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We have developed a general strategy for designing
efficient protein substrates of protein kinases by at-
taching a phosphorylatable peptide sequence to the
C-terminus of His¢-tagged green fluorescent protein
(GFP). We found that several C-terminal attachment
sites in GFP allow for correct presentation of the phos-
phorylatable tail to a variety of protein Kinases. Using
this strategy, we have constructed highly efficient
GFP-based substrates for Src, c-Abl, protein kinase A,
and protein kinase C BIll protein kinases. The engi-
neered GFP substrate for Src (GFP1YGEFG) is 300
times more efficient than the protein most commonly
used as a Src substrate-rabbit muscle enolase. © 1999

Academic Press

Protein kinases are ubiquitous mediators of cellular
signal transduction (1, 2). Their activity is tightly reg-
ulated in response to extracellular cues as well as
intracellular signals. Many biochemical methods have
been developed to study the level of kinase activation
following receptor stimulation. Immunoprecipitation of
protein complexes from detergent cell lysates followed
by an assay for kinase activity is the most common of
these methods. The immunoprecipitated kinase is usu-
ally resolved from other proteins in the complex via gel
electrophoresis. One problem with this method is that
if the immunoprecipitated complex does not contain an
efficiently phosphorylatable substrate, the activity of
the kinase can be difficult to detect. Often, exogenous
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substrates are added to immunoprecipitated kinase
reactions to avoid this problem. The ideal substrate in
such an in vitro kinase assay would be the natural
cellular substrate of the kinase. Unfortunately, the
specific cellular substrates of the majority of protein
kinases have yet to be determined, making the devel-
opment of such in vitro kinase assays problematic. This
paper addresses the problem of generating highly effi-
cient substrates for in vitro assays of protein kinases.

Traditionally, two types of substrates are used to
measure protein kinase activity. Proteins fortuitously
identified as substrates of the kinases of interest such
as immunoglobulin heavy chain, rabbit muscle eno-
lase, and histones are moderately good substrates (3,
4). Peptides derived from the screening of combinato-
rial peptide libraries are the most efficiently phosphor-
ylated substrates (5-12), but they cannot be used in
gel-based assays. Synthetic random polypeptides such
as poly(Glu, Tyr) 4:1 have also been used in the devel-
opment of efficient high-throughput assays for the c-
Src protein kinase (13-15).

In the process of our efforts to engineer protein ki-
nases with altered nucleotide specificity (16, 17), we
recognized the need for versatile, highly efficient ki-
nase substrates that could be used in nonradioactive
kinase assays. We sought to convert the information
gained from peptide libraries to design protein-based
kinase substrates which are required for gel-based as-
say formats. The ideal kinase substrate would have the
ability to serve as a specific substrate for particular
kinases. It should be generalizable to diverse protein
kinases, including both tyrosine kinases and serine/
threonine kinases. It should be easy to prepare, versa-
tile in terms of assay format, and inexpensive.

To achieve these goals, we extended the optimal pep-
tide substrate sequence information obtained from
combinatorial peptide libraries to the phosphorylation
of a protein which can be separated cleanly from pro-
teins in immune complex kinase reactions by poly-
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TABLE 1
List of Phosphorylatable GFP Kinase Substrates

GFP sequence

Beta sheet Flexible
ﬁ NaVaVaVaVaVaVaVaVaVaVal
Kinase® Name

2°*RDHMVLLEFVTAAGITHGMDEL*K GFP
Src RDHMVLLEFVTAAGITHGMDEBEEFGGS GFPs3s I YGEFG
Src RDHMVLLEFVTAAERIGEFG GFP,; EIYGEFG
Abl RDHMVLLEFVTAAGITHGMDSAAPF GFP3AIYAAPF
PKA RDHMVLLEFVTAAGITHGMDRERR GFP,;,RRRRSII
PKA RDHMVLLEFVTAARRRBIR GFP,,;RRRRSII
PKA RDHMVLLEFVTAARS GFP,;RRSII

 Protein kinase which phosphorylates the optimal peptide substrate sequence (underlined) attached to GFP.

acrylamide gel electrophoresis (PAGE)® and detected
via methods commonly used in kinase assays. We at-
tached optimal substrate sequences to the C-terminus
of a nonphosphorylatable host protein—green fluores-
cent protein (GFP). GFP can be easily produced in
bacteria and purified via an attached His, tag at the
N-terminus. We utilized a mutant GFP which pos-
sesses enhanced solubility, folding, and fluorescent
properties over the wild-type protein (18). We asked
whether such “tailed” GFP substrates could provide
efficient substrates for assaying a variety of protein
kinases such as Src, c-Abl, protein kinase A (PKA), and
protein kinase C (PKC) gI1 in gel based nonradioactive
assays.

MATERIALS AND METHODS

Plasmid pGFPMutl, which contains the GFPMutl
gene in a pKEN vector, was a gift from B. P. Cormack
(Stanford University). Plasmid vector pQE8 and the
QIAEX Il kit were purchased from Qiagen (Chats-
worth, CA). Restriction enzymes, calf intestinal alka-
line phosphatase (CIP), and T4 ligase were purchased
from NEB (Beverly, MA). Oligonucleotide synthesis
and automatic DNA sequencing were done in the Syn-
thesis and Sequencing Facility at Princeton Univer-
sity. LB broth and LB agar were purchased from
Biol01 (La Jolla, CA). PKA was purchased from Life
Technology (Gaithersburg, MD). TALON resin was
purchased from Clonetech (Palo Alto, CA). [y-*P]JATP
was purchased from Du Pont NEN (Boston, MA). An-
tibody 4G10 was a gift from Brian Druker (Oregon

® Abbreviations used: GFP, green fluorescent protein (in this pa-
per, we refer to GFPMutl as GFP); CIP, calf intestinal alkaline
phosphatase; GST, glutathione S-transferase; PAGE, polyacryl-
amide gel electrophoresis; PCR, polymerase chain reaction; PKA,
protein kinase A; PKC, protein kinase C; PKC BlI, protein kinase C
Bl isozyme; SDS, sodium dodecyl sulfate; XD4, v-Src lacking SH3
domain and the first 80 residues of the SH2 domain.

Health Science Center, Portland, OR). SuperSignal
chemiluminescent substrate for horseradish peroxi-
dase was purchased from Pierce (Rockford, IL). Pfu
polymerase was purchased from Stratagene (La Jolla,
CA). Electrospray mass spectrometry was performed
by the Mass Spectrometry Facility, Department of
Chemistry, Princeton University, with a Hewlett—
Packard 5989B spectrometer. Scintillation counting
was carried out with a Beckman liquid scintillation
spectrometer, Model LS5801.

Procedures for Plasmid Construction

Using the polymerase chain reaction (PCR), a BamHI
site was added to the 5’ end of GFPMutl gene, and
nucleotide sequence coding for the peptide of choice
followed by a BamHI site was added to the 3’ end of the
gene. pGFPMutl was used as the template. PCR was
performed using Pfu polymerase under manufacturer’s
conditions. The PCR product was digested with
BamHlI, separated by electrophoresis, and extracted
using the QIAEX Il kit. The vector pQES8, which con-
tains a Hisg coding sequence before a BamHI site, was
digested with BamHI, treated with CIP, separated,
and extracted similarly. The vector and the insert were
ligated using T4 ligase. The ligation mixture was used
to transform competent JM109 Escherichia coli. Colo-
nies were screened using a hand-held UV lamp, and
green fluorescent colonies were picked. Plasmid DNA
from these colonies were analyzed by restriction digest
and positive clones were confirmed by sequencing.

PGFP,:sIYGEFG. Forward primer, 5-TCTAGGGAT-
CCGGCATGAGTAAAGGA-3’; reverse primer, 5-TCT-
AGGATCCGCCGAATTCGCCGTATATTTCATCCATGC-
CATG-3'. The resultant construct replaces the last three
codons of GFP with IYGEFGGS (Table 1).

pGFP,,,EIYGEFG. The forward primer is the same
as that used for pGFP,;;IYGEFG; reverse primer,
5'-TCTAGGATCCTTAGCCGAATTCGCCGTATATTTC-
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AGCAGCTGTTACAAACTCAA-3'. The resultant con-
struct replaces the last 11 codons of GFP with IYGEFG
(Table 1).

PGFP,;:;AIYAAPF. The forward primer is the same
as that used for pGFP,;IYGEFG; reverse primer,
5'-ACGTATTCGAATTAGAACGGCGCCGCATAGA-
TCGCTTCATCCATGCCATGTGTAATC-3'. The resul-
tant construct replaces the last three codons of GFP
with AIYAAPF (Table 1).

pGFP,;,RRRRSII.  The forward primer is the same
as that used for pGFP,;5IYGEFG; reverse primer,
5'-GATAGGATCCTTAGATGATAGATCTAGGCCGG-
CGATCCATGCCATGTGTAATC-3'. The resultant con-
struct replaces the last four codons of GFP with
RRRRSII (Table 1).

pGFP,,;RRRRSII. The forward primer is the same
as that used for pGFP,;5lYGEFG; reverse primer,
5"-TCTAGGATCCTTAGATGATAGATCTACGCCGGC-
GAGCAGCTGTTACAAACTCAA-3'. The resultant con-
struct replaces the last 11 codons of GFP with
RRRRSII (Table 1).

pGFP,,;RRSII. The last 11 codons of GFP are re-
placed with RRSII, the serine residue of which was at
the same distance from the GFP core structure as that
of tyrosine in GFP,,;EIYGEFG.

Expression and Purification of GFP

E. coli. strain JIM109 harboring one of the constructs
was grown overnight at 37°C in LB broth with 75 ug/ml
ampicillin. The culture was diluted 1:100 into 50 ml of
same medium and grown at 37°C until ODgy reached
0.4 (about 3 h). Isopropyl B-p-thiogalactopyranoside
was added to a final concentration of 0.5 mM and the
culture was grown for 8—10 h. The cells were harvested
by centrifugation and lysed by sonication. The lysate
was cleared by centrifugation and the supernatant was
recovered. TALON resin was added to the supernatant
and purification was done in batch fashion following
the manufacturer’s protocol. The purity of the proteins
was checked by sodium dodecyl sulfate (SDS)-PAGE
(>95% purity based on Coomassie staining). The mo-
lecular weights of each protein were verified by elec-
trospray mass spectrometry.

Expression and Purification of XD4

Bacterial strain DH5« harboring pGEX-KT-XD4 was
grown, harvested, and lysed as outlined above. XD4
was purified from the lysate using glutathione—agarose
beads as described (16).

Plasmid construction, expression, and purification of
c-Abl were carried out as described (16). c-Abl is a
fusion protein of GST and Abl catalytic domain in
which threonine 315 was mutated to a glycine.
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Activation of Rabbit Muscle Enolase (3)

Equal volumes of the enolase (5 mg/ml) and acetic
acid (50 mM) were mixed. The mixture was incubated
at 30°C for 5 min.

XD4 Assay

Two sets of reactions were run in Src buffer (100 mM
Hepes, pH 7.4, 10 mM MgCl,, 10 pwg/ml bovine serum
albumin, 0.1 mM dithiothreitol 1 mM sodium or-
thovanadate, 0.2 mM ATP) with 2 ul XD4 and various
amounts of GFP I YGEFG, with or without 2.5 uCi
[v-*P]ATP, at 30°C for 15 min. The total volume of
each reaction was 20 ul. At the end of the incubation,
one set of reactions (with [y-**P]JATP) was used for
autoradiography and the second set of reactions (with-
out [y-*P]ATP) was used for Western blotting. For
autoradiography, 5 ul of 5X Laemmli loading dye was
added to each tube and the mixture was heated at 90°C
for 5 min. Sample solutions were loaded onto a 12%
SDS-PAGE gel and electrophoresis was performed un-
til bromophenol blue dye migrated out of the gel. The
gel was stained with Coomassie brilliant blue R-250,
destained, dried, and exposed to an X-ray film at room
temperature. For Western blotting, GFP,;51YGEFG
was separated from other proteins in the reaction mix-
ture which interfered with anti-phosphotyrosine im-
munoblotting. Ten microliters of TALON resin in 30 ul
Tris buffer (20 mM Tris, pH 8.0) was added to each
reaction and mixed. The resin was separated by brief
centrifugation (15,000g) and washed three times with
the Tris buffer. GFP,;s YGEFG was eluted with 20 ul
of elution buffer (the Tris buffer plus 200 mM imida-
zole) and separated from the resin by brief centrifuga-
tion (15,0009). Five microliters of 5X Laemmli loading
dye was added to each supernatant and the mixture
was heated at 90°C for 5 min. The tubes were centri-
fuged (15,000g, 5 min). The sample solutions were
loaded onto a 12% SDS—PAGE gels and electrophoresis
was run until the bromophenol blue dye migrated out
of the gel. The proteins on the gel were transferred to a
nitrocellulose membrane and the membrane was incu-
bated overnight with 5% dried milk in phosphate-buff-
ered saline. The membrane was probed with anti-phos-
photyrosine antibody 4G10 and then visualized with
horseradish peroxidase-conjugated secondary antibody
using chemiluminescence.

PKA Assay

Reactions were run and autoradiography was per-
formed similarly to the XD4 assay except for the
use of a different buffer (50 mM Tris, pH 7.4, 10
mM MgCl,), ATP concentration (20 wM), substrate
(GFP,5,RRRRSII or GFP,,;RRRRSII), and the kinase
(PKA, 7 units in each reaction).
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GFB,JYGEFG —» 30kDa

FIG. 1. Comparison of GFP, enolase, and GFP ;1 YGEFG as XD4
substrates in a radioactive assay. Lane 1, 1 ug GFP; lane 2, 5 ug
activated enolase; lane 3, 5 pg enolase; lane 4, 05 pug
GFP,;;IYGEFG. Reactions were run as described under Materials
and Methods. Samples were run on a 12% SDS-PAGE gel. The gel
was dried and exposed to an X-ray film at room temperature. Expo-
sure time was 24 h.

c-Abl Assay

Each reaction was carried out with 50 mM Tris (pH
8.1), 10 mM MgCl,, 200 uM ATP, and 0.5 pug
GFP,:sAIYAAPF for 1 h at room temperature. The
samples were resolved on an SDS-PAGE gel and
transferred to a nitrocellulose membrane. Visualiza-
tion was carried out using anti-phosphotyrosine anti-
body 4G10 and chemiluminescence (19).

RESULTS
Test of GFP as a Host Protein

The ideal host protein to attach phosphorylatable
sequence motifs to would contain no phosphorylation
sites of its own and yet would contain a site where a
phosphorylatable 6- to 10-amino acid sequence could
be attached in an exposed part of the protein. Indeed,
GFP is not a substrate for XD4, a v-Src catalytic do-
main fusion protein, as shown in Fig. 1 (lane 1). We
analyzed the structure of GFP to determine an appro-
priate site to attach a peptide sequence for v-Src phos-
phorylation (20). Dopf and Horiagon showed that up to
six residues from the C-terminus could be deleted with-
out disrupting GFP fluorescence (21). Since the C-ter-
minal tail of GFP is thought to be unstructured, we
decided to attach the phosphorylatable tails to the C-
terminus rather than the N-terminus of GFP. Zhou et
al. (7) found that the peptide sequence EIYGEFG was
the optimal peptide substrate for Src by screening a
combinatorial peptide library for efficient Src sub-
strates. The C-terminus of GFP contains the sequence
ELYK (Table 1). We guessed that by eliminating the
last three amino acids of GFP we would not disrupt the
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folding or fluorescent properties of GFP. The new C-
terminal residue is then glutamate, which is the first
residue in the optimal peptide sequence we wanted to
attach to GFP, thus minimizing the number of amino
acid changes necessary to produce the desired GFP
construct, termed GFP,;;IYGEFG (Table 1).

Efficiency of GFP,;s1YGEFG Phosphorylation by Src

We first tested GFP,;;IYGEFG as a substrate of
XD4. The GFP I YGEFG protein is an excellent sub-
strate for XD4, as shown in Fig. 1 (lane 4). We com-
pared the efficiency of GFP,351YGEFG phosphorylation
with that of rabbit muscle enolase, a commonly used
Src kinase substrate, by XD4. Figure 1 shows enolase
is a very poor substrate without activation (lane 3) and
only a modest substrate after activation (lane 2). In
contrast, GFP,;; I YGEFG is an excellent substrate, be-
ing 300 times better than the activated enolase (com-
parison based on phosphorylation per protein molecule
as measured by scintillation counting).

Figure 2 shows the autoradiogram of reactions using
different amounts of GFP,;sIYGEFG and [y-**P]ATP.
Phosphorylation of GFP,;IYGEFG can be detected
with as little as 8 ng of this protein after overnight
exposure of the gel at room temperature without using
an intensifying screen. Since GFP,,;IYGEFG is a par-
ticularly good substrate for Src, we asked whether a
nonradioactive assay method, which is considerably
less sensitive than those using [y-*P]ATP, would de-
tect Src’s activity. Figure 3 shows the result of an
anti-phosphotyrosine Western blot of kinase reactions
containing the same amounts of GFP,;s1YGEFG used
in the radioactive assay (Fig. 2). The sensitivity of the

1 2 3 4 5
GFB,JIYGEFG 5ug lug 0.2ug 0.04ug 8ng

= 200kDa

== ]20kDa
= 80kDa

= 50kDa

- === 30kDa

FIG. 2. Autoradiogram of XD4 phosphorylation reactions using
different amounts of GFP,;sIYGEFG as indicated. Reactions were
run in Src buffer with 2.5 uCi [y-*P]ATP for 15 min at 30°C. Lae-
mmli loading dye was added and the mixture was heated to inacti-
vate the kinase. Sample solutions were loaded onto a 12% SDS-
PAGE gel and electrophoresis was performed. The gel was dried and
exposed to an X-ray film at room temperature. Exposure time was
14 h.
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nonradioactive assay is comparable to the radioactive
assay, in that as little as 8 ng of the protein can be
detected by immunoblotting with the anti-phosphoty-
rosine antibody. The higher molecular weight bands in
the immunoblot are aggregates of GFP ;s YGEFG (22).

Phosphorylatable GFP for Abl

To determine if GFP kinase substrates could be en-
gineered for other tyrosine kinases, we prepared a GFP
substrate using the known optimal peptide substrate
for c-Abl, a non-Src family protein tyrosine kinase. We
first asked whether GFP itself was a substrate for
c-Abl. As with Src, GFP was not phosphorylated by
c-Abl (data not shown). To construct a phosphorylat-
able GFP substrate for c-Abl, we replaced the last three
codons of GFP with AIYAAPF (Table 1). Since no ala-
nines are present in the last eight amino acids of GFP,
we could not utilize a portion of GFP to construct a
c-Abl substrate as we did with Src substrate
GFP, ;I YGEFG. As shown in Fig. 4, GFP,,;AIYAAPF
is an excellent substrate for Abl.

Phosphorylatable GFP for PKA

We next asked if this approach could be extended to
serine/threonine Kkinases. We tested GFP as a sub-
strate for PKA, the prototypical serine/threonine Ki-
nase, to ensure that no site in GFP itself was phosphor-
ylated by this kinase. Indeed, only very minimal
phosphorylation of GFP by PKA was observed (Fig. 5,
lane 6). Zhou et al. identified RRRRSII as the optimal
peptide substrate for PKA (8). We constructed a GFP
substrate for PKA, GFP,;,RRRRSII, in which the last
four residues of GFP were replaced by RRRRSII. How-

1 2 3 4 5

Sug lpg 0.2ug 0.04ug 8ng

GFR,,JYGEFG

200kDa
120kDa
80kDa

50kDa

30kDa

FIG. 3. Western blot of XD4 phosphorylation reactions with anti-
phosphotyrosine antibody using different amounts of GFP 51 YGEFG.
Reactions were run as described in the legend to Fig. 2, with the
exception of [y-*PJATP. GFP,sIYGEFG was separated from the
reaction by addition of TALON resin (10 ul each reaction). The resin
was separated and washed. GFP,;IYGEFG was eluted from the
resin with 20 ul of 200 MM imidazole in Tris buffer. Laemmli loading
dye was added to the eluent. After electrophoresis, the proteins were
transferred to a nitrocellulose membrane and immunoblotted with
anti-phosphotyrosine antibody.
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c-Abl + +
GFP,,; AIYAAPF + +
ATP - +

FIG. 4. Phosphorylation of GFP,;;AIYAAPF by c-Abl (containing a
T315G mutation which does not affect catalysis). Each reaction was
carried out with 50 mM Tris (pH 8.1), 10 mM MgCl,, 200 uM ATP,
and 0.5 pug GFP s AIYAAPF. The samples were resolved on an SDS—
PAGE gel and transferred to nitrocellulose membrane. Immunoblot-
ting was performed with the anti-phosphotyrosine antibody.

ever, this GFP substrate for PKA was poorly phosphor-
ylated by PKA (data not shown). Since the optimal
substrate sequence for PKA includes many arginine
residues which are efficient cleavage sites for trypsin-
like proteases, we wondered whether GFP,;,RRRRSII
was being degraded by bacterial proteases. We used
electrospray mass spectrometry to determine if bacte-
rial proteases cleaved the phosphorylatable tail from
GFP,;,RRRRSII. The predicted molecular weight for
full-length GFP,;,RRRRSII is 28554.4, whereas the
molecular weight obtained by electrospray mass spec-
trometry is 27785.2, suggesting all but the first argi-
nine of the amino acids added were degraded.*

We then analyzed the C-terminus of GFP for another
site to append a phosphorylatable sequence which
might be protected from degradation. We reasoned
that since wild-type GFP was stable to bacterial pro-
teases, perhaps attachment of the Arg-rich optimal
PKA substrate sequence closer to a secondary struc-
tural element of GFP might lead to a more stable
protein. That wild-type GFP is stable to trypsin and
chymotrypsin further suggested this strategy might be
successful (23). We constructed GFP,,;,RRRRSII (Table
1) and asked if the purified protein was degraded.
Electrospray analysis gave a molecular weight of
28009.2 (predicted molecular weight 28014.7), indicat-
ing that this protein was not being degraded by cellular
proteases despite having four consecutive arginine res-
idues. As shown in Fig. 5, GFP,,,RRRRSII is an excel-
lent substrate for PKA. Furthermore, low concentra-
tions of GFP,,RRRRSII can be detected in the
autoradiogram. Unfortunately, high-affinity phospho-
serine specific antibodies are not available, making
nonradioactive immunoblot assays for serine/threo-
nine kinases problematic.

* We also carried out purification of GFP,,,RRRRSII in the pres-
ence of protease inhibitors. Molecular weight analysis by electro-
spray MS indicated that last two isoleucine residues were absent.
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GFP,, RRRRSII  GFP

I

1 2 3 4 5 6
lpg 0.2ug 0.04pg 8ng 1.6ng 1ug

FIG. 5. Autoradiogram of PKA phosphorylation reactions with
GFP,,,RRRRSII. Each reaction was run in 50 mM Tris (pH 7.4), 10
mM MgCl,, 20 mM ATP, 2.5 uCi [y-*P]ATP, and different amounts
of GFP,:sRRRRSII or GFP as labeled above each lane. PKA (7 units)
was added and the mixture was incubated for 15 min at 30°C.
Laemmli loading dye was added and the reaction mixture was
heated to inactivate the kinase. Electrophoresis was run on a 15%
SDS-PAGE gel. The gel was dried and exposed to a X-ray film at
room temperature for 14 h.

Distance between the Added Sequence and the GFP
Core Structure Determines Phosphorylation
Efficiency

Since PKA was able to phosphorylate an optimal
sequence close to the core of GFP, we wondered
whether the protein tyrosine kinase Src could also
carry out the phosphorylation reaction when the phos-
phorylatable sequence is close to the core of GFP. We
constructed GFP,,,EIYGEFG (Table 1), which moved
the phosphorylatable sequence seven residues closer to
the core of GFP than that in GFP,;s1YGEFG. Surpris-
ingly, this construct is not a Src substrate at all (data
not shown).

DISCUSSION

In searching for a versatile, nonradioactive kinase
assay system, we sought to combine the advantages of
highly efficient peptide substrate sequences with the
convenience of protein substrates useful in PAGE-
based kinase assays. We chose GFP as a protein host
for optimal substrate sequences derived from combina-
torial peptide libraries. Its small size, 28 kDa, ensures
that it will separate easily from most if not all protein
components isolated in immune complex kinase assays
(majority >35 kDa). GFP is a highly compact protein
which has a few flexible regions except its C-terminal
tail. Since traditional eukaryotic protein kinases are
thought to phosphorylate unstructured regions of pro-
teins (24), we predicted wild-type GFP itself would not
be a substrate for any protein kinases. Indeed, GFP is
not a substrate for any kinase we tested. Finally, GFP’s
intrinsic fluorescence is a very useful property in iden-
tification of bacterial transformants which express the
desired GFP—peptide fusion protein. This makes the
production of dozens of such GFP based substrates for
the more than 2000 hypothesized kinases much easier
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because of the simple detection of GFP kinase sub-
strate-expressing colonies. After construction, the
availability of phosphorylatable protein is virtually un-
limited and the cost is minimal, unlike most commer-
cially available protein kinase substrates, including
synthetic peptides. Other small, stably folded proteins
can also serve as host proteins, provided that they are
not phosphorylated by protein kinases.

Our data demonstrate that the phosphorylatable se-
guences added to the C-terminus of GFP are flexible
enough to allow for efficient phosphorylation by protein
kinases. This was true for all four classes of kinases
tested (PKC Il data not shown). The superiority of
phosphorylatable GFP as a kinase substrate over com-
monly used generic protein substrates is shown by its
300 times higher level of phosphorylation by Src com-
pared to rabbit muscle enolase. Furthermore, in some
cases, substrate sequences added to the C-terminus of
GFP are specific for different protein kinases. For ex-
ample, GFP,;;IYGEFG is an excellent substrate for Src
but a poor substrate for c-Abl (data not shown). This
agrees with results from assays using peptide sub-
strates with identical sequences and the same kinases
(7). We also demonstrate that phosphorylatable GFP
can be used in nonradioactive assays such as anti-
phosphotyrosine Western blotting with sensitivity
comparable to radioactive assays. Applicability of this
method to nonradioactive kinase assays is particularly
useful for studying mutant kinases which use nonnat-
ural nucleotide substrates which are not commercially
available in **P-labeled form. Since our GFP mutants
contain a single phosphorylation site, they could serve
as substrates for kinetic studies of protein kinases
when use of a protein substrate is desirable (25). We
did find, however, that at high concentration (>5 ug
per lane), GFP became aggregated (Figs. 2 and 3),
which may complicate such kinetic experiments.

The GFP-based kinase substrates might be useful in
high-throughput kinase assays. One possible format is
to phosphorylate the GFP substrate with [y-**P]ATP
and then use trichloroacetic acid to precipitate the GFP
substrate and quantitate the radioactivity contained in
the pellet. This type of precipitation assay cannot be
carried out using conventional peptide substrates. An-
other approach could be to immobilize the His,-GFP
substrate to a plate using anti-GFP antibodies or ni-
trilotriacetic acid Ni**-derivatized plates and to quan-
titate the level of phosphorylation using an anti-phos-
photyrosine antibody. A third approach that takes
advantage of the fluorescent properties of GFP itself
would be to use anti-phosphotyrosine-coated plates to
capture the phosphorylated GFP. The phosphorylated
GFP could be quantitated using a fluorescence plate
reader.

An appealing possibility for using a fluorescent pro-
tein as a kinase substrate would be to have phosphor-
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ylation status affect protein fluorescence in some way.
This might enable one to detect phosphorylation events
in whole cells in a similar fashion to the recently de-
veloped GFP-based sensor of intracellular Ca®* levels
(26). None of the GFP kinase substrates we have made
displays altered fluorescent properties (absorbance/
emission maxima or intensity) upon phosphorylation
(data not shown). This is not surprising considering
that we attached the phosphorylatable tail to the flex-
ible portion of the host protein. Most GFP mutants
which display altered fluorescent properties do so by
altering hydrogen bonding to the chromophore buried
inside the “barrel” of the protein or by mutations to the
chromophore itself (20, 23). Since this region of the
protein is completely sequestered from solvent it is
difficult to imagine a strategy to phosphorylate resi-
dues in this region of the protein to cause a fluores-
cence change.

The addition of phosphorylatable sequences to struc-
turally defined sites in proteins such as GFP might be
used to elucidate the complex relationship between the
secondary structure and the primary sequence which
controls protein phosphorylation (24). Phosphorylat-
able GFP variants which have the same phosphorylat-
able sequence at different distances from secondary
structural elements of GFP may serve as probes for
finding answers to these questions. For example, we
asked if protein tyrosine and serine/threonine kinases
had different requirements for how close the phosphor-
ylatable residue could be to a B-sheet. We found that
GFP,,EIYGEFG is not a substrate for Src (data not
shown), and yet GFP,,;RRSII is an excellent substrate
for PKA. Both substrates have the phosphorylatable
residue at position 230 of GFP, and yet the tyrosine
kinase cannot phosphorylate the substrate while the
serine/threonine kinase can. This observation suggests
that accessibility of catalytic sites in protein tyrosine
and serine/threonine kinases may be quite different.
The hydroxyl group on tyrosine is far more distant
from the peptide backbone compared to that of serine/
threonine. The failure of GFP,,,EIYGEFG to act as a
Src substrate may indicate that the catalytic site of Src
is more sensitive to steric factors than that of PKA.
Importantly, both GFP,,,EIYGEFG and GFP,,;RRSII
proteins have identical fluorescence spectra. This
serves as a convenient check on the integrity of the
secondary structure of the protein and is another ad-
vantage of using GFP as the host protein.

In summary, we have found a kinase substrate sys-
tem that utilizes information from peptide libraries to
create efficiently phosphorylatable proteins which are
easy to express and purify. These novel protein kinase
substrates allowed us to identify protein kinase mu-
tants with altered nucleotide specificity using nonra-
diolabeled nucleotide analogs (16, 17).
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