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We describe an on-flow zonal affinity-based chromatography assay to screen ligands for the
nucleoside diphosphate kinase B enzyme (NME2) from Homo sapiens. For the first time, we have
covalently immobilized NME2 on the surface of an open fused silica capillary reactor (NME2-ICER)
and placed the reactor before the analytical column, which resulted in a two-dimensional liquid
chromatography-based system. We evaluated the pH effect on immobilized NME2 activity and
carried out steady-state kinetic studies to compare free and immobilized NME?2. Steady-state kinetic
studies with the substrates adenosine 5’-triphosphate di(tris) salt dihydrate (ATP) and guanosine
5’-diphosphate sodium salt (GDP) resulted in apparent Michaelis-Menten constant values of 1136
and 713 mmol L, respectively. The ping-pong catalysis mechanism and substrate specificity
were preserved after NME2 immobilization. By employing a reference inhibitor, (—)-epicatechin
gallate (ECG), we verified the potential application of this method in NME2 ligand screening and
NME?2 inhibitor identification. The half maximum inhibitory concentration (IC,) for ECG was
161.3 + 1.0 pmol L.
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Introduction

The success of a drug-discovery project depends
upon having not only a well-characterized target and a
good compound library, but also efficient and appropriate
screening technologies to identify valuable chemical
starting points.!

Nucleoside diphosphate kinase (NDPK; EC 2.7.4.6) is
an ubiquitous enzyme that catalyzes y-phosphoryl transfer
from a triphosphate nucleotide (NTP) to a diphosphate
nucleotide (NDP), including 2’-desoxynucleoside.? This
transfer occurs through a ping-pong mechanism that
involves a covalent intermediate in which the enzyme is
transiently phosphorylated at a histidine residue.??

In humans, the gene family NDPK consists of ten
members (designated NME1-9 and RP2; non-metastatic).*?
NMEI! (nucleoside diphosphate kinase A) and NME2
(nucleoside diphosphate kinase B) are the most abundant

*e-mail: ccardoso@ffclrp.usp.br

subunits in human cells and have been extensively studied.*
Despite the structural similarity between these subunits,
protein NME1 suppresses metastasis,® whereas NME2
seems to be inversely correlated with metastatic potential.™
Albeit controversial, in vitro and in vivo studies have
also shown higher NME2 protein expression in several
kinds of human cancers such as hepatocellular carcinoma,
breast cancer, colorectal cancer, pancreatic cancer, lung
cancer, endometrial cancer, and liver cell tumor.”>!?
More recently, NME2 inhibition by stauprimide has been
demonstrated to down-regulate MYC transcription with
consequent tumor growth inhibition in an animal model.'*
Additionally, in vivo studies on NME2 blockade impact
have revealed decreased tumor growth and metastasis in
breast cancer.” Furthermore, NME2 knockdown has been
shown to reduce cell survival and to increase cell apoptosis
in colorectal cancer cells.'® Thus, finding a small molecule
that can inhibit NME2 activity may aid cancer therapy.
NDPK activity is usually measured by means
of a coupled pyruvate kinase/lactate dehydrogenase
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spectrophotometric enzymatic assay. This indirect assay
measures nicotinamide adenine dinucleotide (NADH)
oxidation coupled to NTP hydrolysis'” and can lead to false
positive and/or false negative results because it is based on
indirect NDPK activity measurement.

To overcome these drawbacks, developing innovative and
efficient direct assays that can recognize and characterize
NME2 inhibitors is extremely relevant for the drug discovery
process. Immobilized capillary enzyme reactors (ICERs)
have already proven to be an efficient tool to develop
completely automated on-flow immobilized enzyme-based
screening systems, to carry out standard enzyme kinetic
studies, and to characterize ligands for numerous therapeutic
enzymes, like cholinesterases,'®?° B-secretase (BACE1),*
gelatinase,” and glucose-6-phosphate dehydrogenase.?
These immobilized reactor-based systems have already been
successfully used to study enzyme kinetics and to investigate
enzyme inhibition through application of both zonal'***2
and frontal>>262-3! affinity-based strategies.

Here, we describe a two-dimensional on-flow zonal
affinity-based chromatography assay for NME2 coupled
to an ion-pair reversed-phase high-performance liquid
chromatography system (ion-pair RP-HPLC). For the
first time, we report on successful covalent NME2
immobilization on open tubular silica capillary (named
NME2-ICER). We have evaluated possible changes in
NME?2 structural conformation and/or substrate binding
sites after NME2 immobilization by verifying the pH effect
on enzymatic activity with the aid of steady-state kinetic
studies for free and immobilized NME2. To validate the
applicability of the assay to screen ligands for NME2, we
have employed a well-known phosphotransferase inhibitor,
(—)-epicatechin gallate (ECG), and determined the half
maximum inhibitory concentration (ICs).

Experimental
Materials

Adenosine 5’-triphosphate di(tris) salt dihydrate (ATP),
guanosine 5’-diphosphate sodium salt (GDP), adenosine-
5’-diphosphate sodium salt (ADP), and guanosine-
5’-triphosphate tris salt (GTP) were purchased from
Sigma-Aldrich (St. Louis, USA).

ECG was provided by Prof Dr Anita J. Marsaioli
of the University of Campinas (UNICAMP, Campinas,
Brazil). Buffer constituents and all reagents that were
used to immobilize, to express, and to purify the enzyme
were supplied by Sigma-Aldrich (St. Louis, USA), Acros
(Geel, Belgium), J.T. Baker (Xalostoc, Mexico), Merck
(Darmstadt, Germany), Qiagen (Hilden, Germany), and
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GE Healthcare (Little Chalfont, United Kingdom). The
standard coated open silica capillary tubing (0.375 mm
0.d. x 0.100 mm i.d., code: TPS100375) was obtained from
Polymicro (Phoenix, USA). All solutions were prepared
with ultrapure water purified in a Millipore Progard® 2
system (Sao Paulo, Brazil). All buffer solutions were
filtered on cellulose nitrate membranes (0.45 um) provided
by Phenomenex® (Torrance, USA). All chemicals and
solvents used in the experiments had analytical or HPLC
grade and were used without further purification.

Instrumentation

The two-dimensional on-flow zonal affinity-based
chromatography assay was set up as illustrated in Figure 1
(system 1). The first dimension, where the on-flow enzyme
reaction took place, consisted of a Shimadzu Prominence
LC20 AD binary pump, a Shimadzu Prominence SIL-20A
auto-sampler (Kyoto, Japan), and NME2-ICER. The
second dimension, where the nucleotides were separated,
comprised a Shimadzu Prominence LC20 AD binary pump
(Kyoto, Japan) with incorporated low-pressure gradient
valve (LC-20AD/20AT), a two-position and three-way
electronically controlled VICI Cheminert switching
valve (model EHMA from Valco, Houston, USA), an
octadecyl column (Eclipse XDB Agilent®, 5 um, 100 A,
150 x 0.46 mm i.d., Santa Clara, USA), and a Shimadzu
Prominence SPD-M20A diode array detector (Kyoto,
Japan). The two-dimensional system was controlled by
a CBM-20A controller, and data were acquired with LC
Solution software (version 2.1).

To measure the free NME2 activity, a simplified
version of system 1 was employed. This version (system 2)
consisted of a Shimadzu Prominence SIL-20A auto-sampler
(Kyoto, Japan), a Shimadzu Prominence LC20 AD binary
pump (Kyoto, Japan), an octadecyl column (Eclipse XDB
Agilent®, 5 um, 100 A, 150 x 0.46 mm i.d., Santa Clara,
USA), and a Shimadzu Prominence SPD-M20A diode array
detector (Kyoto, Japan). System 2 was also controlled by
a CBM-20A controller.

Protein expression and purification

cDNA encoding NME2 was cloned into vector pET28a
(Novagen, Madison, USA) with an N-terminal histidine tag.
Recombinant NME2 was overexpressed in E. coli strain
BL21 (DE3) as reported for Leishmania major nucleoside
diphosphate kinase B (LmNDKD) in reference.** Briefly,
recombinant NME2 was induced with 1.0 mmol L'
isopropyl-pB-D-thiogalactopyranoside (IPTG) for 5 h,
and the enzyme was purified by affinity chromatography
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Figure 1. Schematic diagram of the two-dimensional on-flow zonal affinity-based chromatography assay. (a) Initially, the valve remains in position A,
and the enzymatic reaction occurs in NME2-ICER; (b) after that, the valve changes positions, and the products (ADP and GTP) and unreacted substrates
(ATP and GDP) are separated by ion-pair RP-HPLC in the second dimension and detected at 254 nm.

with the aid of a Ni** chelating resin. Protein expression
and purity were verified by 15% SDS-PAGE. Next, the
concentration of the fractions with the highest purity were
estimated by the Bradford method;** bovine serum albumin
was used as standard.

NME2-ICER preparation

Recombinant NME2 was covalently immobilized
on the internal surface of a standard coated open silica
capillary tubing (100 cm x 0.375 mm x 0.1 mm i.d.) as
previously described and optimized for L. major NDKb,?
with few modifications. Briefly, 500 uL of recombinant
NME2 solution (250 ng uL! in 150 mmol L' imidazole
buffer containing 300 mmol L' NaCl and 50 mmol L
NaH,PO,) was infused into the capillary at 130 uL min™.
NME2 solution was collected, and the step was repeated
three times. The 100 cm long immobilized capillary
enzyme reactor was divided, which generated three 30 cm
long reactors. The effect of the NME2 solution pH on the
immobilization procedure was evaluated by using NME2
solutions with pH 8 and 10.

A syringe pump model 11 Plus advanced single from
Harvard Apparatus (Holliston, USA) was employed
to infuse all the solutions during the immobilization
procedure. While NME2-ICER was not being used, it was
stored at 4 °C with both tips immersed in 50 mmol L' Tris/
HCI buffer, pH 7.0.

To assess immobilization procedure repeatability, the
initial activities of six freshly prepared NME2-ICERs from
two independent experiments were determined.

NME2-ICER stability was evaluated by periodically
monitoring NME2 activity for 320 days after immobilization.

NME2-ICER activities were measured by injecting
the substrates ATP and GDP (both at 1.0 mmol L' in
50 mmol L' Tris/HCI buffer, pH 7.0, containing 5 mmol L"!
MgCl, and 100 mmol L' NaCl) into the two-dimensional
on-flow zonal affinity-based chromatography system
(see “Two-dimensional on-flow zonal affinity-based
chromatography assay” sub-section).

Immobilization efficiency was evaluated in terms
of stability and activity recovery and expressed as a
percentage, according to equation 1:

Immobilized NME2 activity <100 (1)

Activity recovery(%) =
Y rye) Free NME2 activity

Free NME2 activity assay

NME2 activity in solution was investigated by using
system 2 (free NME2 activity assay) by directly quantifying
ADP production. Conditions for this enzymatic assay
were designed as previously described,?*? with minimal
modifications. Briefly, the reaction mixture consisted of
100 pL of a solution containing the substrates ATP and
GDP (both at 1 mmol L in 50 mmol L Tris/HCI buffer,
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pH 7.0, containing 5 mmol L' MgCl, and 100 mmol L
NaCl) and 250 ng uL."! NME2. The reaction mixture was
incubated at 37 °C for 10 min and was stopped by heating
to 80 °C. An aliquot (20 pL) of this mixture was directly
injected into system 2. The products (ADP and GTP) and
unreacted substrates (ATP and GDP) were separated by
ion-pair RP-HPLC (see “Two-dimensional on-flow zonal
affinity-based chromatography assay” sub-section).

Two-dimensional on-flow zonal affinity-based
chromatography assay

Analyses were performed by using system 1, described
above. The mobile phase employed in the first dimension
was 50 mmol L' Tris/HCI buffer, pH 7.0, which was
infused at 100 uL. min"' by pump 1. The nucleotide mixture
was completely transferred to the second dimension
by means of a three-way/two-position switching valve
(Figure 1a). Then, the nucleotides were separated in an
octadecyl ion-pair RP-HPLC column (Figure 1b). The
second-dimension binary mobile phase was infused by
pump 2 at 1.0 mL min"' and was composed of 84:16 (v/v)
of buffer A (50 mmol L' potassium phosphate monobasic,
pH 4.7, 80 mmol L' ammonium chloride, and 3.0 mmol L"!
tetrabutylammonium hydrogensulfate) and B (methanol).
All analyses were performed at room temperature (21 °C),
and 20 pL of the samples were injected. The UV detector
absorption wavelength was set at 254 nm.

Optimization

NME2-ICER activity was evaluated by using different
flow rates ranging from 30 to 250 puL min™! and different
transfer times ranging from 1 to 6 min.

The pH effect on the free and immobilized enzyme
activities was evaluated by determining these activities
at pH values ranging from 4.0 to 9.0. The activities were
evaluated by using 50 mmol L' citrate-phosphate buffer
(pH 4.0-7.0, with 0.5-unit intervals) and 50 mmol L' Tris
buffer (pH 7.0-9.0).

Method qualification

Both the two-dimensional on-flow zonal affinity-based
chromatography assay and the free NME2 activity assay
were qualified according to Food and Drug Administration
(FDA) bioanalytical guidelines.’* Qualifications included
evaluation of linearity, selectivity, limits of detection
(LOD), and limits of quantification (LOQ).

Linearity was determined by means of the ADP
standard external calibration curves. To this end, different
ADP stock solutions at concentrations ranging from 50
to 1500 umol L' were prepared. An aliquot (10 uL) of
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each ADP stock solution was further diluted to a final
volume of 100 pL in 50 mmol L' Tris/HCI buffer, pH 7.0,
containing 5 mmol L' MgCl, and 100 mmol L' NaCl.
Aliquots (20 puL) were injected into system 2 in triplicate.
For the two-dimensional on-flow zonal affinity-based
chromatography assay, an empty capillary was employed.
Each respective calibration curve was obtained by plotting
the ADP peak area versus the injected ADP concentration.
To assess method selectivity, chromatograms of the blank
runs without the target analytes were examined. The
precision determined at each concentration level should
not exceed 15% of the coefficient of variation (CV) except
for the LOQ, where it should not exceed 20% of the CV.*
The acceptance criteria for the LOQ were that the accuracy
of three samples should be under 20% variability, while
the LOD was defined by considering a signal-to-noise
ratio of 3.

Organic solvent effect on NME2-ICER activity

NME2-ICER activity was also monitored in the presence
of different organic solvents, including acetonitrile,
dimethyl sulfoxide (DMSO), ethanol, and methanol.
Reaction mixtures were prepared by mixing 10 pL of
GDP stock solution (10 mmol L') and 10 pL of ATP stock
solution (10 mmol L") with each solvent to obtain a final
concentration of 25 and 50% (v/v). Each reaction mixture
(20 pL) was injected into NME2-ICER by using two-
dimensional on-flow zonal affinity-based chromatography
assay, in triplicate. The separation of two peaks is usually
described in terms of their resolution, R¢ = (difference in
retention times)/(average peak width).* Thus, the ADP
peak area at 254 nm in the presence of each organic solvent
was measured and compared to the control (without organic
solvent) in terms of Rq and relative activity.

NME?2 steady-state kinetics

To generate Michaelis-Menten and Lineweaver-Burk
plots, the final concentration of the phosphate donor
substrate, ATP, ranged between 150 to 5000 umol L,
whereas the GDP concentration was fixed at 250, 500,
750, and 1500 pmol L' for both the free enzyme and
NME2-ICER. Next, the concentration of the phosphate
acceptor, GDP, was varied between 150 and 1000 pmol L',
while the ATP concentration was fixed at 150, 250, 500,
and 1000 uymol L' for the free enzyme, and at 150, 500,
750, and 1000 umol L' for NME2-ICER ATP.

To determine the kinetic parameters K;\" and K" the
ATP concentration ranged between 150 to 2000 pmol L,
whilst the GDP concentration was fixed at 1500 pmol L.
Then, the GDP concentration was varied between 150 to
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2000 umol L', while the ATP concentration was fixed at
1000 pmol L. The kinetic parameters (K" and K{")
were obtained by nonlinear regression analysis with the

aid of the software GraphPad Prism 5.3
Inhibition studies with NME2-ICER

Potential application of the two-dimensional on-flow
zonal affinity-based chromatography assay to screen NME2
ligands was verified by using a reference inhibitor, ECG.

The ICs, for the compound ECG was determined by
directly quantifying ADP production in the presence of
different concentrations of the inhibitor. First, a positive
control for enzymatic activity was obtained in the absence
of inhibitor. Reaction mixtures were prepared by mixing
10 uLL of GDP stock solution (15 mmol L"), 10 uL. of ATP
stock solution (50 mmol L"), and 10 pL of ultrapure water.
The final volume (100 uL) was completed with 50 mmol L"!
Tris/HCI buffer, pH 7.0 containing 5 mmol L' MgCl, and
100 mmol L' NaCl. Next, enzymatic activity was measured
in the presence of inhibitor. To this end, appropriate ECG
stock solutions (ranging from 200 to 3000 umol L) were
prepared in water. Reaction mixtures were prepared by
mixing 10 pL of each ECG stock solution with 10 pL of
GDP stock solution (15 mmol L!) and 10 pL of ATP stock
solution (50 mmol L'). The final volume (100 pL) was
completed with 50 mmol L' Tris/HCI, pH 7.0, containing
5 mmol L' MgCl, and 100 mmol L' NaCl.

For each inhibitor concentration, the percentage of
inhibition was determined according to equation 2:

Inhibition(%) =100 {1 - (P‘_—S"H 2)
PO S b

where P, is the product (ADP) formed in the presence of

inhibitor, P, is the ADP product quantified in the absence

of inhibitor, and S, is ADP quantified during spontaneous

ATP hydrolysis.

S, was determined by injecting the reaction mixture
into an empty open tubular silica capillary (blank analysis
to quantify spontaneous ATP hydrolysis).

In addition, ECG interference in the ion-pair RP-
HPLC separation of the nucleotides was evaluated. For
this purpose, an aliquot (20 uL) of an ECG solution
(200 umol L") in 50 mmol L' Tris/HCI buffer, pH 7.0,
containing 5 mmol L' MgCl, and 100 mmol L' NaCl was
injected into an empty open tubular silica capillary.

The inhibition curve was obtained by plotting the
percentage of inhibition versus each corresponding ECG
concentration, and the IC,, value was achieved by nonlinear
regression analysis with the software GraphPad Prism 5.%

J. Braz. Chem. Soc.

Results and Discussion
Recombinant NME2 expression and purification

It was used E. coli cell strain BL21 (DE3) to
overexpress NME2. To evaluate NME2 overexpression
levels, we collected aliquots of culture shortly after
induction with IPTG. Five hours later, we analyzed them
by SDS-PAGE (sodium dodecyl sulfate polyacrylamide
gel electrophoresis), which revealed elevated recombinant
NME?2 levels (Figure 2, lane 2).

Molecular Weight
/kDa M 1 2 3 4 5 6 7

-— -
7

970 —> w—i
66.0 —> W S

450 —> T

300 —>

Figure 2. SDS-PAGE analysis of NME2 overexpression by E. coli strain
and NME?2 purification by affinity chromatography. The standard protein
marker (M) contains phosphorylase b (97 kDa), albumin (66 kDa),
ovalbumin (45 kDa), carbonic anhydrase (30 kDa), trypsin inhibitor
(20.1 kDa), and o-lactalbumin (14.4 kDa). Lanes 1 and 2 correspond
to whole cell lysate samples before and 5 h after induction with IPTG;
lane 3: flow-through sample; lane 4: washing of nonspecific proteins
with 40 mmol L' imidazole; lanes 5-7: the first three aliquots eluted with
250 mmol L' imidazole.

We recovered recombinant NME2 from soluble lysate
and purified it on packing Ni-NTA (nitrilotriacetic acid)
affinity resin. After that, we washed nonspecific proteins
that were weakly bound to the column (Figure 2, lanes 3 and
4) and eluted recombinant NME2 with imidazole gradient
(150 to 250 mmol L!). SDS-PAGE showed that the eluted
samples presented a single band with molecular mass of
approximately 18 kDa, which corresponded to purified
recombinant NME2 (Figure 2, lanes 5-7).

NME2 immobilization

We covalently immobilized NME2 via glutaraldehyde
groups on open tubular silica capillary. Immobilization pH
greatly influences enzymatic activity, so we investigated
immobilization at pH 8.0 and 10.0 for 250 ng uL' NME2
in 150 mmol L' imidazole buffer containing 300 mmol L!
NaCl and 50 mmol L' NaH,PO,. We obtained activity
recoveries of 77.9 +2.4% and 83.3 + 0.1% for NME2-ICER
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immobilized at pH 8.0 and 10.0, respectively. However,
activity of NME2-ICER obtained at pH 10.0 decreased
dramatically after 150 days, whereas NME2-ICER obtained
at pH 8.0 remained stable for over 300 days. Therefore, we
conducted NME2 immobilization at pH 8.0.

The initial activity of six freshly prepared
NME2-ICERs from two independent experiments was
334.6 = 37.6 ymol L' (CV = 11.2%, n = 6), which
demonstrated immobilization procedure repeatability.

Two-dimensional on-flow zonal affinity-based
chromatography assay

We accomplished ion-pair RP-HPLC separation of
the nucleotides ATP, ADP, GTP, and GDP, which are
involved in the enzymatic reaction, under chromatography
conditions previously published by our research group,®
with modifications. Here, we employed an Eclipse
XDB Agilent® (Santa Clara, USA), 5 um (100 A,
150 x 0.46 mm i.d.), as analytical column, which reduced
analysis time. The nucleotides were separated within
7.5 min in simplified system 2 (Figure 3a). This approach
allowed us to follow enzymatic activity by monitoring
both products, ADP and GTP. We employed the same
chromatography conditions for two-dimensional on-flow
zonal affinity-based chromatography assay and system 2
(free NME2 activity assay).

We used two-dimensional on-flow zonal affinity-based
chromatography assay to measure NME2-ICER activity.
Because flow rate can affect the reaction time between the
immobilized enzyme and the substrates, we evaluated flow
rates ranging from 30 to 250 uL min™'. Enzymatic activity
increased with decreasing flow rate. The highest activity
was achieved at 30 uL min™'; only 30% of the initial activity
was recovered at flow rates above 150 uL min™' (Figure 3b).
However, the time for total reaction mixture transfer from
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NME2-ICER to the analytical column at 30 puL. min"'
was longer than 5 min. A flow rate of 100 uL min! best
combined high activity (75%) and short transfer time
(2.5 min).

Initially, we positioned the valve of the two-dimensional
on-flow zonal affinity-based chromatography assay in
position A (Figure 1a), which allowed NME2-ICER
conditioning in 50 mmol L' Tris/HCI buffer, pH 7.0, and
analytical column conditioning in buffer A and methanol
(84:16, v/v). After we injected the sample into the system,
we switched the valve to position B (Figure 1b) to transfer
the compounds of the enzymatic catalysis carried out in
NME2-ICER for 2.5 min directly to the analytical column.
Next, we switched the valve back to position A. Products
and unreacted substrates were separated (7.5 min) in
the analytical column. Total analysis time was 10 min
(Figure 3a). Table 1 lists event times and chromatographic
conditions employed for the two-dimensional on-flow zonal
affinity-based chromatography assay.

Table 1. Chromatographic conditions of the two-dimensional on-flow
zonal affinity-based chromatography assay to evaluate NME2-ICER
activity and to screen NME2 ligands

Pump  Valve position time / min Event
substrate injection into

1 B 0.00-2.50 NMEZ—ICER arfd reaction
mixture transfer to the

analytical column
1 A 2.51-10.0 NME2-ICER
conditioning
2 A 2.51-10.0 nucleotide separation and

quantification

Pump 1: flow rate = 100 pL min’', mobile phase = 50 mmol L' Tris/HCl
buffer, pH 7.0; pump 2: flow rate = 1.0 mL min"', binary mobile
phase = buffer A/methanol (84:16% v/v). Detection at 254 nm.
NME2: nucleoside diphosphate kinase B enzyme; ICER: immobilized
capillary enzyme reactors.
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Figure 3. (a) Representative chromatogram for the separation of products (GTP and ADP) and unreacted substrates (GDP and ATP) in an ion-pair RP-HPLC
column via simplified system 2; (b) relative NME2-ICER activity for different flow rates in system 1 of the two-dimensional on-flow zonal affinity-based
chromatography assay. The relative activity was calculated on the basis of the activity obtained at 30 pL min™', where 144.9 ymol L' ADP was formed.
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We qualified the two-dimensional on-flow zonal -~ /
affinity-based chromatography assay and the free NME2 ‘E' 75 i"
activity assay according to the guidelines for bioanalytical 5 /
methods.** We quantified ADP production by NME2-ICER § 504 ’;"
on the basis of the ADP chromatographic peak area p= ’."
(Figure 3a) at 254 nm. The calibration curve gave a linear E 25 & -&- free NME2
relationship for ADP (y = 12356x — 187865, correlation -+ NME2-ICER
coefficient (r*) = 0.99) with CV for replicates below 15% 0 : | : : | : |

3 4 5 6 7 8 9 10

and accuracy within 20% of the nominal concentration.
LOD and LOQ values were 20 and 100 pmol L
(CV =5.3%,n =3, accuracy = 10.1%), respectively. When
we used the free NME2 activity assay, the calibration
curve for ADP was y = 11432x + 947100, 12 = 0.99, with
CV for replicates below 15% and accuracy within 20% of
the nominal concentration. LOD and LOQ values were
20 and 50 pmol L' (CV =2.8%, n = 3, accuracy = 1.5%),
respectively.

Enzymatic reaction pH effect

We investigated the enzymatic activity of both free and
immobilized enzyme (NME2-ICER) at pH values ranging
from 4.0 to 9.0. As illustrated in Figure 4, the pH value
influenced free NME2 and immobilized NME2 in similar
ways. The enzymes presented relative activity in a wide
pH range. Thus, we decided to use an enzymatic reaction
pH of 7.0 in further enzyme kinetic and inhibition studies.

Organic solvent compatibility

Studies have shown that several physicochemical
factors may lower enzymatic activity in organic solvents
as compared to their activity in water. The presence of
organic solvents can influence the enzymatic activity by
different mechanisms such as active center blockade,

125+

,_.
o
T

pH

Figure 4. Enzymatic reaction pH effect on relative free NME2 and
NME2-ICER activities.

unfavorable energy for substrate desolvation (e.g., enzyme-
substrate interactions in partially exposed transition
states), reduced conformational mobility, suboptimal
pH situation, and enzyme and protein denaturation.’® We
assessed two-dimensional on-flow zonal affinity-based
chromatography assay compatibility with organic solvent
(acetonitrile, DMSO, ethanol, or methanol) in terms
of resolution, Ry, and relative NME2-ICER activity. A
minimum resolution of 2.0 is essential for robustness,
which results in adequate separation.®® Rq was greater than
2.0 only in the presence of methanol and DMSO.

Figure 5 shows that the relative NME2-ICER activity
decreased by approximately 20% in the presence of 50%
methanol (v/v) or 25% DMSO (v/v) and by 50% in the
presence of 50% DMSO (v/v). In the presence of 25%
methanol (v/v), the relative activity was totally preserved.
Although results revealed that the relative activity was
better in the absence of any solvent, NME2-ICER activity
could be measured in the presence of methanol or DMSO
in the two-dimensional on-flow zonal affinity-based
chromatography assay. An important aspect that must be
considered in the screening of small molecules is their
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Figure 5. Relative NME2-ICER activity in the presence and absence of organic solvents like ethanol and methanol. Different proportions of organic
solvents were used in the reaction mixture (25 and 50% v/v) (n =3, ***p < 0.001 and *p < 0.1).
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solubility in organic solvents. The possibility of using
organic solvents in our assay is an advantage that allows
its application as a ligand screening method.

Free and immobilized enzyme steady-state kinetics

Free and NME2 reaction steady-state kinetics were
evaluated for both free and immobilized NME?2. First, four
fixed amounts of either ATP or GDP were assayed with
increasing concentrations of the other substrate and directly
fitted to the Michaelis-Menten equation (Figure 6). These
data were then used to construct double-reciprocal plots
according to Lineweaver-Burk (Figure 6, insets). When we
varied the ATP concentration at a fixed phosphate acceptor
(GDP) concentration, we obtained a series of parallel lines
in a double reciprocal plot for both free NME2 (Figure 6a,
inset) and NME2-ICER (Figure 6b, inset). This pattern is
characteristic of a ping-pong mechanism where one product
is released before the second substrate combines with the
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enzyme.** We achieved an identical pattern when we
varied the GDP concentration at a fixed phosphate donor
(ATP) concentration for both free NME2 (Figure 6c¢, inset)
and NME2-ICER (Figure 6d, inset).

Table 2 summarizes apparent K,,,,, values estimated
from the fit of the data to the Michaelis-Menten equation

for both ATP and GDP.

Table 2. Kinetics parameters for free and immobilized NME2

ATP ) GDP r
Enzyme Krmlpp / (mmol L) Kmapp / (mmol L)
Free 803.8 832
Immobilized (NME2-ICER) 1136 713

ATP: adenosine 5’-triphosphate di(tris) salt dihydrate; GDP: guanosine
5’-diphosphate sodium salt; NME2: nucleoside diphosphate kinase B
enzyme; ICER: immobilized capillary enzyme reactors.

Enzyme immobilization in a support creates a new
microenvironment and can affect how the immobilized
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Figure 6. Kinetic analysis of enzyme activity of both free enzyme and NME2-ICER. Michaelis-Menten plots when the ATP concentration was varied at
fixed GDP concentrations of 0.25 (A), 0.50 (W), 0.75 (O), and 1.50 mmol L' (#) for NME2-ICER (a) and free NME2 (b). Inset: double-reciprocal plots
when the ATP concentration was varied at several fixed GDP concentrations for both NME2-ICER (a) and free enzyme (b). Michaelis-Menten plots when
the GDP concentration was varied at several fixed ATP concentrations of 0.15 (@), 0.50 (H), 0.75 (O), and 1.0 mmol L' ((J) for NME2-ICER (c) and
fixed ATP concentrations of 0.15 (@), 0.25 (A), 0.50 (W) and 1.0 mmol L' () for free NME2 (d). Inset: double-reciprocal plots as a function of GDP
concentration for both NME2-ICER (c¢) and free NME2 (d).
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enzyme interacts with a substrate. Consequently, some
properties of the enzyme molecule, such as catalytic
activity, pH, and thermal stability, can change as compared
to the free enzyme.*' However, here we obtained similar
results for both free NME2 and NME2-ICER, which
showed that the ping-pong catalytic mechanism was
preserved, and that free NME2 and NME2-ICER had
similar kinetic parameters ngp and Kgf;. Furthermore,
substrate inhibition occurred at fixed ATP concentration
and higher phosphate acceptor substrate (GDP) levels for
both free and immobilized enzymes (data not shown) as
previously described for nucleoside diphosphate kinase.**
Hence, NME2 conformational structure and substrate
binding sites were minimally altered during NME2
immobilization.

Inhibition studies

Tea contains polyphenolic compounds such as
epigallocatechin gallate (EGCG), epigallocatechin
(EGC), and epicatechin gallate (ECG), which suppress
cancer cell proliferation. Malmquist e al.’’ showed that
tea polyphenolic constituents (EGCG, ECG, and flavins)
inhibit NME2 activity. To validate the two-dimensional
on-flow zonal affinity-based chromatography assay
applicability, we used ECG, a well-known NME2 inhibitor.

We determined ICs, for the reference compound
ECG by directly quantifying ADP formation. To this
end, we measured NME2-ICER activity at fixed and
saturating ATP and GDP concentrations and different
ECG concentrations. On the basis of Figure 7, ECG had
IC,, value of 161.3 £ 1.0 umol L. Previous studies have
demonstrated that ECG is active against free NME2, with an
IC,, value of 170 umol L'.3” Although ICs, values for ECG
against both free enzyme and NME2-ICER are similar, the
IC,, value varies with assay conditions, such as the enzyme
and substrate concentrations.’?® NME2-ICER activity
decreased after subsequent ECG injection, so we assumed
that there was a procedure to recover the activity. However,
approximately 20% of the initial NME2-ICER activity
was preserved after we injected samples to construct the
IC;, curve. Therefore, NME2-ICER recognized ECG
as an inhibitor when we employed the two-dimensional
on-flow zonal affinity-based chromatography assay.
NME2-ICER activity loss due to this inhibitor suggested
that the mechanism of NME2 inhibition by ECG was not
the traditional reversible mechanism. For this reason, the
classic steady state equations for initial velocity cannot
be applied to study the ECG mechanism of action against
NME2. Clearly, more specific studies, considering ECG
slow or tight binding to NME2, must be conducted.

J. Braz. Chem. Soc.
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Figure 7. Dose-response curve plot of inhibition percentage for
NME2-ICER in the presence of epicatechin gallate (ECG).

Conclusions

The approach described herein represents a significant
improvement in the indirect and coupled methods that
are usually employed to measure enzyme activity. The
strategy reported here is a promising alternative to classic
ligand screening methods: two-dimensional on-flow zonal
affinity-based chromatography assay using NME2-ICER
can be applied in kinetic studies. As demonstrated for the
reference inhibitor ECG, the developed assay can be used
to identify and to characterize NME?2 inhibitors, and it
provides the quantitative parameter ICs,. This approach
presents several advantages over procedures based on free
enzymes in solution, including enzyme reuse for reversible
ligands, need for smaller sample amounts, higher analysis
speed, and automation.
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