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Protein phosphorylation is the most widely studied post-translational modification. Reversible protein
phosphorylation is implicated in the regulation of a broad range of cellular processes. As such, there is
extensive interest in simple and sensitive procedures for the isolation and detection of phosphorylated
proteins. Synthetic analogues of ATP, with a biotin linked to the gamma-phosphate of ATP, have been
reported to biotinylate kinase substrates in a kinase-catalyzed reaction. This could be an extremely
attractive and versatile method for affinity enrichment of phosphorylated proteins. However, as we
report here, the commercially available biotin-ATP analogue, ATP-c-Biotin-LC-PEO-amine, is capable of
biotinylating proteins independent of kinase activity. In fact, we demonstrate that this reagent is capable
of non-specifically biotinylating any protein. Although the mechanism of biotinylation is not known, this
report uncovers a flaw in a commercially available reagent and also highlights the importance of control
experiments when developing new biochemical tools to study enzyme activity.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Protein phosphorylation is the most common post-translational
modification, found in cell signaling pathways from eukaryotes to
proteobacteria [1]. Due to its prominent role in cell biology and
biochemistry, protein phosphorylation is the subject of an enor-
mous body of literature as well as significant ongoing research ef-
forts. In addition to understanding the role of phosphorylation in
particular pathways or proteins, there are now considerable efforts
to map and characterize all protein phosphorylation sites, leading
to new areas of inquiry such as phosphoproteomics, kinomics,
and phosphoregulation.

This great interest in protein phosphorylation has led the devel-
opment of a number of tools for the study of phosphoproteins,
including, antibodies [2,3], phosphate-specific stains [4,5], and
mass spectrometry [6]. Adenosine triphosphate analogues, modi-
fied at the gamma-phosphate are now also commonly used to
get a handle on protein phosphorylation [7–9]. Structural analyses
have revealed that the ATP binding sites of kinases are partially sol-
vent exposed, allowing for modifications at the gamma-phosphate
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that are catalytically transferred to the protein during enzymatic
phosphorylation. One such analogue that has recently been used
to modify the peptide substrates of several kinases is ATP-c-Bio-
tin-LC-PEO-amine (ATP-biotin; Fig. 1). It has also been reported
that ATP-biotin can modify the full-length protein substrates of
serine/threonine and tyrosine kinases via a kinase-catalyzed mech-
anism [7].

Generally speaking, all of these techniques have been developed
for kinase-catalyzed O-phosphorylation of tyrosine, serine and
threonine residues. However, several other phospho-amino acids,
such as N-phosphates on histidines, S-phosphates on cysteines,
and acyl-phosphates on glutamic and aspartic acid residues, are
also recognized as of significant biological importance. In bacteria,
for example, the primary mode of signal transduction is by
phosphotransfer between histidine and aspartate residues, often
referred to as two-component signaling [10]. The first step of signal
transduction occurs by autophosphorylation of a conserved
histidine residue on a histidine kinase. Mechanisms of histidine
phosphorylation are not well understood and have been a chal-
lenge to study due to the acid lability of the phosphoramidate
bond. Until recently [11–13], there were no tools for the detection
and isolation of phosphohistidines [14].

Our primary goal in initiating this study was to investigate the
applicability of ATP-biotin for the enrichment of phosphohistidine
containing proteins from cell lysates. Bacterial histidine kinases
differ from the serine/threonine and tyrosine kinases used in pre-
vious studies in that they autophosphorylate; the histidine residue
is contained on a phosphotransfer domain within the same protein.
Biotinylation of histidine kinases would provide a useful affinity
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Fig. 1. Chemical structure of ATP-c-Biotin-LC-PEO-amine.

288 D.P. Arora, E.M. Boon / Biochemical and Biophysical Research Communications 432 (2013) 287–290
tag for the identification and isolation of bacterial signaling
proteins.

However, in this report we describe our experiments indicating
that biotinylation of proteins using commercially available ATP-
biotin occurs either in part, or entirely, via a non-kinase catalyzed
mechanism. While the precise mechanism of this protein biotinyl-
ation remains unknown, our work highlights the necessary con-
trols needed while developing methods to study kinase activity.
Possible mechanisms for the non-enzyme-specific biotinylation
point to flaws in the design of linker between ATP and biotin.

2. Materials and methods

2.1. Materials

ATP-c-Biotin-LC-PEO-amine (ATP-biotin) was purchased from
Affinity Photoprobes (#AB09). The streptavidin-horseradish perox-
ide conjugate (SA-HRP) used for Western blotting was purchased
from Fisher Scientific. ATP-c-32P (ATP-32P) was purchased from
Perkin Elmer. ATP was purchased from Promega. Immobilon HRP
substrate was purchased from Millipore. Photographic film was
purchased from Kodak. DC Assay was purchased from Bio-Rad.
All reagents were purchased in their highest available purity and
used as received.

2.2. Proteins

Histidine kinase HahK from Pseudoalteromonas atlantica, HahK
point mutant H257A (HahK-H257A), and H-NOX from P. atlantica
were expressed and purified as previously described [15]. Src-
family tyrosine kinase from Monosiga brevicollis (MbSrc4) was
obtained as a gift from Professor Todd Miller, Stony Brook
University. Horse heart myoglobin was purchased from Sigma.
Protein concentrations were measured using the BioRad DC Assay.

2.3. ATP-biotinylation

ATP-biotinylation was performed using a modified version of
previously described method [7]. Briefly, 5 or 10 lM HahK or
MbSrc4 was incubated with 5 mM MgCl2 and 1 mM ATP-biotin
(after evaporation of methanol storage solvent) in reaction buffer
containing 50 mM Tris–HCl, 300 mM NaCl, and pH 8. The reaction
was allowed to proceed at ambient temperature for 30 min. Biotin-
ylated proteins were detected by Western blotting. In experiments
exploring the biotinylation of non-kinases, the concentration of
HahK-H257A was 10 lM and myoglobin and H-NOX were each
50 lM.

2.4. Western blotting

Protein samples were separated by SDS–PAGE and then
electrotransferred to nitrocellulose membrane. The membrane
was blocked overnight in a 1% casein solution in PBS with
0.01% Tween-20 at 4 �C. Before incubation with antibody, the
membrane was blocked for an additional 1 h at ambient temper-
ature. The membrane was then incubated with 0.03% SA-HRP for
1 h at ambient temperature. This was followed by two washes in
blocking solution and two washes in PBS supplemented with
0.01% Tween-20. Each wash was 15 min in duration. The
membrane was then incubated with freshly prepared HRP
substrate for 1 min before being exposed to photographic film.
The blot was also visualized using a Typhoon Imager to detect
chemiluminescence.
2.5. Kinase activity assay

HahK and MbSrc4 autophosphorylation were assayed using ATP
with trace ATP-c-32P. Briefly, 5 or 10 lM kinase was incubated
with 5 mM MgCl2, 1 mM ATP and 10 lCi c-32P-ATP. Reactions were
carried out at ambient temperature and quenched after thirty min
by the addition of SDS–PAGE loading dye and boiling for 5 min at
95 �C. Proteins were separated by SDS–PAGE and dried (Bio-Rad
Gel Drier Model 583) before exposure to an autoradiography
screen for 12–16 h. Gel images were obtained using a Typhoon
Imager.
3. Results

3.1. Biotinylation by ATP-biotin is not an accurate representation of
kinase activity levels

Experiments using ATP-c-Biotin-LC-PEO-amine (ATP-biotin) as
a substrate for HahK (an autophosphorylating histidine kinase)
and MbSrc4 (an autophosphorylating tyrosine kinase) reveal that
both proteins are biotinylated, as detected by Western blotting
with SA-HRP. Furthermore, biotinylation levels of the two proteins
(assayed at the same concentration) are comparable (Fig. 2). In
contrast, when the same experiment was performed using ATP
with trace ATP-c-32P (ATP-32P) as a substrate, both proteins are
radiolabeled, but MbSrc4 accumulates much more phosphate than
HahK (Fig. 2). This is not an unexpected result, because the kinetics
of MbSrc4 (kcat/Km = 2.9 � 105 min�1 M�1) [16] indicate that it is a
very active tyrosine kinase, much more active than kinetically
characterized histidine kinases (kcat/Km = 1.2 � 103 min�1 M�1)
[17]. Furthermore, phosphorylated tyrosine is much more stable
than phosphorylated histidine [14], which allows for greater accu-
mulation of radiolabeled phosphate on the protein. Therefore,
while the ATP-32P kinase assay reflects kinase activity levels, the
ATP-biotin assay appears to be reflective of protein concentration.
Possible explanations of this would include slower kinetics of
MbSrc4 autophosphorylation using ATP-biotin than ATP-32P, insta-
bility of phospho-biotinylated tyrosine, or that biotinylation by
ATP-biotin is not kinase-catalyzed.



Fig. 2. Biotinylation by ATP-biotin is not an accurate representation of kinase
activity levels. Lane 1 contains histidine kinase HahK while Lane 2 contains tyrosine
kinase MbSrc4. Autoradiography detection of radiolabeled proteins generated
during a kinase assay performed using ATP-32P shows MbSrc4 to be much more
active than HahK, giving a large, intense band on the autoradiogram (panel a). SA-
HRP Western blotting of otherwise identical reactions performed using ATP-biotin
instead of ATP-32P do not reflect this difference in activity level (panel b). This
experiment shows that incubation of a kinase with ATP-biotin and detection of
biotinylation with SA-HRP Western blotting reports on protein concentration, while
incubation of a kinase with ATP-32P and detection of radiolabeling with autoradi-
ography is indicative of kinase phosphorylation activity.
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Fig. 3. ATP-biotin biotinylates proteins that lack kinase activity. A panel of proteins,
some, but not all of which, have kinase activity (HahK, HahK-H257A, H-NOX, and
myoglobin), were incubated with ATP-biotin in a series of kinase activity assays.
Three identical sets of experiments were performed and analyzed using three
different SDS–PAGE-based assays, from top: (a) SA-HRP Western blot of gel imaged
by Typhoon imager; (b) SA-HRP Western blot of gel imaged on photographic film;
and (c) Coomassie stained gel. Western blot images (panels a and b) shows tha-
biotin is biotinylated, as detected by SA-HRP [HahK (lane 2), HahK-H257A (lane 4),
myoglobin (lane 6), and H-NOX (lane t each protein incubated in the presence of
ATP8)]. These same proteins are not detected by SA-HRP in the absence of ATP-
biotin, indicating they are not natively biotinylated [HahK (lane 1), HahK-H257A
(lane 5), myoglobin (lane 7), and H-NOX (lane 9)]. Biotinylation is also observed for
HahK incubated with ATP-biotin in the absence of Mg2+ (lane 3), which is required
for kinase activity. Furthermore, every protein contaminant (see Coomassie-stained
gel, panel c) is detected by SA-HRP upon incubation with AP-biotin. The major band
on the gel front of the Western blots is excess ATP-biotin. Relative positions of HahK
(55 KDa), myoglobin (17 KDa) and H-NOX (22 KDa) are indicated on the Coomassie
stained gel. This experiment demonstrates that ATP-biotin can biotinylate proteins
in the absence of an active kinase.
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Fig. 4. Kinase assays performed with ATP-32P reflect kinase activity. A panel of
proteins, some, but not all of which, have kinase activity (HahK, HahK-H257A, and
myoglobin), were incubated with ATP-32P in a series of kinase activity assays and
radiolabeling with 32P was detected by autoradiography. HahK is radiolabeled when
incubated with ATP-32P (lane 1), but not in the absence of Mg2+ (lane 2).
Radiolabeling is not observed for the proteins that lack kinase activity [HahK-
H257A (lane 4), myoglobin (lane 6)]. These data demonstrate that only proteins
with kinase activity are radiolabeled with ATP-32P.
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3.2. ATP-biotin can biotinylate non-kinase proteins

In order to investigate our hypothesis that kinase biotinylation
by ATP-biotin is not kinase catalyzed, we decided to incubate
ATP-biotin and ATP-32P with a panel of proteins, some with and
some without kinase activity. These proteins included HahK (an
active histidine kinase) as well as a HahK point mutant, HahK-
H257A, in which the site of histidine autophosphorylation has
been mutated to an alanine, which should render it inactive to
autophosphorylation. We also examined the ability of ATP-biotin
to biotinylate two gas-binding heme proteins, commercially avail-
able horse heart myoglobin, and partially purified H-NOX (heme-
nitric oxide/oxygen binding domain), neither of which has any
known enzymatic activity. Equimolar amounts of each of these
four proteins were incubated with ATP-biotin or ATP-32P. We
found that each of these proteins was biotinylated (Fig. 3), but
only wild-type HahK was radiolabeled (Fig. 4). As only wild-type
HahK is an active kinase, this result is consistent with the conclu-
sion that ATP-32P is a kinase substrate, and that radiolabeling
with ATP-32P is accurately reporting on kinase-catalyzed phos-
phorylation, but ATP-biotin is able to non-enzymatically modify
proteins.

This unexpected result prompted us to try further kinase activ-
ity controls. ATP-biotin and ATP-32P were incubated with wild-
type HahK without the addition of MgCl2. Magnesium is required
by kinases for ATP binding and kinase activity [18]. Both biotinyl-
ation and radiolabeling of HahK were observed in the presence of
magnesium. However, we again observed biotinylation (Fig. 3),
but not radiolabeling (Fig. 4), of HahK in the absence of magne-
sium, where no kinase activity is expected.

In all of our experiments, SA-HRP Western blots were imaged
using photographic film as well a Typhoon imager. While not all
of the contaminating bands are visible using the Typhoon (it auto-
matically adjusts the contrast and background to the brightest
bands on the gel), the film indicates that, in addition to the test
proteins, every protein contaminant in every reaction sample is
biotinylated (Fig. 3) but not radiolabeled (Fig 4). This cannot be ex-
plained by non-specific binding of the antibody SA-HRP, because
these proteins are not detected by the same antibody in experi-
ments without ATP-biotin (Fig. 3). The unexpected biotinylation
also cannot be explained by the presence of a contaminant with ki-
nase activity, because the same protein samples are not radiola-
beled (Fig. 4).

Taken together, these results strongly support our conclu-
sion that protein biotinylation by ATP-biotin occurs via a
non-kinase catalyzed mechanism, in contrast to protein radio-
labeling by ATP-32P, which occurs via kinase-catalyzed
phosphorylation.
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4. Discussion

Under the conditions used in our experiments, we observe bio-
tinylation of any protein upon incubation with ATP-biotin, regard-
less of kinase activity. We observe biotinylation, but not
radiolabeling, of myoglobin, H-NOX, an inactive kinase point mu-
tant, and active kinases in the absence of magnesium. Each of these
experiments indicates that ATP-biotin is capable of biotinylating
proteins via a non-kinase catalyzed mechanism. Furthermore, the
biotinylation levels we observe are correlated with protein concen-
trations, rather than kinase activity levels (Fig. 2).

There have been several reports in the literature using ATP-bio-
tin as a probe for kinase activity [7,19]. In these studies, an external
peptide or protein was used as the phosphorylation substrate
(rather than kinase autophosphorylation) and the concentration
of the kinase used was much, much lower than the concentration
of the substrate peptide. In fact, the kinase concentration was too
low to be visualized on a Coomassie stained gel. Hence, even if
these kinases were getting non-enzymatically biotinylated during
the kinase reaction, they would not have been detected. We used
autophosphorylating kinases, so by definition, the kinase and its
substrate are the same molecule, thus the kinase concentration is
high enough to be detected by Western blot. Nonetheless, the re-
ported results using ATP-biotin are consistent with the conclusion
that peptide biotinylation is occurring, at least partially, via phos-
phorylation. For full-length protein substrates and cell lysates,
however, the data is less conclusive [7]. Based on this study, we
conclude it is very likely that at least some of the biotinylated pro-
teins detected in these assays have been biotinylated via a kinase-
independent mechanism.

A closer look at the ATP-biotin structure (Fig. 1) reveals that
there are two reactive groups, an acid labile phosphoramidate
bond between the gamma-phosphate and the linker, and an amide
bond in the middle of the linker, in addition to the phosphodiester
bonds. All of our reactions were performed at an alkaline pH, which
should prevent hydrolysis of the phosphoramidate bond. However,
we propose that proteins are able to react at one of these sites to be
biotinylated without phosphorylation. The exact mechanism has
not been elucidated. We attempted to use MS/MS to detect ATP-
biotin modified peptides from myoglobin. These studies failed,
however, either because the biotinylated peptides did not fly under
the conditions we used for mass spectrometry, or because non-
enzymatic biotinylation with ATP-biotin is stochastic and non-
specific. If the latter, then most protein molecules would not
biotinylated, and among those that are biotinylated, each would
be modified at a different site, thus there would not a large enough
population of a particular biotinylated peptide for quantification.

In the last few years, there have been some major advances in
the study of histidine phosphorylation. Antibodies have been
raised towards phosphohistidine using a triazole epitope [12], aid-
ing in the detection and enrichment of this elusive moiety. Thi-
ophosphorylation using an ATP-c-S has emerged as a useful tool
to generate stable phosphohistidine analogues and develop tags
for histidine phosphorylation [13]. These developments have
opened a variety of new tools to study histidine phosphorylation
and two-component signaling in bacteria. We envision the use of
a biotin tag to enrich for these proteins followed by acid cleavage
of the histidine phosphate to isolate histidine kinases from cell
lysates. The currently available ATP-biotin conjugate, however,
has been shown in this report to be capable of biotinylating
proteins via a mechanism independent of kinase catalysis. Our
work highlights the importance of exhaustive control experiments
during tool development. It would be interesting to combine more
recent techniques, like thiophosphorylation, to synthesize novel
biotin or other affinity tags for enrichment of proteins containing
phosphohistidines.

Acknowledgments

We gratefully acknowledge Stony Brook University and the Of-
fice of Naval Research for financially supporting this work (award
N00014-10-1-0099 to E.M.B.). We thank Professor Todd Miller for
the generous gift of MbSrc4. We thank Professors Roger Johnson
and Isaac Carrico for helpful advice.

References

[1] T. Hunter, Protein kinases and phosphatases: the yin and yang of protein
phosphorylation and signaling, Cell 80 (1995) 225–236.

[2] A.R. Salomon, S.B. Ficarro, L.M. Brill, A. Brinker, Q.T. Phung, C. Ericson, K. Sauer,
A. Brock, D.M. Horn, P.G. Schultz, E.C. Peters, Profiling of tyrosine
phosphorylation pathways in human cells using mass spectrometry, Proc.
Natl. Acad. Sci. USA 100 (2003) 443–448.

[3] H. Steen, B. Kuster, M. Fernandez, A. Pandey, M. Mann, Tyrosine
phosphorylation mapping of the epidermal growth factor receptor signaling
pathway, J. Biol. Chem. 277 (2002) 1031–1039.

[4] K. Martin, T.H. Steinberg, L.A. Cooley, K.R. Gee, J.M. Beechem, W.F. Patton,
Quantitative analysis of protein phosphorylation status and protein kinase
activity on microarrays using a novel fluorescent phosphorylation sensor dye,
Proteomics 3 (2003) 1244–1255.

[5] T.H. Steinberg, B.J. Agnew, K.R. Gee, W.Y. Leung, T. Goodman, B. Schulenberg, J.
Hendrickson, J.M. Beechem, R.P. Haugland, W.F. Patton, Global quantitative
phosphoprotein analysis using multiplexed proteomics technology,
Proteomics 3 (2003) 1128–1144.

[6] M. Mann, S.E. Ong, M. Gronborg, H. Steen, O.N. Jensen, A. Pandey, Analysis of
protein phosphorylation using mass spectrometry: deciphering the
phosphoproteome, Trends Biotechnol. 20 (2002) 261–268.

[7] K.D. Green, M.K. Pflum, Kinase-catalyzed biotinylation for phosphoprotein
detection, J. Am. Chem. Soc. 129 (2007) 10–11.

[8] S. Suwal, M.K. Pflum, Phosphorylation-dependent kinase-substrate cross-
linking, Angew. Chem. 49 (2010) 1627–1630.

[9] K.D. Green, M.K. Pflum, Exploring kinase cosubstrate promiscuity: monitoring
kinase activity through dansylation, ChemBioChem 10 (2009) 234–237.

[10] A.M. Stock, V.L. Robinson, P.N. Goudreau, Two-component signal transduction,
Annu. Rev. Biochem. 69 (2000) 183–215.

[11] H.K. Carlson, L. Plate, M.S. Price, J.J. Allen, K.M. Shokat, M.A. Marletta, Use of a
semisynthetic epitope to probe histidine kinase activity and regulation, Anal.
Biochem. 397 (2010) 139–143.

[12] J.M. Kee, T.W. Muir, Chasing phosphohistidine, an elusive sibling in the
phosphoamino acid family, ACS Chem. Biol. 7 (2012) 44–51.

[13] K.E. Wilke, S. Francis, E.E. Carlson, Activity-based probe for histidine kinase
signaling, J. Am. Chem. Soc. 134 (2012) 9150–9153.

[14] P.V. Attwood, M.J. Piggott, X.L. Zu, P.G. Besant, Focus on phosphohistidine,
Amino Acids 32 (2007) 145–156.

[15] D.P. Arora, E.M. Boon, Nitric oxide regulated two-component signaling in
Pseudoalteromonas atlantica, Biochem. Biophys. Res. Commun. 421 (2012)
521–526.

[16] W. Li, S. Scarlata, W.T. Miller, Evidence for convergent evolution in the
signaling properties of a choanoflagellate tyrosine kinase, Biochemistry 48
(2009) 5180–5186.

[17] G. Psakis, J. Mailliet, C. Lang, L. Teufel, L.O. Essen, J. Hughes, Signaling kinetics
of cyanobacterial phytochrome Cph1, a light regulated histidine kinase,
Biochemistry 50 (2011) 6178–6188.

[18] J.A. Adams, Kinetic and catalytic mechanisms of protein kinases, Chem. Rev.
101 (2001) 2271–2290.

[19] X. Gao, A. Schutz-Geschwender, P.R. Hardwidge, Near-infrared fluorescence
detection of ATP-biotin-mediated phosphoprotein labeling, Biotechnol. Lett.
31 (2009) 113–117.


	Unexpected biotinylation using ATP-γ-Biotin-LC-P
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Proteins
	2.3 ATP-biotinylation
	2.4 Western blotting
	2.5 Kinase activity assay

	3 Results
	3.1 Biotinylation by ATP-biotin is not an accurate representation of kinase activity levels
	3.2 ATP-biotin can biotinylate non-kinase proteins

	4 Discussion
	Acknowledgments
	References


