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Phosphatase-Coupled Universal Kinase Assay and
Kinetics for First-Order-Rate Coupling Reaction
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Abstract

Kinases use adenosine-5’-triphosphate (ATP) as the donor substrate and generate adenosine-5'-diphosphate (ADP) as a
product. An ADP-based phosphatase-coupled kinase assay is described here. In this assay, CD39L2, a nucleotidase, is added
into a kinase reaction to hydrolyze ADP to AMP and phosphate. The phosphate is subsequently detected using malachite
green phosphate-detection reagents. As ADP hydrolysis by CD39L2 displays a first-order rate constant, relatively simple
equations are derived to calculate the coupling rate and the lagging time of the coupling reaction, allowing one to obtain
kinase kinetic parameters without the completion of the coupling reaction. ATP inhibition of CD39L2-catalyzed ADP
hydrolysis is also determined for correction of the kinetic data. As examples, human glucokinase, P. chrysogenum APS kinase
and human ERKT1, kinases specific for sugar, nucleotide and protein respectively, are assayed. To assess the compatibility of
the method for high-throughput assays, Z’ factors >0.5 are also obtained for the three kinases.

Citation: Wu ZL (2011) Phosphatase-Coupled Universal Kinase Assay and Kinetics for First-Order-Rate Coupling Reaction. PLoS ONE 6(8): €23172. doi:10.1371/
journal.pone.0023172

Editor: Vladimir N. Uversky, University of South Florida College of Medicine, United States of America
Received March 24, 2011; Accepted July 11, 2011; Published August 11, 2011

Copyright: © 2011 Zhengliang L. Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Zhengliang L. Wu is an employee of R&D Systems Inc., who supplied materials, equipment and lab space for this study. Zhengliang L. Wu contributed
to all aspects of the study.

Competing Interests: Zhengliang L. Wu is an employee of R&D Systems Inc. R&D Systems has filed a patent application on the method described in the
manuscript through the law firm Fredrikson & Byron, P.A. with the international filing number PCT/US10/48747 on the date of Sep.14th, 2010. The patent
application claims the rights for all research reagent kits developed based on the methodology described in the manuscript. R&D Systems owns the intellectual
property of this invention. The patent application and any related conduct does not alter the author’s adherence to all the PLoS ONE policies on sharing data and

materials.

* E-mail: leon.wu@rndsystems.com

Introduction

Phosphorylation is a predominant mechanism for intracellular
signal transduction and enzymatic regulation. In humans,
phosphorylation is carried out by more than 500 kinases [1,2],
and 30% of all proteins may be phosphorylated [3]. Through
phosphorylation, extracellular signals can be relayed to the
cytoplasm and cell nucleus, whereby fundamental cellular
processes including the cell cycle, cell migration, cell metabolism,
cell survival, as well as cell proliferation and differentiation, are
controlled [4]. Due to the key regulatory roles of phosphorylation
in almost every cellular activity, kinases are ideal targets for drug
intervention [5,6,7]. However, in order to design drugs targeted to
kinases, assays are required to evaluate the efficacy of drug
candidates on kinase activity.

Most known kinases utilize ATP as the phosphate donor and
release ADP as a by-product. Traditionally, radiolabeled ATP is
used in kinase assays [8,9,10,11]. Due to the high cost and strict
regulation associated with radioisotope assays, numerous anti-
body-dependent and/or fluorescence/luminescence-based assays
have been developed [12,13,14]. While the majority of these
assays detect ATP or the phosphorylated products, only a few
measure ADP accumulation.

Assays based on ADP quantification are universal, as ADP is a
common product of kinase reactions. In addition, ADP-based
assays are more desirable, because the rate of ADP production
directly reflects the enzyme kinetics. Currently, there are two types
of ADP-based kinase assays available. The first type uses coupling
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enzymes to convert ADP to chemicals that can be directly
measured. One example is to convert ADP back to ATP through
pyruvate kinase to produce pyruvate that is oxidized by pyruvate
oxidase to generate hydrogen peroxide, which is further coupled to
the formation of resorufin, a fluorescent molecule that can be
directly detected [15]. Another example is to convert ADP back to
ATP for detection using luciferase/luciferin reaction [16]. The
second type is an antibody based assay, where a fluorophore
conjugated anti-ADP antibody is used to detect ADP production
[17,18].

Here, an ADP-based phosphatase-coupled kinase assay, similar
to a phosphatase-coupled glycosyltransferase assay [19] is
described. This assay utilizes a different nucleotidase, CD39L2
[20], to selectively release the B-phosphate from ADP (Fig.1) and
the phosphate is subsequently detected using malachite green
reagents. Compared to the existing methods, this assay method is
simple, convenient, direct and quantitative.

Materials and Methods

ATP, ADP, and glucose were from Sigma-Aldrich (St. Louis,
MO). Recombinant mouse CD39L2 (ENTPD6), human ERKI,
and the Malachite Green Phosphate Detection Kit were from
R&D Systems (Minneapolis, MN). APS kinase (APSK) of
Penicillium chrysogenum was expressed in E.coli (The expression clone
was obtained from Dr. Andrew J. Fisher of University of
California-Davis) [21]. Human glucokinase (GCK) (V16 to
0465, accession number P35557) was expressed as an N-terminal
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Figure 1. Scheme for a CD39L2-coupled kinase assay. CD39L2 selectively releases the B-phosphate of the ADP generated from a kinase
reaction. The released free phosphate is detected using phosphate-detection reagents. The rate of free phosphate production reflects the kinetics of

the kinase reaction.
doi:10.1371/journal.pone.0023172.g001

6xHis-tagged recombinant protein in £. coli. Myelin basic protein
kinase peptide (CVTPRTPPPSQ-OH) was custom synthesized by
Proteos (Kalamazoo, MI).

A typical CD39L2-coupled kinase reaction was carried out in
50 puL of a kinase assay buffer (25 mM Tris, 150 mM NaCl,
10 mM MgCl,, and 10 mM CaCly, pH 7.5) in a 96-well clear
plate at room temperature for approximately 20 minutes. To
determine the K, value of a kinase, multiple reactions with
varying concentrations of a substrate were performed simulta-
neously in the presence of fixed amounts of all other components.
Each reaction was stopped with 30 puL. of Malachite Reagent A
and 100 pL of water. The color was developed with 30 pL of
Malachite Reagent B and read at 620 nm in a plate reader
(SpectraMax Plus by Molecular Device) 20 minutes afterwards.
The optical density (OD) was then plotted versus the substrate
concentration. For determination of the K, for an acceptor
substrate, if applicable, the plot was subsequently fit into the
Michaelis-Menten equation using KaleidaGraph (http://www.
synergy.com). For determination of the K,,, for ATP, the plot was
first corrected for the background caused by ATP hydrolysis and
then adjusted with the inhibition on the coupling enzyme caused
by ATP prior to fitting into the Michaelis-Menten equation. To
determine the kinetic parameters of CD39L2, ADP or ATP was
directly treated with the enzyme for 5 to 15 minutes and the
released phosphate was detected using Malachite Reagents. When
the predicted phosphate content in a reaction was above 4,000
pmol, a portion of the reaction was used for phosphate detection
and the OD of the whole reaction was mathematically calculated
from the measured OD. For enzymatic kinetic analysis, the
substrate consumption rate for each reaction was kept less than
20%.

For determining the Z' factors of an assay, multiple kinase
reactions and same number of no-kinase negative controls were
incubated in a 96-well plate and OD was measured after the
addition of Malachite Reagents. The OD readings of all the
reactions and the negative controls were separately analyzed for
standard deviations and averages using Microsoft Excel. Z' factors
were then calculated according to the following equation [22],
71— 30,4+ +30.—

|)uc+ +HC7 }

Results

Preference of CD39L2 for ADP

Several ecto-nucleotidases of the CD39/NTPDase family are
active on ADP [23]. However, the nucleotidase that is able to
effectively couple to a kinase reaction must also be inactive or have
very little activity on ATP. Among all known nucleotidases, only

@ PLoS ONE | www.plosone.org

CD39L2 has been reported to have such selectivity [24,25]. The
activities of this enzyme on ADP and ATP were first compared at
different pH (Fig. 2A). The optimal activities were found at pH 5.5
and the preference for ADP was clear throughout the entire pH
range tested. Although CD39L2 is much less active at a neutral
pH, enzymatic parameters for CD39L2 were further measured at
pH 7.5 (Table 1), since most known kinases are cytosolic and have
optimal activity close to pH 7.5. While the K, values for both
ADP and ATP were around 1 mM, CD39L2 showed more than a
50-fold preference for ADP than for ATP. When ADP and ATP
concentrations were significantly below the K, values
(<0.15 mM), CD39L2 hydrolysis of both substrates exhibited
the kinetics of a first-order-rate reaction, and the specific rate
constants for ADP and ATP were determined in the kinase assay
buffer to be 41.0 and 0.699 nmol'min~"-mM ™~ "ug™", respective-
ly (Fig. 2B). CD39L2 was also found to be active in a wide range of
salt concentrations, although higher levels of salt caused some
inhibition (Fig. 2C).

Coupling rate and lagging time of CD39L2-coupled
kinase reaction

In a coupled reaction, the efficiency for the conversion of the
product to signal is critical to the success of an assay. The coupling
rate (1) is defined as the ratio of the product that has been
converted to the signal by the coupling reaction to the total
product generated by the primary reaction. In a CD39L2-coupled
kinase reaction, ADP is the product and the free phosphate is the
signal. As the ADP concentration is likely to be maintained at low
levels in the reaction, CD39L2 hydrolysis of ADP is likely to be a
first-order-rate reaction. Accordingly, 7 can be calculated as the
following.

The primary kinase reaction, R4+ATP—R— P;+ ADPrate
constant k;

The coupling reaction, ADP—AMP + P;rate constant ks

The velocities of the two reactions should be,

vy =ki-[ATP)[R] (1)

V2 =k2'[ADP} (2)

For enzyme kinetic study, because the substrate consumption
should be kept as low as possible, [ATP], [R] and v; can be
approximated as a constants. Eq.2 can be considered as a
degenerated form of the Michaelis-Menten equation, vg = (Vi
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Figure 2. Enzymatic characterization of CD39L2. A) pH profile of CD39L2 activity with ADP or ATP at room temperature. CD39L2 has optimal
pH at 5.5 and is selectively active on ADP throughout the pH range. B) First-order-rate constant of CD39L2 for ADP or ATP at pH 7.5. The specific rate
constant of CD39L2 for ADP or ATP in the kinase assay buffer at room temperature was determined to be 41.0 or 0.7 nmol-min™"' mM~"-ug™" (the
slopes of the curves), respectively. D) Relative CD39L2 activity at different salt concentrations.

doi:10.1371/journal.pone.0023172.9g002

*[ADP]/(Ey+ [ADP]), when Ky > [ADP]. £ can be calculated by
the determined specific rate constant, 41.0 nmol min~' mM™"
ug~ ! (Fig. 2B), and the amount of CD39L2, ie. k =41.0x[E],
((E], the amount of CD39L2).

During the course of the reaction,

(vi—m)

d[ADP|= ")

(Vol,reactionvolume) (3)

—ky[ADP))dt
After combining Eq.2 and Eq.3, d[4pp]— W1 —K2ADP)d!

d[ADP] vol
which can be rearranged to: —————— Vol =dt
8 v —ka[ADP]
Table 1. Kinetic parameters of CD39L2.
Km k:at kcathm vmax
Substrate (mM) (s (s '"mm") (nmol min~" pug™ ")
ADP 1.05 38.5 36.6 49.1
ATP 1.14 0.617 0.727 0.928
The kinetic data were measured in the buffer of 25 mM Tris, 150 mM Nadl,
10 mM MgCl,, and 10 mM CaCl; at pH 7.5 and room temperature. For accuracy,
the substrate consumption rate in all reactions was kept below 12%.
doi:10.1371/journal.pone.0023172.t001
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. d[ADP] !
I fi T Vol= | dr
ntegrating from 0 to ¢, [ o —Ia[ADP] Vo L
—kat
[ADP]=v, <1 —e /Vol) Jk> (4)
When t — o, a steady state is achieved and
[ADP],, =v1/ka ©)
Eq. 4 can then be rewritten as,
[ADP] —kzl/ —t
el S Vol=1—e¢ 'h 6
[4DP], ~ ¢ ¢ (©)
where,
Vol
= Ty ()

Since Vol and £y are constants in a coupled reaction, 7 is also a
constant.
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Figure 3. Time dependence of [ADP] and coupling rate for a CD39L2-coupled kinase reaction. [ADP]/[ADP].. and coupling rate are plotted
versus time. The time is measured as the number of the lagging time, 1. When t=1, r=0.368 and [ADP]/[ADP]..=0.632; when t=51, r =0.801 and

[ADP]/[ADP]..=0.993. It takes 100t for the coupling rate to reach 99%.
doi:10.1371/journal.pone.0023172.9003

The phosphate produced (P) by the coupling reaction can be
calculated through integration of Eq.2.

t t knt .
P= J kz[ADP]dlZ J Vi (1 76_%>dl=\11[* Volv,
0 0 ky

<1 76_/(?/1/01)

Vitrepresents the amount of ADP produced by the kinase
reaction.
The coupling rate then can be calculated as:

r— Pi —1— V_Ol (] _e_kzt/Vol)
Vit kot

A

ATP (mM)
0

=

£ 1.25

[«]

g

£

-

:*::: 5

£

<

0.1 0.15 0.2
ADP (mM)

0 0.05

After substitution with Eq.7,
r=1—z(1—ef%> (8)

Eq.6 tells how far the reaction is away from the steady state.
Eq.8 shows how the coupling rate is related to time. Eq. 6 and Eq.
8 are then plotted versus time in the number of t (Fig. 3). In
particular, when (=1, r=0.368 and [ADP]/[ADP]..=0.632;
when t=57, r=0.801 and [ADP]/[ADP], =0.993. It is clear that
7 reflects the time required to achieve steady state and therefore is
called the lagging time of a coupling reaction. For any defined
coupled reaction, T can be calculated with Eq.7 and the coupling

rate can be calculated with Eq. 8. In the case when 7 is
significantly smaller than ¢, Eq.8 can be approximated as,r~1— ;

12 4

0.8 4
0.6

0.4

ATP Inhibition (i)

0.2 4

0 T T T r T T r T T )

0 2 4 6 8 10 12 14 16 18 20
ATP (mM)

Figure 4. ATP inhibition of CD39L2-catalyzed ADP hydrolysis. A) Rate constants for CD39L2 in the presence of different concentrations of
ATP. The reactions were performed with 0.12 ug of CD39L2 in 50 pL of the kinase assay buffer at room temperature. For clarity, only data at 0, 1.25
and 5 mM of ATP are shown. Slopes (s) of the curves represent the rate constants. Elevated phosphate levels in all reactions due to ATP hydrolysis
were regarded as background and were subtracted out. B) ATP inhibition factor (i), the ratio of a rate constant in the presence of ATP to the rate

constant in the absence of ATP, is plotted versus ATP concentration.
doi:10.1371/journal.pone.0023172.g004
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ATP inhibition of CD39L2-catalyzed ADP hydrolysis

During the course of a kinase reaction, the ATP concentration is
generally much higher than ADP, especially at the beginning of
the reaction. High levels of ATP can cause two effects on a
CD39L2-coupled kinase assay. First, although CD39L2 is
overwhelmingly more active on ADP than on ATP, hydrolysis of
ATP may become significant when the ATP concentration is high.
Nonetheless, given that during kinetic assays, substrate concen-
trations are roughly kept constant, ATP hydrolysis caused by
CD39L2 can be predicted from the enzyme kinetics and
subtracted out as background. Second, ATP competes with ADP
for CD39L2 activity, leading to less ADP hydrolysis and hence an
underestimation of the kinase activity.

To assess the ATP inhibition of CD39L2 activity, rate constants
of CD39L2 in the presence of different constant concentrations of
ATP were determined (Fig.4A). ATP at high concentrations
caused significant inhibition of the activity of CD39L2. An ATP
inhibition factor (7) was then defined as the ratio of the rate

Universal Kinase Assay

constant in the presence of ATP to the rate constant in the absence
of ATP. When : was plotted versus ATP concentration, a
decreasing curve was obtained (Fig.4B). The value of : was then
used to adjust the lagging time and the coupling rate by
substituting £y with -y in Eq. 7, which became,

_ Vol

= @ )

Kinetic assay for human glucokinase (GCK)

GCK catalyzes the conversion of glucose to glucose-6-
phosphate and is characterized by a high K,, for glucose from
6 mM to 10 mM [26,27]. GCK is expressed in insulin-secreting
pancreatic B cells and hepatocytes and GCK mutations are
associated with non-insulin-dependent (type 2) diabetes mellitus
[28,29]. Traditionally, the GCK assay is coupled to glucose-6-
phosphate dehydrogenase to generate NADPH [27], which can be

A B
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Figure 5. Assay for recombinant human GCK. A) A Glucose curve. All reactions were initiated in the presence of 0.12 mM ATP, 0.2 ug GCK and
0.3 ug CD39L2 in 150 L assay buffer at room temperature and proceeded for 15 minutes. The reaction that contained no glucose was set as a blank
and the OD readings were plotted versus glucose concentration. The curve fit the Michaelis-Menten equation well with K, of 7.23+1.44 mM. B) An
ATP curve. Reactions were performed in the presence of 20 mM glucose, 1 pg GCK and 0.1 ug CD39L2 and variable concentrations of ATP in 50 uL
assay buffer at room temperature and proceeded for 25 minutes. The reaction that contained no ATP was set as a blank. For each ATP concentration,
a no-kinase negative control was performed for background correction. The OD readings of the reactions (purple) were first corrected with
backgrounds subtraction (blue) and further corrected using ATP inhibition factors (red) and finally fit with the Michaelis-Menten equation to obtain a
K around 3.55 mM. €) A GCK dose curve was performed with 10 mM ATP, 20 mM of glucose and 0.2 ug CD39L2 in 50 uL assay buffer at room
temperature. All reactions were proceeded for 20 minutes and the OD was plotted versus GCK input. The reaction that contained no kinase was set as
a blank. The slope of the curve, 6.84 OD/ug, corresponded to a specific activity of 2416 pmol/min/ug using Eq.10 (k,=8.2 nmol-min~"-mM ™" ;
Vol =50 uL; t=25 min; i=0.271; r=0.396).

doi:10.1371/journal.pone.0023172.g005
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readily measured. As an example, the GCK K, for glucose was
first measured with CD39L2-coupled reactions. When the ODggq
from the reactions was plotted versus the glucose concentration
and fit to the Michaelis-Menten equation (Fig. 5A), the K, for
glucose was found to be 7.23*1.44 mM, which is well within the
range of reported values.

The measurement of K, for ATP requires two steps of
adjustment (Fig. 5B), as ATP not only contributed to the
background but also inhibited the activity of the coupling enzyme,
CD39L2. To correct the background caused by ATP hydrolysis, a
no-kinase negative control was performed for each ATP
concentration. The background-corrected signals were further
adjusted by the corresponding ATP inhibition factor ¢ and finally
fit with the Michaelis-Menten equation to obtain the K,,, around
3.55 mM, which is considered to be consistent with the reported
values [30,31].

Finally, a GCK enzyme curve was performed in the presence of
10 mM ATP, 20 mM of glucose (> two fold of K,, for either
substrate) and 0.2 ug of CD39L2 in 50 pL of kinase assay buffer at

Universal Kinase Assay

room temperature (Fig 5C). All reactions lasted for 25 minutes.
Under these conditions, the coupling rate was calculated to be
0.396 using Eq.7 and Eq8 (k,=41 nmol min~' mM™ '
ug~'x0.2 ug=8.2 nmol min~' mM™'; Vu/=50 pL; i=0.271 at
10 mM ATP; 1=22.5 min; ¢=25 min). The slope of the curve
(6.84 OD/ng) was then converted to the specific activity (SA),
2416 pmol/min/pg, using Eq.10.

__slopex CF
B rxt

SA (10)

CF, phosphate conversion factor (3500 pmol/OD was used
throughout this project);
7, coupling rate; ¢, reaction time.

Kinetic Assay for APS kinase of P. chrysogenum
APS kinase (APSK) of Penicillium chrysogenum is a nucleotide
kinase that phosphorylates adenosine 5’-phosphosulfate (APS) at

A B
1.4 -
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Figure 6. Assay for adenosine 5'-phosphosulfate kinase (APSK) from Penicillium chrysogenum. A) An APS curve. All reactions were
initiated with 0.12 mM ATP, 0.1 ug of APSK and 0.3 ug CD39L2 in 150 uL assay buffer at room temperature and proceeded for 10 minutes. The OD
was plotted versus the APS concentration and the apparent K;,, (designated as K,,") was visually estimated to be about 10 uM. B) An ATP curve. All
reactions were performed in the presence of 100 uM APS, 0.2 ug of APSK and 0.3 pg of CD39L2 in 150 uL assay buffer at room temperature and
proceeded for 15 minutes. The obtained OD readings (purple) were first corrected by background subtraction (blue) and then corrected by the ATP
inhibition factors (red) and finally fit with the Michaelis-Menten equation to obtain a K, of 126 uM. C) An APSK enzyme curve. All reactions were
performed with 1 mM ATP, 0.1 mM APS and 0.14 pg CD39L2 in 50 ulL assay buffer at room temperature for 20 minutes. The OD was plotted versus
APSK input. The slope of curve was converted to a specific activity, 1125 pmol/min/ug, using Eq.10 and r=0.61.

doi:10.1371/journal.pone.0023172.g006
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the 3’ position [32]. An APS curve was first performed (Fig. 6A).
APS showed substrate inhibition above 30 uM and had a K,,’
(substrate concentration at half maximal velocity) about 10 uM,
which is consistent with the reported value [33]. An ATP curve
was also performed (Fig. 6B). After the correction by ATP
inhibition factor, the curve fit the Michaelis-Menten equation well.
The K,, was then determined to be 126 uM. Finally, an APSK
enzyme curve was performed with 1 mM ATP, 0.1 mM APS,
0.14 pg of CD39L2 in 50 puL of kinase assay buffer at room
temperature (Fig. 6C). All reactions were stopped at 20 minutes of
reaction. Under these assay conditions, the coupling rate was
calculated to be 0.43 using Eq.7 and Eq.8 (k;=41 nmol-min~'
mM ™ 'pg” ' x0.14 ug=5.7 nmol'min~! mM™'; Vo/=50 uL;
:=0.55 at 1 mM ATP; t=15.8 min; {=20 min). The slope of
the curve (2.15 OD/pg) was then converted to the specific activity,
871 pmol-min~'-ug™", using Eq.10. The difference between these
determined values and the reported values [33] could be due to
different assay conditions and methods, such as that the ADP was
promptly removed by the coupling reaction in the current assay
but might not be the case in the traditional assay.

Specific activity determination for recombinant human
ERK1

Extracellular signal-regulated kinase 1 (ERK1), also known as
mitogen-activated protein kinase 3 (MAPK3), is involved in a
signaling cascade that regulates various cellular processes including
proliferation, differentiation and cell cycle progression in response
to extracellular signals [34,35]. Reactions containing 0.2 mM
ATP, 0.2 mM myelin basic protein peptide and variable amounts
of ERKI in 50 pL of kinase assay buffer were coupled to 0.2 ug
CD39L2 for 15 minutes at room temperature and the final OD
was plotted versus the ERK1 input (Fig. 7). Under these assay
conditions, the coupling rate was calculated to be 0.59 using Eq.7
and Eq.8 (k=41 nmol'min™"mM ™ "ug™" x0.2 ug=8.2 nmol-"
min~' mM™'; Vo/=50 pL; i=0.88 at 0.2 mM ATP; 1=6.9 min;
t=15 min). The slope of the curve 1.21 OD/pg was then
converted to a specific activity of 482 pmol- min~' ug~ ' using
Eq.10. No comparable activity measurement for ERK1 was found
in the literature; however, this result is consistent with the
manufacturer’s specification using a radioisotope assay.

Z' factor for CD39L2-coupled kinase assay

The separation between the signal and the background is
essential for a high-throughput enzymatic assay. A Z' factor
quantitatively describes this separation and is used to assess the
feasibility of a new method for high-throughput compatibility [22].
The CD39L2-coupled assay was also applied to the three kinases
to obtain Z' factors under the same or similar conditions as the
previous activity assay (Fig. 8). In each case, a Z'>0.5 was
obtained, which is considered to be excellent in high-throughput
assays. To achieve better separation of the signal from the
background, one can further increase the signal by increasing the
amount of kinase or decrease the background by decreasing the
amount of ATP.

Discussion

For accurate kinase activity determination, coupling rate (7) is
calculated based on the assumption that the primary kinase
reaction proceeds at a constant rate and the coupling reaction
proceeds at a first-order rate. Compared to second-order-rate or
multiple-step coupling reactions [36,37], single-step first-order-rate
coupling reaction is much simpler in mathematics for calculating 7.
In essence, r is determined by three factors (Eq.7 and Eq.8): the

@ PLoS ONE | www.plosone.org
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reaction volume (Vol), the rate constant of the coupling reaction
(ko) and the reaction time (#). The lagging time, T, determined by
Vol and ks, allows one quickly to estimate the coupling rate of a
reaction. For example, it takes one T to achieve 36.8% and 57 to
achieve 80.1% in coupling rate. Inhibition of CD39L2 by ATP
results in the reduction of the rate constant and therefore the
overall coupling rate. ATP inhibition is quantified as an inhibition
factor (). Knowing the coupling rate of a coupled reaction allows
one to calculate enzyme activity without the completion of the
coupling reaction.

When designing a CD39L2-coupled kinase assay, its coupling
rate needs to be carefully controlled. A high coupling rate or
completion of a coupled reaction is generally the goal for a
coupled reaction, but it is not the case for a CD39L2-coupled
kinase reaction, as a higher coupling rate is associated with a
higher background caused by concomitant hydrolysis of the
reactant ATP. To maximize the signal/noise ration, an ideal
coupling rate for CD39L2-coupled kinase reaction may be in the
range from 25 to 90%. There are several variables that may be
adjusted to achieve a particular coupling rate. First, the amount
of coupling enzyme directly contributes to the rate constant in
Eq.7 and affects the overall coupling rate. Second, buffer
conditions are not only critical for the kinase activity but also for
the coupling enzyme. In this project, all assays were performed at
pH 7.5 with 150 mM NaCl, which is good for many kinases but a
compromise for the coupling enzyme. If an assay is performed at a
different pH and salt concentration, the rate constant of the
coupling enzyme should be measured under the new conditions
prior to the assay to determine the amount of coupling enzyme for
achieving an optimal coupling rate. Besides, Ca*" or Mg®" needs
to be included in the new buffer, as they are the cofactors of
CD39L2. Third, reaction time is another determinant of the
coupling rate. A shorter reaction time will result in a lower
coupling rate and may not be as convenient to perform. A longer
reaction time will result in a higher coupling rate but may also
result in excessive ATP hydrolysis and consequently higher
background. In situations where a kinase activity is too low and
requires a much longer reaction time, a de-coupled assay may be
performed, in which CD39L2 1s introduced at a later stage or after

0.35 -
0.3 |
0.25 A
y = 1.215x + 0.0046
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Figure 7. An enzyme curve for human extracellular signal-
regulated kinase 1 (ERK1). All reactions were initiated with 0.2 mM
of ATP, 0.2 mM of myelin basic protein peptide and 0.2 ug of CD39L2 in
50 pL assay buffer and proceeded for 15 minutes. The OD was plotted
versus ERK1 input. A reaction containing all components except kinase
served as a blank. The slope of the curve (1.215 OD/ug) was converted
to a specific activity, 482 pmol/min/ug, using Eq.10 and r=0.597.
doi:10.1371/journal.pone.0023172.9g007
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Figure 8. Z' factor determination for the three representative
kinases. Red diamonds represent the signal. Blue triangles
represent the background. Background reactions contained all compo-
nents except the kinases. A) Trials for GCK. Reactions were performed
with 20 mM Glucose, 0.1 mM ATP, 0.64 pg GCK and 0.1 pg CD39L2 in
150 pL kinase assay buffer at room temperature for 20 minutes. B) Trials
for APSK. Reactions were performed with 0.0625 mM APS, 0.125 mM
ATP, 1 ug APSK, 0.15 pg CD39L2 in 150 uL assay buffer at room
temperature for 15 minutes. C) Trials for ERK1. Reactions were
performed with 0.05 mM MBP, 0.1 mM ATP, 0.2 ug ERK1, 0.1 ug
CD39L2 in 150 puL assay buffer at room temperature for 20 minutes.
doi:10.1371/journal.pone.0023172.9g008

the kinase reaction is stopped, in order to minimize the ATP
hydrolysis. Fourth, when the reaction volume is altered, the
amount of coupling enzyme requires proportional adjustment to
achieve the same or similar level of coupling rate. Fifth, although
reactions at as high as 25 mM of ATP were performed, ATP
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concentration should be kept as low as possible to avoid
unnecessary background and minimize the inhibition on the
coupling enzyme. For assays that require different ATP concen-
trations, a no-kinase negative control is recommended for each
ATP concentration to measure the background resulting from
ATP hydrolysis.

The sensitivity of the assay mainly relies on the phosphate
detection reagents. With 96 well plate, the lower limit for accurate
phosphate detection using malachite green reagents is around 200
pmol, which corresponds to 4 pM in 50 uL solution and 1 uM in
200 pL solution. For this reason, when measuring K,,, at lower uM
range, larger reaction volume is suggested.

Kinases may also have ATPase activity, an activity that can be
regarded as a transferase activity using water as the acceptor
substrate. ATPase activity complicates the data analysis in
CD39L2-coupled kinase assay, because it generates twice as much
phosphate as the kinase activity. However, ATPase activity can be
measured without the coupling phosphatase, as the y-phosphate
released from ATP can be directly detected by malachite green
reagents, and no ATPase activity was detected for GCK, APSK
and ERKI1 in this project.

In summary, a non-radioactive phosphatase-coupled kinase
assay is described here. In this assay, CD39L2, a nucleotidase, is
used to couple kinase reactions to specifically release phosphate
from ADP. The phosphate is subsequently detected using
malachite green reagents. This assay format has several benefits.
First, it can be applied to any kinase reaction that produces ADP.
Second, it is high-throughput compatible because separation of
product and substrate is not required and the assay can be
performed in a microplate and read by a plate reader. A Z’ score
above 0.5 can be readily achieved under the assay conditions.
Third, the assay is more direct and quantitative because the assay
measures the formation of a product and involves only a single
coupling step. Finally, through converting ADP to AMP, the
coupling reaction eliminates potential product inhibition caused
by ADP.

Acknowledgments

I would like to thank Dr. Andy Tsai of T3 Scientific LLC (Blaine, MN) for
his help on deriving the mathematic equations, Professor Joseph Schles-
singer of Yale University, Drs. Monica Tsang, Weiping Jiang and Cheryl
Ethen of R&D Systems for their critical reading of the manuscript, Dr.
Wen-Chich Liao of R&D Systems for offering myelin basic protein kinase
peptide. I would also like to thank Ms. Miranda Machacek and Ms.
Brittany Prather and numerous coworkers at R&D Systems whose
contribution through product development made this work possible.

Author Contributions

Conceived and designed the experiments: ZLW. Performed the experi-
ments: ZLW. Analyzed the data: ZLW. Contributed reagents/materials/
analysis tools: ZLW. Wrote the paper: ZLW.

5. Workman P, Clarke PA, Raynaud FI, van Montfort RL (2010) Drugging the PI3
kinome: from chemical tools to drugs in the clinic. Cancer Res 70: 2146-2157.
6. Brooijmans N, Chang YW, Mobilio D, Denny RA, Humblet C (2010) An
enriched structural kinase database to enable kinome-wide structure-based
analyses and drug discovery. Protein Sci 19: 763-774.
. Knight ZA, Lin H, Shokat KM (2010) Targeting the cancer kinome through
polypharmacology. Nat Rev Cancer 10: 130-137.
8. Granet RA, Mastro AM (1987) A microtiter plate assay for protein kinase C.
Anal Biochem 163: 458-463.

~

August 2011 | Volume 6 | Issue 8 | 23172



9.

16.

Wei YF, Matthews HR (1990) A filter-based protein kinase assay selective for
alkali-stable protein phosphorylation and suitable for acid-labile protein
phosphorylation. Anal Biochem 190: 188-192.

. McDonald OB, Chen W], Ellis B, Hoffman C, Overton L, et al. (1999) A

scintillation proximity assay for the Raf/MEK/ERK kinase cascade: high-
throughput screening and identification of selective enzyme inhibitors. Anal

Biochem 268: 318-329.

. Anderson SN, Cool BL, Kifle L, Chiou W, Egan DA, et al. (2004) Microarrayed

compound screening (microARCS) to identify activators and inhibitors of AMP-
activated protein kinase. ] Biomol Screen 9: 112-121.

. Jia Y, Quinn CM, Kwak S, Talanian RV (2008) Current in vitro kinase assay

technologies: the quest for a universal format. Curr Drug Discov Technol 5:
59-69.

. von Ahsen O, Bomer U (2005) High-throughput screening for kinase inhibitors.

Chembiochem 6: 481-490.

. Ma H, Deacon S, Horiuchi K (2008) The challenge of selecting protein kinase

assays for lead discovery optimization. Expert Opin Drug Discov 3: 607-621.

. Charter NW, Kauffiman L, Singh R, Eglen RM (2006) A generic, homogenous

method for measuring kinase and inhibitor activity via adenosine 5'-diphosphate
accumulation. J Biomol Screen 11: 390-399.

Zegzouti H, Zdanovskaia M, Hsiao K, Goueli SA (2009) ADP-Glo: A
Bioluminescent and homogeneous ADP monitoring assay for kinases. Assay
Drug Dev Technol 7: 560-572.

. Kleman-Leyer KM, Klink TA, Kopp AL, Westermeyer TA, Koeff MD, et al.

(2009) Characterization and optimization of a red-shifted fluorescence
polarization ADP detection assay. Assay Drug Dev Technol 7: 56-67.

. Hong L, Quinn CM, Jia Y (2009) Evaluating the utility of the HTRF

Transcreener ADP assay technology: a comparison with the standard HTRF
assay technology. Anal Biochem 391: 31-38.

. Wu ZL, Ethen CM, Prather B, Machacek M, Jiang W Universal phosphatase-

coupled glycosyltransferase assay. Glycobiology 21: 727-733.

. Chadwick BP, Frischauf AM (1998) The CD39-like gene family: identification of

three new human members (CD39L2, CD39L3, and CD39L4), their murine
homologues, and a member of the gene family from Drosophila melanogaster.
Genomics 50: 357-367.

. Lansdon EB, Segel IH, Fisher AJ (2002) Ligand-induced structural changes in

adenosine 5'-phosphosulfate kinase from Penicillium chrysogenum. Biochemis-
try 41: 13672-13680.

. Zhang JH, Chung TD, Oldenburg KR (1999) A Simple Statistical Parameter for

Use in Evaluation and Validation of High Throughput Screening Assays. ]
Biomol Screen 4: 67-73.

. Robson SC, Sevigny J, Zimmermann H (2006) The E-NTPDase family of

ectonucleotidases: Structure function relationships and pathophysiological
significance. Purinergic Signal 2: 409-430.

@ PLoS ONE | www.plosone.org

26.

27.

28.

32.

33.

34.

36.

Universal Kinase Assay

. Yeung G, Mulero JJ, McGowan DW, Bajwa SS, Ford JE (2000) CD39L2, a

gene encoding a human nucleoside diphosphatase, predominantly expressed in
the heart. Biochemistry 39: 12916-12923.

. Ivanenkov VV, Murphy-Piedmonte DM, Kirley TL (2003) Bacterial expression,

characterization, and disulfide bond determination of soluble human N'TPDase6
(CD39L2) nucleotidase: implications for structure and function. Biochemistry
42: 11726-11735.

Takeda J, Gidh-Jain M, Xu LZ, Froguel P, Velho G, et al. (1993) Structure/
function studies of human beta-cell glucokinase. Enzymatic properties of a
sequence polymorphism, mutations associated with diabetes, and other site-
directed mutants. ] Biol Chem 268: 15200-15204.

Lange AJ, Xu LZ, Van Poelwijk F, Lin K, Granner DK, et al. (1991) Expression
and site-directed mutagenesis of hepatic glucokinase. Biochem J 277((Ptl)):
159-163.

Gidh-Jain M, Takeda J, Xu LZ, Lange AJ, Vionnet N, et al. (1993) Glucokinase
mutations associated with non-insulin-dependent (type 2) diabetes mellitus have
decreased enzymatic activity: implications for structure/function relationships.

Proc Natl Acad Sci U S A 90: 1932-1936.

. Hattersley AT, Turner RC, Permutt MA, Patel P, Tanizawa Y, et al. (1992)

Linkage of type 2 diabetes to the glucokinase gene. Lancet 339: 1307-1310.
Gloyn AL, Noordam K, Willemsen MA, Ellard S, Lam WW, et al. (2003)
Insights into the biochemical and genetic basis of glucokinase activation from
naturally occurring hypoglycemia mutations. Diabetes 52: 2433-2440.

. Xu LZ, Harrison RW, Weber IT, Pilkis SJ (1995) Human beta-cell glucokinase.

Dual role of Ser-151 in catalysis and hexose affinity. J Biol Chem 270:
9939-9946.

MacRae IJ, Segel IH, Fisher AJ (2000) Crystal structure of adenosine 5'-
phosphosulfate kinase from Penicillium chrysogenum. Biochemistry 39:
1613-1621.

Renosto F, Martin RL, Segel IH (1989) Sulfate-activating enzymes of
Penicillium chrysogenum. The ATP sulfurylase.adenosine 5'-phosphosulfate
complex does not serve as a substrate for adenosine 5’'-phosphosulfate kinase. J
Biol Chem 264: 9433-9437.

Charest DL, Mordret G, Harder KW, Jirik F, Pelech SL (1993) Molecular
cloning, expression, and characterization of the human mitogen-activated
protein kinase p44erkl. Mol Cell Biol 13: 4679-4690.

. Bueno OF, De Windt L], Tymitz KM, Witt SA, Kimball TR, et al. (2000) The

MEKI1-ERK1/2 signaling pathway promotes compensated cardiac hypertrophy
in transgenic mice. Embo J 19: 6341-6350.

Storer AC, Cornish-Bowden A (1974) The kinetics of coupled enzyme reactions.
Applications to the assay of glucokinase, with glucose 6-phosphate dehydroge-
nase as coupling enzyme. Biochem J 141: 205-209.

. McClure WR (1969) A kinetic analysis of coupled enzyme assays. Biochemistry

8: 2782-2786.

August 2011 | Volume 6 | Issue 8 | 23172



