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ABSTRACT: Phosphorylation of a critical tail tyrosine residue in Src modulates its three-dimensional structure
and protein tyrosine kinase activity. The protein tyrosine kinase Csk is responsible for catalyzing the
phosphorylation of this key Src tyrosine residue, but the detailed molecular basis for Src recognition and
catalysis is poorly understood. In this study, we investigate this phosphorylation event using purified
recombinant Csk and Src proteins and mutants. It was shown that the appa@miK,, values for Csk
phosphorylation of catalytically impaired Src (dSrc) are similar to the parameters for Csk-catalyzed
phosphorylation of the Src family member Lck. The SH3 (Src homology 3) and SH2 (Src homology 2)
domains of dSrc were fully dispensable with respect to rapid phosphorylation, indicating that the catalytic
domain and tail of dSrc are sufficient for the high efficiency of dSrc as a substrate. Of the eight Src tail
residues examined, only the fully conserved Glu (Y-3 position) and GIn (Y-1 position) investigated by
alanine scanning mutagenesis caused large reductionrgl(tidld) in dSrc substrate efficiency. The Y-3

Glu requirement was stringent as conservative replacements with Asp or GIn were no better than Ala
whereas replacement of the Y-1 GIn with Ille was readily tolerated. Interestingly, en bloc replacement of
the tail with a seven amino acid consensus sequence derived from a peptide library analysis was no better
than the wild-type sequence. Surprisingly, the dSrc Y527F protein, although not a Csk substrate, enhanced
Csk-catalyzed phosphorylation of dSrc. These results and other data suggest that Src dimerization (or
higher order oligomerization) is important for high-efficiency Csk-catalyzed phosphorylation of the
Src tail.

Protein kinase substrate selectivity is a critical feature in Csk (C-terminal Src kinase)’). Csk is a 50 kDa protein
cell signal transductionl( 2). Despite its importance, the tyrosine kinase comprised of three modular domains, SH3,
molecular details governing how protein kinases recognize SH2, and the catalytic domain8)( Unlike many protein
their protein substrates are in many cases poorly understoodkinases, Csk does not undergo autophosphorylation and for
Synthetic peptide libraries have been used to enhance outhis reason has been somewhat simpler to study enzymo-
understanding of protein kinase substrate recognitps)( logically. Much has been learned recently about the details
In favorable instances, the consensus sequences show greaf its chemical mechanism of phosphorylati@-(3). Csk’'s
predictive value for identification of in vivo targets. A salient SH3 and SH2 domains are important for enhancing the
example of successful prediction is in the case of protein catalytic activity of the Csk kinase domain but appear to be
kinase A, a serine/threonine kinase, where optimized peptidesdispensable for peptide and protein substrate recognitén (

correlate well with several cellular protein targets of this  a major class of protein substrates for Csk are members
enzyme §, 6). of the Src family. Src and its family members are protein
In contrast, simple sequence algorithms appear to breaktyrosine kinases that have a similar architectural layout to
down in the tyrosine phosphorylation of Smatalyzed by Csk but also include an “SH4” variable domaib5( 16).
These enzymes are highly regulated by phosphorylation,
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10.1021/bi002342n CCC: $20.00 © 2001 American Chemical Society
Published on Web 01/19/2001




Csk-Catalyzed Tyrosine Phosphorylation Biochemistry, Vol. 40, No. 7, 20012005

Moreover, an optimized peptide from a combinatorial library SH3 SH2 Cataiytio (K295M)
study showed little similarity to Src family tail28). It has dsre wsrar [N\ TSTEPQYQPGENT
been shown with the Src family member Lck that purified, gsrc-cat vistag- N < ==0vorcene

recombinant Lck protein (catalytically impaired) is an _ .
efficient substrate for Csk2@). Thus, the information for ~ “5%" wetael_ TN\ TSTERIYFEE

Csk’s high selectivity toward substrate Lck is encoded v e * o

somewhere within Lck’s amino acid sequence and/or three- Ys27F TSTEPQFQPGENL
dimensional structure and does not rely on extra proteins or
other posttranslational modifications. The precise details for 524 TSTAPQYQPGENL
Csk’s recognition and phosphorylation of Src family mem-  ps2sa TSTEAQYQPGENL
bers remain mysterious. Q526A TSTEPAYQPGENL
One of the technical factors which has slowed progress as2sa TSTEPQYAPGENL
in this area has been the reliance on eukaryotic expressionpg,g, TSTEPQYQAGENL
systems to. generate purified re;comblnar_lt Src and its family 5308 TSTEPOYOPAENL
members in milligram quantities. Possibly as a result, a
systematic analysis of the efficiency of Csk’s phosphorylation 314 TSTEPQYQPGANL
of purified mutant Src proteins has not been undertaken. In Ns31A TSTEPQYQPGEAL
this report, we describe an improvéd coli expression of
catalytically impaired Src protein which has been exploited E524D TSTDPQYQPGENL
in the study of Csk’s selectivity for Src substrates. The key Esz4n TSTNPQYQPGENL
findings include the dispensability of Src’'s SH2 and SH3 sz TSTEPIYQPGENL

domains in phosphorylation by Csk, the strong requirement w1 o33

for two Src residues fo_r efficient phosphqrylation, and the Ficure 1: Constructs of dSrc and mutants used in these experi-
unexpected cooperativity of Src polypeptides as substratesments. Residues mutated in these studies are highlighted as boldface

for Csk. letters. CE-dSrc is combinatorially engineered dSrc, and the optimal
residues from peptide library studies replace those in the natural
MATERIALS AND METHODS Src tail.

General.Tris, DTT, ATP, BSA, poly(Glu,Tyr), and Triton MM, 200 mM, and 300 mM imidazole-containing buffers
X-100 were obtained from Sigma; imidazole, MpCand (20 mM Na-Hepes, pH 7.5, 200 mM NaCl, 1 mM DTT, 2
EDTA were obtained from Fishery[32P]ATP (6000 Ci/ column volumes each), and 10 mL fractions were collected.
mm0|) was purchased from NEN. Csk was prepared as Purified dSrc protein and mutants eluted at the 200 and 300

purchased from Upstate Biotechno'ogy_ d_la|yzed_ at 4)C Ina Sl!de'A'LyZer (P|erce, 10 000 MWCO)
Overproduction and Purification of dSrc and Mutant first against intermediate buffer (20 mM Na-Hepes, pH 7.5,
i ) . . ! . 200 mM NacCl, 5% glycerol, 5 mM DTT, and 100 mM
Proteins (Figure 1).The coding region for amino acid

. . : imidazole) and then against storage buffer (20 mM Na-
residues 83533 of chickenc-src gene was subcloned into Hepes, pH 7.5, 200 mM NaCl, 5% glycerol, and 10 mM
pSﬁ‘ETﬂver%O; (I:gj/ltr(;gen) \;\i/\';[r?arf;'ll a?td ';:Pdly j':ﬁst nt DTT). dSrc protein was concentrated by Centriprep ultra-
on the & and 5-ends, respectively. 1he site-directed mutant g, +ion (Millipore) to a final concentration of3 mg/mL
c-sre K29T5hM (dsrg was Z]a?e W'.tg Plgosrg?rgg s Gene Editor and determined to be90% pure by Coomassie-stained 10%
system. The constructed plasmid p -dsrc was cotrans-, Lo
formed into BL21(DE3) strain oE. coli with the GroES SDS-PAGE. The protein yield was about 15 mo/L Bf

: . . coli cell culture as determined by Bradford analysis.
and GroEL expression plasmid DNA in the presence of y y

- . The plasmids for dSrc mutants containing single-residue
ampicillin (100ug/mL) and kanamycin (50g/mL) (25). The tati th ikCh th trat-
cells were grown in 2XYT media in shaker flasks at &7 mutations were prepared by the QuikChange method (Stra

o . . agene) using pRSET-dsrc as a template. The His-tadgyed
to reach Olgo = 0.5 onfa 1 Lshcaleﬁanc:] then mducid W'tﬁ‘ cat construct coding for the kinase domain and C-terminal
0.5 mM IPTG at 25°C for 14 h. After harvesting, the cell i 53 266-533) was obtained by PCR amplification with
paste was resuspended in 60 mL of lysis buffer (20 mM Na

) X " primers containing @8anH| site and aHindlll site. The
Hepes, pH 7.5, 200 mM NaCl, 1 mM DTT, 1% Triton 5 njified fragment was then subcloned in-frame into pRSET

X-100) and lysed by a single passage through a Frenchp yecior. The CE-dsrc DNA plasmid was prepared by PCR
pressure cell (13000 psi). The resultant suspension wasymyjification of the CE-dsrc segment, which was inserted
centrifuged for 30 min at 230@(t 4°C, and the supernatant  j_trame into the pRSET A vector viBarrH| and Hindlll
was collected. restriction sites. Each construct was confirmed by DNA
dSrc and mutant proteins were purified by chromatography sequencing of the entire open reading frame. Mutant proteins
over a Zn-chelating column (Amersham Pharmacia Biotech). were overexpressed and purified following the same proce-
The lysate was loaded onto the preequilibrated column (20 dure described above. The final purity of mutant proteins
mL) with 3 column volumes of washing buffer (lysis buffer was typically about 7680% as judged by visual inspection
plus 10 mM imidazole) at a flow rate of 1 mL/min. This of the dried Coomassie-stained gels. The molecular weights
was followed by washing with 2 column volumes of 10 and of several of these proteins were confirmed by MALDI mass
50 mM imidazole containing washing buffer. The protein spectrometer analysis, indicating the absence of proteolytic
was eluted from the column with a stepwise gradiet®0 digestion.
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Csk Kinase Assays with dSrc and Mutant dSrc Protein a b c
Substrates Steady-state kinetic assays with Csk phospho-
rylating dSrc and mutant proteins were carried out analogous

to previously described method&3. In brief, reactions were 66 —
performed at 30C and pH 7.4 with +12 nM Csk, 0.4-15 - w9 w
uM Src or mutants, 2 mM MnGJ 50 uM ATP, 0.2 uCi of 45 —

[y-*2P]JATP, 60 mM Tris-HCI, 30 mM NaCl, 4 mM Na-

Hepes, 10 mM DTT, and 20@g/mL BSA in a 15uL

reaction volume for 2 min. Phosphorylation of dSrc was

shown to occur linearly with respect to time (to 6 min) and Ficure 2: Coomassie-stained 10% SDS/PAGE of purified dSrc

Csk concentration in the ranges used. The optimal Mn and two other dSrc recombinant protein mutants. Lane a, dSrc; lane
concentration was shown to be-4 mM. For determination b, dSrc-E524A; lane c, dSrc-Y527F. See Materials and Methods

of the apparenK, for ATP, a range of 660 uM ATP and for details.

a fixed concentration of 1&M dSrc were employed. c-Src STEPQYQPGENL 533
Reactions were initiated with Csk and quenched with 7.5

uL of aqueous Na-EDTA (100 mM, pH 8). A 24L aliquot Lk ATEGQYQPQP 509

of the quenched reaction mixtures was loaded onto a 10% Hck  ATESQYQOQQP 505

SDS-PAGE. The gels were stained with Coomassie which
revealed the protein band corresponding to phosphorylated c-ves ~ATEPQYQPGENL 543
dSrc or its mutants, which was subsequently excised with a c-Fgr SAEPQYQPGDQT 519
bla_tdg. The rad|oac_t|V|ty of gel slices was quantitated by liquid ryn  ATEPQYQPGENL 537
scintillation counting. All assays were performed at least
twice, and duplicates typically agreed within 20%. In all vyrk ATEPQYQPGDNQ 536

cases, reaction of the limiting substrate did not exceed 10%. ATEGOY P s

Calculations using the MichaelidMenten equation were Lyn QY000

carried out using a nonlinear curve-fitting approach as Blk  ATEGQYELQP 498

described previously9j. Ficure 3: Amino acid sequences of the C-terminal tails of the Src

amily members. Phosphorylated Tyr is highlighted as a boldface
For dSrc an_d mutant asgays, a control measurement Wagsingle-letter abbreviation in each sequence.
performed using the maximal concentration of the dSrc
substrate in the absence of Csk. Under these cwcumstancestomaining an N-terminal 6 histidine tag under the control

the radioactivity of background autophosphorylation from of a T7 promoter. Soluble expression of the dSrc protein

dSrc or its mutants was negligible (less than 10% of the o4 enhanced by coexpression with the chaperonins GroES
signal produced in the presence of Csk and generally notyng GrogL which were encoded on a separate plasmid. In

distinguishable from minus dSrc bagkground). When ob- g way, ~15 mg of dSrc protein could be purified from
served, this very low background activity was shown t0 be gac jiter ofE. coli cell culture. Desired mutants (missense,
dSrc concentration dependent [as was observed for Lckggjetions) of this original construct (Figure 1) prepared by
previously @3)] and thus was negligible for the lower dSrc  gtangard PCR or the QuikChange method were also produced
concentrations as well. Because of its very low level, this i, this fashion with yields of these proteins being2d mg/L
background rate did not affect significantly the rate measure- 4s g coli culture. Purification was accomplished on a Zn
ments or subsequent calculations reported in this study. affinity column and led to removal of GroES and GroEL,
Kinase Assays in the Presence of dSrc-Y527F Muflamt.  and typical purity of the proteins was70% as assessed by
measure the effect of nonphosphorylated dSrc-Y527F on theSDS-PAGE (Figure 2). In all cases, proteins could be
phosphorylation of protein and peptide substrates, the kinaseobtained at concentrations of 20M or greater which was

reactions were carried out with fixed dSrc (@.X!) or poly- sufficient for the work described below.
(Glu,Tyr) (1000xg/mL) and varying concentrations of dSrc-  Steady-State Kinetics with dSr@revious work 23)
Y527F as described below. showed that the catalytically impaired SH3H2—catalytic

Kinase Assays in the Presence of Anti-Src Antibdtigse ~ construct of Lck (analogous to dSrc) is an efficient Csk
reactions were carried out with a fixed concentration of dSrc Substrate (apparekd;= 106 mir*, apparenKn = 5.4uM).
(0.6uM), Csk (3 nM), and antibody# or —, 0.3M) using Given the sequence divergence of Src and Lck, especially
the above-described conditions. This monoclonal GD11 in the tail region 26) (Figure 3), it was not clear how these
antibody (IgG1) recognizes residues-8069 of Src protein. two proteins would compare as Csk substrates. The full-
Csk did not catalyze phosphorylation of this antibody or length dSrc protein (Figure 1) was evaluated as a Csk
related impurities with the concentrations employed. The Substrate and shown to be quite efficient (appakest= 78
antibody did not detectably increase the background dSrcmin™, apparentKn = 3.5 uM), with similar kinetic

autophosphorylation rate. parameters to those for catalytically impaired Lck (Table 1).
Likewise, theK, for ATP [Kn(apparent)= 6.2 + 0.7 uM]
RESULTS and the dependence on Mn concentration were also similar

for the two protein substrates (data not shown). To validate
Overproduction of dSrc and Mutant€atalytically inactive phosphorylation site-specificity of Tyr-527 in dSrc, the
Src (dSrc) containing the SHEH2—catalytic domains and  Y527F dSrc protein variant was prepared, and no phospho-
containing a K295M mutation (Figure 1) was expressed rylation by Csk was observed (detection linsil% the rate
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Table 1: Steady-State Kinetic Parameters for dSrc and Mutants
Catalyzed by Csk

Keat Km(app) KealKim
substrate (min™Y) (uMm) (M~1s™Y
dSrc 78.2+-7.3 3.5+ 0.7 3.7x 1¢°
dSrc-cat 114.2- 8.3 2.0+ 04 9.5x 1¢°
CE-dSrc 84.3: 7.7 6.5+ 1.2 2.2x 10°
E524A —b —¢ 1.0x 10
E524D —b —c 8.0x 10®
E524Q —b —¢ 1.8x 10
P525A 56.74+ 4.9 52+1.0 1.8x 10°
Q526A —b —c 3.5x 10
Q526l 173.7£ 20.1 7.8+ 1.9 3.8x 10°
Q528A 100.7£ 5.3 2.3+0.3 7.3x 1¢°
P529A 178.0+ 19.8 6.9+ 1.3 4.3x 10¢°
G530A 56.7+ 3.6 4.9+ 0.6 1.9x 10°
E531A 70.6+ 8.3 57+1.3 2.1x 10°
N532A 68.4+ 4.5 5.1+ 0.8 2.2x 1P
Lckd 106 54 2.0x 1°

a Steady-state kinetic parameters determined as described unde
Materials and Methods. For situations wh&rgcould not be accurately
determined, the MichaelisMenten equation can still be used to provide
the second-order rate constaki.{Kn) with precision using the same
nonlinear curve fit? k. could not be accurately determined(app)
> 20uM, beyond the detection limit For catalytically impaired Lck
taken from ref23.

for dSrc). Despite their divergence in length and sequence,

proteins are handled similarly by Csk. Furthermore, the
N-terminal 6 histidine tag present in dSrc, not present in the
Lck substrate, does not appear to be interfering with Csk
recognition.

Effects of Deletion of Src SH2 and SH3 Domains on
Substrate EfficiencyThe contributions of the Src SH2 and
SH3 domains toward Csk recognition were next explored.
The dSrc-cat protein lacking the SH3 and SH2 domains
(Figure 1) was expressed and purified using the sBno®li
expression system. This dSrc-cat protein was found to be
an effective Csk substrate with a 3-fold increase in catalytic
efficiency for dSrc-cat (apparefta/Kn = 9.5 x 1P M1
s 1) versus full-length dSrc (apparekd./Kn, = 3.7 x 10°
M~ s71). This slightly enhanced efficiency rules out the
involvement of important interactions between the dSrc SH2
and/or SH3 domains with Csk, as determinants of Csk-
catalyzed phosphorylation of the dSrc tail. Therefore, the
key information necessary for tail phosphorylation of dSrc
by Csk is contained within the Src catalytic domain and/or
tail sequence.

dSrc Tail Mutants and Csk Phosphorylatiofio further
understand the contributions of Src tail residues in Csk
recognition, a systematic replacement of the residues from
the Y — 3 to the Y+ 5 position was undertaken. Initially,
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greater than 2@M in both cases. It was not possible to fully
analyze the values &, andK,, for these mutants because
the apparenk,,s exceeded the maximal dSrc mutant protein
concentrations that could be employed.

The specific role of the Glu-524 residue was further
explored by mutating that amino acid to Asp and GIn.
Interestingly, these relatively conservative mutations led to
comparable reductions in dSrc processing efficiency—-20
50-fold) with respect to E524A, intimating that precise
geometric and electrostatic properties of the glutamate side
chain are required for efficient dSrc processing.

To directly compare protein and peptide selectivities, it
was of interest to determine the consequences of a complete
replacement of the dSrc tail with the consensus residues
obtained from the combinatorial approa@s), Y — 3 (E),
Y-2E,Y-1(0),Y+1(F),Y+2(F),Y+3(F
(Figure 1). This combinatorially engineered protein (CE-
dSrc) was produced i&. coli, and although its expression
level was approximately 4-fold lower than for dSrc, it was
obtained in comparable purity to the other Src mutants.
Strikingly, CE-dSrc (apparemta/Km = 2.2 x 10° M~1s71)
showed similar catalytic efficiency compared to the parent
dSrc itself (apparerta/Km = 3.7 x 10° Mt s71). Therefore,
the natural sequence, which is at least 500-fold less efficient
in the context of short synthetic peptideX3), is processed

%s efficiently as the consensus sequence when contained in

the dSrc protein.

Given the fact that isoleucine was tolerated in CE-dSrc at
the Y — 1 position, the dSrc mutant Q5261 was generated.
As expected from CE-dSrc results, Q5261 was as good a
substrate as parent dSrc, suggesting that the Gin side chain
in the Y — 1 position of the parent dSrc is needed for steric
bulk or hydrophobicity rather than hydrogen-bonding capa-
bilities.

Activation of Csk-Catalyzed Phosphorylation of dSrc by
dSrc Y527FIn an effort to obtain an apparekj for dSrc
Y527F, an experiment was designed in which a range of
concentrations of dSrc Y527F was added to block Csk
phosphorylation of dSrc, following a typical Dixon protocol.
Rather than inhibition, modest but reproducible activation
of dSrc phosphorylation was observed with increasing dSrc
Y527F concentration up to 8M dSrc Y527F (Figure 4A).
This enhanced Csk kinase rate was shown not to be an
artifact related to dSrc autophosphorylation or Csk phos-
phorylation of dSrc Y527F by performing appropriate
controls. A plausible explanation for this behavior was that
cooperativity between Src molecules is occurring. By careful
inspection of some of the previous experiments with Csk
phosphorylation of dSrc or dSrc mutants at low dSrc

an “alanine-scanning” mutagenesis approach was used, and@¢oncentrations, it was reproducibly observed that a mild “S”
the proteins were expressed and purified. Most of the residuesshape was present in the Michaelldenten plots. Accord-

had minimal impact on tyrosine phosphorylation by Csk. For
residuesatY-=2,Y+1,Y+2, Y+ 3, Y+ 4 and Y+

5, the apparerk../Km values were within 2-fold of the parent
dSrc construct (Table 1). In contrast, replacement of 8
(Glu) and Y— 1 (GIn) with Ala led to more marked declines
in Csk-mediated phosphorylation of the dSrc construct. A
~40-fold drop in the apparekt./Kn, for E524A and a~10-
fold decrease for Q526A were observed. A significant
component of the changes in the appaitemK, for these
mutants resulted from elevations in appat€ps which were

ingly, a more extensive set of data points was collected for
dSrc, and analysis of the data using a modified Michaelis
Menten equation incorporating a Hill coefficient for the dSrc
substrate concentration gave a Hill coefficient of 1478.17,
which indicates significant cooperativity (Figure 5A). The
incorporation of the Hill coefficient gave an improvement
in the fit versus the standard Michaetislenten equation
(Figure 5A). A similar pattern was observed with dSrc-cat
as substrate for which a Hill coefficient of 1.810.11 was
obtained (Figure 5B).
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C Ficure 5: Hill analysis of the Csk phosphorylation of dSrc and
204 dSrc-cat. (A) Plot of velocity versus [dSrc], and (B) [dSrc-cat].
Data were fitted to a modified (Hill) MichaelisMenten equation:
15/ [SI(K" + [S]™) (—) (37) and standard MichaetisVienten equation
= (---). Conditions: [Csk], 1.5 nM; [ATP], 50uM. For dSrc,
£ parameters from the standard equation fit wekg;(apparenty=
= 104 3.5+ 0.7uM, keat= 78.2+ 7.3 min, 2 = 144; parameters from
> the modified equation fit wereK' = 3.2+ 0.3uM, kear= 58.0+
5 3.0 min?, Hill coefficientn = 1.73+ 0.18,y2 = 48. For dSrc-cat,
standard fit: K(apparent)= 2.0 £ 0.4 uM, Kee = 114.2+ 8.3
o min~%, y? = 340; modified fit: K' = 2.0+ 0.1 uM, koot = 96.3+

- + 1.8 mirr1, Hill coefficientn = 1.814 0.11,%2% = 23.

Antibody GD11 . )
FGURe 4: Effect of dSrc-Y527F and antibody on the Csk To further test this model, Csk phosphorylation of dSrc

phosphorylation of dSrc and poly(Glu, Tyr). (A) Plot of velocity &S examined in the presence of a monoclonal antibody

versus [dSrc-Y527F] in the presence of a fixed dSrc concentration (TAb) which recognizes the Src SH3 domain. Ata 1:2 mAb/
(0.4 uM); [Csk], 1.5 nM. (B) Csk phosphorylation of poly(Glu,  dSrc stoichiometry, there was an approximate 2-fold increase

Tyr) (1000ug/mL) in the absence and presence oM dSrc- in the rate of Csk-catalyzed phosphorylation of dSrc (Figure
Y527F; [CsK], 20 nM. (C) Csk phosphorylation of dSrc (&) 4C). Thus, antibody which should enhance dSrc dimerization

in the absence and presence of @\ anti-Src antibody; [Csk], 3 - . . )
nM. Each of these experiments was performed at least 4 times@PP€ars also to facilitate phosphorylation, consistent with the

(duplicates on two separate occasions) and showed good reproducProposals outlined in Figure 6.

ibility.
At least two models could explain the apparent dSrc DISCUSSION

cooperativity. In modelA, one dSrc molecule binds to a The interplay between local amino acid interactions,
portion of Csk and directly stimulates Csk’s catalytic activity secondary and tertiary protein structure, and distal domain
toward a second substrate molecule. In mdgletwo (or effects governs the molecular recognition of protein sub-
more) dSrc protein molecules directly interact with one strates by protein kinases. Certain serine-threonine kinases
another, thereby enhancing binding and/or catalytic process-appear to show high specificity for a defined series of amino
ing by Csk. ModelA makes the prediction that dSrc mutant acids in short linear peptide sequences that correlate well
Y527F stimulation of Csk kinase activity should extend to with sequences of residues that are naturally phosphorylated
non-dSrc substrates, whereas mo8ekuggests that Src  in proteins 8—6). In contrast, there is a significant disparity
Y527F mutant stimulation of Csk should be confined to dSrc between peptide site phosphorylation selectivity and protein
substrates. Consequently, we investigated dSrc Y527F'ssite phosphorylation specificity for the protein tyrosine kinase
ability to stimulate Csk’s phosphorylation of poly(Glu,Tyr), Csk (7, 23). Src family members are physiologically relevant

a peptide substrate for Csk. The protein dSrc Y527F (up to substrates for Csk, and a single tyrosine out of approximately
8 uM) had no significant effect on Csk-catalyzed poly(Glu,- 20 in these family members is phosphorylated by Csk with
Tyr) phosphorylation (Figure 4B). This finding is consistent high selectivity. How this selectivity is achieved is unknown.
with the Y527F dSrc activation model in which dSrc While a protein (Csk binding protein) has recently been
dimerization is important (Figure 6). It is established that reported to recruit Csk to the plasma membrane and thereby
Src can self-associate since these enzymes can catalyzpossibly enhance its rate of Src family member phospho-
intermolecular autophosphorylation quite efficient®7). rylation (28), it had been shown earlier with purified Csk
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A showed that two residues were highly important in recogni-
. tion and catalysis, Y- 3 and Y — 1, and the others were
=" replaceable with little impact. The 40-fold greater rate

observed with Y— 3 (Glu) and 10-fold greater rate with

Y — 1 (GIn) compared to Ala at these sites were considerably
larger than the selectivities observed in peptide library studies
(2—3-fold selectivities for Y— 3 Glu versus Ala and Y-
1 lle versus Ala) within short sequences. It was also quite
striking that the optimal short peptide sequence, which was
>500-fold more efficient than the natural sequence within a
B short peptide, was no better than the naturally occurring
sequence in the context of the dSrc protein. These results
suggest that Csk recognition of Src is unlikely to be two
independent interactions that Csk shows toward the non-tail
Src protein and the Src tail. In this case, the binding energies
for the two interactions should be strictly additive, and the
VS catalytic efficiency for the tail-optimized Src should have
ATP HO-Tyr been much greater than the natural material. Rather, a simple
interpretation of the data involves a synergistic presentation
of the Src tail by the Src catalytic domain. In this presenta-
CSk tion, the Y— 3 and Y— 1 residues are highly influential in

) L governing Csk recognition. At least two models, or some
Ficure 6: Two potential Src dimerization models proposed for

. ! . .~ hybrid, are plausible to account for such behavior. In one

Csk phosphorylation of Src protein. (A) Two Src polypeptides bind myodel Y — [i and Y — 3 Src residues interact with some
to each other and both directly to Csk, enhancing by recruitment ' B ! X i )
phosphorylation of one of the Src molecules by Csk. (B) Only one upstream region in the Src catalytic domain (either inter- or
Src polypeptide interacts directly with Csk, but a second Src intramolecularly) and trigger a distal Sr€sk interaction.
molecgle som.ehowlconformationally enhances the first Src polypep- |n the second model, ¥- 1 and Y — 3 residues interact
tide’s interaction with Csk. directly with Csk, but these interactions are facilitated
indirectly by remote interactions between Src and Csk. The
; R ) reviously reported peptide library experiments suggest that
interaction is dictated by the structures of the kinase and Pnodel > Kaspmerit sFi)ncpe in the a)tgser?ce of the Srggcatalytic
substrgte themselv.e§3). ) . . domain there is some preference for the-Y3 Glu residue

In this study, an improved bacterial expression system is (23). Moreover, in the absence of Csk, the Src family
described which has made it possible to conveniently expressmember Lck tail is thought to be relatively unstructured (and
and purify quantmes of catalytically inactive Srg: (dSrc) a.nd not interacting with the catalytic domain) based on the
dSrc mutants. This has allowed for a more d_eta|Ied and directgpsence of electron density associated with the tail by X-ray
analysis of Csk-catalyzed Src phosphorylation than has beencrystallographic analysi29). Further structural work will
performed to date. As noted for a variety of other proteins pe necessary to settle this question more definitively.
previously @5), coexpression with GroES and GroEL proved |t \as somewnhat surprising at first that the lle residue was
to be ef_fectlve in enhancing soIL!bIe dSrc pro.t(.aln eXpression. ys|erated at the Y- 1 position in the CE-dSrc protein given
The His6-tagged dSrc protein was purified to near- the 10-fold preference for GIn versus Ala at this position.
homogeneity readily with a Zn affinity column. This powever, the Q5261 dSrc mutant was equally efficiently
technology should find additional uses for experiments rocessed compared to the parent dSrc protein, indicating
reqwrmg_purlﬂeql Src protein. o N that the hydrophobic/ steric properties of the-Y1 side

It was interesting that dSrc showed similar efficiency as chain rather than hydrogen bonding are essential for Csk
a Csk substrate compared to the previously reported resultgphosphorylation.

with catalytically inactive Lck. Deletion of dSrc’s SH2 and Csk phosphorylation of the Src tail is associated with
SH3 domains did not diminish the efficiency with which dSrc - down-regulation of Src’s own tyrosine kinase activity.
was phosphorylated by Csk. Previous qualitative data avail- Consequently, there has been a substantial body of work
able from cellular experiments were also suggestive that theaimed at identifying Src tail mutants that show transforming
Src SH2 and SH3 domains were dispensable for Csk- potential in cellular growth studied$, 16, 29—34). Indeed,
mediated phosphorylatio2€), and the biochemical data here 3 subset of human colon cancers was shown to have a related
confirm this hypothesis and provide a quantitative assessmenimutation in which Src was truncated in the tail and resistant
of the interactions. Taken together with previous Csk deletion to negative regulation3(). It is noteworthy that only two
experiments, these results strongly support the concept thatesidues other than the key tyrosine are strictly conserved
the key specificity information in the SraCsk interaction among Src family member tails in the<¥ 3 to Y + 5 region
is located within the catalytic domains of the two proteins (Figure 3). Comparison of the preferences of the requirements
as well as the Src tail. This simplifies significantly future for efficient Csk phosphorylation of dSrc can be used to
biophysical dissection of the Csi6rc interaction. account for the behavior of some of the mutants which
It was of considerable interest to quantitate the contribu- showed transforming phenotype. For example, MacAuley
tions of individual Src tail residues to the substrate efficiency and Cooper showed that mutations in Src Glu-524 to Gly,
of Src phosphorylation. Alanine scanning mutagenesis Val, or Lys led to cellular transformatior32, 33). Likewise,

and Lck proteins that much of the specificity underlying the



2010 Biochemistry, Vol. 40, No. 7, 2001

GIn-526 conversion to Lys or Pro also led to a transforming
phenotype. These results are clearly consistent with the
expectations from the results of Ala scanning experiments
described here. More difficult to account for is the fact that
mutants containing E524D and Q526G showed a nontrans-
forming phenotype. As described above, Src E524D was
similarly poor as a Csk substrate compared to E524A and
would have been predicted to induce transformation. While
no obvious explanation accounts for this behavior, it can be
hypothesized that the E524D Src transforming potential is
disabled in some other way in these cells. We believe this
underscores the limitations of deriving definitive conclusions
about specific proteinprotein interactions from experiments
done only in living systems.

Perhaps the most unexpected finding in the current study
was the apparent cooperativity observed between Src mol-
ecules in the Csk phosphorylation event. It is worth com-
menting on the fact that the detailed kinetic studies described
here using purified proteins allowed this rather subtle but

potentially important feature to be revealed, which would g

probably have been impossible to observe using traditional

kinase measurements made in cell biology. Somewhat related 19.

activating protein schemes have been proposed in MAP

kinase cascade8%, 36) although in these cases the activating  20-

protein is different from substrate.

How cooperativity is generated at the atomic level in the
Csk=Src pathway is unclear but likely only involves the
catalytic domains of the Src proteins given its occurrence
with dSrc-cat. Two potential models for cooperativity which
cannot currently be distinguished are shown in Figure 6. In
one model, both Src molecules interact directly with the Csk
protein (Figure 6A). In the second model, one Src molecule
converts a second Src substrate molecule into a more efficient
substrate by a conformational change (Figure 6B). It is
presumed that such cooperativity directly contributes to the
apparent differences in selectivity between peptide and
protein substrates for Csk. It is also noteworthy that such
cooperativity could well be fostered by recruitment of Src
and Csk to cellular membranes where diffusion is limited to
two dimensions.
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