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(57) ABSTRACT 

The present invention relates to phosphate-binding com 
pounds that ?nd use in binding, detecting and isolating 
phosphorylated target molecules including the subsequent 
identi?cation of target molecules that interact With phos 
phorylated target molecules or molecules capable of being 
phosphorylated. Abinding solution is provide that comprises 
a phosphate-binding compound, an acid and a metal ion 
Wherein the metal ion simultaneously interacts With an 
exposed phosphate group on a target molecule and the metal 
chelating moiety of the phosphate-binding compound form 
ing a bridge betWeen the phosphate-binding compound and 
a phosphorylated target molecule resulting in a ternary 
complex. The binding solution of the present invention ?nds 
use in binding and detecting immobilized and solubiliZed 
phosphorylated target molecules, isolation of phosphory 
lated target molecules from a complex mixture and aiding in 
proteomic analysis Wherein kinase and phosphatase sub 
strates and enzymes can be identi?ed. 
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Figure 3A 
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Figure 4 Detection of the removal of phosphate groups 
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Figure 5 
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% Int 8 3 A 

100 B-caseln 
Phosphopeptlde ID 0:312 9252 

80 

60 A=2064 B=2559 

40 8- "+1 a 
ii 2 8 

0 1 5'9 \ 
2000 2200 2400 2600 2800 

Mass/Charge 

MALDI profile of phosphopeptlde B 
elutlon from Molecular Probes or 
Pierce metal affinity matrlces. 

100 _' 

8° ' 1. g 1 I 
60 g a g j a h i;- 81 F a N Molecular 
40 Li g g I l l Probes 
2O . {5 F. / 
0 h a", 5 Pierce 

1000 _ 1500 2000 2500 3000 
Mass/Charge 

9. C 
9/o Int 2 g _ 

‘l- T pT/pY Peptlde 
100 98.28 Control 

80 

60 

40 

20 

1500 1550 1600 1650 1700 1750 
Mass/Charge 



Patent Application Publication Sep. 2, 2004 

Figure 7 

LI) 

Fluorescence intensity (a 

250000 

Sheet 7 0f 13 US 2004/0171034 A1 

Detection of the phosphoproteln B-casein, 
on microarrays wlth compound 2 

200000 - 

150000 

100000 

0.33 

en. 

25166.5 5.2 10.4 20.8 41.6 83 

pg of protein 
0.65 1.3 2.6 



Patent Application Publication Sep. 2, 2004 Sheet 8 0f 13 US 2004/0171034 A1 

Figure 8 
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Figure 9A 
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Figure 10A 
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Figure11C 
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COMPOSITIONS AND METHODS FOR 
DETECTION AND ISOLATION OF 
PHOSPHORYLATED MOLECULES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part of US. 
Ser. No. 10/428,192, ?led May 2, 2003 Which claims priority 
to US. Serial No. 60/377,733, ?led May 3, 2002; US. Serial 
No. 60/393,059, ?led Jun. 28, 2002; US. Serial No. 60/407, 
255, ?led Aug. 30, 2002; and US. Serial No. 60/440,252, 
?led Jan. 14, 2003, Which disclosures are herein incorpo 
rated by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

[0002] This invention Was made in part With government 
support under grant number 1 R33 CA093292-01, aWarded 
by the National Cancer Institute. The United States Gov 
ernment may have certain rights in this invention. 

FIELD OF THE INVENTION 

[0003] The present invention relates to metal-chelating 
compositions and methods for use in the detection and 
isolation of phosphorylated target molecules. The invention 
has applications in the ?elds of proteomics, molecular 
biology, high-throughput screening and diagnostics. 

BACKGROUND OF THE INVENTION 

[0004] Phosphorylation and dephosphorylation are pro 
cesses by Which phosphate groups are added or removed 
from a target molecule, typically a protein. The process of 
reversible phosphorylation is a key feature of cellular regu 
lation, including signal transduction, gene expression, cell 
cycle regulation, cytoskeletal regulation and apoptosis. See, 
e.g., PROTEIN PHOSPHORYLATION (Marks F. ed., 
1996); Hunter, “Signaling—2000 and beyond,”Cell 
100:113-127 (2000). Principally, tWo classes of enZymes 
(kinases and phosphatases) modulate reversible protein 
phosphorylation, adding phosphate groups and removing 
phosphate groups, respectively, from molecules. Phospho 
rylation reactions are key features of protein function, and 
thus phosphorylated proteins must be able to be identi?ed if 
the proteome is to be fully understood; hoWever, to date no 
practical methods eXist for the systematic parallel analysis of 
the phosphorylation status of large sets of proteins involved 
in the regulatory circuitry of cells and tissues. See, Wilkins 
et al., Genetic Eng. Rev. 13:19 (1995). 

[0005] Signal transduction is an eXample of a process 
involving protein phosphorylation that is critical for cellular 
regulation. After an extracellular stimulatory factor binds to 
its recogniZed cell surface receptor, signal transduction is 
initiated, often by a speci?c set of cellular protein kinases. 
These kinases subsequently phosphorylate the target mol 
ecule, resulting in an altered activity and a continued cellular 
response to the signal. See, e.g., NishiZuka, “Studies and 
perspectives of protein kinase C,”Science 233:305-312 
(1986). It is not enough for researchers to simply identify 
Whether a protein is a phosphorylated protein or not. It has 
become additionally essential for researchers to identify the 
sites of phosphorylation on proteins and to determine the 
stoichiometry of phosphorylation. Serine, threonine and 
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tyrosine amino acid residues are the most common sites of 
phosphorylation in eukaryotic cells. See, e.g., Guy et al. 
“Analysis of Cellular Phosphoproteins by TWo-Dimensional 
Gel Electrophoresis: Applications for Cell Signaling in 
Normal and Cancer Cells,”Electr0ph0resis 15 :417-440 
(1994). Thus, the focus for researchers in understanding 
protein phosphorylation events occurs at tWo levels. The ?rst 
level of analysis requires a determination of Whether a 
protein is a phosphoprotein, including identifying molecules 
responsible for phosphorylation, and the second level of 
analysis requires the identi?cation of Which amino acid is 
phosphorylated and hoW many amino acids are phosphory 
lated. The present invention provides materials and methods 
for both levels of analysis. The present invention also 
provides materials and methods for analysis of certain other 
phosphate and thiophosphate-containing materials including 
esters of carbohydrates, nucleotides and lipids. 

[0006] Currently, phosphoproteins are most often detected 
by autoradiography after incorporation of 32P or 33P into 
cultured cells or after incorporation into subcellular fractions 
by protein kinases. See, e.g., Yan et al., “Protein Phospho 
rylation: Technologies for the Identi?cation of Phospho 
amino Acids,”J. Chromatogr A. 808:23-41 (1998); Guy, G., 
Phillip, R. and Tan, Y. Electrophoresis 15:417-440 (1994). 
Such approaches are restricted to a limited range of biologi 
cal materials, such as tissue culture samples and analysis of 
clinical samples Would require in vivo labeling of patients, 
Which is not feasible. Several alternatives to radiolabeling 
have also been developed over the years. 

[0007] Phosphoproteins can also be detected by immuno 
blotting and immunoprecipitation. See, e.g., Soskic et al., 
“Functional Proteomics Analysis of Signal Transduction 
PathWays of the Platelet-Derived GroWth Factor Beta 
Receptor,”Bi0chemistry 38:1757-1764 (1999); Watty et al., 
“The In Vitro and In Vivo Phosphotyrosine Map of Acti 
vated MuSK,”Pr0c. Natl. Acad. Sci. USA. 97:4585-4590 
(2000). Immunoblotting is best performed after blocking 
unoccupied sites on the solid-phase support With protein 
solutions, Which interferes With microchemical analysis. 
Removal of the antibody and stain require relatively harsh 
treatments (i.e., heating to 65° C., incubation With 0.1% SDS 
and 1 mM DTT). This also poses problems With subsequent 
use of the protein for sequencing and mass spectrometry. For 
immunoprecipitation, only the anti-phosphotyrosine anti 
bodies display binding that is tight enough to alloW effective 
isolation. Though high-quality antibodies to phosphoty 
rosine are commercially available, antibodies that speci? 
cally recogniZe phosphoserine and phosphothreonine resi 
dues have been more problematic, often being sensitive to 
amino acid sequence conteXt. The reliability of these anti 
bodies has been questioned because of potential steric 
hindrances betWeen the interaction of these antibodies and 
the phosphoproteins. Moreover, When phosphoproteins are 
not enriched prior to detection With the antibody, the pres 
ence of unrelated proteins co-migrating With the protein of 
interest may lead to false positive signals. Therefore, iden 
ti?cation of phosphorylated proteins using immunoblotting 
and immunoprecipitation techniques is effectively limited to 
proteins containing phosphorylated tyrosine residues. See 
McLachlin & Chait, supra. 

[0008] Alternatively, phosphorylated proteins can be iden 
ti?ed using chromogenic dyes, but With limited success. The 
cationic carbocyanine dye “Stains-All” (1-ethyl-2-[3-(3-eth 
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ylnaphtho[1,2d]thiaZolin-2-ylidene)-2-methylpropenyl] 
naphtho[1,2d]thiaZolium bromide) stains RNA, DNA, phos 
phoproteins and calcium-binding proteins blue While 
unphosphorylated proteins are stained red. See, e.g., Green 
et al., “Differential Staining of Phosphoproteins on Poly 
acrylamide Gels With a Cationic Carbocyanine Dye,”Anal. 
Biochem. 5643-51 (1973); Hegenauer et al., “Staining 
Acidic Phosphoproteins (Phosvitin) in Electrophoretic Gels, 
”Anal. Biochem. 78:308-311 (1977); Debruyne, “Staining of 
Alkali-Labile Phosphoproteins and Alkaline Phosphatases 
on Polyacrylamide Gels,”Anal. Biochem. 133:110-115 
(1983); “Staining of phosphoproteins in polyacrylamide gels 
With acridine orange”, Seikagaku 45 :327-35 (1973). Stains 
All is not routinely used to detect phosphoproteins due to 
poor speci?city and loW sensitivity. Stains-All is at least 10 
times less sensitive than Coomassie Brilliant Blue as a 
general protein stain and several orders of magnitude less 
sensitive than 32P-autoradiography or the techniques 
described in this patent. Another chromogenic method, the 
GelCodeTM Phosphoprotein detection kit (Pierce Chemical 
Company, Rockford, 111.), is designed to detect phosphop 
roteins in gels; hoWever, this method has many limitations. 
According to this method, phosphoproteins are detected in 
gels through alkaline hydrolysis of phosphate esters of 
serine or threonine, precipitation of the released inorganic 
phosphate With calcium ions, formation of an insoluble 
phosphomolybdate complex and then visualiZation of the 
complex With a dye such as methyl green, malachite green 
or rhodamine B [as described in Cutting and Roth (1973)]. 
The detection sensitivity of the staining method is consid 
erably poorer than Coomassie Blue staining, With 80-160 ng 
of phosvitin, a protein containing roughly 100 phospho 
serine residues, being detectable by the commercialiZed kit. 
The staining procedure is quite complex (involving seven 
different reagents) and alkaline hydrolysis requires heating 
gels to 65° C., Which causes the gel matrix to hydrolyZe and 
sWell considerably. Since phosphotyrosine residues are not 
hydrolyZed by the alkaline treatment, proteins phosphory 
lated at this amino acid residue escape detection by the 
method. Dyes for the phosphate-selective ?uorescence 
labeling in Which a BODIPY dye is covalently attached to a 
reactive imidaZole group has been developed for the detec 
tion of pepsin phosphorylation. See, US. Pat. No. 5,512, 
486; Wang & Giese, “Phosphate-Speci?c Fluorescence 
Labeling of Pepsin by BO-IMI,”Anal. Biochem. 2301329 
332 (1995). 

[0009] In addition to detecting phosphoproteins, tWo 
methods for the chemical derivatiZation and enrichment of 
phosphopeptides resulting in isolation of phosphopeptides 
from complex mixtures exist. See, eg Goshe et al., “Phos 
phoprotein Isotope-Coded Af?nity Tag Approach For Iso 
lating and Quantitating Phosphopeptides in Proteome-Wide 
Analyses,”Anal. Chem. 73:2578-2586 (2001). The ?rst 
method involves oxidation of cysteine residues With perfor 
mic acid, alkaline hydrolysis to induce [3-elimination of 
phosphate groups from phosphoserine and phosphothreo 
nine residues, addition of ethanedithiol, coupling of the 
resulting free sulfhydryl residues With biotin, puri?cation of 
phosphoproteins by avidin af?nity chromatography, pro 
teolytic digestion of the eluted phosphoproteins, a second 
round of avidin puri?cation and then analysis by mass 
spectrometry (Oda, Y., Nagasu, T., and Chait, B. Nature 
Biotechnol. 19.379 (2001)). The ?rst method uses [3-elimi 
nation to remove phosphate groups that are replaced With a 
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tag, as exempli?ed With biotinylated thiol groups Wherein 
the peptides could then be isolated by chromatography on 
avidin resins. An alternative method requires proteolytic 
digestion of the sample, reduction and alkylation of cysteine 
residues, N-terminal and C-terminal protection of the pep 
tides, formation of phosphoramidate adducts at phosphory 
lated residues by carbodiimide condensation With cysta 
mine, capture of the phosphopeptides on glass beads 
coupled to iodoacetate, elution With tri?uoroacetic acid and 
evaluation by mass spectrometry (Zhou et al., “A Systematic 
Approach to the Analysis of Protein Phosphorylation,”Nat. 
Biotechnol. 19:375-378 (2001). These methods are time 
consuming, require puri?ed phosphopeptides, and are lim 
iting in What can be isolated. Both procedures identi?ed the 
monophosphorylated trypsin peptide fragment from the test 
protein [3-casein, but both failed to detect the tetraphospho 
rylated peptide fragment. 
[0010] Alternatively, a method for combining chemical 
modi?cation and af?nity puri?cation has been shoWn for the 
characteriZation of serine and threonine phosphopeptides in 
proteins based on the conversion of phosphoserine and 
phosphothreonine residues to S-(2-mercaptoethyl)cysteinyl 
or [3-methyl-S-(2-mercaptoethyl)cysteinyl residues by 
[3-elimination/1,2-ethanedithiol addition, folloWed by 
reversible biotinylation of the modi?ed proteins. After 
trypsin digestion, the biotinylated peptides are af?nity 
isolated and enriched, folloWed by their subsequent struc 
tural characteriZation by liquid chromatography/tandem 
mass spectrometry (LC/MS/MS). See AdamcZyk et al., 
“Selective Analysis of Phosphopeptides Within a Protein 
Mixture by Chemical Modi?cation, Reversible Biotinyla 
tion and Mass Spectrometry,”Rapia'. Commun. Mass Spec 
trom. 15:1481-1488 (2001). 

[0011] Fluorescence detection methods appear to offer the 
best solution to global protein quantitation in proteomics. 
HoWever, currently, there is no satisfactory method for the 
speci?c and reversible ?uorescent detection of gel-separated 
phosphoproteins from complex samples. DerivatiZation and 
?uorophore labeling of phosphoserine residues by blocking 
free sulfhydryl groups With iodoacetate or performate, alka 
line [3-elimination of the phosphate residue, addition of 
ethanedithiol, and reaction of the resulting free sulfhydryl 
group With 6-iodoacetamido?uorescein has been demon 
strated in capillary electrophoresis using laser-induced ?uo 
rescence detection and similar reactions have been per 
formed on protein microsequencing membranes. HoWever, 
neither method has been shoWn to be suitable for detection 
of phosphoproteins directly in gels. One problem With the 
approach is that a delicate balance must be struck betWeen 
the base and the ethanedithiol in order to achieve elimination 
of the phosphate group from the serine residue and addition 
of the ethanedithiol to the resulting dehydroalanine residue 
Without hydrolysis of the peptide backbone. 

[0012] Several instrument-based methods are also avail 
able for the determination of protein phosphorylation such 
as 31P-NMR, mass spectrometry [See, e.g., Resing & Ahn, 
“Protein Phosphorylation Analysis by Electrospray IoniZa 
tion-Mass Spectrometery,”Meth0a's Enzymol. 283.29-44 
(1997); Aebersold and Goodlett, “Mass Spectrometry in 
Proteomics,”Chem. Rev. 101:269-295 (2001). Affolter, M., 
Watts, 1., Krebs, D., and Aebersold, R. Anal. Biochem. 
223:74 (1994); Liao, P., Leykam, J., AndreWs, P., Gage, D., 
and Allison, J.Anal. Biochem. 219.9 (1994); Oda, Y., Huang, 
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K., Cross, E, CoWburn, D., and Chait, B. Proc. Natl. Acad. 
Sci. USA 96.6591 (1999)) and protein sequencing. Mass 
spectrometry has been used to provide the molecular mass of 
an intact phosphorylated protein by comparing the mass of 
the unphosphorylated protein to that of the phosphorylated 
protein. See, e.g., McLachlin & Chait, “Analysis of Phos 
phorylated Proteins and Peptides by Mass Spectrometry, 
”Current Opin. Chem. Biol. 5:591-602 (2001). This is lim 
iting in that researchers must have puri?ed amounts of both 
proteins. While these procedures accurately characteriZe the 
phosphorylation status of proteins and peptides, they are 
unsuitable for high-throughput screening of phosphorylated 
substrates. The techniques are generally used after a phos 
phoprotein has been identi?ed by autoradiography or immu 
noblotting With an anti-phosphotyrosine antibody. Though 
methods have recently been introduced to directly quantify 
the relative abundance of phosphoproteins in tWo different 
samples by mass spectrometry through culturing different 
cell populations in 15N-enriched and 14N-enriched medium, 
the linear dynamic range of such methods has explicitly 
been demonstrated over only a 10-fold range. Ion suppres 
sion phenomena associated With mass spectrometry prevents 
stoichiometric comparison of different phosphoproteins by 
such techniques. 

[0013] For analysis of the site(s) of phosphorylation on 
molecules, a more detailed analysis of the sites of phosphate 
attachment and stoichiometery often requires the examina 
tion of peptide fragments of the phosphoprotein of interest. 
Such fragments are usually generated by digestion of the 
phosphoprotein With proteases such as trypsin. HoWever, 
mass spectroscopic analysis of proteolytic digests of pro 
teins rarely provides full coverage of the protein sequence 
and regions of interests often go undetected. In addition, 
protein phosphorylation is often sub-stoichiometric, such 
that the phosphoproteins are present in loWer abundance 
than other peptides from the protein of interest. Therefore, 
the identi?cation and characterization of phosphoproteins 
Would be improved greatly by highly selective methods of 
enriching phosphopeptides prior to analysis With mass spec 
trometry. It Would be particularly useful to detect phosphop 
roteins by reagents that do not chemically alter the structure 
or mass of the phosphoproteins. 

[0014] Currently, selective enrichment of phosphopep 
tides from complex mixtures is performed using immobi 
liZed metal affinity chromatography, knoWn as IMAC. Using 
this technique, metal ions such as Fe3+ or Ga+3 are bound to 
a chelating support prior to the addition of a complex 
mixture of peptides or proteins. See, e.g., PoseWitZ & 
Tempst, “Immobilized Gallium(III) Af?nity Chromatogra 
phy of Phosphopeptides,”Anal. Biochem. 71:2883-2892 
(1999). Phosphopeptides that bind to the column can be 
released using high pH or phosphate buffer, though the latter 
step usually requires a further desalting step before analysis 
With mass spectrometry. Resins With iminodiacetic acid and 
nitrilotriacetic acid chelators are knoWn and are available 
commercially. See, e.g., Neville et al., “Evidence for Phos 
phorylation of Serine 753 in CFTR Using a Novel Metal-Ion 
Af?nity Resin and Matrix-Assisted Laser Desorption Mass 
Spectrometry,”Pr0tein Sci. 6:2436-2445 (1997). HoWever, 
there are several complications using current techniques, 
including loss of phosphopeptides that do not bind to the 
column (loW affinity), dif?culty in the subsequent elution of 
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phosphorylated peptides, and background from non-phos 
phorylated peptides that have affinity for immobiliZed metal 
ions (loW speci?city). 

[0015] Mass spectrometry-based detection of separated 
peptides and direct matrix-assisted laser desorption/ioniza 
tion (MALDI) analysis of phosphopeptides bound to an 
IMAC support has been demonstrated. See Zhou et al., 
“Detection and Sequencing of Phosphopeptides Af?nity 
Bound to ImmobiliZed Metal Ion Beads by Matrix-Assisted 
Laser Desorption/Ionization Mass Spectrometry,”J. Am. 
Soc. Mass. Spectrom. 11:273-283 (2000). IMAC has also 
been coupled directly to mass spectrometry instruments 
on-line, or With superseding separation techniques, such as 
HPLC and capillary electrophoresis (CE), for the detection 
and analysis of phosphopeptides. 

[0016] The present invention overcomes the limitations of 
the current methods by utiliZing a cationic transition metal 
and a compound that comprises a metal-chelating moiety 
and a chemical moiety, typically a reactive group or label 
such as a ?uorophore, or a combination thereof, to detect 
phosphoproteins and phosphopeptides. There are a variety 
of chelating moieties that use poly-carboxylate binding sites 
to selectively bind monovalent and divalent metal cations, 
and these are often used in ?uorescent calcium ion indica 
tors. Examples of these indicators are, for example, quin-2, 
fura-2, indo-1 (US. Pat. No. 4,603,209); ?uo-3 and rhod-2 
(US. Pat. No. 5,049,673), and FURA REDTM (US. Pat. No. 
4,849,362). A family of BAPTA-based indicators that are 
selective for calcium ions are described in HAUGLAND, 
HANDBOOK OF FLUORESCENT PROBES AND 
RESEARCH CHEMICALS (9th edition, CD-ROM, Septem 
ber 2002). Examples of BAPTA-based metal-chelators are 
also described in US. Pat. Nos. 5,773,227; 5,453,517; 
5,516,911; 5,501,980; 6,162,931 and 5,459,276. 

[0017] Indicators of free calcium concentrations are based 
upon selective calcium binding to ?uorescent dyes. Though 
it is Well knoWn that BAPTA compounds bind certain 
divalent cations, such as calcium, as analogs of the common 
EGTA chelator, the BAPTA compounds are also knoWn to 
bind almost all inorganic polyvalent cations With an affinity 
that may be higher or loWer than that of the compound for 
calcium ions. Their selectivity and utility for measuring 
calcium in biological cells results from the general absence 
or loW abundance of these other polycations in living 
systems. The af?nity and selectivity of the BAPTA-based 
indicators for polycations, including gallium and similar 
metals of utility to this invention, can be modi?ed by shifts 
in pH, solvent composition, ionic strength and other experi 
mental variables. This shift in cation selectivity and affinity 
is critical to all aspects of the disclosed invention, including 
both detection and isolation of phosphorylated targets. 

[0018] The present invention overcomes the limitations 
and disadvantages of currently disclosed methods for iden 
tifying, isolating, analyZing and quantitating phosphorylated 
proteins and thus provide methods, compounds and compo 
sitions to alleviate long-felt needs for rapid and effective 
high-throughput methods for detecting and isolating phos 
phoproteins for further analysis. The present invention can 
accurately identify phosphopeptides and phosphoproteins 
comprising as feW as one phosphate group and in a simple 
method that does not require multiple steps or pre-treatment 
of the sample. Importantly, the present invention is the ?rst 
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known method to provide a means for accurately identifying 
the phosphorylated proteome and allows for the quantitative 
identi?cation of increased phosphorylation of proteins. The 
present invention is an important tool for identifying novel 
phosphorylated proteins in the proteome. The technology 
has unsurpassed quantitative characteristics, particularly 
When used in combination With reagents for the detection of 
total proteins. In addition, as Will be described beloW, the 
materials and methods of the present invention are not 
limited to the detection and/or separation of phosphorylated 
proteins. 

SUMMARY OF THE INVENTION 

[0019] The present invention provides phosphate-binding 
compounds and methods for speci?cally detecting, isolating 
and/or quantitating phosphorylated target molecules. These 
compounds, When in a moderately acidic environment, and 
in the presence of an appropriate metal ion Will selectively 
bind phosphate groups on phosphorylated target molecules 
that are either immobilized, such as in a gel, or adsorbed on 
a solid or semisolid matrix, or are dissolved or suspended in 
a mostly aqueous solution to form a ternary complex. 

[0020] The phosphate-binding compounds comprise a 
metal chelating moiety that is optionally bonded to a label or 
a chemically reactive group. Thus, in one aspect the phos 
phate-binding compounds have the formula (A)m(L)n(B), 
Wherein A is a chemical moiety, L is a linker, B is a 
metal-chelating moiety, m is an integer from 1 to 4 and n is 
an integer from 0 to 4. Without being bound by theory, it 
appears that the metal-chelating moiety of these particular 
phosphate-binding compounds simultaneously binds a triva 
lent metal ion and a phosphate group on a target molecule in 
a reaction that forms a ternary complex. In this Way, the 
metal ion provides a bridge betWeen the phosphate group 
and the metal-chelating moiety Wherein the chemical moiety 
A is effectively bound to the phosphate target molecule by 
ionic interactions. Thus, it is a requirement of the present 
invention that the metal-chelating moiety bind a metal ion 
that has simultaneous af?nity for the phosphorylated target 
molecule, under appropriate conditions. 

[0021] The utility of the compositions and methods of this 
invention is principally the result of the chemical moieties A 
that are covalently attached to the metal-chelating moieties 
by a linker to form the phosphate binding compounds of the 
present invention. Typically, chemical moieties A are a 
reactive group or a label. The reactive groups function to 
covalently attach another natural or synthetic substance to 
the metal-chelating moieties or alternatively covalently bind 
the phosphorylated target molecule after the metal-chelating 
moiety and metal ion has brought the reactive group in close 
proximity to the phosphorylated target molecule. Particu 
larly useful substances that the reactive group A covalently 
binds to the metal chelating moiety of formula (A)m(L)n(B) 
include Without limitation particles, polymers, peptides and 
proteins. In this Way, a particle could have many phosphate 
binding compounds attached. 

[0022] For detection purposes, A is typically a detectable 
label that is a dye including pigments, chromophores and 
?uorophores, haptens, enZymes, or radioactive isotopes, 
although an extensive assortment of other detectable labels 
that fall Within the scope of this invention is knoWn. For 
isolation purposes of phosphate containing targets, A is 
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typically a label or a reactive group that is bound to a 
polymer such as agarose, a surface, a magnetic particle or a 
microsphere. The polymer, in combination With the metal 
chelating moiety and a metal ion is selected to form a soluble 
or insoluble ternary complex With the phosphorylated target 
molecule. Such ternary complexes are particularly useful for 
the selective isolation of phosphorylated targets from com 
plex mixtures or as components of various detection 
schemes. In a further aspect of the invention, Ais a chemical 
moiety that alters the solubility of the ternary complex or 
alternatively comprises an amine-reactive group used to 
form a covalent bond With an amine-containing molecule, 
including polymers and phosphate target molecules. 

[0023] The “binding solution” of the invention (Which We 
de?ne to include true solutions, suspensions, emulsions, 
dispersions and immobiliZed variants thereof) of the present 
invention comprises a phosphate-binding compound, typi 
cally having the formula (A)m(L)n(B), a salt comprising 
selected metal ions, and an acid. The preferred salt and metal 
ion composition and concentration of the binding solution or 
suspension Will depend to some extent on the metal-chelat 
ing moiety of the compound. A particularly useful binding 
solution is the combination of a BAPTA-based chelating 
moiety of the phosphate-binding compound and a gallium 
salt. Unexpectedly, We have determined that trivalent gal 
lium ions simultaneously bind BAPTA moieties and phos 
phorylated target molecules to form a ternary complex With 
a useful af?nity only in the presence of a moderately acidic 
environment. 

[0024] HoWever We have also shoWn, other metal-chelat 
ing moieties such as DTPA, IDA and phenanthroline to 
simultaneously bind gallium trivalent ions and phosphate 
groups. Thus, one requirement of the binding solution is the 
presence of an acid, Wherein the binding solution preferably 
has a pH of about 3 to about 6; typically the pH is about 3 
to about 4. The nature of the acid used to obtain this pH 
appears to be irrelevant; hoWever, a phosphoric acid, phos 
phonic acid or polyphosphoric acid should not be used to 
obtain this pH, as they could reduce the stability of the 
ternary complex. Typically, the phosphate-binding com 
pound is free in the binding solution or suspension; hoWever, 
the phosphate-binding compound can be immobiliZed on a 
solid or semi-solid matrix such that When the metal ion and 
acid are added a binding solution is formed and a ternary 
complex of the invention is subsequently formed if a phos 
phorylated target is present in a sample. 

[0025] The methods of the invention comprise contacting 
a sample With a binding solution comprising the phosphate 
binding compound, the metal ion and the acid, incubating 
the sample and the binding solution for suf?cient time to 
alloW the compound of the binding solution to associate With 
said phosphorylated target molecule Whereby said phospho 
rylated target molecule forms a ternary complex. 

[0026] Typically, for detection purposes, the resulting ter 
nary complex that comprises the compound is illuminated to 
measure a detectable optical property of the chemical moiety 
A, Whereby the presence of the phosphorylated target mol 
ecules is detected. The phosphorylated target molecules can 
be detected in solution or When immobiliZed on a solid or 
semi-solid matrix. The compositions and methods of this 
invention can be used to detect phosphorylated target mol 
ecules present in a complex sample of phosphorylated and 
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nonphosphorylated target molecules or to detect a change in 
the number of phosphate groups on a target molecule. 
Differences in the degree of phosphorylation can be due to 
intrinsic differences in the degree of phosphorylation of the 
biopolymer, Which can cause differences in folding of pro 
teins, or to an in vivo process such as a disease state or in 
conjunction With an in vitro assay to identify speci?c kinases 
and phosphatases. 

[0027] Alternatively, When the method is utiliZed to selec 
tively isolate phosphorylated target molecules from solution, 
visualiZing the complex may not be necessary. To isolate the 
phosphorylated target molecules, the ternary complex can be 
precipitated, immobiliZed, separated by a chromatographic 
or electrophoretic technique or by a magnetic ?eld or remain 
in solution. In some cases, organic extraction can be used to 
separate the metal-chelating moiety from the phosphory 
lated target molecule. When the ternary complex is precipi 
tated or otherWise immobiliZed, the phosphorylated target 
molecules can be separated from the nonphosphorylated 
target molecules and other components of the sample by 
af?nity chromatography, such as by simple Washing With an 
aqueous, organic or mixed aqueous/organic Wash solution. 
In some cases, it is advantageous to further analyZe the 
extracted phosphorylated target molecules While they are 
still immobiliZed on a matrix. Isolation of phosphorylated 
target molecules is useful for further analysis of the target 
molecules, such as by liquid chromatography/mass spec 
trography, an electrophoretic separation technique, by detec 
tion of the bound target molecules by an antibody to any part 
of the target molecule or by a variety of other techniques. In 
particular, isolation of the phosphorylated target molecules 
simpli?es the subsequent analysis of the sample by remov 
ing interfering components of the original sample. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0028] FIG. 1: ShoWs the selective detection of a phos 
phorylated target molecule (ovalbumin) (1A) in a polyacry 
lamide gel using a binding solution comprising gallium 
chloride and Compound 2 compared to the same gel post 
stained With a total protein stain (1B) (SYPRO® Ruby 
protein gel stain) (See, Example 2). The protein mixture Was 
loaded at ca. 500 pig and contained nine total proteins, one 
of Which Was a phosphoprotein (ovalbumin) that contains 
tWo phosphate groups. The ?gure demonstrates selective 
detection of ovalbumin against a background of very loW or 
no staining of eight proteins knoWn to be non-phosphory 
lated. 

[0029] FIG. 2: ShoWs the selective detection of a phos 
phorylated target molecule (ovalbumin) (2A) on a PVDF 
membrane using a binding solution comprising gallium 
chloride and Compound 1 compared to the same membrane 
post-stained With a total protein stain (2B) (SYPRO® Ruby 
protein blot stain) (See, Example 8). The ?gure demon 
strates selective detection of ovalbumin against a back 
ground of very loW or no staining of ?ve non-phosphory 
lated proteins. 

[0030] FIG. 3: ShoWs the sensitivity and linear dynamic 
range of detecting phosphorylated proteins in a gel using a 
binding solution comprising gallium chloride and Com 
pound 2 (See, Example 2); (3A) is a comparison of ?ve 
proteins With different ratios of phosphate groups and (3B) 
compares pepsin to bovine serum albumin (BSA). Proteins 
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Were loaded in tWo-fold dilution series on SDS polyacryla 
mide mini-gels from 2 ng-1000 ng; each protein sample Was 
done in series in four replicate gels. The phosphoproteins 
Were ot-casein (7 or 8 phosphates); dephosphorylated 
ot-casein (1 or 2 phosphates); [3-casein (5 phosphates); 
ovalbumin (2 phosphates) and pepsin (1 phosphate). BSA 
contains no phosphates and Was used as a negative control. 
The results demonstrate that the methods and binding solu 
tion of the present invention can detect as little as 1-2 ng of 
a pentaphosphorylated protein ([3-casein), and 8 ng of a 
monophosphorylated protein (pepsin). 

[0031] FIG. 4: ShoWs the detection of protein phosphatase 
activity Wherein ot-casein and pepsin Were used as a phos 
phatase substrate. The gels Were incubated With a binding 
solution comprising gallium chloride and Compound 2 to 
demonstrate a reduction in phosphate groups, compared to a 
control, after the substrates Were incubated With a protein 
phosphatase, See example 6. 

[0032] FIG. 5: ShoWs the isolation of phosphopeptides 
(pT/pY and RII; MWs 1670 and 2193) (Panel B and C) from 
a solution containing non-phosphorylated peptides (angio 
tensin I and II, MWs 1297 and 1046) (Panel A) When the 
solution of peptides Was incubated With a binding solution 
comprising gallium chloride and Compound 5. The mixture 
Was incubated for 1 hour and centrifuged for 5 minutes. The 
resulting supernatants (bottom spectra in all panels) and 
pellet precipitates (top spectra in all panels) Were analyZed 
by MALDI-TOF mass spectrometry. Panel A shoWs the 
non-phosphorylated peptides exclusively in the superna 
tants, While ?gures B and C shoW the tWo phosphopeptides 
of greater than 95% purity in the pellets. 

[0033] FIG. 6: ShoWs the analysis of phosphorylated 
peptides (ot-casein) eluted from an af?nity chromatography 
matrix column containing Compound 13 or Compound 14 
that had been charged With gallium ions. Panel A shoWs 
differential MALDI-TOF MS analysis of puri?ed ot-casein 
phosphoserine peptides after dephosphorylation (left peaks 
in pairs) and subsequent derivatiZation With methylamine 
(right peaks in pairs). Results shoW that all three peptides are 
phosphoserine derivatives by methylamine addition. A and 
B of Panel A Were monophosphorylated (+31 amu for 
methylamine) and C Was triphosphorylated (+93 amu for 3 
methylamines). Panel B shoWs a MALDI-TOF MS pro?le of 
eluted phosphopeptides from a BAPTA-agarose (Compound 
13 or Compound 14) column versus commercially available 
metal af?nity columns (Pierce Chemical Co.). Under the 
conditions used, the BAPTA-agarose column shoWs all 
expected phosphopeptides (arroWs) puri?ed from a complex 
peptide mix. Panel C shoWs the Control peptide (MW=1870) 
With one phosphothreonine and one phosphotyrosine residue 
after treatment With strong base (—98 amu) and methy 
lamine. Results shoW elimination of a single phosphate only 
(—98 amu from threonine) With no subsequent addition of 
methylamine (+32 amu), con?rming a single phosphothreo 
nine residue. Phosphotyrosine is determined by a lack of 
modi?cation under these elimination conditions. 

[0034] FIG. 7: ShoWs the detection of a phosphoprotein 
([3-casein) on a HydroGel microarray (Perkin Elmer, Foster 
City, Calif.) When the microarray Was incubated With a 
binding solution comprising Compound 2 and gallium chlo 
ride, see Example 18. The protein Was loaded in a tWo-fold 
dilution series from 166 pg-0.324 pg on the microarray. The 
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results show the detection of 0.65 pg of a pentaphosphory 
lated protein on a HydroGel microarray. 

[0035] FIG. 8: Shows the detection of a phosphopeptide 
(pDISP) on a HydroGel microarray (Perkin Elmer) when the 
microarray was incubated with a binding solution compris 
ing Compound 2 and gallium chloride, see Example 19. The 
peptide was loaded in a two-fold dilution series from 12 
pg-0.18 pg on the microarray. The results demonstrate that 
as little as 300 fg of a monophosphorylated peptide can be 
detected on a HydroGel microarray. 

[0036] FIG. 9: Shows the detection of protein kinase 
activity (9A; CaMPKII) and (9B; Abl tyrosine kinase) by the 
detection of peptides that were phosphorylated on a Hydro 
Gel microarray (Perkin Elmer) that was incubated with a 
binding solution comprising Compound 2 and gallium chlo 
ride, see Examples 20 and 21. The peptide glycogen syn 
thase 1-10 was detected to demonstrate the kinase activity of 
CaMPKII and the peptide Abl was detected to demonstrate 
the kinase activity of Abl tyrosine kinase. 

[0037] FIG. 10: Shows the detection of a (10A) phos 
phoprotein and (10B) phosphopeptide in solution by com 
parison of the polariZation values with binding solution 
alone and binding solution with phosphorylated and non 
phosphorylated protein or peptide, ovalbumin and delta 
sleep-inducing peptide, see Example 14. The binding solu 
tion alone and binding solution in the presence of non 
phosphorylated protein or peptide demonstrates very similar 
?uorescence polarization and anisotropies. However, in the 
presence of the phosphoprotein or phosphopeptide, there is 
a signi?cant increase in the ?uorescence polariZation values. 
This result demonstrates selective binding of the phosphop 
rotein and phosphopeptide to the Compound 2—Ga3+ com 
plex in solution but not to the non-phosphorylated protein or 
peptide. 

[0038] FIG. 11: Shows the ratiometric analysis of proteins 
labeled with a binding solution of the present invention and 
the SYPRO® Ruby protein gel stain, demonstrating that 
non-speci?c staining and low-abundance phosphoproteins 
can be distinguished from non-phosphorylated proteins, see 
Example 22. A protein mixture containing phosphorylated 
and non-phosphorylated proteins was separated on a poly 
acrylamide gel and the phosphoproteins were detected with 
a binding solution comprising Compound 2 and gallium 
chloride. All the proteins were detected when the gel was 
post-stained with SYPRO® Ruby protein gel stain. FIG. 
11A) shows the ratio of ?uorescence intensities for ternary 
complexes of phosphorylated proteins compared to total 
proteins. FIG. 11B) shows the ?uorescence intensities of the 
phosphorylated protein complexes and total proteins plotted 
against the protein concentration, resulting in a constant 
Y-intercept value. FIG. 11C) shows the ratio of the Y-in 
tercept values when plotted against the protein concentration 
resulting in phosphoproteins with a ratio value 50-100 times 
greater than that of the non-phosphorylated proteins. 

[0039] FIG. 12: Shows the ability to detect phosphory 
lated kinase substrate in solution when the kinase substrate 
is conjugated to either Oregon Green dye label or Alexa 
Fluor 488 dye label using Compound 2 as the phosphate 
binding compound wherein the dye labels on the substrate 
are quenched when a ternary complex is formed with 
Compound 2 and GaCl3. FIG. 12A, is pp60-Oregon Green 
488 dye (OG); B, p-Abl-Oregon Green dye; C, pp60-Alexa 
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Fluor 488 dye (A488); D, pStat3-Oregon Green dye label 
wherein the circles represent samples without GaCl3 addi 
tion, and the squares represent samples with GaCl3 addition. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0040] 
[0041] The present invention provides phosphate-binding 
compounds, a phosphate-binding solution and methods for 
selectively detecting and/or isolating phosphorylated target 
molecules. The phosphate-binding compounds of the 
present invention, when present in the binding solution, 
selectively bind to phosphorylated target molecules and 
permit detection and/or isolation of the target molecules. 
The binding solution comprises three critical components 
for binding phosphorylated target molecules: 1) phosphate 
binding compounds; 2) a salt comprising a metal ion and 3) 
an acid. The phosphate-binding compounds comprise a 
metal chelating moiety that is capable of binding the metal 
ion. Typically the phosphate-binding compounds are repre 
sent, but not limited, by the formula (A)m(L)n(B) wherein 
A is a chemical moiety, L is a linker, B is a metal-chelating 
moiety, m is an integer from 1 to 4 and n is an integer from 
0 to 4. 

Introduction 

[0042] The binding solution typically includes a buffering 
agent to maintain the acidic pH, which is ideally about pH 
3 to about pH 6, and an organic solvent, wherein the use and 
solvent depends on the application and will be discussed 
below. The ternary complex that comprises the phosphate 
binding compound, metal ion and phosphorylated target 
molecule is stable in an acidic environment but when the pH 
approaches neutral (pH 7) or basic (pH>7.0) the complex 
becomes increasingly unstable. 

[0043] The binding solution is typically used to nonco 
valently attach a phosphate-binding compound, of the 
present invention to exposed phosphate groups on phospho 
rylated target molecules, wherein the phosphate-binding 
compound typically comprises a label. Alternatively, the 
binding solution is used to covalently attached a phosphate 
binding compound to a phosphorylated target molecule 
wherein the present phosphate-binding compound com 
prises a reactive group that will form a covalent bond when 
brought within proximity to the phosphorylated target mol 
ecule. Because this is a highly directed covalent attachment, 
the reactive group is typically a photoactivatable group. 
These bound target molecules can be subsequently detected 
using one of the detection methods described herein or 
isolated by a number of methods described below. The metal 
ions of the binding solution simultaneously have a?inity for 
both phosphate groups and the metal-chelating moiety of the 
phosphate-binding compounds of the invention when in an 
acidic environment. 

[0044] Thus, a method of the present invention for the 
binding of phosphorylated target molecules by a phosphate 
binding compound comprises the following steps: 

[0045] i) contacting the sample with a binding solu 
tion, and; 

[0046] ii) incubating the sample and the binding 
solution for su?icient time to allow said compound 
to associate with said phosphorylated target mol 
ecules, whereby said phosphorylated target molecule 
is bound. 












































































































































