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Engineering Src family protein kinases with unnatural nucleotide 
specificity 
Yi Liu 1, Kavita Shah 1, Feng Yang 1, Laurie Witucki 1 and Kevan M Shokat 1,2 

Background: Protein kinases play a central role in controlling diverse signal 
transduction pathways in all cells. The identification of the direct cellular 
substrates of individual protein kinases remains the key challenge in the field. 

Results: We describe the protein engineering of v-Src to produce a kinase 
which preferentially uses an ATP analog, N6-(benzyl) ATP, as a substrate, rather 
than the natural v-Src substrate, ATP. The sidechain of a single residue (11e338) 
controls specificity for NB-substituted ATP analogs in the binding pocket of 
v-Src. Elimination of this sidechain by mutation to glycine produces a v-Src 
kinase which preferentially utilizes NS-(benzyl) ATP as a phosphodonor 
substrate. Our engineering strategy is generally applicable to the Src family 
kinases: mutation of the corresponding residue (Thr339 to glycine) in the Fyn 
kinase confers specificity for N6-(benzyl) ATP on Fyn. 

Condusions: The v-Src tyrosine kinase has been engineered to exhibit 
specificity for an unnatural ATP analog, N6-(benzyl) ATP, even in a cellular 
context where high concentrations of natural ATP are present (1-5 mM), where 
preferential use of the ATP analog by the mutant kinase is essential. The mutant 
v-Src transfers phosphate more efficiently with the designed unnatural analog 
than with ATP. As the identical mutation in the Src-family kinase Fyn confers on 
Fyn the ability to recognize the same unnatural ATP analog, our strategy is likely 
to be generally applicable to other protein kinases and may help to identify the 
direct targets of specific kinases. 
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I n t r o d u c t i o n  
Protein kinases catalyze the transfer of the y phosphate 
from ATP to serine, threonine, tyrosine, or histidine resi- 
dues of protein substrates. They  are found in many cellu- 
lar compartments, in membranes, the cytosol, associated 
with the cytoskeleton or in the nucleus, and are involved 
in a wide variety of cellular functions, including cytokine 
responses, antigen-dependent immune responses, regula- 
tion of the cell cycle, modification of cell morphology, 
learning and memory, ion-channel regulation and stress 
responses (to ultraviolet light and oxidants) [1]. Kinase 
involvement in these diverse pathways makes the super- 
family of protein kinases a large and important class of 
enzymes in cellular signal transduction. The  first tyro- 
sine kinase to be identified was v-Src, which is responsi- 
ble for the transformation of fibroblasts by the Rous 
sarcoma virus (RSV) [21. The  origin [31, regulation 
[1,4-6] and structure of v-Src [7-9], as well as of its cellu- 
lar homolog c-Src [10-11], have been studied extensively 
and are well understood. The  two kinases differ in 
several respects; many v-Src isolates contain a carboxy- 
terminal deletion which results in the loss of the 
inhibitory Tyr527. Another frequent mutation to the 
c-Src gene is found at position 338 where isoleucine is 
substituted for Thr338. The  carboxy-terminal deletion or 

the Thr338---~Ile mutation are individually sufficient, but 
not necessary, for transforming activity of v-Src. The  
latter mutation alone results in a v-Src gene which is only 
partially transforming [12]. 

The v-Src kinase is highly active. Over 50 proteins become 
phosphorylated (either directly or indirectly) by v-Src upon 
RSV infection of fibroblasts [13]. Although v-Src has been 
intensely studied using almost every biochemical and 
genetic tool available, we still do not know whether many 
of these 50 proteins are direct v-Src targets or are targets of 
intermediary kinases [14]. Identification of the specific 
substrates of all protein tyrosine kinases is made difficult 
by the large number of cellular kinases (it is estimated that 
2% of the mammalian genome encodes protein kinases 
[15]), by the overlapping target specificity displayed by 
tyrosine kinases [1-11,13-16], and by the very low abun- 
dance of phosphotyrosine (only 0.03% of cellular phospho- 
aminoacids are phosphotyrosine [17]). 

We previously reported a protein-engineering-based 
method for identifying the direct substrates of v-Src [18]. 
To differentiate the cellular substrates of v-Src from all 
other kinase substrates, we mutated the ATP-binding 
site of v-Src such that the engineered kinase uniquely 
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Figure 1 

Surface representation of the ATP-binding pocket in three distantly 
related protein kinases: the Src family member Hck, PKA, and CDK2. 
The solvent-accessible surface of each kinase within 7 A of ATP is 
shown in white mesh, and the surface of ATP is shown in blue mesh. 
(a) Wild-type Hck + AMP-PNP. The portion of Hck's solvent- 
accessible surface area formed by Thr338 (corresponding to Ile338 in 
v-Src) is shown in red mesh and the portion of the surface formed by 
Val323 is shown in green mesh. (b) Wild-type PKA + ATP. The portion 
of PKA's solvent-accessible surface ares formed by Met120 
(corresponding to Ile338 in v-Src) is shown in red mesh and the 

portion of the surface formed by Vail 04 is shown in green mesh. 
(c) Wild-type CDK2 + ATP. The portion of CDK2's solvent-accessible 
surface area formed by Phe80 (corresponding to Ile338 in v-Src) is 
shown in red mesh and the portion of the surface formed by Va164 is 
shown in green mesh. ATP, and the residues corresponding to Ile338 
and Val323 in v-Src in each kinase (a-c) are shown in stick 
representation with the following atom coloring: O, red; N, blue; C, 
white; P, yellow. These figures were created using the molecular 
modelling program GRASP [41]. 

Recently, structures of three Src-family kinases (c-Src 
[11], Hck [23], and Lck [24]) have made possible a more 
detailed analysis of the similarities between the two fami- 
lies of kinases (serine/threonine and tyrosine kinases) 
with respect to the pocket around the N 6 amine of ATP. 
The  ATP-binding pockets of the three distantly related 
kinases are shown in Figure 1 in surface representation. 
We analyzed the kinase active sites, looking for a con- 
served structural feature which could explain the inability 
of wild-type kinases to accept N6-substituted ATP 
analogs. It was immediately apparent that the shape com- 
plementarity between the kinase active site and the N 1 
and N 6 positions of the ATP purine ring is well conserved 
in all three kinases. In particular, there is little unoccu- 
pied space adjacent to the N 6 amine of ATP in any of the 
available kinase crystal structures. 

We next turned to sequence alignments of all protein 
kinases to identify conserved residues which would be 
responsible for forming the complementary interactions 
with the N 6 position of ATP in all kinases. Surprisingly, 
analysis of kinase sequence alignments indicated that the 
two residues which make close contact with the N 6 amine 
of ATP (Va1323, I1e338 in v-Src) are not completely con- 
served in all kinases, as the three-dimensional structures 
might have suggested (Figure 2). Although the residue 
that corresponds to Va1323 in v-Src is most often a 
I~-branched residue (a residue which contains two non- 
hydrogen atoms at the 13 carbon), it can also be a small 
unbranched residue, such as alanine (see Figure 2, red 

letters). The  fact that several kinases contain alanine at 
this position suggested to us that this residue might not be 
responsible for limiting the steric bulk of N 6 substituents 
on ATP. We also analyzed the crystal structures of Hck, 
PKA, and CDK2 in terms of the importance of residues 
that correspond to Va1323 of v-Src in forming the pocket 
around the N 6 position of ATP. The  surface formed by 
Va1323 in Hck is colored in green mesh (Figure la). Only a 
small patch of green is visible because Va1323 does not sig- 
nificantly contribute to forming the N6-binding pocket of 
Hck. Similarly, the residue that corresponds to Va1323 in 
PKA (Vail04, green surface in Figure lb) does not con- 
tribute to the ATP-binding pocket in PKA. Interestingly, 
by contrast, the corresponding residue in CDK2, Va164 
(green mesh in Figure lc), does contribute significantly to 
the N6-binding pocket in this kinase. 

The  other residue in the vicinity of the N 6 group that 
corresponds to Thr338 in c-Src (see Figure 2; interest- 
ingly, this residue is mutated to isoleucine in some v-Src 
isolates, see below) is quite structurally conserved across 
the kinase family in that no kinases contain small 
unbranched alanine or glycine residues at this position 
(Figure 2). In fact, the smallest residue in any kinase at 
this position is serine (Figure 2, purple S). Structural 
comparison of the contribution of this residue to the 
N6-binding pocket of ATP in the three kinases analyzed 
(shown in red mesh, Figure 1) confirms that a significant 
portion of the ATP-binding pocket in the region around 
the N 6 amine is formed by this single residue. On the 
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Figure 3 
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(a) Evaluation of the binding efficiency of A*TPs to wild-type and 
Val323 and Ile338 mutant v-Src kinases. Binding efficiency was 
determined by inhibiting [7-32P] ATP-dependent phosphorylation of the 
peptide IYGEFKKK by GST-XD4 (wild-type v-Src), GST-XD4 
(V323A), GST-XD4 (V323A, 1338A) and GST-XD4 (1338A) with 
unlabelled ATP and ATP analogs 1-12. Percentage inhibition is 

calculated as (1 - vJv0) where v i is the disintegration rate (cpm) in the 
presence of 100 I.tM of the indicated triphosphate and 10 ~tM [~32p] 
ATP (1000 cpm/pmol) and v 0 is the disintegration rate (cpm) in the 
presence of 10 txM [~.32p] ATP (1000 cpm/pmol) alone. (b) Structures 
of ATP analogs (A*TPs; 1-12) used in this experiment. 

observation that no wild-type kinases are able to accept 
N6-(cyclopentyl) ATP as a substrate [18]. 

The  only remaining substitution at position 338 that is 
predicted to allow catalysis with A*TP is glycine, because 
it is smaller than alanine. Indeed, G S T - X D 4  (I338G) 
shows the same inhibition pattern as that of GST-XD4  
(I338A) with a slightly enhanced binding affinity for the 
analogs containing larger N 6 groups (Figure 5). It there- 
fore appears that residues larger than alanine at position 
338 preclude binding of A*TPs whereas alanine and 
glycine at this position confer on v-Src the ability to bind 
A*TPs that have bulky N 6 substituents. 

Figure 4 
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Autoradiograms showing [y-32p]ATP-dependent autophosphorylation of 
GST-XD4 (wild-type v-Src), lane 1 ; GST-XD4 (V323A, 1338A), lane 2; 
GST-XD4 (V323A), lane 3; GST-XD4 (1338A) lane 4; and [y.32p] N s- 
(cyclopentyl) ATP-dependent phosphorylation of GST-XD4 (wild-type v- 
Src), lane 5; GST-XD4 (V323A, 1338A), lane 6; GST-XD4 (V323A), 
lane 7; GST-XD4 (1338A), lane 8. The autophosphorylation reaction was 
carried out as described in the Materials and methods section. 

Structural context of residue 338 

The  crystal structure of c-Src shows that Thr338 is at the 
back of the nucleotide-binding pocket in the interdomain 
hinge which links the catalytic amino- and carboxy-termi- 
nal domains [11]. Mutation of v-Src Ile338 to glycine is 
predicted to have two effects on the enzyme - -  enlarge 
the ATP-binding pocket, and lend more flexibility to 
interdomain hinge [26]. We asked which of these two 
effects is more important for conferring A*TP specificity 
on v-Src; we attempted to increase the flexibility of the 
interdomain hinge without enlarging the ATP-binding 
pocket, and asked whether this allowed v-Src to accept 
A*TPs. We focused on residue Glu339 in the hinge, 
because the carboxylate sidechain of Glu339 is oriented 
away from the interior of the ATP-binding site in all exist- 
ing kinase crystal structures; thus its mutation to alanine 
or glycine was not expected to affect the N 6 pocket 
dimensions. Because it is the residue adjacent to I1e338 in 
the interdomain hinge, addition of a glycine residue was 
expected to enhance the flexibility of the hinge to a 
similar extent as in the 1338G mutant. We found that the 
GST-XD4  (E339G) mutant is inhibited to a certain 
extent by N6-substituted ATP analogs, compared with 
wild-type v-Src, but not nearly to the extent found in 
G S T - X D 4  (I339G). In Figure 6, the I338G mutant shows 
97% inhibition by N6-(cyclopentyloxy) ATP whereas the 
E339G mutant shows only 42% inhibition by the same 
A*TP. This analysis demonstrated that interdomain flexi- 
bility has an effect on A*TP binding, but relief of steric 
congestion in the ATP-binding pocket adjacent to the N 6 
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Figure 5 
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Evaluation of the binding efficiency of A*TPs 
to wild-type and Ile338 mutant v-Src kinases. 
Binding efficiency was determined by 
inhibiting [,y.s2p] ATP-dependent 
phosphorylation of the peptide IYGEFKKK by 
GST-XD4 (wild-type v-Src), GST-XD4 
(1338V), GST-XD4 (1338C), GST-XD4 
(1338S), GST-XD4 (1338A) and GST-XD4 
(1338G) with unlabelled ATP and some of the 
ATP analogs shown in Figure 3b. Percentage 
inhibition was defined in the same manner as 
in Figure 3a. 

amine is the most critical feature for engineering unnat- 
ural ATP analog specificity. 

Determining the optimal ATP analog for 1338A or 1338G 
mutants of v-Src 
Although N6-(cyclopentyl) ATP was identified as the 
optimal substrate for the first-generation double-alanine 
mutant (V323A, I338A) [18], it was not unreasonable to 
expect that each new kinase mutant might exhibit subtle 
differences in the ability to catalyze phosphorylation with 
other A*TPs. Because our analysis of A*TP binding to 
v-Src mutants yielded two new v-Src mutants, I338A and 
I338G, we decided to probe these two new'kinases with 

Figure 6 

all the available A*TPs (Figure 3b) to find the best match 
of unnatural substrate (A*TP) and mutant enzyme. Using 
[T-3zP] ATP as the phosphodonor and an optimal peptide 
substrate (IYGEFKKK), the binding affinity of v-Src 
mutants for A*TPs can be measured using an inhibition 
assay. The  disadvantage of such an assay is that analogs 
which have tight binding constants are not necessarily 
good substrates. One solution to this problem is to synthe- 
size [y-3zp]-labeled A*TPs and to test them in a peptide 
phosphorylation assay; this is not very appealing, however, 
as it involves a great deal of radioactive synthesis. We 
chose to use a nonradioactive assay which could directly 
test nonradiolabeled A*TPs as substrates of mutant 

ATP 1 

Chemistry & Biology 

2 3 4 5 

A*TPs 
8 9 11 12 

|ST-XD4 (1338G) 
;T-XD4 (E339G) 

• GST-XD4 (E339A) 
GST-XD4 (wild type) 

v-Sre kinase 
(Glu339 mutants) 

Evaluation of the binding efficiency of A*TPs 
to wild-type and Ile338 and Glu339 mutant v- 
Src kinases. Binding efficiency was 
determined by inhibiting [~/.~2p] ATP- 
dependent phosphorylation of the peptide 
IYGEFKKK by GST-XD4 (wild-type v-Src), 
GST-XD4 (1339A), GST-XD4 (E33gG) and 
GST-XD4 (E338G) with unlabelled ATP and 
and some of the ATP analogs shown in Figure 
3b. Percentage inhibition was determined in 
the same manner as in Figure 3a. 
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Figure 7 
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Anti-phosphotyrosine immunoblot of GFP-IYGEF phosphorylation with 
ATP and various ATP analogs by GST-XD4 (wild-type v-Src), 
GST-XD4 (1338A) and GST-XD4 (1338G). Lane 1, control, no ATP; 
lane 2, ATP; lane 3, N6-(benzoyl) ATP (the ATP N6 substitution is 
shown above the lane); lane 4, N6-(benzyl) ATP (5); lane 5, N s- 
(benzyloxy) ATP (6); lane 6, N6-(cyclopentyl) ATP (8); lane 7, N 6- 
(cyclopentyloxy) ATP (9); lane 8, N6-(cyclohexyl) ATP (11); lane 9, N 8- 
(cyclohexyloxy) ATP (12). Reaction conditions are described in the 
Materials and methods section. 

kinases. The  best existing nonradioactive assay is a 
coupled ADP-formation assay that uses ADP-requiring 
enzymes, but this cannot be extended to our A*DP prod- 
ucts [27]. We therefore developed a new assay that utilizes 
a highly specific anti-phosphotyrosine antibody to detect 
phosphorylation of a specific tyrosine on an engineered 
substrate (green fluorescent protein carboxy-terminally 
tagged with an optimal Src substrate EIYGEF, designated 
'GFP-IYGEF'; FY., Y.L., SD. Bixby, J.D. Friedman and 
K.M.S., unpublished observations). 

The  anti-phosphotyrosine immunoblot of GFP-IYGEF 
phosphorylation by v-Src with orthogonal ATP analogs 
(A*TP analogs not accepted by wild-type kinases) is 
shown in Figure 7. The  best substrate for both the I338A 
and I338G mutants is N6-(benzyl) ATP, as measured by 
the intensity of the anti-phosphotyrosine immunoblot 
signal (Figure 7, lane 7). The  inhibition assay (Figure 5) 
shows that the I338A and I338G v-Src mutants display 
similar binding affinity with analogs 5, 6, 8, 9, 11, and 12 
(Figure 5), yet the catalytic activity assay demonstrates 
that these two mutants use these ATP analogs with quite 
different catalytic efficiencies. 

The  GST-XD4 (I338G) mutant shows the highest inhibi- 
tion with 9, N6-(cyclopentyloxy) ATP, (Figure 5) but this 
analog is not as good a substrate as either N6-(benzyl) 
ATP or N6-(cyclopentyl) ATP (Figure 7, lanes 4 and 6, 
respectively, versus lane 7). The  N6-(cyclopentyloxy) 
ATP, is in fact, a potent inhibitor of the I338G v-Src 
mutant (ICs0= 0.05 ~tM, data not shown). It is a poor 

inhibitor of the I338G mutant (IC50 = 80 p.M, data not 
shown). In terms of catalytic efficiency, however, the 
I338A mutant uses N6-(cyclopentyloxy) ATP with a cat- 
alytic efficiency higher than the I338G mutant. In our 
search for unnatural substrates of engineered enzymes, 
therefore, we have actually identified several ATP 
analogs which are highly selective inhibitors of the 
various mutant kinases [28]. 

In order to determine the catalytic rate constants for 
mutant v-Src phosphorylation we synthesized [y.3zp] 
N6-(benzyl) ATP, the best analog identified in the 
screen of our 12 A*TPs. The  wild-type kinase G S T -  
XD4 did not phosphorylate the IYGEFKKK peptide 
with [~,_3zp] N6.(benzyl) ATP, confirming our previous 
observation that this nucleotide analog is not a wild-type 
substrate. GST-XD4 (I338A) displays a kc~ t of 0.5 min -1 
with N6-(benzyl) ATP, 20 times higher than with 
N6-(cyclopentyl) ATP (0.025min-1; Table 1). The  
kcat/K m of GST-XD4 (I338G) with N6-(benzyl) ATP 
(4.0 × 104min -1M -1) is fourfold higher than with ATP 
(1.0 × 104rain -1M -1) and only fourfold less than wild- 
type kinase GST-XD4 with ATP (1.6 × 105 min -1 M-l). 
A 20-fold improvement of the catalytic efficiency of our 
mutant v-Src demonstrates the advantage of iterative 
mutagenesis and analog screening. Even more significant 
than the absolute increase in catalytic activity of the 
mutated kinase is the switch in the preferred substrate, 
from ATP to an A*TP. Our first generation v-Src mutant 
(V323A, I338A) preferentially utilizes ATP over N 6- 
(cyclopentyl) ATP (kcat:Kmratio6:l), whereas I338G 
v-Src preferentially uses N6-(benzyl) ATP over ATP 
(kcat:K m ratio 4:1). 

The  key finding from our efforts to engineer v-Src to 
efficiently catalyze phosphotransfer reactions is that 
residue 338, a bulky residue in all known kinases (see 
Figure 1), limits the ability of v-Src to bind N6-substi - 
tuted A*TPs (Figure 8a,b). Mutation of this residue to 
alanine or glycine confers on v-Src the ability to accept 
N6-substituted A*TPs (Figure 8c). A screen of 12 candi- 
date A*TPs with various substituents at the N 6 position 
of ATP, identified N6-(benzyl) ATP as the best A*TP 
substrate. As protein kinases share a common protein 
fold, we reasoned that mutation of residues correspond- 
ing to 338 (in v-Src) might confer on other kinases the 
ability to accept N6-(benzyl) ATP (or another A*TP from 
our panel). 

Engineering Fyn, a Src family klnaee, to accept an A*TP 
The  Src family of tyrosine kinases contains nine 
members: Src, Lck, Fyn, Lyn, Hck, Yes, Fgr, Blk and Yrk 
[5], which are involved in processes such as lymphocyte 
development, platelet activation, and mast cell degranu- 
lation [29-31]. The  amino acid at the position corre- 
sponding to 338 in v-Src is either threonine or isoleucine 
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Figure 8 

Surface representation of the ATP-binding pocket in the Src family 
tyrosine kinase Hck and the proposed effect of enlarging the ATP- 
binding pocket to accommodate NS-(benzyl) ATP. (a) Wild-~pe Hck + 
AMP-PNP. The solvent-accessible surface of Hck within 7 Aof ATP is 
shown in white mesh, the surface of ATP is shown in blue mesh. The 
portion of Hck's solvent-accessible surface area formed by Thr338 
(corresponding to Ile338 in v-Src) is shown in red mesh. Atoms are 
colored the same as in Figure 1. Complementary packing of ATP into 
the wild-type Hck active site indicates the proximity of the N 6 amine of 
ATP to residue 338. (b) Wild-type Hck + NS-(benzyl) AMP-PNP. Model 
of the unfavorable packing of NS-(benzyl) ATP into the wild-type Hck 
active site, showing the steric clash between the benzyl ring of N 6 

(benzyl)ATP and the sidechain of Thr338. (¢) Mutant Hck (T338G) + 
NS-(benzyl) AMP-PNP. Model of the improved fit of N6-(benzyl) ATP 
into the enlarged T338G mutant Hck ATP-binding pocket. The 
conformation of the N e benzyl ring was chosen by manually checking 
multiple rotamers of the N-C and C-Ph bonds in N6-(benzyl) ATP for 
steric clashes with the residues in the Hck active site using the program 
Insightll. The rotamer with the least steric clashes determined in this 
manner was then imported into the program GRASP (A. Nichols and B. 
Honig, Columbia University) to produce the surface maps. These 
figures were created using GRASP [41]. (We show Hck instead of Src 
because the structure of Src complexed to ATP is not available.) 

in all oncogenic or proto-oncogenic Src-family kinases. 
Mutation of Thr338 in c-Src to isoleucine is known to be 
sufficient for partial transformation of chicken embryo 
fibroblasts [12], as this single mutation is known to 
increase the specific activity of the c-Src kinase. Several 

Figure 9 

v-Sic isolates contain threonine at position 338, and thus 
isoleucine is not necessary to cause transformation of 
fibroblasts by v-Src [32]. The activating nature of the 
threonine to isoleucine mutation at this position could be 
the result of loss of a hydrogen bond between the 
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Evaluation of the binding efficiency of A*TPs 
to wild-type and mutant Fyn kinases. Binding 
efficiency was determined by inhibiting of [7" 
32p] ATP-dependent phosphorylation of the 
specific peptide IYGEFKKK by GST-Fyn, 
GST-Fyn (T339A) and GST-Fyn(T339G) 
with unlabelled ATP and A*TPs. Percentage 
inhibition was defined in the same manner as 
in Figure 3. 
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