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ABSTRACT 

This invention provides assays for protein kinase activity 
using ?uorescent proteins engineered to include sequences 
that can be phosphorylated by protein kinases. The proteins 
exhibit different ?uorescent properties in the non-phospho 
rylated and phosphorylated states. 
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ASSAYS FOR PROTEIN KINASES USING 
FLUORESCENT PROTEIN SUBSTRATES 

BACKGROUND OF THE INVENTION 

[0001] This invention relates to the ?eld of enzymatic 
assays and, in particular, assays for protein kinase activity 
involving modi?ed ?uorescent proteins. 

[0002] Protein phosphorylation is one of the most impor 
tant general mechanisms of cellular regulation. Protein 
phosphorylation commonly occurs on three major amino 
acids, tyrosine, serine or threonine, and changes in the 
phosphorylation state of these amino acids Within proteins 
can regulate many aspects of cellular metabolism, regula 
tion, groWth and differentiation. Changes in the phosphory 
lation state of proteins, mediated through phosphorylation 
by kinases, or dephosphorylation by phosphatases, is a 
common mechanism through Which cell surface signaling 
pathWays transmit and integrate information into the 
nucleus. Given their key role in cellular regulation, it is not 
surprising that defects in protein kinases and phosphatases 
have been implicated in many disease states and conditions. 
For example, the over-expression of cellular tyrosine 
kinases such as the EGF or PDGF receptors, or the mutation 
of tyrosine kinases to produce constitutively active forms 
(oncogenes) occurs in many cancer cells. Drucker et al. 
(1996) Nature Medicine 2: 561-56. Protein tyrosine kinases 
are also implicated in in?ammatory signals. Defective Thr/ 
Ser kinase genes have been demonstrated to be implicated in 
several diseases such as myotonic dystrophy as Well as 
cancer, and AlZheimer’s disease (Sanpei et al. (1995) Bio 
chem. Biophys. Res. Commun. 212: 341-6; Sperber et al 
(1995) Neurosci. Lett. 197: 149-153; Grammas et al (1995) 
Neurobiology ofAging 16: 563-569; Govoni et al. (1996) 
Ann. NY Acad. Sci. 777: 332-337). 

[0003] The involvement of protein kinases and phos 
phatases in disease states makes them attractive targets for 
the therapeutic intervention of drugs, and in fact many 
clinically useful drugs act on protein kinases or phos 
phatases. Examples include cyclosporin AWhich is a potent 
immunosuppressant that binds to cyclophilin. This complex 
binds to the Ca/calmodulin-dependent protein phosphatase 
type 2B (calcineurin) inhibiting its activity, and hence the 
activation of T-cells. (Sigal and Dumont (1992), Schreiber 
and Crabtree (1992)). Inhibitors of protein kinase C are in 
clinical trails as therapeutic agents for the treatment of 
cancer. (Clin. Cancer Res. ( 1995) 1:113-122) as are inhibi 
tors of cyclin dependent kinase. (J. Mol. Med. ( 1995) 
73:(10):509-14.) 
[0004] The number of knoWn kinases and phosphatases 
are groWing rapidly as the in?uence of genomic programs to 
identify the molecular basis for diseases have increased in 
siZe and scope. These studies are likely to implicate many 
more kinase and phosphatase genes in the development and 
propagation of diseases in the future, thereby making them 
attractive targets for drug discovery. HoWever current meth 
ods of measuring protein phosphorylation have many dis 
advantages Which prevents or limits the ability to rapidly 
screen using miniaturiZed automated formats of many thou 
sands of compounds. This is because current methods rely 
on the incorporation and measurement of 32P into the protein 
substrates of interest. In Whole cells this necessitates the use 
of high levels of radioactivity to ef?ciently label the cellular 
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ATP pool and to ensure that the target protein is ef?ciently 
labeled With radioactivity. After incubation With test drugs, 
the cells must be lysed and the protein of interest puri?ed to 
determine its relative degree of phosphorylation. This 
method requires high numbers of cells, long preincubation 
times, careful manipulation and Washing steps (to avoid 
artifactual phosphorylation or dephosphorylation), as Well as 
a method of puri?cation of the target protein. Furthermore, 
?nal radioactive incorporation into target proteins is usually 
very loW, giving the assay poor sensitivity. Alternative assay 
methods, for example based on phosphorylation-speci?c 
antibodies using ELISA-type approaches, involve the dif? 
culty of producing antibodies that distinguish betWeen phos 
phorylated and non-phosphorylated proteins, and the 
requirement for cell lysis, multiple incubation and Washing 
stages Which are time consuming, complex to automate and 
potentially susceptible to artifacts. 

[0005] Kinase assays based on puri?ed enZymes require 
large amounts of puri?ed kinases, high levels of radioactiv 
ity, and methods of puri?cation of the substrate protein aWay 
from incorporated 32P-labelled ATP. They also suffer from 
the disadvantage of lacking the physiological context of the 
cell, preventing a direct assessment of a drugs toxicity and 
ability to cross the cells plasma membrane. 

[0006] Fluorescent molecules are attractive as reporter 
molecules in many assay systems because of their high 
sensitivity and ease of quanti?cation. Recently, ?uorescent 
proteins have been the focus of much attention because they 
can be produced in vivo by biological systems, and can be 
used to trace intracellular events Without the need to be 
introduced into the cell through microinjection or perme 
abiliZation. The green ?uorescent protein of Aequorea vic 
toria is particularly interesting as a ?uorescent indicator 
protein. A cDNA for the protein has been cloned. (D. C. 
Prasher et al., “Primary structure of the Aequorea victoria 
green-?uorescent protein,”Gene (1992) 111:229-33.) Not 
only can the primary amino acid sequence of the protein be 
expressed from the cDNA, but the expressed protein can 
?uoresce. This indicates that the protein can undergo the 
cycliZation and oxidation believed to be necessary for ?uo 
rescence. The ?uorescence of green ?uorescent protein is 
generated from residues S65-Y66-G67. 

[0007] Fluorescent proteins have been used as markers of 
gene expression, tracers of cell lineage and as fusion tags to 
monitor protein localiZation Within living cells. (M. Chal?e 
et al., “Green ?uorescent protein as a marker for gene 
expression,”Science 263:802-805; A. B. Cubitt et al., 
“Understanding, improving and using green ?uorescent pro 
teins,”TIBS 20, November 1995, pp. 448-455. US. Pat. No. 
5,491,084, M. Chal?e and D. Prasher. Furthermore, mutant 
versions of green ?uorescent protein have been identi?ed 
that exhibit altered ?uorescence characteristics, including 
altered excitation and emission maxima, as Well as excita 
tion and emission spectra of different shapes. (R. Heim et al., 
“Wavelength mutations and posttranslational autoxidation 
of green ?uorescent protein,”Proc. Natl. Acad. Sci. USA, 
(1994) 91:12501-04; R. Heim et al., “Improved green ?uo 
rescence,”Nature ( 1995) 373:663-665.) These properties 
add variety and utility to the arsenal of biologically based 
?uorescent indicators. 
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[0008] There is a need for assays of protein phosphoryla 
tion that are simple, sensitive, non-invasive, applicable to 
living cells and tissues and that avoid the use of any 
radioactivity. 

SUMMARY OF THE INVENTION 

[0009] When ?uorescent proteins are modi?ed to incor 
porate a phosphorylation site recognized by a protein kinase, 
the ?uorescent proteins not only can become phosphorylated 
by the protein kinase, but they also can exhibit different 
?uorescent characteristics in their un-phosphorylated and 
phosphorylated forms When irradiated With light having a 
Wavelength Within their excitation spectrum. This charac 
teristic makes ?uorescent protein substrates particularly 
useful for assaying protein kinase activity in a sample. 

[0010] This invention provides methods for determining 
Whether a sample contains protein kinase activity. The 
methods involve contacting the sample With a phosphate 
donor, usually ATP, and a ?uorescent protein substrate of the 
invention; exciting the ?uorescent protein substrate With 
light of an appropriate Wavelength; and measuring the 
amount of a ?uorescent property that differs in the un 
phosphorylated state and phosphorylated state. An amount 
that is consistent With the presence of the ?uorescent protein 
substrate in its phosphorylated state indicates the presence of 
protein kinase activity, and an amount that is consistent With 
the presence of the protein substrate in its un-phosphorylated 
state indicates the absence of protein kinase activity. 

[0011] One embodiment of the above method is for deter 
mining the amount of protein kinase activity in a sample. In 
this method, measuring the amount of a ?uorescent property 
in the sample comprises measuring the amount at tWo or 
more time points after contacting the sample With a phos 
phate donor and a ?uorescent protein substrate of the 
invention, and determining the quantity of change or rate of 
change of the measured amount. The quantity or rate of 
change of the measured amount re?ects the amount of 
protein kinase activity in the sample. 

[0012] In another aspect, the invention provides methods 
for determining Whether a cell exhibits protein kinase activ 
ity. The methods involve the steps of providing a transfected 
host cell of the invention that produces a ?uorescent protein 
substrate of the invention; exciting the protein substrate in 
the cell With light of an appropriate Wavelength; and mea 
suring the amount of a ?uorescent property that differs in the 
un-phosphorylated and phosphorylated states. An amount 
that is consistent With the presence of the protein substrate 
in its phosphorylated state indicates the presence of protein 
kinase activity, and an amount that is consistent With the 
presence of the protein substrate in its un-phosphorylated 
state indicates the absence of protein kinase activity or the 
presence of phosphatase activity. 

[0013] In another aspect, the invention provides methods 
for determining the amount of activity of a protein kinase in 
one or more cells from an organism. The methods involve 
providing a transfected host cell comprising a recombinant 
nucleic acid molecule comprising expression control 
sequences operatively linked to a nucleic acid sequence 
coding for the expression of a ?uorescent protein substrate 
of the invention, the cell expressing the ?uorescent protein 
substrate; exciting the protein substrate in the cell With light; 
and measuring the amount of a ?uorescent property that 
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differs in the un-phosphorylated and phosphorylated states at 
tWo or more time points after contacting the sample With a 
phosphate donor and a ?uorescent protein substrate, and 
determining the quantity or rate of change of the measured 
amount. The quantity or rate of change of the measured 
amount re?ects the amount of protein kinase activity in the 
sample. 

[0014] This invention also provides screening methods for 
determining Whether a compound alters the activity of a 
protein kinase. The methods involve contacting a sample 
containing a knoWn amount of protein kinase activity With 
the compound, a phosphate donor for the protein kinase and 
a ?uorescent protein substrate of the invention; exciting the 
protein substrate; measuring the amount of protein kinase 
activity in the sample as a function of the quantity or rate of 
change of a ?uorescent property that differs in the un 
phosphorylated and phosphorylated states; and comparing 
the amount of activity in the sample With a standard activity 
for the same amount of the protein kinase. A difference 
betWeen the amount of protein kinase activity in the sample 
and the standard activity indicates that the compound alters 
the activity of the protein kinase. 

[0015] Another aspect of the drug screening methods 
involve determining Whether a compound alters the protein 
kinase activity in a cell. The methods involve providing ?rst 
and second transfected host cells exhibiting protein kinase 
activity and expressing a ?uorescent protein substrate of the 
invention; contacting the ?rst cell With an amount of the 
compound; contacting the second cell With a different 
amount of the compound; exciting the protein substrate in 
the ?rst and second cells; measuring the amount of protein 
kinase activity as a function of the quantity of change or rate 
of change of a ?uorescent property that differs in the 
un-phosphorylated and phosphorylated states in the ?rst and 
second cells; and comparing the amount in the ?rst and 
second cells. A difference in the amount indicates that the 
compound alters protein kinase activity in the cell. 

[0016] This invention also provides ?uorescent protein 
substrates for a protein kinase. Fluorescent protein sub 
strates for a protein kinase comprise a ?uorescent protein 
moiety and a phosphorylation site for a protein kinase. The 
protein substrate exhibits a different ?uorescent property in 
the phosphorylated state than in the unphosphorylated state. 
In a preferred embodiment, the ?uorescent protein is an 
Aequorea-related ?uorescent protein. In another embodi 
ment, the phosphorylation site is located Within about 5, 10, 
15 or 20 amino acids of a terminus, e.g., the amino-terminus, 
of the ?uorescent protein moiety. In another embodiment, 
the protein substrate comprises the phosphorylation site 
more than 20 amino acids from a terminal of the ?uorescent 
protein moiety and Within the ?uorescent protein moiety. 
The phosphorylation site can be one recogniZed by, for 
example, protein kinase A, a cGMP-dependent protein 
kinase, protein kinase C, Ca2+/calmodulin-dependent pro 
tein kinase I, Ca2+/calmodulin-dependent protein kinase II 
or MAP kinase activated protein kinase type 1. 

[0017] This invention also provides nucleic acid mol 
ecules coding for the expression of a ?uorescent protein 
substrate for a protein kinase of the invention. In one aspect, 
the nucleic acid molecule is a recombinant nucleic acid 
molecule comprising expression control sequences opera 
tively linked to a nucleic acid sequence coding for the 
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expression of a ?uorescent protein substrate for a protein 
kinase of the invention. In another aspect, the invention 
provides transfected host cells transfected With a recombi 
nant nucleic acid molecule comprising expression control 
sequences operatively linked to a nucleic acid sequence 
coding for the expression of a ?uorescent protein substrate 
for a protein kinase of the invention. 

[0018] In another aspect, this invention provides collec 
tions of ?uorescent protein candidate substrates comprising 
at least 10 different members, each member comprising a 
?uorescent protein moiety and a variable peptide moiety 
around the terminus of the ?uorescent protein moiety. 

[0019] In another embodiment, the invention provides 
collections of recombinant nucleic acid molecules compris 
ing at least 10 different recombinant nucleic acid molecule 
members, each member comprising expression control 
sequences operatively linked to nucleic acid sequences 
coding for the expression of a different ?uorescent protein 
candidate substrate of the invention. The invention also 
provides collections of host cells comprising at least 10 
different host cell members, each member comprising the 
above recombinant nucleic acid molecules. 

[0020] The collections of cells are useful in determining 
the speci?city of cellular kinases, from either diseased or 
normal tissues. The screening methods involve providing a 
collection of transfected host cells of the invention; culturing 
the collection of host cells under conditions for the expres 
sion of the ?uorescent protein candidate substrate; and 
determining for each of a plurality of members from the 
collection Whether the member contains a ?uorescent pro 
tein candidate substrate that exhibits a ?uorescent property 
different than the ?uorescent property exhibited by the 
non-phosphorylated candidate substrate. The presence of 
?uorescent protein candidate substrate that exhibits a ?uo 
rescent property different than the ?uorescent property 
exhibited by the candidate substrate indicates that the can 
didate substrate possesses a peptide moiety that can be 
phosphorylated by the kinase present in the host cells. 

[0021] This invention also provides kits comprising a 
?uorescent protein substrate and a phosphate donor. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] FIG. 1 is a ?oW chart shoWing the steps in an assay 
method for protein kinase activity. 

[0023] FIG. 2 depicts molecular events in a cell in altering 
and detecting ?uorescent properties of a ?uorescent protein 
substrate for a protein kinase. 

[0024] FIGS. 3A and 3B depict the nucleotide sequence 
(SEQ ID NO: 1) and deduced amino acid sequence (SEQ ID 
NO:2) of a Wild-type Aequorea green ?uorescent protein. 

[0025] FIGS. 4A and 4B provide a list of the positions 
and amino acid changes made for phosphorylation mutants 
made more than ?fteen amino acids in the primary sequence 
from the N-terminus (nucleotide=SEQ ID NO:36 amino 
acid=SEQ ID NO:37), as compared to FIG. 3. Amino acids 
underlined represent the phosphorylation motif, amino acids 
in brackets represent Wild type sequence at those positions. 

[0026] FIG. 5 depicts plasmid pRSET containing a region 
encoding GFP that is fused in frame With nucleotides 
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encoding an N-terminal polyhistidine tag (nucleotide SEQ 
ID NO:38 and SEQ ID NO:40; amino acid=SEQ ID NO:39). 

[0027] FIGS. 6A-6E shoW the ?uorescence excitation 
spectra before and after phosphorylation of N-terminal phos 
pborylation mutants by protein kinase A using standard 
phosphorylation conditions. 6 A: lMSRRRRSI (SEQ ID 
NO:31). 6B: lMRRRRSII (SEQ ID NO:32). 6C: -1MR 
RRRSIII (SEQ ID NO:33). 6D: -2MRRRRSIIIF (SEQ ID 
NO:34). 6E: -3MRRRRSIIIIF (SEQ ID NO:35). In all cases 
the spectrum after phosphorylation has higher amplitude 
than the spectrum before phosphorylation. 

[0028] FIG. 7 depicts an expression vector having expres 
sion control sequences operably linked to sequences coding 
for the expression of protein kinase Acatalytic subunit (PKA 
cat) upstream from sequences coding for the expression of 
a ?uorescent protein substrate (nucleotide=SEQ ID NO:41 
and SEQ ID NO:42). 

[0029] FIG. 8 depicts the ?uorescence excitation spec 
trum of lMRRRRSII (SEQ ID NO:33): S65A, N149K, 
V163A and 1167T before and after phosphorylation by 
protein kinase Ausing standard phosphorylation conditions. 
The spectrum after phosphorylation has higher amplitude 
than the spectrum before phosphorylation. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0030] I. Methods for Assaying Samples for Protein 
Kinases 

[0031] Protein kinases add a phosphate residue to the 
phosphorylation site of a protein, generally through the 
hydrolysis of ATP to ADP. Fluorescent protein substrates for 
protein kinases are useful in assays to determine the amount 
of protein kinase activity in a sample. The assays of this 
invention take advantage of the fact that phosphorylation of 
the protein substrate results in a change in a ?uorescent 
property of the ?uorescent protein. Methods for determining 
Whether a sample has kinase activity involve contacting the 
sample With a ?uorescent protein substrate having a phos 
phorylation site recogniZed by the protein kinase to be 
assayed and With a phosphate donor under selected test 
conditions. A phosphate donor is a compound containing a 
phosphate moiety Which the kinase is able to use to phos 
phorylate the protein substrate. ATP (adenosine-5‘-triphos 
phate) is by far the most common phosphate donor. In 
certain instances, the sample Will contain enough of a 
phosphate donor to make this step unnecessary. Then the 
?uorescent protein substrate is excited With light in its 
excitation spectrum. If the protein substrate has been phos 
phorylated, the substrate Will exhibit different ?uorescent 
properties, indicating that the sample contains protein kinase 
activity. For example, if the phosphorylated form of the 
protein substrate has higher ?uorescence than the un-phos 
phorylated form, the amount of ?uorescence in the sample 
Will increase as a function of the amount of substrate that has 
been phosphorylated. If the ?uorescent property is a change 
in the Wavelength maximum of emission, the change Will be 
detected as a decrease in ?uorescence at the Wavelength 
maximum of the un-phosphorylated substrate and an 
increase in ?uorescence at the Wavelength maximum of the 
phosphorylated substrate. 

[0032] The amount of kinase activity in a sample can be 
determined by measuring the amount of a ?uorescent prop 
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erty in the sample at a ?rst time and a second time after 
contact between the sample, the ?uorescent protein substrate 
and a phosphate donor, and determining the degree of 
change or the rate of change in a ?uorescent property. For 
example, if phosphorylation results in an increase in ?uo 
rescence at the excitation Wavelength maximum, the ?uo 
rescence of the substrate at this Wavelength can be deter 
mined at tWo times. The amount of enZyme activity in the 
sample can be calculated as a function of the difference in 
the determined amount of the property at the tWo times. For 
example, the absolute amount of activity can be calibrated 
using standards of enZyme activity determined for certain 
amounts of enZyme after certain amounts of time. The faster 
or larger the difference in the amount, the more enZyme 
activity must have been present in the sample. The amount 
of a ?uorescent property can be determined from any 
spectral or ?uorescence lifetime characteristic of the excited 
substrate, for example, by determining the intensity of the 
?uorescent signal from the protein substrate or the excited 
state lifetime of the protein substrate, the ratio of the 
?uorescences at tWo different excitation Wavelengths, the 
ratio of the intensities at tWo different emission Wavelengths, 
or the excited lifetime of the protein substrate. 

[0033] Fluorescence in a sample is measured using a 
?uorimeter. In general, excitation radiation from an excita 
tion source having a ?rst Wavelength, passes through exci 
tation optics. The excitation optics cause the excitation 
radiation to excite the sample. In response, ?uorescent 
proteins in the sample emit radiation Which has a Wave 
length that is different from the excitation Wavelength. 
Collection optics then collect the emission from the sample. 
The device can include a temperature controller to maintain 
the sample at a speci?c temperature While it is being 
scanned. According to one embodiment, a multi-axis trans 
lation stage moves a microtiter plate holding a plurality of 
samples in order to position different Wells to be exposed. 
The multi-axis translation stage, temperature controller, 
auto-focusing feature, and electronics associated With imag 
ing and data collection can be managed by an appropriately 
programmed digital computer. The computer also can trans 
form the data collected during the assay into another format 
for presentation. This process can be miniaturiZed and 
automated to enable screening many thousands of com 
pounds. 

[0034] Methods of performing assays on ?uorescent mate 
rials are Well knoWn in the art and are described in, e.g., 
LakoWicZ, J. R., Principles of Fluorescence Spectroscopy, 
NeW YorkzPlenum Press (1983); Herman, B., Resonance 
energy transfer microscopy, in: Fluorescence Microscopy of 
Living Cells in Culture, Part B, Methods in CellBiology, vol. 
30, ed. Taylor, D. L. & Wang, Y. -L., San Diego: Academic 
Press (1989), pp. 219-243; Turro, N. J., Modern Molecular 
Photochemistry, Menlo Park: Benj amin/Cummings Publish 
ing Col, Inc. (1978), pp. 296-361. 

[0035] EnZymatic assays also can be performed on iso 
lated living cells in vivo, or from samples derived from 
organisms transfected to express the substrate. Because 
?uorescent protein substrates can be expressed recombi 
nantly inside a cell, the amount of enZyme activity in the cell 
or organism of Which it is a part can be determined by 
determining a ?uorescent property or changes in a ?uores 
cent property of cells or samples from the organism. 
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[0036] In one embodiment, shoWn in FIG. 2, a cell is 
transiently or stably transfected With an expression vector 
200 encoding a ?uorescent protein substrate containing a 
phosphorylation site for the enZyme to be assayed. This 
expression vector optionally includes controlling nucleotide 
sequences such as promotor or enhancing elements. The 
expression vector expresses the ?uorescent protein substrate 
210 that contains the phosphorylation site 211 for the kinase 
to be detected. The enZyme to be assayed may either be 
intrinsic to the cell or may be introduced by stable trans 
fection or transient co-transfection With another expression 
vector encoding the enZyme and optionally including con 
trolling nucleotide sequences such as promoter or enhancer 
elements. The ?uorescent protein substrate and the enZyme 
preferably are located in the same cellular compartment so 
that they have more opportunity to come into contact. 

[0037] If the cell possesses a high degree of enZyme 
activity (K=“kinase”220), the ?uorescent protein substrate 
Will be phosphorylated 230 (P04), usually through the 
hydrolysis of ATP. If the cell does not possess kinase 
activity, or possesses very little, the cell contains-substantial 
amounts of un-phosphorylated substrate 240. Upon excita 
tion With light of the appropriate Wavelength (hvl) the 
phosphorylated substrate Will ?uoresce light (hv2). Un 
phosphorylated substrate exhibits different ?uorescent char 
acteristics upon excitation at the same Wavelength, and may, 
for example, not ?uoresce at all, or ?uoresce Weakly. The 
amount of the ?uorescent property is measured generally 
using the optics 250 and detector 260 of a ?uorimeter. 

[0038] If the cell contains phosphatases that compete With 
the protein kinases, removing the phosphate from the protein 
substrate, the level of enZyme activity in the cell can reach 
an equilibrium betWeen phosphorylated and un-phosphory 
lated states of the protein substrate, and the ?uorescence 
characteristics Will re?ect this equilibrium level. In one 
aspect, this method can be used to compare mutant cells to 
identify Which ones possess greater or lesser ratio of kinase 
to phosphatase activity. Such cells can be sorted by a 
?uorescent cell sorter based on ?uorescence. 

[0039] A contemplated variation of the above assay is to 
use the controlling nucleotide sequences to produce a sud 
den increase in the expression of either the ?uorescent 
protein substrate or the enZyme being assayed, e.g., by 
inducing expression of the construct. A ?uorescent property 
is monitored at one or more time intervals after the onset of 
increased expression. A high amount of the property asso 
ciated With phosphorylated state re?ects a large amount or 
high e?iciency of the kinase. This kinetic determination has 
the advantage of minimiZing any dependency of the assay on 
the rates of degradation or loss of the ?uorescent protein 
moieties. 

[0040] In another embodiment, the vector may be incor 
porated into an entire organism by standard transgenic or 
gene replacement techniques. An expression vector capable 
of expressing the enZyme optionally may be incorporated 
into the entire organism by standard transgenic or gene 
replacement techniques. Then, a sample from the organism 
containing the protein substrate is tested. For example, cell 
or tissue homogenates, individual cells, or samples of body 
?uids, such as blood, can be tested. 

[0041] 
[0042] The enZymatic assays of the invention can be used 
in drug screening assays to determine Whether a compound 

II. Screening Assays 
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alters the activity of a protein kinase. In one embodiment, 
the assay is performed on a sample in vitro containing the 
enZyme. A sample containing a knoWn amount of enZyme 
activity is mixed With a substrate of the invention and With 
a test compound. The amount of the enZyme activity in the 
sample is then determined as above, e.g., by measuring the 
amount of a ?uorescent property at a ?rst and second time 
after contact betWeen the sample, the protein substrate, a 
phosphate substrate, and the compound. Then the amount of 
activity per mole of enZyme in the presence of the test 
compound is compared With the activity per mole of enZyme 
in the absence of the test compound. A difference indicates 
that the test compound alters the activity of the enZyme. 

[0043] In another embodiment, the ability of a compound 
to alter kinase activity in vivo is determined. In an in vivo 
assay, cells transfected With a expression vector encoding a 
substrate of the invention are exposed to different amounts 
of the test compound, and the effect on ?uorescence in each 
cell can be determined. Typically, the difference is calibrated 
against standard measurements to yield an absolute amount 
of kinase activity. Atest compound that inhibits or blocks the 
activity or expression of the kinase can be detected by a 
relative increase in the property associated With the un 
phosphorylated state. The cell can also be transfected With 
an expression vector to co-express the kinase or an upstream 
signaling component such as a receptor, and ?uorescent 
substrate. This method is useful for detecting signaling to a 
protein kinase of interest from an upstream component of 
the signaling pathWay. If a signal from an upstream mol 
ecule, e. g., a receptor, is inhibited by a drug activity, then the 
kinase activity Will not be altered from basal. This provides 
a method for screening for compounds Which affect cellular 
events (including receptor-ligand binding, protein-protein 
interactions or kinase activation) Which signal to the target 
kinase. 

[0044] This invention also provides kits containing the 
?uorescent protein substrate and a phosphate substrate for 
the protein kinase. In one embodiment, the kit has a con 
tainer holding the ?uorescent protein substrate and another 
container holding the phosphate substrate. Protein kinases of 
knoWn activity could be included for use as positive controls 
and standards. 

[0045] 
Kinases 

III. Fluorescent Protein Substrates for Protein 

[0046] As used herein, the term “?uorescent property” 
refers to the molar extinction coef?cient at an appropriate 
excitation Wavelength, the ?uorescence quantum ef?ciency, 
the shape of the excitation spectrum or emission spectrum, 
the excitation Wavelength maximum and emission Wave 
length maximum, the ratio of excitation amplitudes at tWo 
different Wavelengths, the ratio of emission amplitudes at 
tWo different Wavelengths, the excited state lifetime, or the 
?uorescence anisotropy. Ameasurable difference in any one 
of these properties betWeen the phosphorylated and un 
phosphorylated states suf?ces for the utility of the ?uores 
cent protein substrates of the invention in assays for kinase 
activity. A measurable difference can be determined by 
determining the amount of any quantitative ?uorescent 
property, e.g., the amount of ?uorescence at a particular 
Wavelength, or the integral of ?uorescence over the emission 
spectrum. Optimally, the protein substrates are selected to 
have ?uorescent properties that are easily distinguishable in 
the un-phosphorylated and phosphorylated states. 
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[0047] Determining ratios of excitation amplitude or emis 
sion amplitude at tWo different Wavelengths (“excitation 
amplitude ratioing” and “emission amplitude ratioing”, 
respectively) are particularly advantageous because the 
ratioing process provides an internal reference and cancels 
out variations in the absolute brightness of the excitation 
source, the sensitivity of the detector, and light scattering or 
quenching by the sample. Furthermore, if phosphorylation 
of the protein substrate changes its ratio of excitation or 
emission amplitudes at tWo different Wavelengths, then such 
ratios measure the extent of phosphorylation independent of 
the absolute quantity of the protein substrate. Some of the 
?uorescent protein substrates described herein do exhibit a 
phosphorylation-induced change in the ratio of excitation 
amplitudes at tWo different Wavelengths. Even if a ?uores 
cent protein substrate does not exhibit a phosphorylation 
induced change in excitation or emission amplitudes at tWo 
Wavelengths, cells can be provided that co-express another 
?uorescent protein that is not sensitive to phosphorylation 
and Whose excitation or emission spectrum is peaked at 
Wavelengths distinct from those of the phosphorylation 
substrate. Provided that the expression of the tWo proteins 
are both controlled by the same nucleotide control 
sequences, their expression levels should be closely linked. 
Therefore ratioing the excitation or emission amplitude of 
the phosphorylation substrate at its preferred Wavelength to 
the corresponding excitation or emission amplitude of the 
phosphorylation-insensitive reference protein at its separate 
preferred Wavelength is an alternative method for canceling 
out variations in the absolute quantity of cells or overall 
level of protein expression. 

[0048] A. Fluorescent Proteins 

[0049] As used herein, the term “?uorescent protein” 
refers to any protein capable of ?uorescence When excited 
With appropriate electromagnetic radiation. This includes 
?uorescent proteins Whose amino acid sequences are either 
naturally occurring or engineered (i.e., analogs). Many cni 
darians use green ?uorescent proteins (“GFPs”) as energy 
transfer acceptors in bioluminescence. A “green ?uorescent 
protein,” as used herein, is a protein that ?uoresces green 
light. Similarly, “blue ?uorescent proteins” ?uoresce blue 
light and “red ?uorescent proteins” ?uoresce red light. GFPs 
have been isolated from the Paci?c NorthWest jelly?sh, 
Aequorea Victoria, the sea pansy, Renilla reniformis, and 
Phialia'ium gregarium. W. W. Ward et al., Photochem. 
PhotobioL, 35:803-808 (1982); L. D. Levine et al., Comp. 
Biochem. PhysioL, 72B177-85 (1982). 

[0050] A variety of Aequorea-related ?uorescent proteins 
having useful excitation and emission spectra have been 
engineered by modifying the amino acid sequence of a 
naturally occurring GFP from Aequorea Victoria. (BC. 
Prasher et al., Gene, 111:229-233 (1992); R. Heim et al., 
Proc. Natl. Acad. Sci, USA, 91:12501-04 (1994); US. 
patent application Ser. No. 08/337,915, ?led Nov. 10, 1994; 
International application PCT/US95/14692, ?led Nov. 10, 
1995.) 
[0051] As used herein, a ?uorescent protein is an “Aequo 
rea-related ?uorescent protein” if any contiguous sequence 
of 150 amino acids of the ?uorescent protein has at least 
85% sequence identity With an amino acid sequence, either 
contiguous or non-contiguous, from the 238 amino-acid 
Wild-type Aequorea green ?uorescent protein of FIG. 3 


















































