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With new discoveries of important roles of phosphoryla-
tion on a daily basis, phospho-specific antibodies, as the
primary tool for on-membrane detection of phosphopro-
teins, face enormous challenges. To address an urgent
need for convenient and reliable analysis of phosphory-
lation events, we report a novel strategy for sensitive
phosphorylation analysis in the Western blotting format.
The chemical reagent, which we termed pIMAGO, is
based on a multifunctionalized soluble nanopolymer and
is capable of selectively binding to phosphorylated resi-
dues independent of amino acid microenvironment, thus
offering great promise as a universal tool in biological
analyses where the site of phosphorylation is not known
or its specific antibody is not available. The specificity
and sensitivity of the approach was first examined using
a mixture of standard proteins. The method was then
applied to monitor phosphorylation changes in in vitro
kinase and phosphatase assays. Finally, to demonstrate
the unique ability of pIMAGO to measure endogenous
phosphorylation, we used it to visualize and determine
the differences in phosphorylated proteins that interact
with wild-type and kinase dead mutant of Polo-like ki-
nase 1 during mitosis, the results of which were further
confirmed by a quantitative phosphoproteomics
experiment. Molecular & Cellular Proteomics 11:
10.1074/mcp.O112.018010, 629–639, 2012.

Protein phosphorylation is an essential post-translational
modification that regulates numerous cellular functions, in-
cluding cell cycle progression, proliferation, differentiation,
signal transduction, and apoptosis (1). It is arguably the most
common covalent modification of proteins, and irregularities
in phosphorylation network are a major cause of onset and
progression of many diseases, most notably cancer (2). Con-
sequently, detection of protein phosphorylation is essential in
further understanding of the signaling pathways of an orga-
nism to prevent and treat such abnormalities.

Antibody-based detection on membrane, i.e., Western blot-
ting, has remained as the most basic biochemical method for
the analysis of proteins, including phosphorylated proteins. In

a typical Western blotting procedure, where proteins are sep-
arated on a gel, transferred onto a membrane, and detected
by chemiluminescence or the like, a phospho-specific anti-
body is usually required to visualize specific phosphoproteins.
There are general phospho-specific antibodies available, but
at present, only anti-phosphotyrosine antibodies are of the
required specificity (3). Phosphoserine and phosphothreonine
residue detection is still sequence-dependent, resulting in
partiality of these antibodies. Most research groups currently
use phosphosite-specific antibodies developed for their pro-
tein of interest. However, prior knowledge of specific phos-
phorylation sites is required, thus limiting the analysis to only
well characterized phosphorylation events. Phospho-specific
antibodies typically cost much more to generate, whereas the
quality often is difficult to control compared with a general
antibody.

Another commonly used technique for phosphoprotein de-
tection is radioactive labeling with 32P (4). In addition to work-
ing with dangerous radioactive material, a major disadvantage
of this approach is the difficulty of identifying physiological
phosphorylation. This arises from the toxic effects 32P has on
cells, inducing DNA fragmentation, changing cell morphology,
causing cell cycle arrest, and eventually resulting in apoptosis
(5, 6). As a result, radioactive analyses of protein phosphory-
lation are more commonly carried out in vitro.

Mass spectrometry has emerged as a powerful tool to
analyze protein modifications, including the identification of
phosphorylation sites (7, 8), but many challenges remain
mainly because of low ionization efficiency and poor fragmen-
tation of phosphopeptides (9). Furthermore, many groups do
not have access to such an instrument on daily basis because
of high cost and technical requirements to operate the instru-
ment. Phosphorylation analysis by mass spectrometry typi-
cally requires high resolution and high mass accuracy. Few
bench-type instruments, therefore, are available for phos-
phorylation analysis, limiting it as a routine analytical tech-
nique in a typical biology laboratory.

Development of a staining/blotting method that selectively
detects only phosphorylated proteins without the prejudice of
amino acid microenvironment would therefore be of high
value. There have been a number of attempts to introduce
such a reagent that could specifically and sensitively bind to
a phosphate group for visualization. One of the first develop-
ments was “Stains-All,” a cationic dye that could bind to
phosphorylated proteins in a gel. Unfortunately, its poor sen-
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sitivity and a high affinity for DNA, RNA, and acidic proteins
greatly limited its applications (10, 11). Pro-Q Diamond is
another phosphoprotein-specific stain developed by Molecu-
lar Probes, which had an improved selectivity compared with
“Stains-All” (12, 13). Pro-Q dye is based on fluorescent signal
detection and has been successfully used by some groups for
the in-gel staining, particularly for two-dimensional gels (14–
16). Although there were attempts to utilize it on a PVDF or
nitrocellulose membrane (17), some background fluorescence
of the nonspecific binding of the reagent and the lower selec-
tivity of the Pro-Q Diamond stain make it difficult to confi-
dently identify phosphoproteins after transfer. As a result,
Pro-Q Diamond has most commonly been used for in-gel
phosphoprotein detection. A different staining method termed
Phos-tag employs dinuclear Zn2� metal ion complex (18)
for phosphoprotein detection. Combined with a chemilumi-
nescence-based detection system, the technique was intro-
duced to an application on PVDF membranes, enabling West-
ern blot-like detection of the phosphoproteins. Although the
Phos-tag reagent has been employed to detect phospho-
containing species (18), the background and non-phospho-
specific signals still remain high (19). Because of these draw-
backs, the reagent, therefore, has been primarily used to
identify phosphorylation by a gel shift or to detect isomers of
multiphosphorylated proteins by incorporating the reagent
during the preparation of SDS-PAGE gels (20, 21).

Titanium ion (IV) and TiO2 have been demonstrated to pos-
sess superior selectivity toward phosphorylated residues on
numerous occasions, particularly when selectivity “enhanc-
ers” are used (22–24). In our lab, we have demonstrated the
unparalleled utility of titanium-based enrichment under homo-
geneous conditions. We have previously functionalized solu-
ble nanopolymer (dendrimer) with multivalent Ti(IV) ions
(termed PolyMAC) for phosphopeptide enrichment prior to
mass spectrometry analysis, exhibiting extraordinary high se-
lectivity, sensitivity, and reproducibility (25). Recently, we
have also adopted the successful concept of titanium-func-
tionalized nanopolymer to phosphoprotein detection in ELISA
format, which we termed pIMAGO (phosphorimaging)1 (26).
We have demonstrated the great utility of the pIMAGO rea-
gent for selective detection of phosphoproteins directly im-
mobilized on a 96-well plate.

Here, we have applied the same concept for the detection
of phosphoproteins using one of the most common biochem-
ical techniques, Western blotting. Each pIMAGO molecule is
synthesized to contain multiple titanium metal ions for selec-
tive binding to phosphates and multiple biotin groups for
sensitive detection. After incubation with a membrane where

phosphoproteins are bound, the reagent can be detected by
chemiluminescence with horseradish peroxidase (HRP) con-
jugated to avidin or by fluorescence. Under acidic conditions,
the reagent is capable of specifically binding only to phos-
phorylated sites without any bias toward amino acid se-
quences. Another feature of the pIMAGO reagent is the high
ratio of biotin groups per reagent, resulting in significant en-
hancement and amplification of the signal; thus, even a pro-
tein with a low phosphorylation level can be detected. Without
the usage of radioisotopes or expensive phospho-specific
antibodies, the technique is capable of detecting protein of
interest phosphorylated under physiological conditions, in the
format of a standard Western blotting procedure. Alterna-
tively, the reagent can be functionalized with fluorescent mol-
ecules instead of biotin to enable direct fluorescence-based
detection.

Overall, the new approach displays superior selectivity to-
ward phosphorylated proteins, enhanced sensitivity and lower
cost compared with available commercial reagents. Here, we
demonstrate the utility of pIMAGO to detect phosphorylated
proteins in simple and complex protein mixtures, as well as
during in vitro kinase and phosphatase assays. We have
further shown that the technique is sensitive and specific
enough to detect endogenous phosphorylation changes by
analyzing Polo-like kinase 1 (Plk1) and its mutant protein
complexes isolated directly from cells. The results were vali-
dated by quantitative mass spectrometry analysis, confirming
a number of known Plk1 substrates and interacting proteins
and identifying several new potential targets.

EXPERIMENTAL PROCEDURES

Materials—All of the reagents for pIMAGO synthesis, protein de-
phosphorylation, kinase assays, cell lysis reagents, trypsin, IP re-
agents, anti-FLAG antibodies and beads, and all standard proteins
were obtained from Sigma-Aldrich. Anti-Thr(P) antibody was pur-
chased from Cell Signaling Technologies. SnakeSkin dialysis tube
and SuperBlock T20 blocking buffer were bought from Thermo
Pierce. RapiGest detergent was obtained from Waters. All polyacryl-
amide gels, protein ladder, PVDF membranes, and other gel running
supplies were obtained from Invitrogen. Cell culture reagents were
acquired from Invitrogen. Purified band 3 protein was kindly supplied by
the Low group (Purdue University), and purified Cdk and Cdc6 proteins
were generously provided by the Hall group (Purdue University). Plas-
mid DNA was transfected with MegaTran (OriGene) as described by the
manufacturer. BI 2536 inhibitor was purchased from Symansis. The
synthetic peptide library used for label-free quantitation was generously
provided by Dr. Randy Arnold from Indiana University.

Synthesis of pIMAGO—Solution of 200 �l of polyamidoamine den-
drimer generation 4 (provided as 10% (w/v) in methanol) was dried in
a microcentrifuge tube and resolubilized in 2 ml of DMSO. Biotin (7
mg) was added to the solution to functionalize dendrimer with biotin
molecules. Ten mg of hydroxybenzotriazole and 12 �l of 1,3-diiso-
propylcarbodiimide were added to activate the carboxylic acid group
of the biotin for coupling with �30% of the amine groups on the
dendrimer. The reaction was stirred overnight at room temperature.
The reaction solution was dialyzed against water using SnakeSkin�

pleated dialysis tubing (3,500 molecular weight cutoff, 22-mm dry
diameter) and concentrated using a 3,000 molecular weight cutoff

1 The abbreviations used are: pIMAGO, phosphorimaging; Cdc6,
cell division cycle 6; Cdk, cyclin-dependant kinase; CIAP, calf intes-
tine alkaline phosphatase; HRP, horseradish peroxidase; IP, immu-
noprecipitation/immunoprecipitated; Plk1, Polo-like kinase 1; Syk,
spleen tyrosine kinase; KD, kinase dead.

Phospho-specific WB by pIMAGO

630 Molecular & Cellular Proteomics 11.9

 at M
A

SSA
C

H
U

SE
T

T
S IN

ST
 O

F T
E

C
H

 on A
ugust 30, 2019

http://w
w

w
.m

cponline.org/
D

ow
nloaded from

 

http://www.mcponline.org/


centrifugal filter unit (Millipore) to remove unreacted chemicals and
concentrate the modified dendrimer. The solution was further mixed
with 1.5 ml of 250 mM MES buffer (pH 5.5), 2 mg of 2-carboxyethyl-
phosphonic acid, 8 mg of N-hydroxysuccinimide dissolved in 100 �l
of water, and 80 mg of 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide hydrochloride and stirred overnight at room temperature to
functionalize the dendrimer with phosphonic acid. The reaction solu-
tion was dialyzed again to remove unreacted chemicals and stored at
4 °C. One-third of the reagent solution was concentrated to 1 ml, and
10 �l of titanium oxychloride stock in 30% HCl was added. The
mixture was incubated for 1 h with agitation at room temperature to
chelate titanium ions with phosphonic acid groups on the dendrimer.
The final solution was again dialyzed to remove any unbound titanium
and stored at 4 °C.

Dot-blotting of Standard Proteins and pIMAGO-based Detection—
Membrane for dot-blot assays was soaked in methanol, and different
amounts of standard proteins were each spotted in 0.5 �l of total
volume. The membrane was allowed to dry, followed by blocking with
10 ml of SuperBlock T20 blocking buffer containing 1% BSA for 1 h.
The membrane was then rinsed with water and incubated for 1 h with
5 �l of the pIMAGO reagent (0.4 mM in 0.01% HCl, pH 5) in 10 ml of
500 mM glycolic acid, 1% TFA solution, pH 0.75. The dot-blot was
washed four times with the 500 mM glycolic acid, 1% TFA solution
and three times with 1� TBST, 5 min each wash. For detection, the
membrane was incubated with 1:5000 dilution of avidin-peroxidase in
1� TBST (Tris-buffered saline containing 0.1% Nonidet P-40, pH 7.5)
containing 1% BSA for 45 min while rocking. The membrane was
lastly washed four times with 1� TBST (5 min each) and detected with
ECL detection solution.

Cell Culture, Anti-Tyr(P) IP, and Protein Dephosphorylation—HeLa
cells were grown to confluency in Dulbecco’s modified Eagle’s me-
dium supplemented with fetal bovine serum, 1% sodium pyruvate,
and 0.5% streptomycin/penicillin. The cells (6 � 107) were
trypsinized, collected, and lysed in 1 ml of lysis solution (50 mM

Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 1 mM

sodium orthovanadate, 1� protease inhibitor mixture, 1� phospha-
tase inhibitor mixture, and 10 mM sodium fluoride) for 20 min on ice.
The cell debris was cleared at 16,100 � g for 10 min, and supernatant
containing soluble proteins was collected. The concentration of the
cell lysate was determined using the bicinchoninic protein assay.

Two sets of 1 mg cell lysate were incubated with 40 �l of anti-
phosphotyrosine antibody (clone PT66) conjugated to agarose beads
for 2 h at 4 °C. The beads were then washed with the lysis buffer, and
the bound proteins were eluted with 100 mM triethanolamine. The
elutions were then dried and resuspended in 25 mM of Tris-Cl buffer,
pH 7.5. For dephosphorylation assay, one-half of each elution was
incubated with 10 units of calf intestine alkaline phosphatase (CIAP) in
1� CIAP buffer (50 mM Tris-Cl, 100 mM NaCl, 10 mM MgCl2, 1 mM

dithiothreitol) for 30 min at 37 °C. To stop the enzyme activity, the
samples were boiled for 5 min in 1� SDS sample buffer.

In Vitro Phosphatase and Kinase Assays—For in vitro phosphatase
assay, 200 ng of ovalbumin and �-casein were incubated with 2 units
of CIAP in 1� CIAP buffer (50 mM Tris-Cl, 100 mM NaCl, 10 mM MgCl2,
1 mM dithiothreitol) for 30 min at 37 °C. Equal percentages of the
reaction solution were taken out at designated times and boiled for 5
min in 1� SDS sample buffer. The samples were run on an SDS gel,
transferred onto a PVDF membrane, and blotted with pIMAGO as
described above. After exposure, the membrane was stripped using
the stripping buffer (62.5 mM Tris-Cl, 2% SDS, 0.7% �-mercaptoeth-
anol, pH 6.7) for 30 min at 65 °C and stained with Coomassie Blue
stain (0.1% Brilliant Blue in the solution containing 10% acetic acid,
45% methanol, 45% water) to detect the overall protein signal.

For in vitro kinase assays, 200 ng each of band3 or Cdc6 were
incubated with 500 �M of ATP and 2 mM of MnCl2 (for Syk) or MgCl2

(for Cdk) in the presence of their respective kinase (200 ng). An equal
amount of each reaction solution was taken out at designated times
and boiled for 5 min in 1� SDS sample buffer. The samples were run
on an SDS gel, transferred onto a PVDF membrane, and blotted with
pIMAGO as described before. After detection of the Syk-band3 re-
action with pIMAGO, the membrane was stripped by incubation with
the stripping buffer (62.5 mM Tris-Cl, 2% SDS, 0.7% �-mercaptoeth-
anol, pH 6.7) for 30 min at 65 °C. The membrane was then blocked
and incubated overnight at 4 °C with anti-phosphotyrosine antibody
(4G10 clone). After washing and incubation with secondary anti-
mouse antibody for 45 min, the membrane was exposed again to
detect anti-Tyr(P) signal. Finally, both membranes were stripped us-
ing the stripping buffer and stained with Coomassie blue stain to
detect overall protein signal.

Detection of Endogenous Phosphorylation of Plk1-interacting Pro-
teins—HEK 293T cells were transfected with FLAG-Plk1 wild-type or
K82M mutant (kinase dead mutant). After transfection for 24 h, the
cells were enriched at mitosis by nocodazole (100 ng/ml) treatment
for 12 h. For cells transfected with FLAG-Plk1-K82M, BI 2536 (Plk1
inhibitor, 100 nM) was added for the last 8 h before harvest. Both sets
of cells (5 � 107 cells) were lysed in 500 �l of lysis solution (50 mM

Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 1 mM sodium
orthovanadate, 1� phosphatase inhibitor mixture (Sigma), 1� prote-
ase inhibitor mixture, 10 mM sodium fluoride) for 20 min on ice. The
cell debris was cleared at 16,100 � g for 10 min, and supernatant
containing soluble proteins was collected, resulting in 4 mg of protein
amount in each sample. At this stage, a small volume of both lysates
was stored at �20 °C for the Western blotting. The remaining lysates
were precleared with 20 �l of protein A/G-agarose beads for 20 min
at 4 °C, and the supernatant was collected. For Plk1 IP, the samples
were incubated for 2 h with 40 �l of anti-FLAG beads at 4 °C. Finally,
the supernatant was discarded, the beads were washed twice with
the lysis solution for 10 min each, and 25% of the beads were used
to elute the bound proteins by boiling in 2� SDS solution containing
40 mM DTT for 5 min at 95 °C. The resulting samples (including the
set-aside lysates) were run on an SDS gel (40 �g of lysates or one-half
of IP elutions), transferred onto a PVDF membrane, and blotted with
pIMAGO as described before. After the detection with pIMAGO, the
membrane was stripped by incubation with the stripping buffer (62.5
mM Tris-Cl, 2% SDS, 0.7% �-mercaptoethanol, pH 6.7) for 30 min at
65 °C. The membrane was then blocked and incubated overnight at
4 °C with anti-phosphothreonine antibody. After washing and incu-
bation with secondary anti-rabbit antibody for 45 min, the membrane
was exposed again to detect anti-Thr(P) signal. Finally, the membrane
was stripped again using the stripping buffer and blotted for 1 h with
anti-FLAG antibody at room temperature. The FLAG-tagged Plk1
signal was detected after incubation with secondary anti-rabbit anti-
body for 45 min.

For the detection of pIMAGO signal using fluorescence, IRDye 680
fluorophore-tagged streptavidin was used instead of avidin-HRP. In
this case, the incubation was carried out using same conditions as
before, except the detection was done out using Li-Cor Odyssey
infrared imager, set at the wavelength channel of 700 nm and the
intensity setting of 0.5.

Mass Spectrometry-based Phosphoproteomic Analysis—The re-
maining 75% of the beads left after anti-FLAG immunoprecipitation
(from �3 mg starting protein amount) were used for the phosphopro-
teomics experiment. The bound proteins were eluted off beads,
denatured, and reduced by incubating the beads in 50 mM trimethyl-
ammonium bicarbonate containing 0.2% RapiGest and 10 mM dithio-
threitol for 5 min at 95 °C. After collecting the supernatant (eluted
proteins), the samples were cooled to room temperature and incu-
bated with 30 mM iodoacetamide for 1 h in the dark to alkylate the
cysteines. The pH was adjusted to 8.0, and the samples were di-

Phospho-specific WB by pIMAGO

Molecular & Cellular Proteomics 11.9 631

 at M
A

SSA
C

H
U

SE
T

T
S IN

ST
 O

F T
E

C
H

 on A
ugust 30, 2019

http://w
w

w
.m

cponline.org/
D

ow
nloaded from

 

http://www.mcponline.org/


gested with 1 �g trypsin for 14 h at 37 °C. Following digestion,
RapiGest was removed by decreasing pH to below 3.0 with 1 N

hydrochloric acid, incubating the samples at 37 °C for 40 min, cen-
trifuging it down for 10 min at 16,100 � g, and collecting the super-
natant. The resulting digested peptides were then enriched by Poly-
MAC method to isolate phosphopeptides, as described before (25).

The eluted phosphopeptides were dried and redissolved in 8 �l of
0.5% formic acid. At this stage, 100 fmol of 220 peptide library was
added to each sample as internal standard to enable label-free quan-
titation and injected into an Eksigent two-dimensional Ultra nanoflow
HPLC system. The reverse phase C18 was performed using an in-
house C18 capillary column packed with 5 �m C18 Magic beads resin
(Michrom; 75-�m inner diameter and 30 cm of bed length). The
mobile phase buffer consisted of 0.1% HCOOH in ultra-pure water
with the eluting buffer of 100% CH3CN run over a shallow linear
gradient over 60 min with a flow rate of 0.3 �l/min. The electrospray
ionization emitter tip was generated on the prepacked column with a
laser puller (model P-2000; Sutter Instrument Co.). The Eksigent Ultra
HPLC system was coupled online with a high resolution hybrid linear
ion trap Orbitrap mass spectrometer (LTQ-Orbitrap Velos; Thermo
Fisher). The mass spectrometer was operated in the data-dependent
mode in which a full-scan MS (from m/z 300–2000 with the resolution
of 30,000) was followed by 20 MS/MS scans of the most abundant
ions. Ions with charge state of �1 were excluded. The mass exclusion
time was 90 s. The LTQ-Orbitrap raw files were searched directly
against the Homo sapiens database with no redundant entries (91,464
entries; human International Protein Index v.3.87) using a combination
of SEQUEST algorithm and MASCOT on Proteome Discoverer (ver-
sion 1.3; Thermo Fisher). Peptide precursor mass tolerance was set at
10 ppm, and MS/MS tolerance was set at 0.8 Da. Search criteria
included a static modification of cysteine residues of �57.0214 Da
and a variable modifications of �15.9949 Da to include potential
oxidation of methionines, and a modification of �79.996 Da on serine,
threonine, or tyrosine for the identification of phosphorylation.
Searches were performed with full tryptic digestion and allowed a
maximum of two missed cleavages on the peptides analyzed from the
sequence database. False discovery rates were set below 1% for
each analysis. Proteome Discoverer generates a reverse “decoy”
database from the same protein database, and any peptides passing
the initial filtering parameters that were derived from this decoy da-
tabase are defined as false positive identification. The minimum
cross-correlation factor filter was then readjusted for each individual
charge state separately to optimally meet the predetermined target
false discovery rate of 1% based on the number of random false-
positive matches from the reversed “decoy” database. Thus, each
data set had its own passing parameters. The most likely phos-
phorylation site localization from collision-induced dissociation mass
spectra was determined by PhosphoRS algorithm within the Pro-
teome Discoverer 1.3 software.

Phosphopeptides identified by Mascot and SEQUEST with a sta-
tistical significant threshold were quantified by in-house software
(manuscript in preparation). MASIC (27) integrated in the software
uses the m/z of the selected peptides to construct extracted ion
chromatograms with default settings. Windows for extracted ion
chromatogram construction were 5 ppm. The relative intensity value
of each peptide was calculated by the peak area of each individual
extracted ion chromatogram normalized to the total chromatogram
intensity of 220 equally spiked-in peptides mixture. Two identical
peptides that have a significant intensity ratio, which is more than 3 or
less than 0.33, between two samples are considered to have different
phosphorylation level. At least two biological replicates were per-
formed for the analysis.

The data associated with this manuscript, specifically the MS/MS
spectra and the raw MS files, may be downloaded from Proteome-

Commons.org Tranche, https://proteomecommons.org/tranche/, us-
ing the following hash code: KSeBmSNefSWKnYB66DFXtpMT9So8
CtRf5xZ0U5PQl6C4AtYsS1eKbdsqXaskdYMb2IcECd/x05fo4A6a44
OJQMkZsmsAAAAAAAAEIQ��.

RESULTS

Design of pIMAGO Strategy for Phosphoprotein Detection
on Membrane—The design of pIMAGO is based on a soluble
nanopolymer, i.e., dendrimer, with hyperbranched surface
groups for derivatization. In addition to high solubility under
aqueous conditions, the advantages of using soluble nano-
polymer include high structural and chemical homogeneity,
compact spherical shape, and controlled surface functional-
ities (28). The homogeneous and hyperbranched nature of the
functionalized nanopolymer exhibited high reactivity and su-
perior specificity toward phosphorylated molecules (25).

The general pIMAGO scheme for phosphorylation detection
on membrane is shown in Fig. 1. The dendrimer polyamido-
amine G4 was functionalized with 15–20 titanium(IV) ions for
strong and selective binding to the phosphate groups and
with 25–30 biotin groups per pIMAGO molecule to achieve
sensitive chemiluminescence-based detection using avidin-
linked HRP (Fig. 1A). After proteins are transferred onto a
membrane, the detection procedure closely resembles a
standard Western blotting protocol, where the membrane is
blocked with BSA in a detergent-containing buffer, followed
by incubation with the pIMAGO reagent for 1 h in place of a
primary antibody and the use of avidin-HRP instead of a
secondary antibody (Fig. 1B). Therefore, with the pIMAGO
molecule acting as a sequence-independent anti-phospho-
protein antibody, the overall procedure is common and can be
easily adapted by any life science laboratory. Furthermore,
the blotting is completely compatible with any subsequent
antibody-based detection because of the ability to efficiently
strip the pIMAGO-based signal off the membrane after detec-
tion or to detect both signals simultaneously in a fluores-
cence-based multiplexed procedure.

Selectivity and Sensitivity of pIMAGO-based Detection—To
initially test the ability of pIMAGO to selectively detect phos-
phorylated proteins, we performed dot-blotting analysis of
two commercially available standard phosphorylated (�-ca-
sein and ovalbumin) and two nonphosphorylated (�-lactalbu-
min and �-lactoglobulin) proteins. After spotting 100 ng of
each protein, the membrane was blocked and incubated with
pIMAGO regent. After the avidin-HRP step, the blot was in-
cubated with HRP substrate and exposed onto a film. As
shown in Fig. 2A, only the two phosphoproteins were de-
tected on a dot-blot, indicating good selectivity of pIMAGO
toward phosphate detection. As expected, the signal from
�-casein has appeared much stronger than from ovalbumin,
likely because of the relatively larger number of phosphor-
ylated residues in the former.

To further test the selectivity and sensitivity of the pIMAGO
technology, we spotted five standard proteins in different
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amounts, ranging from 10 to 100 ng, for a pIMAGO-based
dot-blot analysis. The proteins included phosphorylated �-ca-
sein and four unphosphorylated proteins (BSA, catalase,
�-lactalbumin, and �-lactoglobulin). The results, shown in Fig.
2B, demonstrate good selectivity and sensitivity of the blot-
ting reagent, allowing detection of only phosphorylated �-ca-
sein, even below 10 ng levels.

We have further explored the ability of pIMAGO to selec-
tively detect phosphoproteins in a Western blotting format by
mixing together the same five proteins at different concentra-
tions, separating the mixture on a gel, and transferring onto a

PVDF membrane. As shown in Fig. 2C, pIMAGO-based blot-
ting again was able to detect only the phosphoprotein with
good sensitivity, although the background was slightly higher
than the dot blotting because of the presence of SDS on the
membrane after gel transfer, which led to somewhat lower
sensitivity. Taken together, these data suggest that pIMAGO
could be a valuable tool for the detection of phosphorylation
after SDS-PAGE separation and transfer.

Additional testing of the blotting selectivity was carried out
using a more complex sample, a protein mixture isolated by
anti-phosphotyrosine antibody-based immunoprecipitation

FIG. 1. A schematic representation of the pIMAGO reagent. A, a soluble nanopolymer (dendrimer) is functionalized with multiple titanium
ions for selective binding to the phosphoproteins and with biotin groups for sequential detection by avidin-linked HRP. B, experimental
workflow for pIMAGO-based phosphoprotein detection in a Western blotting format. After SDS-PAGE of the protein mixture and transfer onto
a PVDF membrane, the blot is briefly incubated with the pIMAGO reagent, which selectively binds to phosphosites. HRP-linked avidin is then
added to the membrane, exclusively attaching to the biotin groups of pIMAGO. Finally, a chemiluminescent HRP substrate is added, and the
membrane is developed for detection.

FIG. 2. pIMAGO-based detection of phosphoproteins. A, a dot-blotting experiment, where two phosphoproteins (�-casein and ovalbumin)
and two nonphosphoproteins (�-lactalbumin and �-lactoglobulin) were spotted on a PVDF membrane and detected using pIMAGO procedure.
B, a dot-blotting experiment, where phosphorylated �-casein and four nonphosphoproteins (�-lactalbumin, �-lactoglobulin, BSA, and catalase)
were spotted at different amounts on PVDF membranes and detected using pIMAGO procedure. C, pIMAGO-based detection of different
concentrations of the five-protein mixture separated by SDS-PAGE and transferred onto a PVDF membrane. The mixture included phosphor-
ylated �-casein and four nonphosphoproteins (�-lactalbumin, �-lactoglobulin, BSA, and catalase).

Phospho-specific WB by pIMAGO

Molecular & Cellular Proteomics 11.9 633

 at M
A

SSA
C

H
U

SE
T

T
S IN

ST
 O

F T
E

C
H

 on A
ugust 30, 2019

http://w
w

w
.m

cponline.org/
D

ow
nloaded from

 

http://www.mcponline.org/


(anti-Tyr(P) IP). With 1 mg of HeLa lysate as the starting
material, the resulting protein complex was split equally in
halves. One sample was dephosphorylated with a general
CIAP. Two samples were run alongside on the SDS-PAGE gel,
transferred onto a membrane, and blotted independently us-
ing either pIMAGO or anti-phosphotyrosine antibody. The
results demonstrated a significant decrease in signal from the
phosphatase-treated samples in both cases, indicating that
pIMAGO is highly specific for phosphoproteins in a complex
sample (Fig. 3). Interestingly, proteins show a different pattern
when detected by pIMAGO compared with the general anti-
Tyr(P) antibody approach: a number of new bands were de-
tected using the pIMAGO method. The new bands are likely
due to the ability of pIMAGO to detect not only phosphoty-
rosine proteins, which is the case for the anti-Tyr(P) antibody,
but also phosphoserine and phosphothreonine residues. It is
also possible that some of the new protein bands are phos-
photyrosine proteins that cannot be detected by this particu-
lar clone of anti-Tyr(P) antibody. The experiment revealed that
pIMAGO can be used to detect any phosphoprotein without
the bias that antibodies may have.

Applications of pIMAGO for in Vitro Kinase and Phospha-
tase Assays—Because pIMAGO has demonstrated its ability
to detect any phosphorylation without bias, it would be par-
ticularly useful for the detection of changes in phosphorylation
during in vitro kinase and phosphatase assays. These proce-
dures, although routine, can provide invaluable knowledge
about the kinase-substrate or phosphatase-substrate rela-
tions and can be used to identify or validate new interesting
substrates. Typically, such an approach requires either pre-
liminary knowledge of the phosphorylation sites, in the case of
antibody-based detection; the use of artificial substrates,
which could provide misleading information; or handling of
the highly hazardous radioactive materials, in the case of
32P-based reactions. To address the limitations and high cost
of the antibodies and the safety concerns of the radioactive
assays, we attempted to examine whether pIMAGO is capa-

ble of detecting changes in phosphorylation during in vitro
kinase or phosphatase assays.

We first tested the capability of pIMAGO in detecting time-
dependent dephosphorylation of standard proteins during an
in vitro phosphatase assay. Phosphoproteins, ovalbumin, and
�-casein were utilized as substrates for a general CIAP. The
dephosphorylation reaction was carried out for the desig-
nated time points, and the assay mix was run on an SDS gel
and transferred onto a membrane. The previously described
pIMAGO procedure was then carried out to detect the level of
phosphorylation. As shown in Fig. 4A, a strong decrease in
phosphorylation was detected for both proteins, with ovalbu-
min losing signal much faster, most likely because of some-
what differential substrate specificity of CIAP.

We further carried out in vitro kinase assays with a purified
tyrosine kinase, human Syk, and a serine/threonine kinase,
yeast Cdk1, along with their known substrates, band3 (29, 30)
and Cdc6 (31), respectively. Each kinase reaction was carried
out for the designated time points, and each assay mix was
run on an SDS gel and transferred. For the Syk-band3 kinase
assay, the membrane was also blotted with a general anti-
Tyr(P) antibody after pIMAGO. On the other hand, because no
successful general anti-serine/threonine antibody is available,
Cdk1-Cdc6 kinase reaction was blotted only with pIMAGO.
As is demonstrated in Fig. 4 (B and C), both kinase reactions
resulted in increased levels of phosphorylation, as was de-
tected by pIMAGO and confirmed by anti-Tyr(P) antibody
blotting. Coomassie staining was also carried out for the
assays to ensure equal loading.

Our experiments demonstrate that pIMAGO has the poten-
tial to complement the often unnecessary or ineffective and
costly phosphospecific antibodies and the hazardous radio-
active labeling approach for routine kinase activity assays.
This technology has the potential for high sensitivity because
there are multiple biotin detection groups per molecule, thus
amplifying the detection signal. The technique is particularly
appealing to research groups that work with new or unchar-
acterized kinases and their substrates, whose phosphoryla-
tion profiles are unknown. Instead of designing experiments
to map potential phosphorylation sites of their substrates to
make new phospho-specific antibodies, the pIMAGO reagent
can be readily used for a majority of initial kinase assays for
any substrate.

Detection of Endogenous Phosphorylation of Plk1-interact-
ing Proteins—In addition to the use of pIMAGO in the Western
blot format for detection of in vitro phosphorylation, the tech-
nology also offers great potential for examining in vivo or
endogenous phosphorylation. To validate this idea, we have
selected serine/threonine kinase Plk1 and its interacting pro-
teins as our model system. Plk1 is a member of an important
Polo-like kinase family and is a well known key regulator in
many cell cycle events. As a serine/threonine kinase, Plk1
activity in mitosis is critical for proper regulation of mitotic
entry, cytokinesis, bipolar spindle formation, and sister chro-

FIG. 3. pIMAGO-based detection of a complex mixture of phos-
phoproteins. Cell lysate was used to immunoprecipitate (IP) phos-
photyrosine-containing proteins (pY). One-half of each IP elution was
dephosphorylated by general CIAP. Finally, the control and CIAP-
treated samples were split in two, separated by SDS-PAGE, trans-
ferred onto a membrane, and detected independently using pIMAGO
or anti-phosphotyrosine antibody.
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matid separation (32–34). In addition, it has also been sug-
gested that Plk1 plays an important role in the network of DNA
damage checkpoint (35, 36). Taking this into account, it is not
surprising that numerous recent studies have demonstrated a
strong correlation between mammalian Plk1 expression and
cancer (33, 37). Its overexpression has been well documented
in many carcinomas, including non-small cell lung cancer,
ovarian cancer, gastric cancer, melanoma, and others (33,
38). Therefore, selective inhibition of Plk1 activity may provide

an important complementary tool in cancer therapy. Plk1 has
been involved in multiple signaling pathways, and its tumori-
genic features are tightly related to its modulated phosphor-
ylation events and interacting partners (38). To better under-
stand the role of Plk1 in normal cells and cancer progression,
it is of critical importance to examine the protein signaling in
the Plk1-dependent network.

To assess the phosphorylation levels of Plk1-interacting
proteins, HEK 293T cells were transfected with FLAG-tagged
Plk1 and arrested in mitosis where Plk1 is most active. As a
comparison, the cells were also transfected to express a
kinase dead (KD) mutant of Plk1, and BI 2536, a specific Plk1
inhibitor (39, 40), was incubated with these cells. Both sets of
samples were immunoprecipitated using anti-FLAG antibody,
run on an SDS-PAGE, and detected via pIMAGO. Simultane-
ously, to validate the pIMAGO imaging results and identify the
Plk1-interacting proteins obtained using pIMAGO detection
system, we used 75% of the immunoprecipitated samples to
run a quantitative phosphoproteomics experiment using mass
spectrometry (general workflow is demonstrated in Fig. 5). As
expected, both sets of lysates and IP samples showed high
levels of phosphorylation (Fig. 6A). The phosphorylation signal
of the wild-type Plk1 lysate was slightly higher compared with

FIG. 4. In vitro phosphatase and kinase assays using pIMAGO.
A, two phosphoproteins (�-casein and ovalbumin) were treated with
CIAP for the indicated times. Each assay time point was run on the
SDS gel, transferred onto a membrane, and blotted by pIMAGO. B, in
vitro kinase assay of Syk tyrosine kinase and its substrate band3 was
carried out for the indicated times. Phosphorylation change on the
substrate was monitored by pIMAGO; the membrane was then
stripped and reprobed with anti-phosphotyrosine antibody. C, in vitro
kinase assay of Cdk serine/threonine kinase and its substrate Cdc6
was carried out for the indicated times. Phosphorylation change on
the substrate was detected by pIMAGO. In all cases, Coomassie stain
was performed to ensure equal loading.

FIG. 5. Experimental workflow of pIMAGO detection and phos-
phoproteomic analysis of Plk1-interacting proteins. FLAG-Plk1
WT or FLAG-Plk1-KD (kinase dead mutant) were transfected into HEK
293T cells and arrested in mitosis, and the cells were lysed. The
interacting protein partners for Plk1 were separately pulled down by
anti-FLAG antibody conjugated with beads. At this stage, 25% of
each sample were eluted, run on SDS-PAGE, transferred onto a
membrane, and detected by pIMAGO. The remaining 75% were
trypsin-digested, and phosphopeptides were enriched by PolyMAC
method. Prior to mass spectrometry analysis, a peptide library con-
sisting of 220 unique peptides was spiked into each sample for
label-free quantitation.
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the Plk1-KD lysate, likely because of increased activity of the
Plk1 kinase. Interestingly, IP of Plk1-KD mutant clearly exhib-
ited a higher level of phosphorylation in the interacting pro-
teins compared with wild-type kinase. As a comparison, the
membrane was also blotted using an anti-Thr(P) antibody,
which showed a similar phosphorylation pattern, although
only of threonine sites (Fig. 6B). An anti-FLAG Western blot-
ting was further carried out as a loading control (Fig. 6C).
These data suggest that the phosphorylation levels of Plk1-
interacting proteins are higher in the kinase dead mutant of
the kinase. The data confirmed the perception that kinase-
substrate interactions are typically weak and transient. Once
substrates are phosphorylated, the interactions are even
weaker, leading to the dissociation of substrates from the
kinase. On the other hand, KD mutant has stronger binding
affinity to its substrates because the post-activity release
does not occur, which can then be captured by IP. These
results demonstrate that pIMAGO technique can provide an
overall profile of phosphorylation status in kinase complexes.

In parallel with the pIMAGO detection experiment, the im-
munoprecipitated interacting protein partners for Plk1 were
eluted off the beads and trypsin-digested, and phosphopep-
tides were enriched by the PolyMAC method. Prior to mass
spectrometry analysis, a synthetic peptide library consisting

of 220 unique peptides was spiked into each sample for
label-free quantitation. Here, each sample peptide was nor-
malized based on the overall signal of the library. Via this
approach, the use of such a large peptide library enabled a
more accurate label-free quantitation by allowing normaliza-
tion of the sample’s signal to that of the library across a wide
LC retention time range (manuscript on the label-free ap-
proach in preparation).

Using this phosphoproteomics procedure, we were able to
identify a total of 490 unique phosphopeptides covering 272
proteins (qualitative data are available in supplemental Table
S1 for Plk1 identifications and supplemental Table S2 for
library identifications). Of these, 182 phosphorylated proteins
(with 266 unique phosphopeptides) were denoted as the po-
tential Plk1 substrates or interaction partners dependent on
Plk1 activity, because they were present at significantly higher
levels in the Plk1-KD immunoprecipitated sample compared
with wild-type samples, where they were often not detectable
(quantitative results are available in supplemental Table S3).
Interestingly, the majority of these peptides contained a con-
sensus sequence for Cdk1 ((pS/pT)P) (41), consistent with the
reports that recognition of Plk1 substrates requires a priming
kinase to generate a docking site for Plk1 recruitment (42).
Among the candidates, some were reported previously as
putative Plk1 targets, such as Claspin (43, 44), Foxhead box
protein M1 (45), 53BP1 (46), Sororin (47), Nek9 (48), and Wee1
(49). As expected, the phosphopeptides identified from the
kinase dead Plk1 IP sample did not contain the Plk1 phos-
phorylation sites, but rather some potential priming sites by
Cdk1 or other kinases. More importantly, we have also iden-
tified several previously undescribed potential Plk1 targets,
such as CENPA, Nup153, and FoxO1, thus implicating that
Plk1 may function in kinetochore specification, regulation of
nucleus-cytoplasm translocation, and determination of stem
cell fate.

The quantitative proteomic data by mass spectrometry was
further compared with fluorescence-based pIMAGO detec-
tion. In the experiment, we replaced avidin-HRP with IRDye
680 fluorophore-labeled streptavidin. Generally, there are cer-
tain advantages to using a fluorophore as a detection system.
Compared with dynamic chemiluminescence-based system,
fluorescent detection allows for measurements in a static
state, without the need for enzymatic substrates, danger of
overexposing, or the possibility of exhausting the substrates
or enzyme activity. Additionally, direct detection typically of-
fers a shorter procedure, up to 10-fold greater linear dynamic
range and better quantitative capability (an example of
pIMAGO-based detection and IRDye-based quantitation of
standard phosphoproteins on membrane is demonstrated in
supplemental Fig. S1). In this case, the same experiment as
above was carried out, and the phospho-bound pIMAGO
signal was detected using a Li-Cor Odyssey infrared imager.
The resulting phosphorylation pattern (Fig. 6D) was similar to
the chemiluminescence signal in Fig. 6A, thereby demonstrat-

FIG. 6. pIMAGO-based detection of phosphorylation from ly-
sates and IP samples of wild-type Plk1 and its KD mutant. HEK
293T lysates were used to IP FLAG-tagged WT- or KD-Plk1. A–C, the
samples were separated by SDS-PAGE, transferred onto a mem-
brane, and detected using pIMAGO (A), anti-phosphothreonine (Anti-
pThr) antibody (B), or anti-FLAG antibody (C). The membrane was
stripped before each subsequent detection. D, the same experiment
as in A was carried out, but the pIMAGO signal was detected using
IRDye 680 fluorophore conjugated to streptavidin instead of HRP-
based chemiluminescence.
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ing potential applications of pIMAGO for studies that prefer
fluorescence-based detection. Furthermore, fluorescence-
based pIMAGO detection allowed us to quantify an average of
40% increase in the level of phosphorylation in the Plk1-KD-
bound proteins from the immunoprecipitated sample, which is
consistent with the measurement by label-free mass spec-
trometry analyses (supplemental Fig. S2).

DISCUSSION

The ubiquity and importance of protein phosphorylation has
become increasingly better understood and appreciated over
the past decades. It is estimated that close to 50% of all
proteins in the human genome are phosphorylated during
their lifetime on over 100,000 sites (50). With such astonishing
numbers, it is no wonder that protein phosphorylation is per-
haps the most widespread post-translational modification
known. Its involvement in practically all aspects of cell biology
has been demonstrated through numerous examinations. Al-
though the genes encode the basic biological functions of
proteins, post-translational modifications, in particular phos-
phorylation, are responsible for real time regulation of protein
functions and structure, usually in response to stimuli. There-
fore, the fundamental importance of phosphorylation cannot
be overestimated. As a result, effective detection of protein
phosphorylation has long been a major objective in many life
science research laboratories.

To date, detection of phosphorylation has continuously
been under development, and many of the currently available
methods suffer from certain drawbacks, such as the need for
extensive prior knowledge and high cost, as in the case of
antibodies, hazardous environment during 32P labeling, or low
specificity and sensitivity of non-antibody-based staining. We
attempt to address these concerns by developing a novel
universal phosphorylation detection technology based on
Ti(IV)-functionalized soluble nanopolymer, pIMAGO. The
nanosize nature of the water-soluble polymer offers multiple
advantages for manipulating molecular interactions. Its den-
dritic structure allows multifunctionalization, offering en-
hanced selectivity, stronger binding to target, and greater
sensitivity because of signal amplification. Furthermore, the
choice of Ti(IV) ion as the chelating metal is the direct result of
numerous published reports (including our own) about tita-
nium, demonstrating superior selectivity toward phosphate
groups compared with other metal ions (22, 23, 25, 51). Thus,
pIMAGO is expected to display superior selectivity to other
universal stains based on the metal selection alone.

We demonstrate in this study that pIMAGO can detect
phosphoproteins immobilized on a membrane in simple or
complex mixtures with high selectivity. We have applied it for
in vitro kinase and phosphatase assays, producing compara-
ble results as the antibodies. However, in contrast to antibod-
ies, pIMAGO can be used for the detection of phosphorylation
on any site for any protein without the amino acid sequence
bias. Although phospho-site specific antibodies are still the

optimal choice of detecting the phosphorylation level of a
particular site on the protein of interest, this piece of informa-
tion is not necessary or available for many types of research
projects. Most often, the first step in molecular signaling
studies is to identify whether a protein of interest demon-
strates any change in phosphorylation under specific biolog-
ical conditions, a positive identification of which can then be
subsequently followed by an in-depth examination of modi-
fied sites. In these experiments, as well as in most in vitro
assays to test kinase/phosphatase activity, a more general
approach for detection of phosphorylation, such as pIMAGO,
would be much more valuable and cost-effective. Note that
other phospho-containing molecules such as phospholipids
may interfere with analysis of phosphoproteins, and therefore
a preseparation such as gel electrophoresis might be needed.
On the other hand, pIMAGO is not limited to the analysis of
phosphoproteins. It is conceivable that pIMAGO will be effec-
tive for the detection of phospho-containing molecules such
as phospholipids.

We further demonstrated the utility of pIMAGO-based on-
membrane detection for analysis of endogenous phosphory-
lation. For this purpose, we have selected Plk1-interacting
proteins, a biological system important for regulation of a
number of mitotic and DNA damage events and having a
direct link to certain cancers. Immunoprecipitation of the ki-
nase dead mutant of Plk1 (Plk1-KD) during mitosis with sub-
sequent detection with pIMAGO exhibited a 40% increase in
the overall level of phosphorylation within its interacting pro-
teins, as compared with wild-type Plk1. We reason that this
increase in phosphorylation is due to potential Plk1 substrates
still being bound to Plk1-KD during IP, because they could not
be released from the inactive kinase. A label-free quantitative
phosphoproteomics experiment confirmed the pIMAGO ob-
servation. The MS data have resulted in the identification of
182 unique phosphoproteins that were bound in a consider-
ably higher proportion to the Plk1-KD than to wild-type Plk1.
Of these, we were able to identify a significant amount of
known interacting partners and substrates, including Claspin,
Foxhead box protein M1, Nek9, 53BP1, Sororin, and Wee1.
Among them, there are multiple proteins such as CENPA,
Nup153, and FoxO1 proteins that are likely new candidates
for Plk1 phosphorylation.

FoxO1 belongs to the forkhead family of transcriptional
factors (52) and has been previously implicated in maintaining
embryonic stem cell pluripotency, regulating cell death, DNA
damage repair, and tumor suppression (53). Plk1 is reported
to phosphorylate FoxM1, another member from this forkhead
transcription factor family, to regulate mitotic gene expres-
sions (45). The functional significance of Plk1-FoxO1 interac-
tion would be interesting to investigate further.

CENPA, a histone H3 variant, specifies the assembly of
kinetochore on centromeric region (54). CENPA recruits the
constitutive centromere-associated network, a 14-compo-
nent protein complex, to form the inter kinetochore, which
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provides the structural base for the functional mitotic kineto-
chore (55). Although Plk1 is implicated in kinetochore function
(56), whether Plk1 is involved in kinetochore specification is
largely unknown.

Nup153 belongs to the nuclear pore complex protein family,
which is involved in nuclear pore assembly (57). Nuclear pores
are large protein complexes that cross the nuclear envelope,
and biological molecules such as proteins and RNAs are
transported through the nuclear pore between the cytoplasm
and the nucleus (58). Identification of Nup153 as potential
Plk1 substrate indicates a previously undescribed role of Plk1
in regulating this cytoplasm-nucleus translocation.

Although Plk1 is implicated to function in kinetochore spec-
ification (56), regulation of nucleus-cytoplasm translocation
(59), and stem cell pluripotency (60), the molecular mecha-
nisms of these events remain unclear. Therefore, further char-
acterization of these potential Plk1 substrates will provide
insight to biological functions of Plk1 in these pathways.

CONCLUSIONS

A novel application using soluble nanopolymer-based
pIMAGO technology was presented for the detection of phos-
phorylated proteins in the Western blotting format. The pro-
cedure is specific, sensitive, and easy to perform. The unique
capabilities of pIMAGO toward unbiased detection of phos-
phoproteins hold great promise for a wide variety of applica-
tions in vitro and in vivo. The technique may not be applicable
to hyperphosphorylated proteins in which only a specific sin-
gle site changes its phosphorylation status, thus not signifi-
cantly affecting overall phosphorylation level of the protein.
We are currently exploring the possibility of quantitative
measurement of phosphorylation changes, including phos-
phorylation stoichiometry. The novel technique, however, is
highly attractive to applications in which a good quality phos-
pho-specific antibody is not available. The ability to facilitate
the finding of new kinase and phosphatase substrates, screen
kinase inhibitors, or profile changes in endogenous levels of
phosphorylation without site microenvironment prejudice or
safety concerns will be tremendously valuable for many re-
search groups.
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