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A highly sensitive capillary electrophoresis method has been developed to monitor the activity of
nucleotide pyrophosphatases/phosphodiesterases (NPPs) and screen for NPP inhibitors. In this method,
p-nitrophenyl 5'-thymidine monophosphate (p-Nph-5-TMP) was used as an artificial substrate, and
separation of reaction products was performed on a dynamically coated capillary. We found that the
optimal capillary electrophoresis (CE) conditions were as follows: fused-silica capillary (20 cm effective
length x 75.5 wm (id)), electrokinetic injection for 60s, 70 mM phosphate buffer containing polybrene
0.002%, pH 9.2, constant current of —80 wA, constant capillary temperature of 15°C and detection at
400 nm. To allow precise quantification, 2-methyl-4,6-dinitrophenol (dinitrocresol) was applied as an
internal standard. The limit of detection (LOD) and the limit of quantification (LOQ) were 137 and 415 nM,
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p-Nitrophenyl 5'-thymidine respectively. This new method was shown to be over 8-fold more sensitive than the conventional spec-
monophosphate trophotometric assays and 16-fold more than the previously reported CE procedure, and the results (Kp,
NPP inhibitors values for NPP1 and NPP3, K; values for standard inhibitors) obtained were in accordance with previous
NPP substrates literature data. Therefore, this new method is an improvement of actual techniques and could be used as
l’j;;‘;:et:ie pyrophosphatase a quick and standard analytical technique for the identification and characterization of NPP inhibitors.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Nucleotide pyrophosphatases/phosphodiesterases (NPPs; E.C.
3.1.4.1, E.C. 3.6.1.8, and 3.6.1.9) represent a group of conserved
eukaryotic proteins that are expressed both as transmembrane
ecto-enzymes and as soluble proteins in body fluids [1,2]. Three
members of the NPP family hydrolyze nucleotides, namely, NPP1
(PC-1), NPP2 (autotaxin), and NPP3 (B10, gp130RB13-6) [3 4],
NPP1-3 reveal a broad substrate specificity, being capable of
hydrolyzing ATP, ADP, NAD*, phosphoadenylate sulfate (PAPS),
FAD, dinucleoside polyphosphates (e.g. AP3A, AP4A) and nucleotide
sugars (e.g. UDP-glucose) to their nucleoside monophosphate
derivatives [1-7]. NPP1-3 have been involved in various biologi-
cal processes. A major function of NPP1 is in bone mineralization
and soft-tissue calcification [8-10]. Moreover, NPP1 has also been
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linked to insulin resistance and type 2 diabetes [11-15]. NPP2 has
been shown to promote cancer cell invasion, cell migration, lym-
phocyte trafficking and angiogenesis [1,16]. NPP3 expression is
associated with carcinogenesis and metastasis of cancer cells and
has been proposed as a tumor marker [1,10,17]. Additionally, it has
been reported that this enzyme is expressed by basophils and mast
cells where it might have a function in the activation process of
these cells [4,18].

To allow for biochemical characterization and to discover
subtype-selective inhibitors and activators of NPPs, a highly
sensitive and reproducible screening method is required. In our
laboratory, we previously developed CE-based enzyme assays with
adenosine 5'-triphosphate (ATP) as a substrate for NPP1 and NPP3
[1]. However, the previously developed method has some draw-
backs, including (i) moderate sensitivity, (ii) partial decomposition
of the substrate ATP upon termination of the reaction by heating,
and therefore (iii) some problems with reproducibility especially
when the assays were performed by different persons. Therefore,
there was a strong need for the development of a new CE method
to monitor the nucleotide pyrophosphatase/phosphodiesterase
reactions.
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Fig. 1. Hydrolysis of p-nitrophenyl 5'-thymidine monophosphate by NPP1-3 (A) and formation of yellow p-nitrophenolate (B), dinitrocresolate (C) at alkaline pH.

To date, several methods have been developed for the quan-
titative determination of NPP activity. There are radioactive
methods applying [y-32P]-labeled substrates applying thin-layer
chromatography for the separation of the radioactive products
[2,19], and fluorimetric enzyme assays using fluorescent etheno-
adenine nucleotides as substrates [20,21]. However, the most
frequently used techniques for measuring NPP activities are spec-
trophotometric assays with the artificial substrate p-nitrophenyl
5’-thymidine monophosphate (p-Nph-5'-TMP) [2,9,16,17,22-26].
During the enzyme reaction, this synthetic substrate is cleaved to
thymidine 5-monophosphate (TMP) and p-nitrophenol. The latter
can be measured due to its absorption in the visible region upon
deprotonation (Fig. 1). Although these routine methods are rel-
atively quick and simple, they require large amounts of material
(enzymes, substrates, and test compounds), and in addition, they
have alimitation when the test compounds possess light absorption
at the wavelength of absorption of p-nitrophenolate.

We have recently developed and applied a CE-UV/VIS
method for monitoring alkaline phosphatase using p-
nitrophenylphosphate as a substrate and detecting the enzymatic
reaction product p-nitrophenolate [27]. This method was fur-
ther developed using an immobilized enzyme microreactor in
a fused-silica capillary [28], resulting in a limit of detection of
2.13 pM for p-nitrophenol. Very recently, the development of an
indirect fluorescence detection method of various nitrophenols by
micellar electrokinetic chromatography (MEKC) with an in-column
fiber optics LED-IF (light emitting diode-induced fluorescence)
detection system has been reported [29]. However the detection
limit of 16 wM for p-nitrophenol, the same product which we
obtain in the NPP-catalyzed hydrolysis of p-Nph-5'-TMP, was fairly
high.

All of the described CE methods for the detection of p-
nitrophenolate are not sufficiently sensitive to be applied to the
monitoring of NPP reactions using p-nitrophenyl 5-thymidine
monophosphate as a substrate. Thus, the aim of the present study
was to develop a sensitive and efficient CE method applicable for
the determination of p-nitrophenolate in routine assays. To vali-
date the new CE method, different inhibitors of NPP1 and NPP3
have been tested and compared with the current literature.

2. Materials and methods
2.1. Materials

p-Nitrophenyl 5-thymidine monophosphate (p-Nph-5'-TMP),
thymidine 5’-monophosphate (TMP), adenosine 5’-diphosphate-
2’,3’-dialdehyde (dialADP), 2'(3’)-O-(4-benzoylbenzoyl)adenosine
5'-triphosphate (bzATP), 2-methyl-4,6-dinitrophenol (dinitrocre-
sol), uridine 5’-diphosphate (UDP), and hexadimethrine bromide
(polybrene) were obtained from Sigma (Steinheim, Germany).
Magnesium chloride, calcium chloride, p-nitrophenol, sodium
tetraborate decahydrate, zinc chloride and Tris (Trizma base) were
also from Sigma. Disodium hydrogen phosphate was purchased
from Carl Roth (Karlsruhe, Germany). HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) was from Applichem (Darmstadst,
Germany). Adenosine 5'-(a,[3-methylene)diphosphate (AOPCP)
was obtained from Biolog Life Science Institute (Bremen, Germany).
DMEM/F-12, lipofectamine and fetal bovine serum (FBS) were
purchased from Invitrogen (Burlington, ON, Canada). Plasmids
encoding human NPP1, and NPP3, respectively, were obtained from
Dr. Goding and Dr. Sano, respectively [30].

2.2. Transfection and membrane preparation of human NPP1 and
NPP3

Human NPPs were transfected transiently in human embryonic
kidney (HEK293T) cells with a plasmid encoding either NPP1 or
NPP3 and cell membranes were prepared as previously described
[30].

2.3. CE instrumentation

All experiments were carried out using a P/ACE MDQ capillary
electrophoresis system (Beckman Instruments, Fullerton, CA, USA)
equipped with a DAD detection system. Data collection and peak
area analysis were performed by 32 Karat software obtained from
Beckman Coulter (Fullerton, CA, USA). The capillary temperature
was kept constant at 15 °C, and the temperature of the sample stor-
ing unitwas adjusted to 25 °C. The electrophoretic separations were
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carried out using eCAP uncoated fused-silica capillaries of 30cm
total length (20cm effective length) x 75.5 um (id) x 363.7 pm
(od) obtained form Polymicro Technologies (Kehl, Germany). The
following conditions were applied: Amax =400 nm, separation cur-
rent=—80 WA, running buffer 70 mM phosphate buffer containing
polybrene 0.002%, pH 9.2, electrokinetic injection (—6 kV, 60 s). The
capillary was washed with 0.1 N NaOH agq. for 3 min (20 psi) and
subsequently with running buffer for 3 min (20 psi) before each
injection.

2.4. Preparation of test solutions for method validation

p-Nitrophenol and dinitrocresol were dissolved in deionized
water to obtain 10.0 mM stock solutions. These were further diluted
to obtain 1.0mM solutions in assay buffer (1mM MgCl,, 2 mM
CaCly, 10 mM HEPES, pH 8.5). The 1.0 mM stock solutions were
further diluted in the same buffer as required for method validation.

The proposed CE method was validated for various parame-
ters, viz. linearity, accuracy, precision, LOD, LOQ and robustness
as recommended [31-34].

2.4.1. Linearity

The linearity of the method was assessed by processing (in trip-
licate) a nine-point calibration curve (0.1, 0.3, 1.0, 5.0, 10.0, 20.0,
30.0, 40.0 and 50.0 M) for p-nitrophenol containing 0.5 wM dini-
trocresol as an internal standard (IS) in assay buffer. Calibration
curves were obtained by plotting the ratios of peak areas of analyte
and IS against the analyte concentrations.

2.4.2. Precision and accuracy

The precision and accuracy values were determined at the fol-
lowing concentrations of p-nitrophenol: 0.4 (at LOQ), 1.0, 25.0 and
50.0 wM in the presence of 0.5 wM of dinitrocresol as IS; each con-
centration was measured six times. Accuracy was determined by
calculating the ratios of the predicted concentrations and the spiked
values. Relative standard deviation (RSD) was calculated.

2.4.3. Limit of detection (LOD) and limit of quantification (LOQ)

The LOD and LOQ were calculated from the calibration curve,
using the values determined for the standard deviation of the y-
intercept (o) and the slope (S) (LOD 3.3 ¢/S, LOQ 10 ¢/S).

2.4.4. Robustness (with respect to sample stability)

The stability of the substrate (p-Nph-5'-TMP) and the product
(p-nitrophenol) in assay buffer was investigated at different time
points at room temperature. For this experiment, two different
stock solutions were prepared (test solution 1: 25.0 wM p-Nph-5'-
TMP, 0.5 wM dinitrocresol; test solution 2: 20.0 wM p-nitrophenol,
0.5 M dinitrocresol). Samples of 100 .l of both solutions were
drawn at 0-3day(s), and analyzed; each analysis was repeated
three times.

2.5. Comparison with previously published methods

The new CE method was compared with both, the published
spectrophotometric procedures [2,9,16,17,22-26], and the previ-
ously reported CE method [28], with regard to LOD, LOQ, accuracy
and precision. For this purpose, the preparation of stock and test
solutions of p-nitrophenol and the determination of the evaluation
parameters were carried out as described in Section 2.4. We used
the same Tris buffer (5 mM MgCl,, 0.1 mM ZnCl,, 50 mM Tris-HCl,
pH 9.5) that was employed in the previously described CE method
[28]. For reasons of comparability and simplification we also used
the same buffer for the colorimetric assays, since Tris buffer has
been typically used for the described spectrophotometric assays,

although the composition may have varied in the different studies
[2,9,16,17,22-26].

2.5.1. Instrumentation for spectrophotometric assays

Spectrophotometric measurements were carried out on a
BMG PheraStar FS (BMG LABTECH GmbH, Ortenberg, Germany)
microplate reader with a wavelength range of 220-1000 nm and a
spectral bandwidth of 2.0 nm. The absorbance of each test solution
was measured at 400 nm in a clear 96-well microplate (Greiner-
Bio-One GmbH, Frickenhausen, Germany).

2.5.2. Instrumentation for CE method performed in accordance
with published procedure

The experiments were performed on a P/ACE MDQ capillary
electrophoresis system (Beckman Instruments, Fullerton, CA, USA)
equipped with a DAD detection system. Data collection and peak
area analysis were performed by 32 Karat software obtained from
Beckman Coulter (Fullerton, CA, USA). The electrophoretic separa-
tions were carried out using eCAP fused-silica capillaries of 30 cm
total length (20 cm effective length) x 75.5 pm (id) x 363.7 um (od)
obtained form Polymicro Technologies (Kehl, Germany). The sepa-
ration was performed using an applied voltage of —15 kV. Analytes
were detected using direct UV absorbance at 322 nm. The capillary
temperature was kept constant at 37 °C and the temperature of the
storing unit was adjusted to 25 °C. The running buffer consisted of
50 mM borate buffer (pH 9.5) and polybrene 0.0025%. Samples were
introduced into the capillary by electrokinetic injection (—6KkV,
60 s). Between separations, the capillary was washed with 0.1 N aq.
NaOH solution for 2 min (20 psi) and subsequently with running
buffer for 2 min (20 psi) before each injection.

2.6. Determination of Michaelis—Menten constant (K;) and
maximum velocity (Vimax)

For the determination of the kinetic parameters (Kpy and Viax)
of nucleotide pyrophosphatase/phosphodiesterase 1 and 3 (NPP1,
NPP3) by CE, different substrate concentrations of p-Nph-5'-TMP
were used, 1, 10, 20, 50, 100, 200, 500, and 1000 .M. The reaction
buffer containing 1 mM MgCl,, 2 mM CaCl,, 10 mM HEPES, pH 8.5,
was preincubated with approximately 2.4 g NPP1 or 2.6 pg NPP3
membrane preparation per tube at 37 °C for 10 min. The enzyme
reactions were initiated by the addition of p-Nph-5'-TMP solutions
in a final volume of 100 .l and then incubated at 37 °C for 60 min
and subsequently stopped by heating at 90°C for 2 min. Finally,
50 .l of the reaction mixture were transferred into mini-CE vials
containing 50 1 of the internal standard dinitrocresol (final con-
centration 0.5 wM). Controls to correct for non-enzymatic substrate
hydrolysis were measured in the absence of enzyme as described
above. Each analysis was performed in triplicate in three separate
experiments.

2.7. Investigation of NPP inhibitors

The inhibitory effect of AOPCP, dialADP and bzATP on the
enzymatic activity of NPPs was tested in reaction buffer con-
taining 1mM MgCl,, 2mM CaCl,, 10mM HEPES, pH 8.5, and
500 wM p-Nph-5'-TMP, with a range of inhibitor concentrations of
0.3-1000 M. Incubation and separation conditions remained the
same as described in Section 2.6. Negative controls were performed
in the absence of enzyme. Each analysis was carried out three times
in three separate experiments. The Cheng-Prusoff equation was
used to calculate K; values from ICsq values determined by nonlin-
ear curve fitting using the program Prism 4.0 (GraphPad software,
San Diego, CA, USA) [35].



S.-Y. Lee et al. /J. Chromatogr. B 911 (2012) 162-169 165

2.8. Investigation of NPP substrate properties of nucleotide
derivatives and analogs

Nucleotide analogs (AOPCP, dialADP and bzATP, 500 uM) were
incubated at 37°C for 60min in a reaction mixture containing
membrane preparation expressing either NPP1 (2.4 g) or NPP3
(2.6 g), which had already been preincubated at 37 °C for 10 min.
The enzyme reaction was stopped by heating at 90 °C for 2 min. An
aliquot (10 wl) of the reaction mixture was taken and diluted with
90 wl of water containing the internal standard UDP (final concen-
tration 10 wM). The diluted reaction mixture was transferred into
mini-CE vials for measurement. Injection of all solutions was done
three times each, and three separate experiments were performed.

The CE operating conditions were altered for the detec-
tion of the nucleotide derivatives and analogs as compared
to the detection of nitrophenolate. The following conditions
were applied: eCap fused-silica capillary (60 cm [50 cm effective
length] x 75.5 pm (id) x 363.7 wm (0d)), Amax =260 nm, separation
current = —120 pA, running buffer 70 mM phosphate buffer (poly-
brene 0.002%, pH 6.5), electrokinetic injection —6KkV, 60s. The
relative hydrolysis of compounds was calculated in percent by com-
paring the peak area of the sample with the peak area of the control
in the absence of enzymes (=100%).

3. Results and discussion
3.1. Development of CE method

Capillary electrophoresis (CE) is a fast, low-cost and powerful
separation technique that has been highly useful for genomics and
proteomics investigations [36-38]. Recently, CE methods with a
dynamic coating of silica-fused capillaries have gained consider-
able interest because of a significant improvement of detection
sensitivity [1,28]. The use of the polycationic polymer polybrene
as a dynamic coating material has provided an effective stacking
of sample zones due to its sweeping effect [1,39]. Conventional
CE techniques with UV detection typically show detection limits
in the range of about 1-10 wM [1,27,40]. Due to the preconcentra-
tion effect by polycationic polymers the detection limits of analytes
could be improved to the nanomolar range [1,41]. This concentra-
tion effect has been shown to work well for negatively charged
analytes, including nucleotides like ATP, ADP or AMP [1,42]. p-
Nitrophenol forms a negatively charged phenolate anion (Fig. 1),
and therefore, the sweeping effect using polybrene should be appli-
cable for the detection of p-nitrophenol [28].

In the current work, we therefore employed the CE separa-
tion technique using a dynamically coated capillary to monitor
the hydrolysis of p-Nph-5-TMP as a substrate of NPPs. p-
nitrophenolate shows its absorption maximum (Amax) at 400 nm,
in the visible range. Although the Ayax of dinitrocresol (internal
standard) was below 400 nm, its absorbance at 400 nm was high
enough for peak detection. Thus, a detection wavelength of 400 nm
was selected for the analysis.

Moreover, the choice of a suitable buffer is very important
for the separation of analytes by CE. In CE, there are some
established combinations of running and reaction buffers, e.g.
phosphate-HEPES, phosphate-Tris, borate-HEPES and borate-Tris
buffers. An important finding in our study was that some buffer
combinations were more advantageous than others for dynam-
ically coated capillary systems with polybrene. The method
sensitivity was increased according to the following rank order:
phosphate-Tris (very bad) < borate-HEPES (bad) < borate-Tris (sat-
isfactory) « phosphate-HEPES (very good). Thus, the buffer
combination phosphate-HEPES was chosen for the subsequent
assay development.
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Fig. 2. Typical electropherograms of 100 nM p-nitrophenol (concentration near the
limit of detection) and control (reaction buffer) measurements. The separation con-
ditions were: 70mM phosphate buffer at pH 9.2, 0.002% polybrene, fused-silica
capillary 30cm (20 cm to the detector), 75.5 wm (id), —80 A, 15°C, detection at
400 nm.

The ionic strength of the running buffer is also an important fac-
tor to control the separation efficiency and migration times [27,43].
Initially, a 50 mM concentration of running phosphate buffer was
selected; however the internal standard did not separate from p-
nitrophenol under these conditions. For an adequate separation
between both peaks, a higher concentration of 70 mM phosphate
buffer was found to be optimal. At the same time, a short capillary
length (30 cm [20 cm effective length]) was used to further reduce
the analysis time, which was necessary due to the migration-
prolonging effect of using a high buffer concentration.

Usually, pH values of phosphate buffers between 2.5 and 8.0
have been suggested in CE [1,40,44-47]. However, an alkaline pH
value was required for the formation of p-nitrophenolate. But such
a high pH value disturbed the dynamic coating system. Therefore,
a slightly alkaline pH of 9.2 turned out to be a good compromise.

The last critical factor affecting reproducibility of migration time
is the temperature of the capillary. Recently, it has been found
that a high capillary temperature in a dynamic coating system
with polybrene negatively influenced the reproducibility of migra-
tion time (relative standard deviation (RSD) of migration time over
4.0%). Thus, a low capillary temperature at 15°C was selected for
all subsequent measurements, which led to a 2-3-fold reduction
in the RSD (%) of the migration time (the %RSD of migration times
for p-nitrophenol and dinitrocresol in the current study was typi-
cally below 1.9%). The final, optimized parameters were as follows:
reaction buffer consisting of 1 mM MgCl,, 2 mM CaCl,, and 10 mM
HEPES (pH 8.5), 70 mM phosphate buffer containing 0.002% poly-
brene (pH 9.2) as the running buffer, a fused-silica capillary (20 cm
effective length), a constant capillary temperature of 15°C and
detection at 400 nm.

3.2. Method validation

The newly developed CE method was validated following
ICH and FDA guidelines [31,32]. An overview of the quantitative
parameters of the method validation is provided in Table 1. A
strictly linear correlation between p-nitrophenol concentration
and the peak-area ratio of p-nitrophenol to IS was observed: a cor-
relation coefficient (R?) of 0.9978 for p-nitrophenol was calculated
for a concentration range from 0.1 to 50.0 WM. The determined
equation was y =304.4 x +49.0 and the relative standard deviation
(RSD) of the slope was 2.75%. The LOD and LOQ of p-nitrophenol
were 137 and 415 nM, respectively, demonstrating high sensitivity
of the method. Fig. 2 shows that the newly developed CE method
allows the detection of a clear, narrow peak of p-nitrophenol close
to the detection limit (p-nitrophenol at 100 nM). Accuracy and
precision, as a degree of repeatability, were established across the
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Table 1
Results of method validation with new CE method and comparison with conventional methods for the determination of p-nitrophenolate.
Parameters Method
Colorimetric assay Capillary electrophoresis Capillary electrophoresis Acceptable
assay (previous method) assay (new method) range?
Regression equation (n=3) y=0.0059 x+0.04517 y=342.7 x+268.5 y=304.4x+49.0
R? 0.9971 0.9936 0.9978
LOD (nM) 1119 2235 137
LOQ (nM) 3390 6773 415
Accuracy (n=6, recovery %)
AtLOQ, 0.4 M nab nab 87.8 80-110%
Low, 1.0 uM nab nab 93.6 80-110%
Medium, 25.0 uM 93.5 94.5 97.5 80-110%
High, 50.0 uM 100.5 93.7 100.2 80-110%
Precision (n=6, RSD® %)
AtLOQ, 0.4 M nab nab 9.0 15%
Low, 1.0 uM nab nab 6.0 11%
Medium, 25.0 uM 4.8 1.8 4.0 7.3%
High, 50.0 uM 3.9 13 3.8 7.3%

3 Acceptable range according to AOAC Peer Verified Methods [33,34].
b n.a., not possible to analyze.
¢ RSD, relative standard deviation.

linearity range. Precision was high below 15% with a maximum
RSD of 9.0%, and the accuracy ranged from 87.8% to 100.2%. Those
obtained values were acceptable for the measured low analyte
concentrations [33,34]. Furthermore, we investigated the robust-
ness regarding the stability of both, substrate (p-Nph-5-TMP)
and product (p-nitrophenol), in reaction buffer (1 mM MgCl,,
2mM CaCl,, 10mM HEPES, pH 8.5) at the room temperature
(25°C). Our results showed that the product concentration was
constant over the whole test period of three days; however the
substrate was stable only for about one day in reaction buffer, and
during the observation period of 72h the amount of p-Nph-5'-
TMP was decreased from 99.2 +£0.4% to 91.6 £+ 1.3%. Thus, the CE
measurements were subsequently completed within one day.

3.3. Comparison of the new CE method with previously published
methods

In order to directly compare the newly developed CE method

with the previously published CE-based [28] and colorimet-
ric methods [2,9,16,17,22-26], we used those methods for the

40-

= NPPI

trophenol produced
[nmol/min/mg protein]

p-ni

L) L) L) L) L)
0 200 400 600 800 1000

[p-Nph-5'-TMP], uM

Fig. 3. Michaelis—Menten plots of the hydrolysis of p-Nph-5'-TMP by human NPP1
(m) and NPP3 (@®). Data points represent mean +SEM from three separate exper-
iments each run in triplicate. The determined kinetic parameters were: NPP1,
Kin=281+25 WM, Vmax=42.5+2.7 nmol/min/mg protein; NPP3, K, =133 +6 uM,
Vmax =21.5 & 1.0 nmol/min/mg protein.

determination of nitrophenolate and compared them with our new
method. Table 1 summarizes the results of the comparison of the
different methods with regard to LOD, LOQ, accuracy and preci-
sion. In comparison not only with conventional colorimetric assays
but also with the formerly described CE method for nitropheno-
late detection [28], these results show that the sensitivity of the
method has been significantly improved. The detection limit for
p-nitrophenol was 8-fold lower with the new method than with
spectrophotometric assays and 16-fold lower than with the previ-
ous CE procedure. Furthermore, this study demonstrated that the
newly developed CE technique allows the quantification of the ana-
lyte down to the nanomolar concentration range. In contrast, both

0204 020
1
A
0.5 015
210 010 2
0,05 0.5
2
0.00 JAL A 0.00
0 1 2 3 4 5 8 7
Minutes
020 Lo2o
B
0.151 Los
0.10- Lo.10
2 2
005 Loos
1
-
0.00 i +0.00
0 H 2 3 4 5 & 7
Minutss

Fig. 4. Typical electropherograms of NPP1 enzymatic reaction as control without
inhibitor (A) and inhibition assay in the presence of the inhibitor AOPCP at 1 mM (B).
The concentration of p-Nph-5'-TMP was 500 wM. The separation conditions were:
70 mM phosphate buffer at pH 9.2, 0.002% polybrene, fused-silica capillary 30cm
(20 cm to the detector), 75.5 wm (id), —80 wA, 15°C, detection at 400 nm (peak 1:
p-nitrophenol, peak 2: dinitrocresol as internal standard).
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Fig. 5. Concentration-dependent inhibition of human NPP1 (M) and NPP3 (@) by adenosine 5'-(«,[3-methylene)diphosphate (AOPCP), adenosine 5'-diphosphate-2',3'-
dialdehyde (dialADP), and 2'(3')-O-(4-benzoylbenzoyl)adenosine 5'-triphosphate (bzATP) determined by capillary electrophoresis. A substrate concentration of 500 WM
p-Nph-5-TMP, a reaction buffer consisting of 1 mM MgCl,, 2 mM CaCl,, and 10 mM HEPES, pH 8.5, and various concentrations of AOPCP, dialADP and bzATP were used. Data

points represent means -+ SEM from three separate experiments, each run in triplicate.

previous methods did not allow to determine the accuracy and
the precision in an analyte concentration of lower than 1.0 WM.
The lowest concentration for the colorimetric method and for
the earlier CE procedure, at which an acceptable accuracy with
a recovery range of 80-110% and a precision RSD of less than
11% could be obtained, were around 4.0 wM, and 7.0 wM, respec-
tively.

3.4. Determination of kinetic parameters of NPP1 and NPP3

For the determination of the Michaelis-Menten constants (Kp,)
and maximal velocity (Vimax) of both, human NPP1 and NPP3, eight
concentrations of p-Nph-5'-TMP in the range of 1-1000 uM were
used (Fig. 3). The enzyme velocity was determined by measuring
the peak areas of the products of the enzymatic reaction. Evaluated
Michaelis—-Menten values (Kp) of 281 +£25 and 133 +£6 uM were

obtained for NPP1 and NPP3, respectively. Calculated Vmax values
were 42.5+2.7 and 21.5 4+ 1.0 nmol/min/mg protein for NPP1 and
NPP3, respectively. A direct comparison with Ky, and Vinax values of
both human NPP subtypes for the same substrate (p-Nph-5'-TMP)
is not possible, because such data have not been described so far.
Reported Ky, values for NPPs from human [48], rat [17,22,49,50],
mouse [51] and cow [52] were between 50 and 300 wM and there-
fore in very good agreement with the values determined in the
present study.

3.5. Enzyme inhibition assay

The newly developed method was subsequently used to mea-
sure NPP inhibition. Inhibition of NPPs was determined for
concentrations ranging from 0.3 to 1000 uM of inhibitors in
the presence of a fixed amount of p-Nph-5-TMP (500 wM).
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Table 2
K; values at NPP1 and NPP3 obtained for AOPCP, dialADP and bzATP (n=3).
AOPCP dialADP bzATP
NPP1
IC50 £ SEM? (uM) 44.0+8.6 9.09 + 1.00 7.87 +£2.18
Ki = SEM? (M) 16.5+3.2 3.42 +£0.38 2.96 + 0.82
NPP3
ICs50 £ SEM? (WM) n.d.c 431 +£ 133 146.3 + 16.0
K; £ SEM? (M) n.d.e 9.45 + 2.92 32.1+35
Literature®
K; + SEM? (uM) 9.6+0.8 9.8 + 1.34 20.5 +2.2

2 SEM, standard error of the mean.

b Literature values from rat NPPs of unspecified subtype [49].

¢ n.d., not determined due to low inhibition (32%) at 1 mM concentration.
d K; value for dialATP at rat NPPs.

We analyzed the potency of the nucleotide analogs and
derivatives, adenosine 5'-(c,[3-methylene)diphosphate (AOPCP),
adenosine 5-diphosphate-2’,3’-dialdehyde (dialADP), and 2/(3')-
0-(4-benzoylbenzoyl)adenosine 5’'-triphosphate (bzATP) to inhibit
nucleotide phosphodiesterase activity of NPP1 and NPP3 (see
Table 2). All those standard inhibitors were found to be compet-
itive inhibitors of both NPP subtypes (data not shown). Fig. 4A
shows a typical electropherogram for the NPP1 with 500 WM of
p-Nph-5'-TMP as substrate, where less than 5% of substrate was
converted to the product p-nitrophenolate. The second electro-
pherogram in Fig. 4B shows a typical NPP inhibition; in this
case the inhibitor AOPCP (1 mM) had been added. One could see
that in the latter electropherogram, the peak area for the prod-
uct (p-nitrophenolate) was significantly decreased as compared
to the control assay. Clearly narrow peaks were observed on
a quite straight baseline, and concurrently, the main peak was
completely separated from the IS peak. Substrate p-Nph-5'-TMP
and product TMP were not detected since those nucleotides do
not absorb at 400 nm. The product p-nitrophenolate migrated
faster than the internal standard dinitrocresolate due to its
lower molecular weight. The obtained concentration-inhibition
curves for AOPCP, dialADP, and bzATP at NPP1 and 3 are pre-
sented in Fig. 5. The ATP derivative was 10-fold more potent to
block the human NPP1 (K;=2.96 +0.82 wM) compared to human
NPP3 (K;=32.1+3.5uM). The most potent inhibitor of the com-
pounds tested was dialADP; it blocked the activity of both,
NPP1 (K;=3.42+0.38 wM) and NPP3 (K;=9.45+2.92 uM). AOPCP
was found to exhibit a moderate inhibitory activity on NPP1
(K;=16.5+3.2 uM) but hardly any effect on NPP3. The calculated
K; values of the ADP and ATP analogs and derivatives were similar
to published values determined at NPPs present in rat serum [49].

3.6. Investigation of hydrolysis of nucleotide derivatives and
analogs by NPPs

In order to investigate whether the applied enzyme inhibitors,
an analog (AOPCP) and a derivative (dialADP) of ADP, and a
derivative of ATP (bzATP), act as alternative substrates or as true
inhibitors, hydrolysis of these nucleotides was investigated in the
presence of NPP1, and NPP3, respectively. CE operation conditions
were optimized for the separation and detection of each of the
nucleotide analogs and derivatives (see Section 2.8). The ADP ana-
log AOPCP was neither metabolized by NPP1 nor by NPP3, while
the ADP derivative dialADP was hydrolyzed by both subtypes. It
was a better substrate of NPP1 (87 4+ 2% hydrolysis) than of NPP3
(404 2%). The ATP derivative bzATP was somewhat more slowly
hydrolyzed by both enzymes, NPP1 (27 £+ 6%) and NPP3 (27 & 3%).
The electropherogram (Fig. 6) shows a typical hydrolysis experi-
ment of nucleotide derivatives and analogs, in which the inhibitor
bzATP was hydrolyzed by NPP1. In that electropherogram, the peak
size for bzATP (peak 3) was slightly smaller as compared with the
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Fig. 6. Typical electropherograms of the hydrolysis assay of 2/(3')-O-(4-
benzoylbenzoyl)adenosine 5'-triphosphate (bzATP, 500 wM) by NPP1: (A) control
without enzyme, and (B) hydrolysis in the presence of enzyme. The separation con-
ditions were: 70mM phosphate buffer at pH 6.5, 0.002% polybrene, fused-silica
capillary 60 cm (50 cm to the detector), 75.5 pm (id), —120 pA, 15°C, detection at
260 nm (peak 1: ATP, peak 2: UDP (IS), peak 3: bzATP).

control assay, while the peak area of UDP (peak 2 as IS) was vir-
tually the same in Fig. 6A and B. The peak area of ATP (peak 1)
was an impurity of bzZATP. ATP and UDP showed strait peaks in the
electropherogram, but the peak of bzZATP was broad and included a
shoulder because this compound is a mixture of two isomers, which
could be not be perfectly separated by the applied operating condi-
tions. With respect to the results of the present study, we confirmed
that AOPCP is a true NPP inhibitor consistent with published data
[49], while dialADP and bzATP act as alternative substrates of NPP1
and NPP3.

4. Conclusions

In conclusion, we have developed a highly sensitive capillary
electrophoresis method for the screening of potential inhibitors and
substrates of nucleoside pyrophosphatases/phosphodiesterases
(NPPs). p-Nitrophenyl 5-thymidine monophosphate was used
as an artificial substrate forming p-nitrophenol upon NPP
hydrolysis, which is converted to the intensely yellow-colored p-
nitrophenolate at alkaline pH. By applying dynamic coating with
the cationic polymer polybrene on the negatively charged silica-
fused capillary walls, combined with an optimized selection of
running and reaction buffer, and a short capillary length, very low
limits of detection (LOD) and quantification (LOQ) in the nanomo-
lar range were achieved. Thus the sensitivity of the new CE method
is much higher, not only than that of our previously reported CE
method [27,28], but also than that achieved with conventional
spectrophotometric assays [2,9,16,17,22-26]. The CE method was
further validated following ICH and FDA guidelines [31,32] and the
results of the validation confirm its high suitability according to
all evaluation criteria. Furthermore, this method has been success-
fully applied to Michaelis-Menten kinetic analysis and subsequent
enzyme inhibition tests. In the future, this technique will be used
as aroutine procedure for the screening of compound libraries and
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the confirmation of hit compounds in order to develop selective
inhibitors for this pharmacologically important class of enzymes.
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