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Abelson tyrosine-protein kinase 1 (ABL1) catalysed phosphorylation involves the addition of a phosphate
group from ATP to the tyrosine residue on the substrate abltide. The phosphorylation reactions were
carried out by incubating ABL1, ATP and the substrate abltide. Adsorption at the glassy carbon electrode
surface in either reaction mixtures or control solutions, followed by differential pulse voltammetry in buffer
allowed detection of the variation of abltide tyrosine residue oxidation peak reflecting the occurrence of the
phosphorylation reaction. The effect of abltide, ATP and ABL1 concentrations as well as the time course of the
phosphorylation reaction were studied. The influence of co-adsorption of ABL1, ATP and phosphorylated
abltide was evaluated and the conditions for the electrochemical detection of ABL1-catalysed
phosphorylation optimised. The Michaelis-Menten constant for abltide binding Ky ~ 4.5 .M, turnover
number kee ~ 11 s~' and enzyme efficiency Keai/Knv ~ 2.3 s~! WM ~! were calculated. The inhibition of ABL1
by imatinib mesylate and danusertib was also electrochemically investigated and IC50 values of 0.53 and
0.08 wM determined.
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1. Introduction

Protein kinases are enzymes involved in signal transduction
pathways, regulating a number of cellular functions such as cell
growth, differentiation and cell death [1,2]. Kinases catalyse the
transfer of the y-phosphate from an ATP molecule to a tyrosine,
serine or threonine residue on a substrate protein [3]. Any
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deregulation in the signalling mechanism is a frequent cause of
diseases [4,5] including cancer [2,4].

One of the most prominent examples is the Abelson tyrosine-
protein kinase 1 (ABL1) [6], a cytoplasmic tyrosine kinase which
mechanism of action is strictly regulated in healthy cells [7,8]. In
chronic myeloid leukaemia (CML), the tyrosine kinase is constitu-
tively activated [9] presenting enhanced uncontrolled activity. The
ABL1 tyrosine kinase is responsible for the improved proliferation
of cancer cells, turning this protein into a target for anticancer
therapy [10].

Several synthetic kinase inhibitors were developed and their
efficiency against various cancers described [11-13]. The leading
compound in treatment of CML is imatinib mesylate [14],
Scheme 1A, but resistance to imatinib has emerged as a major
problem. Since ABL1 shares remarkable structural resemblance
with other kinases, molecules such as danusertib [15], Scheme 1B,
acting as dual ABL/Aurora kinase inhibitors possess enhanced
activity against CML when compared with imatinib [16].

Due to the importance of kinases in the pathology of different
diseases, assessing their activity and inhibition is significant from
medical and biochemical points of view [17]. Highly sensitive,
accurate, and reliable high throughput assays [18] for a variety of
kinases have been developed. The general principle involves the
detection of phosphorylation of specific oligopeptides selected
through degenerate peptide libraries [19]. The main methodology
is scintillation counting of radionuclides from ATP- y->2P or ATP-
v-33S, after filter binding or electrophoresis and autoradiography
[20], although detection with phospho-specific antibodies was
reported as an alternative [21,22].

Also, fluorescence [23], surface plasmon resonance |[24],
electrophoretic [25] and chromatographic techniques [26] have
been developed. Electroanalytical methods are sensitive and
electrochemical biosensors for the detection of mutant ABL1-
T3151, HER2/ErbB2, Riol, Src-related kinases, EGFR and PKA
catalysed phosphorylation reactions were described [27-31]. Most
techniques involve labelling of ATP and detection of the labelled
phosphate group after its transfer onto the corresponding
substrate. Simple, adaptable and label-free assays to enable kinase
activity detection are desirable [11].

The present study deals with the label-free electrochemical
detection of ABL1 tyrosine kinase activity and inhibition, and uses
previous reports which showed that phosphorylation of tyrosine
leads to loss of the oxidation peak [32]. The protocol involving
radiolabeled ATP molecules [33] was adapted for the electrochem-
ical assay. The phosphorylation reactions were carried out by
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Scheme 1. Chemical structure of: (A) imatinib mesylate and (B) danusertib.

incubating ABL1, ATP and the substrate abltide EAIYAAPFAKKK.
Adsorption on the GCE the surface in incubated solution followed
by differential pulse (DP) voltammetry in buffer allowed detection
of the abltide Tyr residue oxidation peak. The decrease of abltide
oxidation peak is consistent with the occurrence of the phosphor-
ylation reaction. The conditions for the electrochemical detection
of ABL1-catalysed phosphorylation were optimised, and Michae-
lis-Menten constant for abltide binding, turnover number and
enzyme efficiency estimated. The inhibiting efficiencies of imatinib
mesylate and danusertib were determined.

2. Experimental

2.1. Materials and reagents

ABL1 tyrosine kinase (specific activity 717-971 nmol min~!
mg '), 4-morpholinepropanesulfonic acid (MOPS), glycerol-2-
phosphate, MgCl,, ethylene glycol-bis(2-aminoethylether)-N,N,
N’,N’-tetraacetic acid (EGTA), ethylenediaminetetraacetic acid
(EDTA), dithiothreitol (DTT) from Sigma-Aldrich, substrate abltide
from Enzo-Life Sciences, imatinib mesylate from Novartis Portugal
and danusertib from Selleckchem were used without purification.

Kinase assay buffer (KAB) has been prepared by mixing 25 mM
MOPS, pH 7.2,12.5 mM glycerol-2-phosphate, 25 mM MgCl,, 5 mM
EGTA, and 2 mM EDTA. Just prior to use, DTT had been added to a
final concentration of 0.25 mM.

Kinase dilution buffer (KDB) has been prepared by diluting 5-
fold the kinase assay buffer with a solution of 0.05 g mL~" bovine
serum albumin (BSA) and 5% glycerol.

The stock solution of ABL1 (0.1 mg mL™~!) has been diluted with
KDB to the desired concentration. 10 mM ATP has been prepared in
KAB. The substrate was dissolved in deionized water to a final
concentration of 750 wM. All solutions were stored at —20°C.

Microvolumes were measured using EP-10 and EP-100 Plus
Motorized Microliter Pippettes (Rainin Instrument Co. Inc.,
Woburn, USA). The pH measurements were carried out with a
Crison micropH 2001 pH-meter with an Ingold combined glass
electrode. All experiments were done at room temperature
(25+1°Q).

2.2. Voltammetric parameters and electrochemical cells

Voltammetric experiments were carried out using a Compact-
Stat running with IviumSoft 2.124, Ivium Technologies, The
Netherlands. The measurements were carried out using a three-
electrode system in a 0.5 mL one-compartment electrochemical
cell. A glassy carbon (GCE, d = 1.0 mm), a Pt wire, and a Ag/AgCl (3 M
KCl) were used as working, auxiliary and reference electrodes,
respectively.

The experimental conditions for differential pulse (DP)
voltammetry were: pulse amplitude of 50 mV, pulse width of
100 ms and step potential of 2mV for a scan rate of 5mV s~ . The
DP voltammograms were recorded between +0.00 and +1.45 V.

The GCE was polished using diamond spray, particle size 3 wm
(Kemet, UK) before each electrochemical experiment. After
polishing, it was rinsed thoroughly with Milli-Q water. Following
this mechanical treatment, the GCE was placed in buffer
supporting electrolyte and differential pulse voltammograms were
recorded until a steady state baseline voltammogram was
obtained. This procedure ensured very reproducible experimental
results.

2.3. Incubation procedure

The reaction mixtures were prepared in a pre-cooled test tube,
where 10 wL of ABL1, 5 L of substrate abltide, 5 WL ATP and 5 L of
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cold water were incubated at room temperature for the desired
period of time.

For control experiments, the ATP in the incubation mixture was
replaced by the same amount and concentration of ADP and the
solution was incubated during 30 min.

For the detection of inhibitory effect of imatinib mesylate and
danusertib the water in the incubation mixture has been replaced
with 5 wL of inhibitor solution at different concentrations.

2.4. Electrochemical procedure

5 L of the incubation mixture was placed on top of the GCE and
allowed to freely adsorb during 3 min. Next, the electrode surface
was washed in deionized water and placed in the electrochemical
cell containing pH 7.4 0.1 M phosphate buffer were DP voltam-
metry was performed.

2.5. Acquisition and presentation of data

All voltammograms presented smoothed and baseline-cor-
rected using an automatic function included in the IviumSoft
version 2.124. This mathematical treatment improves the visuali-
zation and identification of peaks over the baseline without
introducing any artefact.

Origin Pro 9.0 from OriginLab Corporation was used for the
presentation and fitting of all the experimental data reported in
this work.

3. Results and discussion

Phosphorylation reactions by ABL1 involve the addition of a
phosphate group from ATP to a tyrosine (Tyr or Y) residue on
substrate. Tyr is electroactive and its oxidation occurs with the
transfer of electrons and protons from the hydroxyl group attached
to the aromatic ring [32]. Phosphorylation of Tyr occurs at the
same position and supresses the electrochemical reaction, as
previously demonstrated [32].

The phosphorylation reactions were carried out by incubating
ABL1, ATP and the substrate abltide EATYAAPFAKKK which contains
the Tyr(Y) residue. After an appropriate incubation period, adsorp-
tion of the reaction mixture on the GCE the surface was carried out.
Next, the electrode was washed with deionised water to remove the
unbounded molecules and placed into the electrochemical cell
containing only phosphate buffer pH 7.4. The DP voltammetry was
performed for detection of the abltide Tyr residue oxidation peak.
The decrease of abltide oxidation peak is consistent with the
decrease of the abltide concentration after the phosphorylation
reaction. For control experiments, the ATP in the reaction mixture is
replaced by ADP and no phosphorylation takes place, allowing the
occurrence of high abltide Tyr residue oxidation peak.

3.1. Electrochemical characterisation of abltide

The influence of the reaction mixture components on the
abltide Tyr residue oxidation peak was studied. DP voltammo-
grams were recorded in pH 7.4 after adsorption during 3 min in a
5wM abltide solution in the absence and presence of either
0.10 wg mL~! ABL1 or 100 wM ATP.

In the absence of ABL1 and ATP the voltammogram showed one
main anodic peak at Ep,=+0.57 V due to the oxidation of tyrosine
residues. The presence of ABL1 did not influence the abltide
oxidation peak (not shown). Contrary, ATP and abltide co-adsorbed
at the GCE surface, and a small positive displacement (~5 mV) of
abltide Tyr residue oxidation peak was observed.

The electroanalytical determination of abltide has been carried
out by DPV in pH 7.4 after adsorption during 3 min in solutions of

different concentrations in the presence of 100 wM ATP, Fig. 1A.
The peak correspondent to Tyr residues in the abltide sequence
increased with increasing concentration. Linearity has been
observed up to 10 M abltide, Fig. 1B, following the Eq (1):

Ipa(NA) = 0.99 + 0.65C,p1ige (WM)(R? = 0.985) (1)

For higher concentration, GCE saturation effects were observed,
Fig. 1.

3.2. Electrochemical characterisation of ABL1 activity

The DP voltammogram recorded in pH 7.4 after adsorption in
reaction mixture containing 5 M abltide, 0.10 g mL~' ABL1 and
100 WM ATP incubated during 15min, showed a small peak
specific to abltide oxidation, Fig. 2A. On the control voltammo-
gram, recorded for a similar reaction mixture but in which ATP
has been replaced by ADP, Fig. 2A, a high abltide oxidation peak
occurred. This behaviour is consistent with the decrease of the
concentration of abltide available for oxidation after the
phosphorylation reaction. The occurrence of a small abltide
oxidation peak is attributed to abltide molecules that were not
phosphorylated.

The ABL1-catalysed phosphorylation is dependent on reagents
concentrations. The effect of abltide, ATP and ABL1 concen-
trations were evaluated in order to determine the optimum
conditions for studying the time-course of the phosphorylation
reaction and inhibiting capacity of imatinib mesylate and
danusertib.
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Fig.1. (A) DP voltammograms base-line corrected in pH 7.4 after adsorption during
3 min in solutions of different abltide concentrations in the presence of 100 WM
ATP; (B) Dependence of I, of abltide on abltide concentration in the presence of
100 wM ATP.
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Fig. 2. (A) DP voltammograms base-line corrected in pH 7.4 after adsorption for
3 min in reaction mixtures (black curves) containing different abltide concentra-
tions, 0.10 g mL ™" ABL1 and 100 M ATP incubated during 15 min, and (red curve)
control experiment. (B) Dependence of I,, of abltide phosphorylated during 15 min
in the presence of 0.10 wg mL~" ABL1 and 100 M ATP vs. abltide concentration. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

3.2.1. Abltide concentration effect

In order to optimise the conditions for the electrochemical
evaluation of ABL1 activity, DPV was performed for reaction
mixtures containing different concentrations of abltide, 0.10 g
mL~! ABL1 and 100 M ATP incubated during 15 min, Fig. 2A. The
abltide concentration was varied from 0.5 to 20.0 wM. Between
experiments the GCE surface was always cleaned. The oxidation
peak of Tyr residue increased with increasing abltide concentra-
tion, reaching constant values for Cypjiqe > 10 WM, Fig. 2B. Non-
linear regression was applied to the experimental data points using
the adapted Michaelis—Menten Eq. (2):

Imax % Capitide
Ing = — e CE (2)
P4 (KWP + Cabltide)

allowing Ky*P?=6.93 +0.69 M and I;,ax = 6.75 £0.19 nA.This ex-
periment shows that increasing the abltide concentration, the
quantity of substrate that did not undergo phosphorylation
reaches constant values. Although the I, is smaller than the
maximum current on the abltide calibration curve, Fig. 2B,
electrode saturation effects due to the co-adsorption of both
phosphorylated and not-phosphorylated forms of abltide are
responsible for this effect. In order to avoid limitations imposed by
GCE saturation, all experiments were carried out for Cipiide
=5.0 uM, below the GCE saturation limit, Fig. 2B.

ADP-control
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Fig. 3. DP voltammograms base-line corrected in pH 7.4 after adsorption for 3 min
in reaction mixtures (black curves) containing 5 uM abltide, 0.10 g mL~' ABL1 and
different concentration of ATP incubated during 15 min, and (red curve) control
experiment. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

3.2.2. ATP concentration effect

The influence of ATP on the phosphorylation reaction was also
studied. DP voltammograms were recorded in buffer pH 7.4 after
adsorption in reaction mixtures containing 5 wM abltide, 0.10 jLg
mL~! ABL1 and different concentration of ATP incubated during
15min, Fig. 3. The abltide oxidation peak decreased with
increasing ATP concentration and constant values were reached
for Catp> 10 H.M.

3.2.3. ABL1 concentration effect

For the evaluation of the enzyme concentration effect,
adsorption was performed in reaction mixtures containing 5 .M
abltide, different concentrations of ABL1 and 100 uwM ATP
incubated during 15min, Fig. 4A. The abltide oxidation peak
gradually decreased with increasing enzyme concentration up to
1 wgmL~!, Fig. 4B. Control experiments with ADP in the presence
of high enzyme concentrations showed high currents.

By using the abltide calibration curve Eq. (1), the recorded
currents were transformed into concentration values, and conse-
quently quantity of phosphorylated abltide (p-abltide), Fig. 4C.
Enzyme saturation occurred for magp;>10ng. For map; <10 ng
linearity was observed with a slope of 20.03 pmolng~! and
standard deviation (S.D.) of 16.28 pmol. The detection limit for the
phosphorylation activity of ABL1 was calculated from LOD=3 x S.
D. x (sensitivity) ™! to be LOD =2.43 ng (0.098 pg mL™1).

3.2.4. Phosphorylation time effect

The time course of the phosphorylation reaction was investi-
gated. The adsorption was carried out in reaction mixtures
containing 5 M abltide, 0.20 pgmL~! ABL1 and 100 uM ATP
incubated during different times. Between experiments, the GCE
surface was always cleaned. A progressive decrease of the abltide
oxidation peak occurred up to 15 min of incubation, Fig. 5A. For
lower ABL1 concentrations, higher time-dependent abltide oxida-
tion peaks were obtained, Fig. 5B.

Using the abltide calibration curve, the concentrations of non-
phosphorylated abltide were calculated for different incubation
times, Fig. 5C. Nonlinear regression analysis was applied to the
progression curves using the solution of the integrated Michaelis—
Menten equation [34]:

So— St
Ky

3)

S(t) = S¢ + K x W{ So — Sf — Capr1 x Keat X f} }

exp { Kyt

where S(t) is the substrate concentration function of incubation



V.C. Diculescu, TA. Enache/Analytica Chimica Acta 845 (2014) 23-29 27

(A) control

2 14

1
] o 0.6 0.8 1.0 ‘
% 02 LIV s Ag/AGCY)

821 Ty,
] ";--.....-...-......n--.

o T ! T T L) 1
0.0 0.5 1.0 1.5 2.0 25 3.0

C _.lug mL”

ABL1

C)150-
© TRI—
120- o Bceeee

90 - -0

60

30+

np-abltide I mel

0

0 10 20 30 40 50 60 70
I'ng

mABL1

Fig. 4. (A) DP voltammograms base-line corrected recorded in pH 7.4 after
adsorption for 3 min in reaction mixtures (black curves) containing 5 wM abltide,
different concentrations of ABL1 and 100 M ATP incubated during 15 min, and (red
curve) control experiment with 1 wg mL~" ABL1. Dependence of: (B) I, of abltide on
CagL1 concentration and (C) np.apitige function of mag; for reaction mixtures
containing 5uM abltide, different concentrations of ABL1 and 100 uM ATP
incubated during 15 min. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

time t, So=5WM the initial substrate concentration, S¢ the
concentration of residual unreacted substrate, Ky the Michaelis-
Menten constant, ke the turnover number, and W(x) is the
Lambert function defined as W(x) =x exp[—W(x)]. The S¢ value was
calculated from the last data points corresponding to 30 min
incubation time.

Fitting the experimental results with Eq. (3), Table 1, Kyy~4.5
WM, the average turnover number ke;~11s"! and enzyme
efficiency or specificity constant ke, /Ky ~2.3s ' uM~! can be
determined. For these calculations enzymes concentrations of 0.74
and 1.48 nM were based on an estimated 135 kDa molecular mass
of ABL1.

3.3. Electrochemical evaluation of ABL1 inhibitors

The inhibiting efficiency of imatinib mesylate and danusertib,
Scheme 1, two synthetic ATP-semi competitive inhibitors of ABL1
was evaluated. The experiments were carried out for reaction
mixtures containing 5 M abltide, 0.10 g mL~! ABL1 and 100 wM
ATP incubated during 15min in the presence of different
concentrations of inhibitors.

control
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Fig. 5. (A) DP voltammograms base-line corrected recorded in pH 7.4 after
adsorption for 3 min in reaction mixtures (black curves) containing 5 uM abltide,
0.20 wgmL~" ABL1 and 100 pM ATP during different times, and (red curve) control
experiment with 100 wM ADP. Dependence of: (B) I, of abltide and (C) Capitige ON
phosphorylation time t for reaction mixtures containing 5wM abltide, 0.10 or
0.20pgmL~" ABL1 and 100 M ATP incubated during different times. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

For low inhibitor concentration, the phosphorylation reaction
proceeds and the DP voltammogram recorded for reaction
mixtures in the presence of 0.3 wM imatinib mesylate showed a
small abltide oxidation peak at E,,=+0.57V, Fig. 6A. The control
experiment where no phosphorylation is expected showed a high
abltide oxidation peak. Nevertheless, the peak at E,,=+0.78V
specific to the oxidation of imatinib molecules reflected the co-
adsorption of inhibitor at the GCE surface, Fig. 6A.

For high inhibitor concentration, the phosphorylation reaction
is blocked. Indeed, the DP voltammogram recorded for reaction
mixtures in the presence of 2.5 M imatinib mesylate, showed
abltide oxidation peak with current values close to those obtained
for control experiment, Fig. 6B. Higher imatinib oxidation peak can

Table 1
Michaelis—-Menten constant, turnover number and enzyme efficiency calculated by
non-linear regression of progress curves in Fig. 5 for two enzyme concentrations.

CabL1 Km keat keat/Kn*PP
(nM) (uM) (s (s'pM
0.74 424 +0.25 1113 +£ 043 2.63
1.48 4.89 + 0.31 10.78 + 0.46 2.21
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Fig. 6. DP voltammograms base-line corrected recorded in pH 7.4 after adsorption for 3 min in reaction mixtures (black curves) containing 5 wM abltide, 0.10 g mL~! ABL1,
100 M ATP incubated during 15 min in the presence of: (A) 0.3, (B) 1.0 wM imatinib, (C) 0.2 wM danusertib, and (dotted curves) control experiments. (D) Dependence of the
difference in current Aly,, vs. 10g(Cinnibitor), recorded for inhibited reaction mixtures and control solutions for: (@) imatinib mesylate and (M) danusertib.

be observed due to the co-adsorption of the inhibitor at the GCE
surface.

Also, experiments were performed for the determination of
danusertib inhibiting efficiency and a similar behaviour was
observed, Fig. 6C.

Comparing the results in Fig. 6A-C, it is observed that the
oxidation peak of abltide is strongly influenced by the co-
adsorption of inhibitor at the GCE surface. High inhibitor
concentrations diminish the abltide oxidation peak. Yet, the data
show that the difference (Alp,) between the abltide peak current
recorded for the control solution and the abltide peak current
registered for the inhibited reaction mixture is dependent on the
inhibitor concentration and decreased with increasing inhibitor
concentration. The value Al,, was chosen as analytical signal for
the determination of the inhibiting capacity of compounds.

The plots of Alp, as a function of the logarithm of inhibitors
concentration present sigmoidal shape for both imatinib and
danusertib, Fig. 6D. The inhibitor concentration required to
produce 50% inhibition of the enzymatic reaction at a specific
peptide concentration, IC50, was obtained by a non-linear fit of the
experimental data using the dose-response equation:

Alpa = Al i + (Almax — Alpyin) (1 + 101081650-0p) (4)

where Al and Al.x are the minimum and maximum current
difference, respectively, and p is the Hill slope that describes the
inclination of the linear part of the plot.

The experimental data were fitted with the dose-response
Eq. (4). IC50 values for imatinib mesylate and danusertib were
estimated to be 0.53 and 0.08 .M, respectively.

4. Conclusions

The ABL1 tyrosine kinase-catalysed phosphorylation reaction
was studied using a glassy carbon electrode and differential pulse
voltammetry. The phosphorylation reactions were carried out by
incubating ABL1, ATP and the substrate abltide. Adsorption on the
glassy carbon electrode surface in either incubated reaction
mixtures or control solutions, followed by differential pulse
voltammetry in buffer allowed detection of the abltide tyrosine
residues oxidation peak. It has been shown that the phosphoryla-
tion of the tyrosine residue on the substrate abltide leads to the
decrease of the abltide oxidation peak.

The effect of abltide, ATP and ABL1 concentrations were
investigated. It was demonstrated that the co-adsorption of ATP
and phosphorylated abltide strands at the electrode surface
directly influences the detection of the phosphorylation reaction.
The conditions for the electrochemical detection of ABL1-catalysed
phosphorylation were optimised.

The time course of the phosphorylation reaction was also
studied. By following the time-dependent variation of abltide
oxidation peak, Michaelis-Menten constant for abltide binding
Ky ~ 4.5 WM, turnover number ke, ~ 11s~! and enzyme efficiency
keat/Kni~2.3 s WM~ were calculated.

Also, the inhibition of ABL1 by imatinib mesylate and
danusertib was evaluated. IC50 values were estimated to be
0.53 and 0.08 M, respectively.

The present study provides a simple and fast methodology for
the detection and evaluation of ABL1 tyrosine kinase activity and
inhibition.
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