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polo-like kinase 1 point mutant with threonine 210 mutated to aspartate; RFU, relative fl uorescence unit; std, standard deviation; SA, streptavidin; TRF, time-resolved 
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ABSTRACT
One of the challenges to develop time-resolved fl uorescence reso-
nance energy transfer (TR-FRET) assay for serine/threonine (Ser/
Thr) protein kinase is to select an optimal peptide substrate and a 
specifi c phosphor Ser/Thr antibody. This report describes a mul-
tiplexed random screen-based development of TR-FRET assay for 
ultra-high-throughput screening (uHTS) of small molecule inhibi-
tors for a potent cancer drug target polo-like kinase 1 (Plk1). A 
screen of a diverse peptide library in a 384-well plate format 

identifi ed several highly potent substrates that share the consensus 
motif for phosphorylation by Plk1. Their potencies were compara-
ble to FKD peptide, a designed peptide substrate derived from well-
described Plk1 substrate Cdc25C. A specifi c anti-phosphor Ser/Thr 
antibody p(S/T)F antibody that detects the phosphorylation of FKD 
peptide was screened out of 87 antibodies with time-resolved fl uo-
rometry technology in a 96-well plate format. Using FKD peptide 
and p(S/T)F antibody, we successfully developed a robust TR-FRET 
assay in 384-well plate format, and further miniaturized this assay 
to 1,536-well plate format to perform uHTS. We screened about 
1.2 million compounds for Plk1 inhibitors using a Plk1 deletion 
mutant that only has the kinase domain and subsequently screened 
the same compound library using a full-length active-mutant Plk1. 
These uHTSs identifi ed a number of hit compounds, and some of 
them had selectivity to either the deletion mutant or the full-length 
protein. Our results prove that a combination of random screen for 
substrate peptide and phospho-specifi c antibodies is very powerful 
strategy to develop TR-FRET assays for protein kinases.

INTRODUCTION

S
ince protein phosphorylation is one of the major regu-
lation mechanisms for cell growth, differentiation, and 
survival,1 protein kinases represent one of the most 
important target classes in therapeutics.2 Protein kinase 

consists of a large superfamily with the high degree of struc-
tural conservation,3 which makes it diffi cult to develop a kinase 
inhibitor that is highly specifi c to the target kinase. One possible 
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relevance and an antibody specifi c to the phosphorylated form of 
the peptide by conducting multiplexed random screenings. First, 
we screened >800 synthetic peptides with [γ-33P]ATP and a Plk1 
deletion mutant that only has the kinase domain, and found a 
highly potent peptide named FKD. FKD has sequence homology 
with the region around serine 198 of human Cdc25C, one of Plk1’s 
physiological substrates in M phase.20 Serine 198 residue is the 
phosphorylation site of Plk121 and a hydrophobic residue at +1 
position and acidic residues at −2 and +3 positions are required 
for this phosphorylation.22 Subsequently, we tested 87 antibodies 
in a 96-well format for the detection of the phosphorylated form 
of FKD using time-resolved fl uorometry technology (TRF, also 
known as DELFIA® technology),23 and found that anti-phospho-
(S/T)F antibody effi ciently and specifi cally recognizes phosphor-
ylated FKD peptide. Using FKD peptide and anti-phospho-(S/T)F 
antibody, we succeeded in developing a robust TR-FRET assay in a 
384-well plate format. We miniaturized this assay for a 1,536-well 
format and performed fully automated uHTSs for about 1.2 mil-
lion compounds. We screened this library for Plk1 inhibitors with 
a truncated protein that has only the kinase domain and a con-
stitutively activated full-length protein, and identifi ed a number 
of hit compounds. Interestingly, some of the hit compounds were 
active to only one of these 2 forms. We shall propose that a combi-
nation of random screening for a substrate peptide and a phospho-
specifi c antibody can be a powerful strategy to develop a specifi c, 
physiologically relevant and robust TR-FRET assay for uHTS.

MATERIALS AND METHODS
Materials

Chemical reagents were from either WAKO (Osaka, Japan) or 
Sigma-Aldrich (St. Louis, MO), except for the following materi-
als: anti-phospho-(S/T)F antibody-labeled with europium-chelate 
(Eu-p(S/T)F Ab) and streptavidin–allophycocyanin (SA-APC), 
PerkinElmer Life Sciences (Boston, MA); K252a, Alomone Labs, 
Ltd. (Jerusalem, Israel); Kinase Substrate Set (720 peptides), 
JPT (Berlin, Germany); Kinase Substrate Screening Kit (87 pep-
tides), Cell Signaling Technology (Beverly, MA). Additionally, we 
designed several biotinylated peptides with the consensus motif 
of Plk1 phosphorylation site and synthesized them in-house.

Recombinant human Plk1∆C and Plk1T210D protein that was 
tagged with glutathione-S-transferase at the N-terminus was pre-
pared with a baculovirus expression system and purifi ed with their 
affi nities to glutathione sepharose. Plk1∆C is a deletion mutant that 
has the kinase domain (amino acid residues 1–356), and Plk1T210D 
is a full-length point mutant whose threonine 210 in the T-loop is 
mutated to aspartate. We made small aliquots of fractions for the 
storage at −80°C to avoid repeated freeze-thawing, and freshly 
thawed the frozen stock before dilution in every single experiment.

way around non-specifi c kinase inhibitors is to target substrate, 
or bisubstrate, inhibitors.4 Therefore, it is crucial to take account 
of specifi city and physiological relevance of the assay5 as well 
as robustness in an assay development for screening of large 
compound libraries for lead molecule identifi cation for selective 
inhibitors.

Various detection technologies for lead identifi cation of kinase 
inhibitor programs have been validated and successfully applied 
for high-throughput screening (HTS).6,7 Being a homogeneous 
technology with a non-radioactive, ratiometric, and time-resolved 
measurement, time-resolved fl uorescence resonance energy trans-
fer (TR-FRET) has been most widely used among them.8,9 TR-FRET 
relies on the resonance energy transfer of photons from a long-life-
time lanthanide donor species to a suitable acceptor fl uorophore. 
This transfer takes place only when the donor and the acceptor are 
in proximity. In a typical kinase TR-FRET assay, this proximity 
depends on the interaction mediated by a phospho-specifi c anti-
body that binds to the product of the kinase reaction. Therefore, 
the assay requires an optimal selection of a substrate, typically a 
synthetic peptide, and an antibody. Many tyrosine kinases accept 
random copolymers of glutamate and tyrosine as a substrate, and 
generic antibodies against phosphotyrosine are available whose 
binding affi nities are not infl uenced by any surrounding residues.8 
In contrast, serine/threonine (Ser/Thr) kinases have much higher 
substrate specifi cities, and it is challenging to select an optimal 
peptide substrate containing appropriate recognition motifs and 
comparable kinetics relative to a native protein. Furthermore, both 
phosphoserine and phosphothreonine have lower immunogenicity 
than phosphotyrosine, and each substrate requires different specifi c 
antibodies for phosphorylation detection. Therefore, identifi cation 
of the correct peptide substrate and the corresponding antibody is 
problematic and often requires lengthy and costly efforts.10,11

A Ser/Thr kinase polo-like kinase 1 (Plk1) plays a crucial role 
in the precise regulation of cell division in various organisms.12–14 
Because human Plk1 is overexpressed in various types of cancer 
and its expression level correlates to poor patient prognosis, this 
protein is one of the major drug targets for anti-cancer therapy.15,16 
Even though several Plk1 inhibitors have been reported, more 
selective and effi cacious drug without off-target effects needs to 
be discovered.17

Our goal is to identify novel lead compounds for Plk1 inhib-
itor by running an ultra-high-throughput screening (uHTS). 
Several studies have presented in vitro kinase assays for PLK1.18,19 
However, these assays are not necessarily suitable for uHTS, being 
a non-robust radiometric fi ltration assay or using a substrate 
without physiological relevance. We employed TR-FRET technol-
ogy to develop a non-radioisotopic and robust biochemical assay, 
and identifi ed both a potent substrate peptide with physiological 
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b-pFKD), we screened 87 phosphor-(Ser/Thr)-specifi c antibod-
ies from Serine/Threonine Kinase Substrate Screening Kit (Cell 
Signaling Technology) with time-resolved fl uorometry (TRF, 
also known as DELFIA® technology).23 We incubated b-FKD (bio-
tin-DELMEFSFKDQEAKV) with 50 μM ATP and 120 nM Plk1∆C 
in buffer A for 5 h at 25°C, and transferred the reaction mixture 
to a streptavidin-coated 96-well plate to immobilize b-pFKD. 
Then we dispensed antibodies, with one per well, and incu-
bated the plate. After adding the secondary antibody labeled 
with europium (Eu)-chelate and further incubating the plate, we 
measured relative fl uorescence unit (RFU) at 615 nm under the 
excitation at 340 nm (SIG_pFKD) using a Victor2™ plate reader 
(PerkinElmer Life Sciences) to quantify the amount of second-
ary antibody that remained in the wells. To demonstrate the 
specifi city of each antibody for phosphorylation, we incubated 
b-FKD without Plk1∆C as background reference (SIG_FKD), and 
calculated signal-to-background ratio by dividing SIG_pFKD 
by SIG_FKD. For details, please refer to the instruction manual 
of the kit. Screening of specifi c antibodies for the phosphory-
lated form of a biotinylated ASFA peptide (biotin-DELMEApS-
FADQEAK; b-pASFA) was conducted with the same procedure, 
except that b-ASFA (biotin-DELMEASFADQEAK) was used in 
place of b-FKD.

Development of Plk1 TR-FRET Assay in a 
384-Well Format

Plk1 TR-FRET assay with b-FKD and Eu-p(S/T)F Ab was devel-
oped in a 384-well plate format (Fig. 1A). The assay reagents were 
made up as shown below. Each concentration for b-FKD, Eu-p(S/T)

We used the following microtiter plates for TR-FRET assay: 
non-binding surface, black wall, clear-bottom 384-well plate, 
CORNING (Corning, NY); non-treated, white wall, solid-bottom 
1,536-well plate, Greiner America Inc. (Lake Mary, FL).

Screen for a Potent Peptide Substrate for Plk1
In order to identify potent peptide substrate for Plk1, we 

designed several candidates with the reported consensus motif 
of Plk1 phosphorylation site22 and synthesized them in-house as 
biotinylated peptide at the N-terminus. In addition, we obtained 
the following commercial biotinylated peptide sets: Kinase 
Substrate Set (720 peptides, JPT) and Kinase Substrate Screening 
Kit (87 peptides, Cell Signaling Technology, Beverly, MA). 
Substrate screening with these peptides was performed as follows: 
5 μM peptide was incubated with 120 nM Plk1∆C and 50 μM ATP 
([γ-33P]ATP, specifi c activity = 0.8 Ci/mmol) in 25 μL buffer A [20 
mM Tris–HCl (pH 7.4)/10 mM MgCl2/1 mM EDTA/0.5 mM DTT] 
for 3 h at 25°C. We stopped the reaction with 40 μL Kinase stop 
buffer (25 mM EDTA in PBS), and transferred 10 μL of the reaction 
mixture to a 384-well Streptavidin FlashPlate PLUS (PerkinElmer 
Japan, Tokyo, Japan) that was pre-equilibrated with PBS. After 
incubating the plate for 30 min at room temperature for the bind-
ing of biotin to streptavidin, we washed wells with excess volume 
of PBS 4 times and measured radioactivity that remained in wells 
with a TopCount-NXTTM plate reader (PerkinElmer, Japan).

Screen of Anti-Phospho-Specifi c Antibody
To select a specifi c antibody for phosphorylated form of 

biotinylated FKD peptide (biotin-DELMEFpSFKDQEAKV; 

384-well plateA B C 384-well plate 1,536-well plate

10 μL Substrate 30 μL Substrate 3 μL Substrate

1 μL Enzyme

10 μL enzyme

10 μL enzyme

500 nL compound 30 nL compound 

10 μL EDTA 

10 μL TR-FRET reagent 20 μL EDTA/TR-FRET 2 μL EDTA/TR-FRET 

RT for 60 min 

Victor Victor Victor 

25°C for 60 min 

25°C for 60 min 25°C for 60–120 min

25°C for 45 min 25°C for 45 min 

Fig. 1. Plk1 assay protocols used in this study: (A) Original version in a 384-well plate for miniaturization. (B) The modifi ed 384-well ver-
sion for miniaturization. (C) Time-resolved fl uorescence energy transfer (TR-FRET) assay in a 1,536-well plate format. See Materials and 
Methods for details.
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I, Vertex)25 and a 384-tip pintool (V&P Scientifi c, San Diego, CA) 
equipped on a CyBi-DISK (CyBio AG, Jena, Germany) to deliver 
the assay reagents and compounds, respectively. After adding 
EDTA/TR-FRET, we further incubated the plate for 45 min, and 
measured RFU665 and RFU615 under the excitation at 337 nm 
with the Victor2-V.

Ultra-High-Throughput Screening for Plk1 Inhibitor
In the primary screen, we used a PixSys 3200 Aspirate/

Dispense System (Cartesian Technologies, Inc., Irvine, CA) for 
bulk reagent dispensing and 384-tip pintools equipped on a CyBi 
Replicator (Cybio AG) for compound transfer.26 Both instruments 
were under the control of a Robolab fully automated microplate 
laboratory version 3 (Robocon, Vienna, Austria).

Assay protocol was the same as the one for miniaturization 
(Fig. 1C). Compounds in the library were stored in 75% (v/v) DMSO 
solution in 384-well polypropylene plates (REMP, Oberdiessbach, 
Switzerland). These compound plates had 320 compounds in col-
umns 3–22, with one compound per well. After dispensing the 
substrate, we transferred 30 nL of each compound from a com-
pound plate to an assay plate with the pintools. Each assay plate 
received a total of 1,280 compounds from 4 compound plates by 
quadrants in columns 5–44. To check the carryover of the com-
pounds, we also ran several mock plates which received 75% (v/v) 
DMSO instead of compounds. The screen concentration was either 
15 or 30 μM in 4 μL reaction, depending on the storage concentra-
tion in the library. The incubation for reaction and detection was 
at 25°C in a Cytomat C470 incubator (Kendro, Milford, MA) for 1 
and 2 h for Plk1∆C and T210D, respectively.

To confi rm the positive results in primary uHTS, we picked 
the primary hits from the library and re-plated them to 384-well 
polypropylene plates. Using these plates, we re-tested the hit com-
pounds in 3 cycles to create triplicate results.

Assay Quality Assessment and Data Analysis
We analyzed data in Excel and the nonlinear regression soft-

ware package GraphPad Prism (GraphPad Software Inc., San 
Diego, CA).

To assess the quality of the primary HTS with TR-FRET, we 
calculated the following 3 values for each plate with the equa-
tions shown below. The window is the ratio of the median of RFU 
ratio RFU665 RFU615( ) between the compound population and 
the inhibition control population.

Window
A
A

�
1
2

A1: the median of RFU ratio of the compound population
A2: the median of RFU ratio of the 100% inhibition population

F, and SA-APC was determined with a series of optimization stud-
ies (data not shown).

Substrate: 800 nM b-FKD and 20 μM ATP in buffer A.
Enzyme: 0–200 nM (for 0–100 nM in kinase reaction) Plk1∆C 

in buffer A.
EDTA: 100 mM EDTA (pH 7.5)
TR-FRET reagent: 2.0 nM Eu-p(S/T)F Ab/200 nM SA-APC/200 

mM Tris–HCl (pH 7.8)/20 mg/mL BSA.

Assay was performed at room temperature. We started the 
reaction by mixing 10 μL each of the substrate and the enzyme. 
The fi nal concentration of b-FKD, ATP, and Plk1∆C were 400 nM, 
10 μM, and 0–100 nM, respectively. After 60 min, we added 10 μL 
each of EDTA and TR-FRET reagent to stop the reaction and detect 
TR-FRET, and further incubated the plate for 60 min. Then, we 
loaded the plate onto the Victor2TM and measured RFU at 665 nm 
(RFU665) from APC and 615 nm (RFU615) from europium under 
the excitation at 337 nm with top read mode. The data were pre-
sented as the ratiometric TR-FRET signal as follows:

10,000
RFU665
RFU615

� .

Assay Miniaturization of Plk1 TR-FRET to a 
1,536-Well Plate Format

To miniaturize the assay to 1,536-well format for uHTS, we mod-
ifi ed the original protocol as follows: fi rst, we premixed EDTA and 
TR-FRET reagent to reduce the number of dispensing steps. Second, 
in order to accommodate our equipment for uHTS,24 we changed the 
volumetric ratio among substrate, enzyme, and EDTA/TR-FRET to 
3:1:2. The assay reagents in this modifi ed protocol were as follows:

Substrate: 267 nM b-FKD and 13.3 μM ATP in buffer B [20 
mM Tris–HCl (pH 7.4)/10 mM MgCl2/1 mM EDTA/0.5 mM 
DTT/0.0025% (v/v) Tween-20/0.5% (v/v) glycerol/0.1 mg/
mL BSA].

Enzyme: 0–400 nM (for 0–100 nM in kinase reaction) Plk1∆C 
or Plk1T210D in buffer B.

EDTA/TR-FRET: 1.5 nM Eu-p(S/T)F Ab/150 nM SA-APC/150 
mM Tris–HCl (pH 7.8)/60 mM EDTA/ 0.1 mg/mL BSA.

The fi nal concentration of b-FKD, ATP, and Plk1∆C or T210D 
in the kinase reaction were 200 nM, 10 μM, and 0–100 nM, 
respectively.

We validated the modifi ed assay both in a 384- and in a 
1,536-well plate format. The volume of substrate, enzyme, and 
EDTA/TR-FRET were 30, 10, and 20 μL for a 384-well plate and 3, 
1, and 2 μL for a 1,536-well plate (Fig. 1B and 1C), respectively. 
For a 1,536-well plate, we used a Flying Reagent Dispenser I (FRD 
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RESULTS
Screen of Random Peptide Library for a Highly 
Potent Substrate of Plk1 Phosphorylation

To develop a robust TR-FRET assay to measure Plk1 activ-
ity, we searched a biotinylated peptide substrate that shows high 
potency. Plk1 phosphorylates various cellular proteins including 
cyclin B1 and Cdc25C.21,29,30 Nakajima et al. identifi ed the consen-
sus motif (D/E)x(S/T)φx(D/E) (S/T, serine/threonine to be phos-
phorylated; φ, a hydrophobic amino acid; x, any amino acid) for 
phosphorylation by Plk1 and found that a hydrophobic residue at 
+1 position and acidic residues at −2 and +3 positions are essen-
tial22 (Fig. 2A). Referring the sequence of these known substrates, 
we designed several candidates with the consensus sequence and 
synthesized them in-house. Additionally, we obtained 2 peptide 
libraries from commercial resources to avoid bias, and made up a 
library of >800 peptides with diverse sequences.

Plk1 has an N-terminal kinase domain and a C-terminal regu-
latory domain composed of 2 polo-boxes. The C-terminal domain 
binds to the N-terminal domain and inhibits its kinase activity, and 
a truncated protein with C-terminal deletion has higher activity in 
several folds than a full-length protein.31 To screen a potent pep-
tide substrate, we prepared Plk1∆C, a C-terminal deletion mutant 
with accelerated kinase activity. With this mutant and [γ-33P]ATP, 
we tested the peptide library in a radiometric FlashPlate assay in a 
384-well plate format, and identifi ed several peptides that showed 
effi cient incorporation of [33P]Pi (Fig. 2B). The top 5 peptides that 
showed the highest effi ciencies consisted of an in-house designed 
peptide, Cdc25C-FKD, and 4 peptides from the commercial peptide 
libraries (Fig. 2C). Sequence alignment of these peptides with the 
deduced phosphorylation sites indicate that all share the sequence 
similarity to the consensus motif, which was identifi ed by Nakajima 
et al. (Fig. 2C), and there was a correlation between the level of 
incorporation of [33P]Pi and the similarity of the peptide sequence 
to the consensus motif. Among them, the sequences of the follow-
ing 3 peptides that scored the highest incorporation show the com-
plete match: Cdc25C-FKD, biotin-DELMEFSFKDQEAKV; N-MYC 
(1), biotin-SGEDTLSDSDDED; N-MYC (2), biotin-TSGEDTLSDSDDE 
(double and single underlines indicate the deduced phosphoryla-
tion site and other conserved residues, respectively). These results 
prove the importance of this motif for Plk1 phosphorylation and 
the reliability of our screen results. As Cdc25C has been exten-
sively characterized as a biological substrate for Plk1 in M phase,20 
we selected Cdc25C-FKD for further assay development.

Anti-Phospho-Specifi c Antibody Screen to Detect 
Phosphorylated Substrate

To fi nd a specifi c antibody for the phosphorylated FKD peptide, 
we screened a collection of anti-phospho-specifi c antibodies with 

The percentage coeffi cient of variance (% CV) is the percentage 
ratio of the standard deviation (std) over the mean of RFU ratio of 
the compound population.

% CV 100
1
1

� �
σ
μ

σ1: the standard deviation of RFU ratio of the compound population
μ1: the mean of RFU ratio of the compound population

The Z factor has been described previously.27

Z Factor � �
� �

�
1

3 1 2
1 2
σ σ

μ μ
( )

σ2: the standard deviation of RFU ratio of the 100% inhibition 
population
μ2: the mean of RFU ratio of the 100% inhibition population

To determine the activity of each compound, we calculated 
percentage inhibition (% INH) with the equation below. We nor-
malized data with the median of RFU ratio from the compound 
fi eld and the inhibition population in the same plate for 0 and 100, 
respectively.

% INH � �
�

�
100

1
2 1

x A
A A
( )

( )

To select the primary hits, we targeted data variation at the 
99.73% confi dence limit and used the mean plus 3 times the stan-
dard deviation of the % INH values (mean + 3 std)27,28 of the com-
pound population for each plate.

mean std� � � �3 1 3 1μ σ

For the confi rmatory assay of the primary hits, we calculated 
the same values, except that the 0% inhibition control was used 
in place of the median of the compound sample fi eld for normali-
zation. The equations are as follows.27

Window
A
A

CV

�

� �

� �
� �

�

3
2

100
3
3

1
3 2 3

% 

Factor
2 3

σ
μ

σ σ
μ μ

′ ( )
Z

A3: the median of RFU ratio of the 0% inhibition population
σ3: the standard deviation of RFU ratio of the 0% inhibition 
population
μ3: the mean of RFU ratio of the 0% inhibition population

% INH activity of each compound was normalized with the 
median of RFU ratio from the 0% inhibition population.

% INH � �
�

�
100

3
2 3

x A
A A
( )

( )
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and single underlines indicate the deduced phosphorylation site 
and other conserved residues, respectively) (Fig. 3A). b-ASFA 
showed higher potency than b-FKD by several folds as Plk1 sub-
strate in radiometric assay.32 Therefore, we tested the identical 
library of 87 antibodies with b-pASFA and found that 3 antibod-
ies, including p(S/T)F Ab, recognized both b-pFKD and b-pASFA 
peptides, whereas a few antibodies recognized only one of them 
(Fig. 3C). As the combination of b-FKD and p(S/T)F Ab showed the 
highest specifi city in these 2 screenings, we decided to use them 
for development of Plk1 TR-FRET assay.

Assay Development of Plk1 TR-FRET in a 384-Well 
Plate Format

Using b-FKD peptide and p(S/T)F antibody, we developed a 
Plk1 TR-FRET assay in a 384-well plate format. First, we evalu-
ated the potency of p(S/T)F to detect b-pFKD in this plate density 
with chemically synthesized b-pFKD peptide (Fig. 4). To check 
the linearity of detection, we prepared a 400 nM mixture of 
b-FKD and b-pFKD with various ratios in the reaction buffer, and 
mixed it with an equal volume of the detection reagent which 
contained p(S/T)F Ab labeled with Eu-chelate (Eu-p(S/T)F Ab) 
and streptavidin–allophycocyanin (SA-APC) as donor and accep-
tor for FRET, respectively (fi nal concentration of peptide mixture 
was 200 nM). After a 60-min incubation at room temperature, 
we measured RFU at 665 (RFU665) and 615 nm (RFU615) from 
APC and europium, respectively, with the excitation at 337 nm, 
and calculated the TR-FRET signal. The signal rose as the con-
centration of b-pFKD in the peptide mixture increased (Fig. 4A). 
Although the titration curve lost linearity when the concentra-
tion of b-pFKD was higher than 40 nM (Fig. 4A), S/B ratio27 was 

DELFIA® technology23 (see Materials and Methods for details). 
Among the 87 antibodies tested, anti-phospho-(S/T)F antibody 
(p(S/T)F Ab) showed the highest specifi city to b-pFKD over b-FKD 
(Fig. 3B, lower panel).

After the antibody screening with b-pFKD was conducted, we 
identifi ed another potent peptide substrate for Plk1.32 This pep-
tide, namely b-ASFA, is derived from b-FKD. b-ASFA has alanine 
at −1 and +2 positions instead of phenylalanine and lysine and 
lacks valine at the C-termini (biotin-DELMEASFADQEAK (double 
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Fig. 2. Search for potent peptide substrates for Plk1. (A) Consensus 
motif around Plk1 phosphorylation site. The following conserved 
residues are shown in one-letter code: “S/T,” serine or threonine 
at position 0 to be phosphorylated; “D/E,” an acidic amino acid 
residue at positions −2 and +3; “Φ,” a hydrophobic residue at +1. 
Phosphorylation site and the surrounding conserved residues are 
indicated with arrow and asterisks, respectively. (B) Results of 5 
highly potent peptides. See Materials and Methods for the detailed 
assay procedure. Relative incorporation of radioactivity (expressed 
in CPM, or counts per minute) into these peptides is presented, with 
normalizing to Cdc25C-FKD data. Error bars demonstrate standard 
deviation of the averages for n = 4 and 2 for Cdc25C-FKD and oth-
ers, respectively. “Whole” indicates the average of the results of 
the whole group. (C) Sequences of the peptides shown in panel (B) 
and alignment of the sequences with the consensus motif. Cdc25C-
FKD was designed with the modifi cation of Cdc25C phosphoryla-
tion site (Nakajima et al., 2003)22 and synthesized in-house. Other 
4 peptides were from the peptide library.
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Figure 4C shows a time-course exper-
iment with 50 and 100 nM Plk1∆C. The 
increase of the TR-FRET signal was 
observed in a reaction time-dependent 
manner, although it started to lose lin-
earity after 15 min with both concen-
trations. As the TR-FRET signal with 50 
nM Plk1∆C at 15 min was already higher 
than that with 10 nM b-pFKD (Fig. 4A), 
we concluded that our TR-FRET assay 
using b-FKD and p(S/T)F Ab could detect 
Plk1 enzymatic activity in a 384-well 
format.

Miniaturization of Plk1 TR-FRET 
Assay in a 1,536-Well Plate Format

To run an uHTS of a compound library 
for Plk1 inhibitors, we miniaturized the 
assay to a 1,536-well format. First, we 
checked a dynamic range of the TR-FRET 
signal with a 500-nM mixture of b-FKD 
and b-pFKD (Fig. 5A). The signal in a 
1,536-well plate started to plateau with 
higher than 50 nM b-pFKD (●), which is 
consistent with the result of the original 
384-well assay (Fig. 4A). We observed the 
same trend with the modifi ed 384-well 
assay format (○) and the signal range 
was wider in a 1,536-well plate than in a 
384-well plate with the same volumetric 
ratio (Fig. 5A).

Titration of Plk1∆C concentration 
showed that the TR-FRET signal increased 
up to 28 nM and started to plateau with 7 
nM (Fig. 5B). Reaction with 9 nM enzyme 
was linear up to 60 min (Fig. 5C).

To screen out the compounds that tar-
get outside of the kinase domain as well, 
we also validated our TR-FRET assay with 
a  full-length protein. Phosphorylation of 
threonine 210 in the T-loop in the kinase 
domain is the key regulation for Plk1 
activity, and the mutation of this residue 
to aspartate mimics this phosphothreo-

nine and elevates kinase activity.31,33 We prepared Plk1T210D, a 
full-length protein with this mutation, and compared the activity 
to ∆C in our system. T210D was less active than ∆C in a 60-min 
incubation (Fig. 6A), and the phosphorylation depends on the 

already higher than 4.7 with 10 nM b-pFKD and Z′ value27 was 
constantly higher than 0.8 (Fig. 4B). Therefore, we judged that 
this detection system was robust in this conversion range, and 
moved on to the validation of the Plk1 assay.
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Fig. 3. Antibody screening for phosphor-FKD-specifi c antibodies. (A) Sequence of the peptide 
substrates b-FKD and b-ASFA. Double underlines indicate the phosphorylation site. Single 
underlines show the difference of amino acid residues at positions −1 and +2. b-ASFA lacks 
the C-terminal valine. (B) Affi nity and specifi city of various phospho-(S/T) antibodies to phos-
phorylated b-FKD (b-pFKD) were evaluated by quantifying the amount of bounded antibody 
with DELFIA® technology. See Materials and Methods for details. White and black dots dem-
onstrate relative intensity unit (RFU) at 615 nm of wells with phosphorylated (○ SIG_pFKD) 
and unphosphorylated (● SIG_FKD) b-FKD, respectively, and gray bar represents antibody’s 
specifi city to pFKD by showing SIG_pFKD/SIG_FKD ratio. Those with highest specifi cities were 
marked with Greek letters: α, anti-phospho-(S/T)F; β, anti-phospho-PKCδ/θ(Ser643/676); γ, 
anti-phospho-mTOR(Ser2481); δ, anti-phospho-(S/T)PDK1 Docking Motif. In addition to α, 
there were 3 wells for anti-phospho-(S/T)F antibody (denoted with asterisk) and each of them 
also showed signifi cant specifi city to pFKD. Bottom presents the results of the top 4 antibod-
ies marked with Greek letters in the graph. RFU with pFKD (SIG_pFKD) and FKD (SIG_FKD) and 
their ratio (specifi city) are presented. Bottom row shows the median value of total 87 antibod-
ies tested. (Continued) 
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the entire rows in columns 3 and 4, “0% 
inhibition” with DMSO; the lower half 
of rows in columns 1 and 2, “50% inhi-
bition” with the reference inhibitor (not 
published); 45 and 46, “100% inhibition” 
with the reference inhibitor; 47 and 48, 
“Background” with no ATP. The median 
of the signal from “100% inhibition” 
wells was used as an inhibition control 
for normalization. The total 1,280 wells 
in columns 5–44 would receive one test 
compound per well in a virtual screen-
ing. In the validation, we added DMSO 
to the fi nal concentration of 0.5% (v/v) 
in these columns. To normalize percent-
age inhibition (% inhibition) for each 
well, we used the median value of the 
RFU ratio from the compound fi eld in 
columns 5–44 and the inhibition popula-
tion in columns 45 and 46 for 0 and 100, 
respectively (see Materials and Methods 
for details). Panel B shows scatter plot for 
the %INH of the 60-min reaction with 4 
nM ∆C (left) and the 120-min reaction 
with 66 nM T210D (right), respectively. 
With the exception of 3 false-positives, 
columns 5–44 did not have any signif-
icant inhibition in both cases. These 
false-positives may have been brought in 
by a dispensing error of the liquid han-
dler. Window, % CV, and the Z factor of 
these plates were 7.4, 5.0, and 0.70 for ∆C 
and 7.2, 5.5, and 0.70 for T210D, respec-
tively. Because these 3 values proved the 
high assay quality with both proteins, we 

concluded that assay development with b-FKD and Eu-p(S/T)F Ab 
was successful and judged that our assay was robust enough for 
uHTS using both ∆C and T210D. On the basis of these values, we 
locked the screening condition with 4 nM ∆C and 66 nM T210D, 
and moved forward to uHTS.

Ultra-High-Throughput Screening
We screened a library of about 1.2 million compounds with 

∆C and T210D independently. Prior to each screening, we per-
formed an overnight pilot screening with a portion of our com-
pound library. The screening concentration of compounds was 
either 15 or 30 μM, depending on the concentration of the stock 
in the library. For quality control, we ran DMSO plates in-between 

concentration up to 88 nM in both a 60- and a 120-min incuba-
tion (Fig. 6B). We tested the potency of staurosporine and K252a 
with 4 nM ∆C in a 60-min incubation and with 66 nM T210D in 
a 120-min incubation (Fig. 6C). Even though the concentration 
and incubation time was different, dose–response curve over-
lapped between these 2 proteins. The IC50 value of staurosporine 
was about 60 nM on ∆C and 100 nM on T210D, and the same 
value for K252a was about 100 nM on ∆C and 60 nM on T210D. 
To complete the off-line validation and determine the screen con-
dition, we carried out a whole plate experiment (Fig. 7). Panel A 
shows the assay plate map. Columns 1–4 and 45–48 were used for 
quality control: the upper half of rows in columns 1 and 2 and 
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Fig. 3. (Continued) (C) Results with phosphorylated b-ASFA (b-pASFA). The identical screening 
to panel (B) was performed except that b-ASFA replaced b-FKD. White and black dots demon-
strate relative fl uorescence unit (RFU) at 615 nm of wells with phosphorylated (○ SIG_pASFA) 
and unphosphorylated (● SIG_ASFA) b-ASFA, respectively, and gray bar represents antibody’s 
specifi city to pASFA by showing SIG_pASFA/SIG_ASFA ratio. Those with highest specifi cities 
were marked with Greek letters: α, anti-phospho-PKCδ/θ(Ser643/676); β, anti-phospho-(Ser) 
R-X-Y/F-X-pS Motif; γ, anti-phospho-(S/T)F; δ, anti-phospho-mTOR(Ser2481). Three asterisks 
show the same 3 wells for anti-phospho-(S/T)F antibody shown in panel (B). Bottom presents 
the results of the top 4 antibodies marked with Greek letters in the graph. RFU with pASFA 
(SIG_pASFA) and ASFA (SIG_ASFA) and their ratio (specifi city) are presented. Bottom row 
shows the median value of total 87 antibodies tested.
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These values were comparable to those we obtained in the off-
line experiment (Fig. 7), and did not change with the working 
reagents that had been stored on ice overnight. We concluded that 
our assay was robust in the automated system, and moved on to 
the primary screenings of the entire library.

We ran the primary screenings for 24 h/day, topping off the 
fresh reagent in every 12 h. Figure 9 shows the plate chart of 
assay window, % CV, and the Z factor of the entire screen with 
∆C (A) and T210D (B). The assay window was about 6 and 5 for 
∆C and T210D, respectively (left). In both screenings, % CV was 
about 10 (middle) and the Z factor was around 0.55 (right). We 
re-ran the assay plates with the Z factor of lower than 0.5.27 Each 

the assay plates that received DMSO instead of compounds. We 
also included several spike plates in which the reference inhibitor 
was spiked in a couple of wells in columns 5–44 of DMSO plates. 
Figure 8 presents a scatter plot of one of the spike plates (left) and 
subsequent DMSO plate (right) for ∆C (A) and T210D (B) assay. 
In both cases, all the inhibition with spiked wells were detected 
(encircled with a dotted line), but there were no false-positive 
wells in the DMSO plate. This result demonstrated that there was 
no carryover of compound between assay plates. In this screen-
ing, assay window, % CV and the Z factor with the median of the 
data from columns 5 to 44 were consistently ~5.5–6, ~7.5, and 
~0.70 for ∆C and ~5–5.5, ~5.0, and ~0.65 for T210D, respectively. 
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Fig. 4. Development of Plk1 time-resolved fl uorescence energy transfer (TR-FRET) assay in a 384-well format. (A) shows the signal dynamic 
range of the assay. The 400 nM of total mixture of b-FKD and b-pFKD with the indicated b-pFKD concentration was dispensed into 384-well 
plate in 10 μL of buffer A. After receiving 10 μL of TR-FRET reagent including Eu-p(S/T)F and SA-APC, the plate was further incubated for 45 
min. Subsequently, relative fl uorescence unit in 665 (RFU665) and 615 nm (RFU615) from APC and europium, respectively, with the excita-
tion at 337 nm, were measured with Victor2TM, and the TR-FRET signal was calculated (A). Error bars demonstrate standard deviation of the 
averages for n = 4. (B) S/B ratio (○) and Z′ factor (●) at various b-pFKD concentrations. (C) Plk1 TR-FRET assay time-course experiment. 
See Materials and Methods for details. The 400 nM of b-FKD was incubated with 50 (○) or 100 nM (●) Plk1∆C in 20 μL for the indicated time. 
Error bars demonstrate standard deviation of the averages for n = 4.
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and T210D, respectively. This criterion lead a hit rate of about 
0.7% and 1.3%, respectively.

Confi rmatory uHTS of the Primary Hits for Lead 
Identifi cation

We selected a total of 12,585 compounds out of the hit list on 
the basis of availability, and re-tested them with both proteins 

screening completed in 2 weeks, and the screen throughput was 
approximately 9 × 104 compounds per day.

The mean plus 3 times the standard deviation (mean + 3 std) 
of the global % inhibition from all of the plates was approxi-
mately 0.0 + 3 × 10.0 = 30.0 for ∆C and 0.0 + 3 × 11.8 = 35.4 
for T210D. With 35 as a global cutoff for hit selection for both 
proteins, 7,610 and 13,096 compounds resulted as active for ∆C 
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Fig. 5. Miniaturization of Plk1 time-resolved fl uorescence energy transfer (TR-FRET) assay in 1,536-well plate format. See Materials and 
Methods for details. The same batch of reagents was delivered to a 384-well plate with a Multidrop dispenser and a 1,536-well plate with a 
Flying Reagent Dispenser I. Y-axis shows the ratio of relative fl uorescence unit (RFU) at 665 and 615 nm under the excitation of 337 nm mea-
sured with the Victor V. (A) Signal dynamic range. A 384- (○) and 1,536 (●)-well plate received 250 nM mixture of b-FKD and b-pFKD with 
the indicated b-pFKD concentration in 10 μM ATP/buffer A, and EDTA/TR-FRET containing SA-APC and Eu-p(S/T)F. The volume of the peptide 
mixture and TR-FRET was 40 and 20 μL for 384-well plate and 4 and 2 μL for 1,536-well plate. The plate was incubated for 45 min before 
measuring RFUs with the Victor V. Error bars indicate standard deviation of the medians for n = 48 for a 384-well plate, and n = 192 for a 
1,536-well plate. (B) Enzyme titration. The assay protocol is shown in Figure 1B and 1C. Indicated concentration of Plk1∆C was incubated for 
60 min at 25°ºC with 250 nM b-FKD peptide in the absence (□, ○) or presence (■, ●) of 10 μM ATP for a 384- (■, □) and 1,536 (●, ○)-well 
plate, respectively. Each plate received EDTA/TR-FRET, and was loaded onto the Victor2TM after 45 min. Error bars demonstrate standard 
deviation of the medians for n = 176 (●) and 16 (○) for a 1,536-well plate, and n = 44 (■) and 4 (□) for a 384-well plate. (C) Time course. 
9 nM Plk1∆C was incubated for the indicated time with b-FKD peptide in the absence (□, ○) or presence (■, ●) of ATP for a 384- (■, □) and 
1,536 (●, ○)-well plate, respectively. Error bars demonstrate standard deviation of the medians for n = 176 (●) and 16 (○) for a 1,536-well 
plate, and n = 44 (■) and 4 (□) for a 384-well plate. Data at 0 min was from background wells that did not have Plk1∆C.
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2,863 compounds that were confi rmed in both the ∆C and T210D 
screenings. The coeffi cient of multiple determination (R2 value) 
between these screenings was 0.55.

DISCUSSION
The rate-limiting step for development of Ser/Thr kinase 

TR-FRET assay is to search an optimal pair of a peptide substrate 
for the target and an antibody for the phosphorylated substrate. 
In this study, we identifi ed FKD peptide and p(S/T)F antibody in a 
week by screening >800 peptides and 87 antibodies with a multi-
plexed assay (Figs. 2 and 3) and developed a highly specifi c system 
for uHTS for Plk1 inhibitors. We propose that a series of multi-
plexed random screening for substrate peptides and specifi c anti-
bodies is a quite powerful strategy to develop a TR-FRET assay.

to eliminate false-positive inhibitors that possible malfunction 
of equipment or measurement variation brought in. We ran these 
confi rmatory screenings in 3 cycles, and used the median of the 
3 replicate results as a representation of the activity. Unlike the 
whole compound population in the primary screening that fol-
lows the normal distribution, this hit population was biased and 
a large number of compounds were active. Therefore, we normal-
ized the data with the median of “0% inhibition” wells instead of 
“compounds,” and employed the same hit criterion for the primary 
screening. A Venn diagram in Figure 10 summarizes the results. 
A total of 4,679 compounds were confi rmed, with the confi rma-
tion rate of about 36%, and the number of confi rmed hits was 271 
for ∆C, 1,543 for T210D, and 2,863 for both proteins. The inserted 
graph presents the correlation of plots of confi rmatory uHTSs of 
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Fig. 6. Plk1 time-resolved fl uorescence energy transfer (TR-FRET) assay with T210D mutant. (A) Enzyme titration in a 384-well plate format. 
Indicated concentration of Plk1∆C (○) and Plk1T210D (●) was incubated with ATP and b-FKD for 60 min at 25°C. The assay plate received 
EDTA/TR-FRET, and was loaded onto the Victor2TM after 45 min. Error bars demonstrate standard error of the medians for n = 15. (B) Enzyme 
titration in the assay in 1,536-well plate. Indicated concentration of Plk1T210D was incubated in 60 (○) and 120 (●) min. Error bars demon-
strate standard error of the medians for n = 44. (C) Dose–response to the known inhibitors. Indicated concentration of staurosporine (left) 
and K252a (right) was added to the 60-min reaction with 4 nM Plk1∆C (○) and 66 nM Plk1T210D (●). Error bars demonstrate standard error 
of the medians for n = 8.
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Besides FKD, 4 peptides from the commercial libraries pre-
sented high potencies (Fig. 2B). Since these libraries are not biased 
and most peptides were almost completely inactive (Fig. 2B), it is 
striking that all of these 4 peptides conserve the essential residues 
of consensus motif of Plk1 phosphorylation (Fig. 2C). Therefore, 
we are confi dent about the high effi cacy of our peptide screening, 
and conclude that a random screen of peptide libraries, as well as 
a rational-based peptide design, is a powerful strategy to identify 
potent and physiologically relevant substrates. Among the origins 
of these 4 peptides, N-MYC and HPV16 E7 proteins have relevance 
to human cancer35,36 and doublecortin functions in microtubule 
assembly.37 As Plk1 is relevant to cancer and mitosis, these pro-
teins may be novel physiological substrates of Plk1.

The sequence of FKD is derived from phosphorylation site of 
Cdc25C, a major physiological substrate proteins of Plk120 (Fig. 
2). Recent study suggested that a hydrophobic residue at +1 and 
acidic residues at −2 and +3 positions in the consensus motif are 
essential22 (Fig. 2A). The dependency on these acidic residues is 
a very unique feature to Plk1, as major Ser/Thr kinases, includ-
ing PKA and PKC family members, require basic residues at the 
equivalent positions.34 Assay specifi city is important to develop a 
highly specifi c inhibitor that does not have any off-target effect 
on other kinases. As FKD peptide conserves these residues (Fig. 
2B), we believe that our assay has much higher specifi city and 
corroborates its biological relevance than other Plk assay systems 
with generic substrates.
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Motif antibody and anti-phospho-(Ser) Arg-X-Tyr/Phe-X-pSer 
motif antibody to only one of the peptides is particularly inter-
esting because it may be diffi cult to fi nd a specifi c antibody that 
distinguishes these peptides by rational-based antibody selection. 
These results support our conclusion that a random screening of 
antibody is a powerful approach to identify a substrate–antibody 
combination of higher specifi city.

Several studies described HTS for PLK1 inhibitors. Santamaria 
et al. reported scintillation proximity assay using casein and 
[γ-33P]ATP.19 Sharlow et al. developed a HTS assay using immo-
bilized metal affi nity for phosphochemicals (IMAP) technology 
and screened 97,101 compounds in a 384-well plate format.38 We 
succeeded in miniaturizing our TR-FRET assay to a 1,536-well 
format for uHTS for 1.2 million compounds, and performed 

We also screened the same set of antibodies using b-ASFA pep-
tide, and found that p(S/T)F antibody, anti-phospho-PKCδ/θ anti-
body, and anti-phospho-mTOR(Ser2481) antibody showed high 
specifi city to phosphorylated form of both peptide (Fig. 3B and 
3C). Even though the amino acid sequence of ASFA is also derived 
from Cdc25C and is quite similar to FKD, we observed interesting 
difference of the results. For instance, p(S/T)F antibody scored best 
specifi city in the screening with b-pFKD, whereas anti-phospho-
PKC∆/Θ antibody scored best in the screening with b-pASFA. 
Furthermore, anti-phospho-(Ser/Thr) PDK1 Docking Motif anti-
body scored only to b-pFKD, whereas anti-phospho-(Ser) Arg-
X-Tyr/Phe-X-pSer motif antibody showed the second highest 
specifi city to b-pASFA but were negative to b-pFKD (Fig. 3B and 
3C). The selectivity of anti-phospho-(Ser/Thr) PDK1 Docking 
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kinase superfamily members. The unique PBD is expected to be a 
target for non-ATP-competitive inhibitors that block the protein–
protein interaction. It is tempting to speculate that some of 1,500 
lead compounds that hit only T210D might target PBD including 
the phosphopeptide-binding motif.

The caveat is that there must be false-positive artifacts in 
our data that TR-FRET specifi cally produces. Such compounds 
include those that cause assay interference, like inner fi lter effect 
and quenching.40 We found that a signifi cant portion of our hits 
was negative in other screens that had been conducted with the 
same library using the TR-FRET technology, and prioritized these 
unique compounds for further investigation. Several studies 
argued the data concordance between different detection tech-
nologies.41–43 Therefore, we are currently testing these leads with 
several other technologies (Scintillation Proximity Assay, radio-
metric fi ltration assay, etc.) for further prioritization for optimi-
zation, and will describe those results in future reports.

CONCLUSION
To develop a robust TR-FRET assay for uHTS for small molecule 

inhibitors of a major cancer target Plk1, we performed multiplexed 
screens of a peptide library and phospho-specifi c antibodies, and 

2 fully automated uHTSs with the kinase domain and an acti-
vated full-length protein. Each screening was completed in 10 
days, and the statistics proved the robustness of our assay (Fig. 
9). We confi rmed 4,679 compounds, and observed that 271 and 
2,863 compounds were active only for the kinase domain and 
the full-length protein, respectively (Fig. 10). We concluded that 
to use a physiologically relevant substrate was the major key for 
the development of robust assay, subsequent miniaturization, and 
identifi cation of many hit compounds.

In addition to an assay specifi city to the target kinase, expect-
able advantage to use a substrate with physiological relevance is 
to get more chance to screen out non-ATP-competitive inhibitors. 
Plk1 has 603 residues with N-terminal kinase domain (aa resi-
dues 53–303) and C-terminal polo-box domain (PBD) (aa 345–603) 
containing 2 polo-boxes (PB1 and 2) and a phosphopeptide-
binding motif. Current hypothesis is that PBD may guide Plk1 to 
specifi c subcellular locations and interacts with the target with 
phosphopeptide-binding motif. Without this interaction, PBD is 
speculated to fold back to the kinase domain to inhibit substrate 
binding.16,39 ATP-competitive inhibitors that hit kinase domain 
have more chance to cause off-target effect due to the high degree 
of structural conservation of the ATP-binding site among all 
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