y->2P]ATP (10,000 dpm pmol ") for 10 min. The proteins were frac-
tionated by SDS-PAGE and stained by Coomassie Blue (B), and the phosphorylation of
proteins was detected by autoradiography (C).

RESULTS

Analysis of Csk-Src Recognition Using a Kinase-defective Src
Mutant—A kinase-defective Src mutant (kdSrc, containing the
K295M mutation) is well expressed in bacteria (14), retains the spec-
ificity for phosphorylation by Csk on the C-terminal tail Tyr, and
does not autophosphorylate; thus, it serves as a faithful and conven-
ient substrate for kinetic and mutagenic analyses of Src recognition
by Csk (15). To characterize the recognition of Src by Csk, we gen-
erated several deletion or site-specific mutants of kdSrc and deter-
mined their phosphorylation by Csk (Fig. 1, A—C). Src contains an
SH3 and an SH2 domain in addition to the catalytic domain; how-
ever, the catalytic domain with the C-terminal tail (cata-kdSrc) is
still readily phosphorylated by Csk (k,/K,, ratio of 3.7 X 10° for
kdSrc versus 9.5 X 10° M~ ' s~ for the catalytic domain) (14) (also see
Fig. 1C). Thus, the Src SH3 and SH2 domains do not contain the
structural motifs recognized by Csk. To assess the relative contribu-
tion of local and remote docking interactions to Src-Csk recognition,
two other constructs were generated. The first was a kdSrc mutant in
which 3 residues on each side of the tail Tyr (Tyr-527) were mutated
to Ala (kdSrc-6A), and the second was a fusion protein between GST
and the Src C-terminal tail (GST-Src tail). A previous study demon-
strated that the 3 residues on the amino side of Tyr-527 were impor-
tant for Csk phosphorylation (14). However, kdSrc-6A was still
readily phosphorylated by Csk. Initial velocity comparisons indi-
cated that kdSrc-6A retained about 10% of the kdSrc ability to be
phosphorylated by Csk. This indicated that remote docking interac-
tions are sufficient for Src to be recognized by Csk, although the local
sequences contribute significantly to this recognition. In contrast,
Csk phosphorylation of GST-Src tail was non-detectable under iden-
tical conditions, consistent with reports that the C-terminal peptides
are very poor substrate for Csk (13). These results confirmed the
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FIGURE 2. Amino acid sequence alignment in the peptide-binding lobe for the Csk and Src family kinases. The SFK residues that are potential determinants for Csk recognition
are shown in white letters on black background. The secondary structure motifs are labeled on the top of the sequences. The residue numbering, based on chicken Src sequence, is

shown at the bottom of the sequences. Cata. loop, catalytic loop; C-tail, C-terminal tail.

essential roles of remote docking interactions in Csk-Src recognition
and located the docking determinants to the catalytic domain of Src.

Ala Scanning Identifies Three Src Residues Crucial for Csk Recognition—
The Src catalytic domain is composed of an ATP-binding lobe and a pep-
tide-binding lobe. Because the ATP-binding lobe is highly conserved in
structure and function among PTKs, the docking determinants for Csk
recognition are likely to be located on the peptide-binding lobe. We used
the following criteria to identify the putative residues as potential docking
determinants. First, because all SFKs are substrates for Csk, the docking
determinants are likely conserved in SFKs but not in other PTKs. Second,
the residues that interact with Csk would need to be surface-exposed.
Third, because the Csk substrate-docking site is dominated by 3 Arg resi-
dues (15), the Src determinants are likely dominated by residues either
negatively charged or otherwise attracted to positively charged residues.
We aligned the primary sequences of SFKs and Csk family kinases in the
peptide-binding lobe and identified the residues that met these criteria (Fig.
2). In the alignment, the 2 residues with a negative charge, Asp and Glu,
were not differentiated. A total of 14 residues met these criteria. Six of
the residues were located in the activation loop. Because the function of the
activation loop in Src regulation was well defined, the residues from
the activation loop were not included for further studies. The other 8 resi-
dues were selected for further studies: Asp-365, Asp-489, Glu-504, Glu-
505, Glu-510, Tyr-511, Glu-517, and Asp-518.

These residues were individually mutated to Ala, except Glu-504 and
Glu-505, both of which were mutated to Ala in one mutant. The ability
of the purified mutants to serve as substrates for Csk was determined
(Fig. 34). Three mutants displayed phosphorylation by Csk less than
50% of that for kdSrc: E510A, Y511A, and D518A. All 3 residues are
located on the a-helix ] immediately preceding the C-terminal tail.
Upon identification of the 3 a-helix ] residues, we observed that 7 other
residues (Glu-470, Asp-473, Glu-476, Glu-486, Asp-493, GIn-497, and
Asp-502) located nearby had the potential to interact with the Arg res-
idues of Csk. Although these residues are not strictly uniquely con-
served in the Src family, they can also be part of the docking determi-
nants. These were also analyzed by Ala scanning (Fig. 3B), but none of
the mutants displayed significantly decreased phosphorylation by Csk.
These results suggest that Glu-510, Tyr-511, and Asp-518 are the major
determinants in Src for Csk recognition.

MARCH 24, 2006 +VOLUME 281+NUMBER 12

Mutation of Glu-510/Tyr-511/Asp-518 Disables kdSrc as a Substrate
for Csk—We next kinetically characterized the effects of mutating all 3
residues to Ala individually or in combination (kdSrc-TM for triple
mutation) on kdSrc phosphorylation by Csk (Fig. 3, C and D). Mutating
each residue did not dramatically alter the k., but significantly
increased the K, indicating that each mutation significantly affected
Csk-Src recognition. The kdSrc-TM had a similar K, to kdSrc but a
dramatically decreased k_,,. The surprising recovery of the low K,,, and
the dramatic decrease in k_,, for kdSrc-TM contradicted the k_,.-K,,
trend for the individual mutations. Currently, we do not have a ready
explanation for this observation and continue to investigate the molec-
ular basis for these kinetic observations. Whatever the detailed binding
mechanism is for kdSrc-TM, mutation of the 3 residues resulted in a
greater than 98% decrease in kdSrc phosphorylation by Csk. These
results indicate that Glu-510, Tyr-511, and Asp-518 are the crucial
determinants for Csk recognition.

Src Family Kinase Yes Uses Corresponding Residues for Csk
Recognition—Since kdSrc is not active as a kinase, it has two drawbacks
when used for analyzing Src phosphorylation by Csk. First, we cannot
assess the effect of a mutation on Src kinase activity to determine
whether a mutational effect is specific for Src recognition by Csk. Sec-
ond, kdSrc cannot be used to determine whether a mutation affects Src
inactivation by Csk. To overcome these drawbacks, we used another Src
family kinase, Yes, which could be expressed as an active kinase in bac-
teria, to examine the mutational effects. Like Src, Yes is inactivated by
phosphorylation on the C-terminal Tyr and activated by autophospho-
rylation on a Tyr in the activation loop (17, 18). To remove the interfer-
ence of Yes autophosphorylation, the autophosphorylation site of Yes
was mutated from Tyr to Phe. On this background (referred to as Yes),
the 3 corresponding residues, Glu-520, Tyr-521, and Asp-528, were
mutated to Ala to generate Yes-TM. Yes and Yes-TM were expressed
with an N-terminal His tag in bacteria and purified. Yes-TM (84.7 nmol
min~' mg~ ') had a comparable specific kinase activity as Yes (91.3 nmol
min~' mg™'), indicating that the triple mutation did not disrupt the
folding and activity of the enzyme. When incubated with Csk and ATP,
Yes was readily phosphorylated by Csk (Fig. 44, top), whereas the phos-
phorylation of Yes-TM by Csk was markedly reduced (Fig. 44, bottom).
In the absence of Csk, both Yes and Yes-TM underwent similar levels of
autophosphorylation, most likely on the C-terminal tail Tyr (19). The
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FIGURE 3. Identification of the Src residues crucial for Csk recognition. A and B, Csk
phosphorylation of kdSrc mutants. Details of the assay are described under “Materials
and Methods.” The assays were performed five times in duplicates. C, double reciprocal
plot of kdSrc and kdSrc-TM by Csk. This shows a representative of three determinations
with similar results. D, kinetic parameters of Csk phosphorylation of kdSrc and kdSrc
mutants. Standard errors based on three sets of data are given.

abilities of Csk to phosphorylate and inactivate Yes and Yes-TM were
then compared. Upon incubation with ATP and Csk, Yes was rapidly
inactivated, losing more than 80% of the initial activity within 1.5 min.
However, Yes-TM retained more than 80% of the initial activity after 20
min of incubation with Csk and ATP (Fig. 4B). This result indicates that
Glu-520, Tyr-521, and Asp-528 are crucial for Yes recognition and
phosphorylation by Csk. Overall, these results and those with kdSrc
demonstrate that the mutational effects of the 3 residues are specific for
Csk recognition.

Glu-510 of Src Interacts with Arg-283 of Csk in Csk-Src Recognition—
To identify potential interacting residue pairs between Csk and Src, a
panel of kdSrc mutants (E510A, Y511A, and D518A) was analyzed
against a panel of Csk point mutants (R279A, S280A, R281A, R283A).
The mutated Csk residues are key determinants of the Csk substrate-
docking site that could interact with the 3 Src docking residues. If 2
residues, one from Csk and the other from kdSrc, interact with each
other, the effects of their mutations would not be additive. On the other
hand, mutations of 2 residues that do not interact with each other would
likely have additive effects. The result of this analysis is shown in Fig. 5A.
Most of the mutant combinations were approximately additive with one
exception, kdSrc mutant E510A and Csk mutant R283A. E510A exhib-
ited 44% of kdSrc activity as a substrate for WT Csk, whereas Csk R283A
was 16% as effective as WT Csk in phosphorylating kdSrc. If the two
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FIGURE 4. Phosphorylation and inactivation of Yes and Yes-TM by Csk. A, phospho-
rylation of Yes and Yes-TM in the presence and absence of Csk. The conditions of the
phosphorylation reactions are described under “Materials and Methods.” B, time course
of inactivation of Yes and Yes-TM by Csk phosphorylation. Details of the assay are given
under “Materials and Methods.”

mutations have additive effects, 6.3% phosphorylation would be
expected. However, Csk R283A exhibited almost identical activity as
WT Csk in phosphorylating kdSrc-E510A. This indicated that although
R283A mutation dramatically decreases the ability of CSK to phospho-
rylate kdSrc, this mutation has no effect on Csk phosphorylation of
kdSrc-E510A. This lack of additivity suggests that Arg-283 of Csk inter-
acts with Glu-510 of kdSrc in Csk-Src recognition.

To further investigate the possibility of Csk Arg-283 interacting with
Src Glu-510, we determined how various combinations of positive and
negative charges at these two positions affected Csk phosphorylation of
kdSrc (Fig. 5B). Using kdSrc (with Glu at position 510) as a substrate,
mutation of Csk Arg-283 to Lys, Ala, and Glu resulted in progressively
more severe losses of activity. The least phosphorylation (6% of Csk
phosphorylation of kdSrc) was observed when Glu replaced Arg-283 in
Csk. However, using kdSrc E510A as a substrate, the activity trend for
the Csk mutants was reversed, with WT Csk and Csk R283K displaying
the lowest activity. The highest activity was observed with Csk R283E.
These comparisons demonstrated that the identity of an optimal resi-
due at Csk 283 depends on what residue is present at position 510 of
kdSrc. When kdSrc contains a negatively charged Glu at position 510, a
positively charged Arg is optimal for Csk at position 283. On the other
hand, when kdSrc contains a positively charged Arg at position 510, a
negatively charged Glu is optimal for Csk at position 283. This residue
switching experiment confirmed that Glu-510 of Src interacts with Arg-
283 of Csk, likely by a salt bridge, in the docking interactions between
Csk and Src. More importantly, this identification of an interacting
residue pair strengthened our conclusion of Glu-510, Tyr-511, and Asp-
518 as the docking determinants of Src.

Characterization of Tyr-511 and Asp-518—To determine the struc-
tural attributes of Src Tyr-511 that were important for Csk recognition,
it was mutated into several other residues sharing various structural
similarity to Tyr (Fig. 5C). Both the Phe and the Trp mutants retained
~80% of WT kdSrc activity as a substrate for Csk, whereas Ala, Ile, or
Leu mutants retained 20% or less ability to be phosphorylated by Csk.
This result indicated that 1) the hydroxyl group of Tyr is not important
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WT E510A Y511A D518A
WT 100 439+83 276+42 116+35
R279A 447+116 242+11.1 109+78 59+06
S280A  18.0+33 90+31 50+25 12+02
R281A 262+54 142+47 82+39 20+05
R283A 146+62 4414176 83+8.2 13+07
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FIGURE 5. Characterization of Src residues Glu-510, Tyr-511, and Asp-518 in Src-Csk
recognition. A, phosphorylation of a panel of kdSrc mutants by Csk mutants in the
substrate-docking site. B, phosphorylation of kdSrc and kdSrc mutant E510A by Csk and
Csk variants at position 283. C, phosphorylation of kdSrc variants at position 511 by Csk.
D, phosphorylation of kdSrc variants at position 518 by Csk.

and 2) hydrophobicity is not sufficient for the function of Tyr-511.
Combination of these two considerations suggests that the aromatic
ring is crucial in Src recognition by Csk. One type of interaction that is
consistent with all these features is a cation-7r interaction, in which the
7 electron cloud of the aromatic ring is attracted to the positively
charged residues of Arg or Lys (20, 21). This possibility is further
strengthened by the fact that the Csk substrate-docking site is domi-
nated by 3 Arg residues. Definitive identification of the interacting part-
ner for Tyr-511 awaits further investigation.

To determine the structural attributes of Asp-518 important for its
function, it was mutated to Glu, Asn, and Gly. D518E mutant retained
the highest activity, at about 30% of that of kdSrc as a substrate for Csk,
whereas the other mutants retained 10—20% of kdSrc activity (Fig. 5D).
This observation suggests that a negative charge is likely important but
not sufficient for the function of this residue.

The Substrate-docking Sites Are Different in Csk and MAP Kinases—
The MAP kinases, a family of Ser kinases, also use a substrate-docking
site for substrate recognition (22). The substrate-docking site in p38
MAP kinase was revealed by the crystal structure of a complex of the
kinase with a docking peptide from its substrate (23). The docking site in
p38 MAP kinase is composed of three substructures in the peptide-
binding lobe, the a-helixes D and E and the 7- 38 reverse turn (Fig. 6A).
These three substructures form a clamp that holds the docking peptide
of the substrate. Our previous study identified several residues in the
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FIGURE 6. Characterization of Csk 37-8 reverse turn and a-helix E as parts of the
substrate-docking site. A, structure of the substrate-docking site of the p38 MAP
kinase. The relevant substructures are labeled and colored by secondary type (a-helixin
red, B-sheets in light blue, turn in green, and random coil in gray). This structure is based
on the crystal structure of TLEW in the Protein Data Bank. B, the substructures of Csk
corresponding to the p38 MAP kinase substrate-docking site. The residues that have
been previously shown to be part of the substrate-docking site of Csk are shown in green.
The residues that correspond to p38 MAP substrate-docking residues in the 87-£38
reverse turn and the a-helix E are shown in blue. Leu-296 is hidden behind the a-helix E.
C, phosphorylation of kdSrc and polyE,Y by Csk mutants in the a-helix D (R283A), a-helix
E (F294A and L296A), and 37-B8 reverse turn (E324A and N326A). D, binding of Csk
mutants to kdSrc. The GST pull-down binding assay is described under “Materials and
Methods.” DM, a Csk double mutant containing the mutations of R281A and R283A, was
used as a negative control.

a-helix D as crucial determinants of the Csk substrate-docking site (Fig.
6B) (15). Intrigued by this similarity, we determined whether the a-helix
E and the B7-B8 reverse turn were also part of the substrate-docking site
of Csk. Two residues each from the B7-88 reverse turn and from the
a-helix E that would form the clamp structure were mutated to Ala, and
their effects on Csk phosphorylation of kdSrc and the artificial substrate
polyE,Y were determined (Fig. 6C). In a previous study, we demon-
strated that mutations in the substrate-docking site dramatically
decreased Csk activity toward kdSrc but had little effect on Csk activity
toward the artificial substrate (as shown in R283A in Fig. 6C) (15). In
contrast to mutants involving docking residues, such as R283A, the four
mutants involving residues from the a-helix E and the 7-38 reverse
turn all displayed similar relative activity toward kdSrc and polyE,Y,
indicating that these residues were not specifically important for Csk
recognition of kdSrc. Three of the four mutants also displayed similar a
ability to complex with kdSrc (Fig. 6D), indicating that these residues
were not important for Csk interaction with kdSrc. The only exception
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was Phe-294 in the a-helix E, the mutation of which to Ala significantly
decreased Csk binding to kdSrc. Since this mutant was virtually inactive
as a kinase toward kdSrc or polyE,Y, the effect was likely not specific for
Src recognition. Overall, these results indicated that the a-helix E and
the B7-B8 reverse turn are not part of the substrate-docking site in Csk.
Thus, the substrate-docking sites in Csk and the MAP kinases have
some overlap but are not identical. The comparison of clamp-shaped
docking site in p38 MAP kinase versus the surface-like docking site in
Csk would suggest dramatic differences in the mode of substrate bind-
ing for these two family of kinases.

DISCUSSION

Substrate specificity is one of the most fundamental properties that
determine the function of a protein tyrosine kinase. Elucidating the
mechanisms of PTK substrate recognition and specificity will provide a
key mechanistic insight into cellular signaling mediated by this family of
enzymes. In addition, many protein tyrosine kinases are targets for drug
discovery. Understanding PTK substrate recognition and specificity
may also have a profound impact on kinase-based drug discovery.
Despite such central importance, the mechanisms by which protein
tyrosine kinases recognize protein substrates are poorly understood.

Csk Serves as a Model in Understanding PTK Substrate
Recognition—Csk family kinases, Csk and Csk-homologous kinase,
exclusively phosphorylate Src family kinases on a C-terminal tail Tyr
and down-regulate their activities. Numerous studies have demon-
strated that Csk recognition of Src family kinases is not solely based
on recognition of the local amino acid sequence of the C-terminal
tail. Thus, remote docking interactions are likely a key part of the
recognition mechanism. Our previous studies determined that Csk
recognition of Src was not dependent on the Csk SH2 or SH3
domains (24); rather, Csk contained a substrate-docking site located
in the peptide-binding lobe, centered on the a-helix D (15). In the
current study, we identified several residues in the a-helix J of Src as
the docking determinants recognized by the Csk substrate-docking
site. Mutation of these residues to Ala reduced Src phosphorylation
by Csk more than 98%. Using another Src family kinase, Yes, we
demonstrated that these mutations do not alter the Yes kinase activ-
ity but specifically abolish its phosphorylation and regulation by Csk.
Coordinated mutations in the Csk substrate-docking site and the Src
docking determinants demonstrated that Glu-510 of Src interacts
with Arg-283 of Csk, likely by a salt bridge, in the Csk-Src recogni-
tion. These results provided mechanistic insights into how Csk spe-
cifically and exclusively recognizes Src family kinases and phospho-
rylates them on a C-terminal Tyr residue.

The determination of the substrate-docking site on Csk (15) and the
docking determinants of Src in this report compellingly demonstrate a
docking-based recognition between the catalytic domain of Csk and its
physiological substrates, the Src family kinases. Based on these studies,
the Csk-Src recognition appears to consist of two components. First,
docking interactions between the Csk substrate-docking site and the Src
determinants on a-helix J are critical for the recognition. We propose
that such docking interactions bring Csk and Src in an arrangement so
that the C-terminal tail of Src is located near the active site of Csk.
Second, the C-terminal tail of Src interacts with Csk to present Tyr-527
to Csk active site for phosphorylation. The detailed interactions await
further structural determination.

Structural versus Kinetic Substrate Recognition—In this current
study, the focus of our investigation is to identify physical interactions
between Csk and Src that enable the specific Csk-Src recognition. How-
ever, it is important to note that the recognition of protein substrates by
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a kinase, although initially dependent on physical interactions between
the kinase and the substrate, is also influenced by other factors. Lieser et
al. (12) report that the kinetic affinity between Csk and Src measured by
the K, is strongly enhanced by a fast phosphoryl transfer step. It is
proposed that the phosphoryl transfer step functions as a chemical
clamp facilitating substrate recognition. Thus, any factors that affect the
catalytic activity of Csk could potentially affect Csk-Src recognition,
even if such factors do not directly affect the physical interaction
between Csk and Src. For example, Csk catalytic activity is positively
regulated by the presence of its SH3 and SH2 domains (24) and the SH2
domain ligand (26). Such regulations could potentially affect the sub-
strate recognition as well. In this regard, the catalytic clamp mechanism
likely affects the affinity of the kinase for protein substrates in a generic
manner, enhancing Csk substrate recognition in general, whereas the
physical interactions between Csk and the substrates determine
the specificity of the recognition. The contribution of multiple factors to
the K, may also be responsible for the complicated k,-K,, patterns
observed for Csk phosphorylation of various kdSrc mutants reported in
Fig. 3.

Comparison with Substrate Recognition by Protein Ser/Thr Kinases—For
protein kinases that phosphorylate their substrates on Ser/Thr residues,
there are two main mechanisms for recognizing protein substrates. The
first is based on interactions with the local amino acid sequence surround-
ing the phosphorylation site. Each kinase with this mechanism would have
a consensus substrate sequence. This mechanism is best represented by the
cAMP-dependent protein kinase, which phosphorylates a Ser residue pre-
ceded by 2 positively charged residues at the —3 and —2 positions (27). The
structural context of the consensus sequence may hinder, but does not
significantly enhance, the recognition (28). The second type of mechanism
relies on remote docking interactions between the substrate and the kinase.
For this mechanism, a substrate would contain two structural motifs to be
recognized by two corresponding binding sites on the kinase (29). This
mechanism is best represented by the MAP kinases. A MAP kinase con-
tains a substrate-docking site that binds to the docking determinants distal
to the phosphorylation site (30, 31). In addition, residues near the phospho-
rylation site also interact with the active site of the kinase.

Recently, the structure of p38 MAP kinase complexed with a docking
determinant peptide is determined (23). The structure reveals that the
docking site is composed of three structural motifs, the 37-88 reverse
turn and the a-helixes D and E. Together they form a clamp-like struc-
ture, holding the docking peptide. However, our data clearly demon-
strated that the substrate-docking sites in Csk and p38 MAP kinase are
distinct from each other, although they share some similarity in the
secondary structures used.

Docking-based Substrate Recognition May Be Used by Other PTKs—The
mechanisms for PTK substrate recognition and specificity are poorly
understood in general. For virtually all PTKs, peptides are extremely ineffi-
cient substrates (13, 32), suggesting that some form of remote interaction
may be responsible for substrate recognition. One line of emerging evi-
dence suggests that regulatory domains, such as the SH3 or SH2 domains,
may help with substrate recruiting for cytosolic PTKs (3). For example, Src
phosphorylates STAT3 (33), p130Cas (34), and SAM68 (35). These sub-
strates contain a Pro-rich motif recognized by the Src SH3 domain. Fur-
thermore, the addition of the SH2 domain recognition motifs (phospho-
Tyr-containing peptide sequences) enhances the phosphorylation of
peptide substrates by SH2 domain-containing protein tyrosine kinases (25).
These data implicate the SH3 and SH2 domains in helping recruit sub-
strates for PTKs. However, it is not clear how such remote interdomain
cooperation achieves sufficient specificity and precision and how the cata-
lytic domain accurately recognizes the Tyr to be phosphorylated. Further-
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more, receptor type protein tyrosine kinases do not contain regulatory
domains like the SH3 and SH2 domains. They would need to use either the
catalytic domain or the C-terminal tail for substrate recognition and ensure
substrate specificity. Whether docking interactions in the catalytic domain
similar to Csk-Src recognition are part of the substrate recognition mech-
anisms for PTKs in general awaits further investigation.
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