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A simple and visible colorimetric method through Zr4+-phosphate
coordination for the assay of protein tyrosine phosphatase 1B and
its inhibitor screening

Juan Zhang,® Jun Lv,* Xiaonan Wang,’ Defengli,® Zhaoxia Wang*® and Genxi Li***

Inhibitors of protein tyrosine phosphatase 1B (PTP1B) are promising agents for the treatment of type 2 diabetes and
obesity, so a colorimetric method has been established in this work for PTP1B assay and its inhibitor screening. The
method is based on the chelation effect of zirconium (Zr“) ions on phosphate group, which may induce aggregation of 4-
aminophenylphosphate-functionalized gold nanoparticles (APP/AuNPs) and the corresponding color change of the testing
solution. Owing to the dephosphorylation of PTP1B, the aggregation of AuNPs will be influenced by PTP1B since there is no
coordination reactivity between zr* ions and 4-aminophenol, the hydrolyzed product of APP catalyzed by the enzyme.
Therefore, a simple colorimetric method for the assay of PTP1B activity can be developed. Under the optimized
experimental conditions, the ratios of absorbance at a wavelength of 650 nm to that at 522 nm vary linearly with the
PTP1B activity within a range from 0.005 to 0.18 U/mL with a lowest detection limit of 0.0017 U/mL. Moreover, using this
proposed method, the inhibition effect of 6-chloro-3-formyl-7-methylchromone, betulinic acid, ursolic acid, and sodium
orthovanadate on PTP1B activity can be tested with ICso values of 10, 13, 9, and 1.1 uM, respectively. Therefore, this new
method not only has a great potential for the detection of PTP1B activity but also for the screening of the inhibitors.

1 Introduction

Diabetes mellitus (DM) is a group of metabolic disorders induced by
many etiologies and characterized by hyperglycemia. Two forms of
DM, type 1 and type 2, have been identified. Type 2 diabetes
mellitus (T2DM) which is caused by insulin resistance resulting in
loss of normal glucose homeostasis, accounts for >90% of all
diabetes'. Protein tyrosine phosphatase 1B (PTP1B), an intracellular
phosphatase containing a 37 kD catalytic domain and a 35 amino
acid hydrophobic C-terminal sequence, has attracted intensive
research in recent years. PTP1B can not only dephosphorylate the
but
dephosphorylate phosphotyrosyl residues of proteins and peptides”.

insulin receptor and insulin receptor substrate’ also

As a key negative regulator of the insulin signalling pathways,
PTP1B plays important roles in down regulation of insulin and leptin
signalling pathway. It is also an established therapeutic target for
diabetes and obesity" °, and inhibition of PTP1B is anticipated to

become a potential therapeutic strategy to treat T2DM®. Several
strategies are being pursued to improve the pharmacological
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properties of PTP1B inhibitors’. Therefore, it is of great importance
to develop sensitive and effective methods to assay PTP1B and
screen its inhibitors.

Currently, several methods have been developed to screen
potent and selective PTP1B inhibitors. For instance, UV-vis
spectroscopy has been used to identify the PTP 1B inhibitors through
the detection of absorbance at 405 nm of p-nitrophenol released from
p-nitrophenyl phosphate in the presence of PTP1B®. Nevertheless,
using this method, the detection will be disturbed when the
absorption of inhibitor overlaps with that of 4-nitrophenol’.
Meanwhile, the specific phosphotyrosyl peptides'© and 3-
nitrophosphotyrosine containing molecules'' have also been used as
PTPs substrates for UV-vis spectroscopic measurement. Moreover, a
fluorescence turn-on assay has been developed for highly sensitive
detection of PTPIB activity by using calcein as the signaling
element'>. A robust screen have also been established in
Saccharomyces cerevisiae where growth is dependent on PTP1B
catalytic activity'®. Meanwhile, the knockout mice has also been
used to evaluate PTP1B inhibitors in vivo'®. But these methods also
have their disadvantages. So, it is still highly required to make
extensive efforts so as to develop new method.

Benefiting from the unique optical properties of gold
nanoparticles (AuNPs)"”, increasing attention has been paid on
AuNPs-based colorimetric assays resulting from its easily designable
surface chemistry, technical simplicity, and high sensitivity'®. At
present, AuNPs-based colorimetric methods have been used for
detecting different kinds of species like nucleic acids'” ¥, proteins'®
2l and metal ions**?*. According to previous reports, the specific
interaction of phosphate group with zirconium (Zr*") ions>>?’ has
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been applied to develop some methods for the measurement of
phosphorylated protein based on specific protein-binding DNA,
Zr*"-phosphate coordination, and nanocomposite-based signal
amplification®®. Here we report a new method using Zr*'-phosphate
coordination for enzyme activity assay and the inhibitor screening.

Based on the above successful studies, in this work, we propose
another strategy to induce the color change of AuNPs, thus to
propose a simple colorimetric method to detect PTP1B activity and
to screen the inhibitors. In this method, aggregation of AuNPs is
designed to be induced by the specific combination between Zr*"
ions and phosphate groups of 4-aminophenylphosphate, the PTP1B
substrate, which is immobilized on the surface of AuNPs. Since this
method can be used in a high-throughput fashion with naked eye or a
simple colorimetric reader, it may have great potential applications
in the future.

2 Experimental

2.1 Materials and chemicals

Protein tyrosine phosphatase 1B (PTP1B, P6244, human
recombinant, expressed in E. coli, 30 U/mg), chloroauric acid
(HAuCl,43H,0), trisodium citrate, 3-mercaptopropionic acid (MPA),
6-chloro-3-formyl-7-methylchromone (CFM), betulinic acid (BA),
ursolic acid (UA), sodium orthovanadate (Na;VOQ,), zirconium (IV)
oxychlorideoctahydrate (ZrOCl,*8H,0), HEPES, and trizma base

were  purchased from Sigma (Shanghai, China). 4-
aminophenylphosphate monosodium salt (APP) was purchased from
Shanghai, LKT, Laboratories, Inc (Shanghai, China). All buffers and
aqueous solutions were prepared with ultrapure water purified with a
Millipore Milli-Q water purification system (Barnstead, USA) to a
specific resistance of 18 MQ-cm.

The PTPIB was firstly dissolved in 100 pL. HEPES buffer
solution (50 mM, pH 7.2) and then was diluted at different
concentrations with Tris-HCl buffer solution (50 mM, pH 7.2).
CFM, BA, UA, Na3VO,, and ZrOCl,*8H,0 were dissolved in
aqueous solutions.

2.2 Preparation of AuNPs

AuNPs were synthesized according to the previous study®. Briefly,
trisodium citrate aqueous solution (10 mL, 38.8 mM) was added to a
boiling solution of HAuCl, (100 mL, 1 mM), and the solution was
kept continuously boiling for another 30 min to give a wine red
mixture. The mixture was cooled to room temperature and stored in
a refrigerator at 4°C

2.3 Synthesis of APP/ AuNPs

MPA was dissolved in aqueous solutions to obtain its final
concentration of 2.3 mM. Then, under stirring conditions, | mL MPA
solution was added to 40 mL AuNPs solution overnight at 25 °C to
produce intermediate product, MPA/AuNPs™. Subsequently, 1 mL
APP aqueous solution (2.6 mM) was mixed with 40 mL
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Scheme 1 Schematic illustration of the mechanisms for (a) the synthesis of APP/AuNPs, (b) PTP1B catalyzed reaction, (c)
AuNPs aggregation induced by specific coordination between zr*" ions and phosphate group, (d) colorimetric determination

of PTP1B activity and the inhibitor.
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MPA/AuNPs solution with continuous stirring for 12 h at 25 °C to
obtain the final product, APP/AuNPs.

2.4 PTP1B activity assay

The PTPIB activity assay was performed using the following
procedure. The PTP1B was firstly dissolved in 100 pL HEPES
buffer solution (50 mM, pH 7.2) and then was diluted at different
concentrations with Tris-HCI buffer solution (50 mM, pH 7.2). After
that, 10 pL of enzyme solution with different concentrations ranging
from 0.005 to 0.18 U/mL was added to 80 pL of dispersed
APP/AuNPs solution and the resulting mixture was allowed to stand
at 30 °C for 20 min. Then, 10 uL ZrOCl,*8H,0 solution was added
to the resulting mixture at room temperature. After 5 min, the
reaction solutions were photographed and used for UV-vis
spectroscopic measurements.

2.5 Evaluation for Inhibitor assay

For the inhibition assay, CFM, BA, UA, or Na;VO, aqueous
solutions (10 pL) with different concentrations were first premixed
with PTP1B (10 pL, 0.15 U/mL) for 10 min at 30 °C. Then
APP/AuNPs (80 pL) was added to the mixed solution with further
incubation for 20 min at 30 °C. After that, the solution of
ZrOCl,*8H,0 (10 pL) was added to the resulting mixture to give a
final concentration of 0.6 mM. Finally, the reaction solution was
allowed to stand at room temperature for 5 min. The absorbance of
each sample was recorded using UV-vis spectroscopy and the ICs,
value calculated. The inhibitory ratios (%) of CFM, BA, UA, or
Na;VO, are expressed as follows:

. . A JA,, — A AL
Inhibitory ratio (%) = w %100 %
Aéso/ A522 - Aéso/ A522

where Ags0/Asp, is the ratio of the absorbance value at 650 nm to that
at 522 nm in the presence of both the inhibitor and the enzyme, and
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Fig. 1 UV-vis spectra and photographs (inset) of the
mixtures prepared by separate addition of Tris-HC| buffer
(20 pL, 50 mM, pH 7.2) (vial 1, black curve), ZrOCl,*8H,0
solution (10 pL, 6 mM) (vial 2, red curve), PTP1B (10 pL,
0.15 U/mL) (vial 3, blue curve), or PTP1B (10 uL, 0.15 U/mL)
+ ZrOCl,*8H,0 solution (10 uL, 6 mM) (vial 4, pink curve)
into APP/AuNPs (80 pL) to obtain the final volume of 100 pL
with the addition of Tris-HCI buffer.

This journal is © The Royal Society of Chemistry 20xx

A5/ A5, is the ratio of the absorbance value at 650 nm to that at 522
nm with enzyme only. 45;,/A45,, is the ratio of the absorbance value at
650 nm to that at 522 nm without enzyme and inhibitor.

3 Results and discussions

Different strategies have been developed to induce aggregation of
AuNPs. The report DNA can link the oligonucleotides that are
modified onto the surface of AuNPs to form DNA-cross-linked
AuNPs aggregates based on the complementary base pairing of DNA
single-strand®'. Negatively charged AuNPs will aggregate under a
certain concentration of salt through the electrostatic interaction”.
The aggregation of AuNPs can also be triggered by the formation of
covalent bond*’. Host-guest recognition can also be used for AuNPs
aggregation®. Additionally, the occurrence of coordination bond has
been utilized to induce aggregation of AuNPs*. Here we establish a
new method based on AuNPs aggregation induced by Zr*'-phosphate
coordination for enzyme activity assay and the inhibitor screening.
The principle of the colorimetric method is shown in Scheme 1.
Firstly, MPA is linked to AuNPs through the formation of Au-S bond.
Then enzyme substrate, APP, is further covered on the surface of the
modified AuNPs via electrostatic interaction, to give APP/AuNPs
(Scheme 1(a)). As shown in FT-IR spectra (Figure S1), the band at
3413 cm! can be attributed to NH stretching in the APP structure.
APP also exhibits three characteristic bands at 1644 cm™, 1569 cm™,
and 1525 cm™', belonging to aromatic skeletal vibration. Moreover,
the absorption band at 1071 cm™ can be explained for P=O
stretching. For the spectrum of APP/AuNPs, the absorption bands at
3434 cm’!, 1644 cm’, and 1078 cm™ well demonstrate the existence
of APP at the outer layer of AuNPs. Subsequently, the addition of
Zr*" jons as a linker can trigger the aggregation of AuNPs due to the
high coordination reactivity between Zr*" ions and phosphate groups
at outer layer of APP/AuNPs (Scheme 1(c)). However, in the
presence of PTP1B, the aggregation will not occur as a result of the
specific cleavage of APP into 4-aminophenol (AP) which has no
binding ability with Zr*" ions (Scheme 1(b)). Since the concentration
of the PTPIB is related to the degree of aggregation of AuNPs, a
new method for monitoring PTP1B activity through the change in
the UV-vis spectrum of the AuNPs dispersion, or even through direct
observation by the naked eye can be developed. Moreover, this
method can also be used to evaluate PTP1B inhibitors (Scheme 1(d)).

3.1 Mechanism investigation for PTP1B activity assay

As exhibited in Fig. 1, upon addition of Tris-HCl buffer into the
APP/AuNPs solution as a control experiment, the red color of the
test solution remains unchanged. Meanwhile, the solution shows an
obvious absorption at 522 nm (vial 1, black curve), representing the
state of well-dispersed AuNPs*®. The addition of Zr*' ions into the
APP/AuNPs solution essentially results in an observable aggregation
of AuNPs, leading to a change of the color from the initial wine red
to blue, and the production of a new absorption peak at 650 nm (vial
2, red curve). It indicates the occurrence of specific coordination
between Zr'" ions and phosphate groups on the surface of
APP/AuNPs, which is responsible for the changes in both the color
and the UV-vis spectrum of the aqueous dispersion of the AuNPs.
With the addition of PTP1B (vial 3, blue curve) into the AuNPs, no
apparent aggregation occurs and the test solution keeps the initial

J. Name., 2013, 00, 1-3 | 3
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color and exhibits UV—vis spectrum characteristics of well dispersed
AuNPs. These results suggest that the addition of PTP1B alone does
not induce the aggregation of AuNPs. Moreover, after the addition of
PTPIB and Zr*' ions into the solution of APP/AuNPs, both the color
and the UV-vis spectrum of the solution remain almost unchanged
(vial 4, pink curve), suggesting the negligible aggregation of AuNPs.
This phenomenon can be attributed to the cleavage of APP/AuNPs
into the corresponding product, AP/AuNPs, catalyzed by PTP1B
(Scheme 1(b)), and the latter cannot specifically combine with Zr*"
ions due to disappearance of phosphate groups.

3.2 Kinetic analysis for Zr*" ions binding with APP/AuNPs

The mechanism of the specific recognition between Zr*" ions and
phosphate groups is displayed in Scheme 1(c). In the presence of
Zr*" ions, phosphate groups on the surface of AuNPs can coordinate
with Zr*" ions, causing the aggregation of AuNPs. Hence, the
concentration of Zr*" ions in the reaction solution will have an
obvious influence on the sensitivity of the detection, and the effect of
Zr*" ions concentration on the detection system has been further
investigated. The UV-vis spectra of the reaction solution have been
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Fig. 2 (a) Kinetic plots of time-dependent Agso/As,, values
versus those with different concentrations of zr*" ions.
Digital photographs at a time point of 30 min after the
addition of different concentrations of Zr** ions are shown
on the right. Right, from vial 1 to vial 12: the concentrations
of zr*ions are 0, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6,
0.65, 0.7, and 0.75 mM. (b) Initial rate of coordination
reaction (V;) versus Zr*" ions concentration.

4| J. Name., 2012, 00, 1-3

successively recorded for 30 min after the addition of Zr*'ions with
different concentrations. According to previous reports, the ratio of
Agso to Asyy can be considered as an indicator of the degree of
dispersion/aggregation state of AuNPs>*®. Fig. 2(a) shows the time-
dependent Ags50/As,; values from the UV-vis spectra of AuNPs in the
presence of different concentrations of Zr*' ions in order to estimate
the kinetics of the coordination between Zr*' ions and phosphate
groups. The Ags0/As,, values increase with increasing concentrations
of Zr*" ions. Furthermore, the color of the aqueous dispersions of the
AuNPs gradually changes from wine red to violet (right, from vial 1
to vial 12) at the time point of 30 min when the concentrations of
Zr*" ions increase from 0 to 0.75 mM. These results indicate that
AuNPs aggregation becomes faster with increasing Zr*" ions
concentrations in the testing solution. The initial reaction rate (V;)
can be reached by calculating the slopes of the initial part of the
kinetic curves of different Zr*" ions concentrations (F ig. 2(b)). With
the increase of Zr*" ions concentrations from 0.25 to 0.75 mM, the
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Fig. 3(a) UV-vis spectra and photographs (inset) of the
mixtures prepared by the addition of various
concentrations of PTP1B (10 plL) into the dispersion of
APP/AuNPs followed by the addition of ZrOCl,*8H,0
solution (10 pL, 6 mM). Inset, from vial 1 to vial 9: the
PTP1B concentrations were 0, 0.005, 0.01, 0.03, 0.05, 0.07,
0.09, 0.12, 0.15 and 0.18 U/mL. (b) Calibration curve
corresponding to Agso/As,, against the concentrations of
PTP1B. Inset shows the linear relationship between the
Agso/As,, values and the concentrations of PTP1B.
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initial reaction rate gradually increases. When the concentration of
Zr*" jons reaches 0.6 mM, the changes in the rate become less
marked. Moreover, the final Ags0/4so, values remain almost
unchanged when the concentration of PDBA varies from 0.6 to 0.75
mM (Fig. 2(b)). Therefore, we finally chose 0.6 mM as the optimal
reaction concentration of Zr*" ions. In the detection system, this
relatively high concentration is used to make the assay rapid, since a
high concentration Zr*" ion can make the aggregation of AuNPs very
fast.

ARTICLE

3.3 PTP1B activity assay

As shown in Fig. 3(a), with the increase of the PTPIB
concentrations from 0 to 0.18 U/mL, the color of the dispersion
gradually turns from violet to wine red (from vial 1 to vial 9), and a
dramatic change occurs in the UV—vis spectra of the dispersion. It
should be noticed that with increasing concentration of PTP1B, 4¢s,
decreases, while 4s,, increases. It can be attributed to the departure
of phosphate group at the outer layer of AuNPs as a result of the
cleavage of APP into AP under PTPIB catalysis, leading to a
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Fig. 4 UV-vis spectra and photographs (inset) of the dispersion upon analyzing various concentrations of (a) CFM, (c) BA, (e) UA and
(g) Na3VO,. Inset (a), vial 1 to vial 11: the CFM concentrations were 0.1, 0.5, 1, 5, 10, 15, 20, 25, 30, 35, and 40 uM. Inset (c), vial 1 to
10: the BA concentrations were 0.1, 0.5, 1, 3,5, 7, 9, 11, 13, and 15 pM. Inset (e), vial 1 to 10: the UA concentrations were 0.1, 0.5, 1,
3,5,7,9,11, 13, and 15 uM. Inset (g), vial 1 to 10: the Na;VO, concentrations were 0.03, 0.1, 0.3, 0.5, 0.7, 0.9, 1.1, 1.3, 1.5, and 1.7
UM. Inhibition ratio versus the concentration of inhibitors: (b) CFM, (d) BA, (f) UA, and (h) NazVO,.
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decrease in the extent of the aggregation of the AuNPs.

The calibration curve obtained for the quantitative detection of
PTP1B activity with different concentrations of PTP1B is exhibited
in Fig. 3(b). In the range from 0 to 0.18 U/mL, the Ags0/Asy, values
increase with the increasing concentrations of PTP1B. Furthermore,
the ratios of Agso/Asy; show a linear response toward PTPIB
concentrations ranging from 0.005 U/mL to 0.18 U/mL, and follows
the regression equation of Agso/Asy; = -5.54973C + 1.04973 (U/mL,
R* = 0.998). Furthermore, the detection limit has also been
calculated to be 0.0017 U/mL by the interpolation of the mean plus
three times the standard deviation of the zero standards. The
detection precision has been investigated according to the slope of
the regression of PTP1B (from 0.005 to 0.15 U/mL) obtained from
three independent assay processes. The RSD of the three slopes is
1.57 %, suggesting that the proposed method has good precision.

3.4 Evaluation for Inhibitor assay

It has been reported that the loss of PTPIB activity can enhance
sensitivity towards insulin and resistance to obesity, indicating that a
potent active PTP1B inhibitor could be a potential agent for the
treatment of T2DM and obesity’**'. In order to test and verify that
the developed method can be applied for the screening of PTP1B
inhibitors, four compounds, CFM, BA, UA, and Na;VO, have been
selected for this study.

As exhibited in Fig. 4(a), with increasing CFM concentrations
from 0.1 to 40 pM, the color of the AuNPs changes from wine red to
violet (inset (a), from vial 1 to vial 11), corresponding to a decrease
in Asp, and an increase in Agso. The value of Agso/As,, first increases
gradually with increasing concentrations and then levels off when
the inhibitor concentration reaches a certain level, indicating that the
inhibition by CFM has a dose dependent process. It has been
reported that CFM incorporating the phosphate-mimicking
functional fragment can competitively inhibit PTP1B activity*”.
Hence, CFM and APP/AuNPs can competitively bind the active site
of PTP1B so as to prevent the cleavage of APP into AP by the
enzyme and promote the aggregation of AuNPs. Moreover, it is
found that 30 uM CFM can significantly inhibit PTP1B activity
because there is no evident change in either the UV-vis spectra or the
color of the dispersion (Fig. 4(a), from vial 8 to vial 10).
Furthermore, the maximum inhibition ratio of CFM is 98.06 % with
the ICsq value of 10 uM (Fig. 4(b)), which is in accordance with the
values reported previously*.

Different from those of CFM, BA inhibits PTP1B activity
through a mixed noncompetitive and anticompetitive mode®*, so it
was also used to evaluate the proposed assay method. As shown in
Fig. 4(c), with the increase of BA concentrations from 0.1 tol5 uM,
the color of the dispersion gradually turns from wine red to purple
(inset (c), from vial 1 to vial 10), corresponding to the observed
decrease in Asy, and the increase in Agso. It is observed that the
activity of 0.15 U/mL PTP1B can be significantly inhibited by the
addition of 13 pM BA, since no obvious change in either UV-vis
spectra or the color of the dispersion can be observed (Fig. 4(c),
from vial 9 to vial 10). The maximum inhibition ratio of BA is 54.51
%, with an ICsy value of 13 uM (Fig. 4(d)), consistent with the
previous report™.

UA has been demonstrated time-independent inhibition of
PTP1B with typical characteristics of a competitive inhibitor*. As

6| J. Name., 2012, 00, 1-3

depicted in Fig. 4(e), with the increase of UA concentrations from
0.1 to 15 uM, the color of the dispersion gradually changes from
wine red to purple (inset (e), from vial 1 to vial 10), corresponding to
the observed decrease in 45, and the increase in Agso. The activity of
0.15 U/mL PTP1B can be obviously inhibited when the UA
concentration reaches 13 uM, because that there is no clear change
in either UV-vis spectra or the color of testing solution (Fig. 4(e),
from vial 8 to vial 10). The maximum inhibition ratio of UA is
73.35 %, with an ICsq value of 9 uM (Fig. 4(f)), in agreement with
the previous report™.

Na; VO, is generally thought to bind as a transition state analog
to the phosphoryl transfer enzymes, so it has been considered as a
common competitive inhibitor for PTP1B*. As illustrated in Fig.
4(g), with the increasing Na;VO, concentrations from 0.03 to 1.7
uM, the color of the dispersion gradually changes from wine red to
violet (inset (g), from vial 1 to vial 10), corresponding to the
decrease of absorbance at 522 nm and the increase of absorbance at
650 nm. It should be noticed that upon adding 1.5 pM Na3;VO,,
PTP1B activity can be apparently inhibited as a result of no obvious
change in either UV-vis spectra or the color of the testing solution
(Fig. 4(g), from vial 9 to vial 10). The maximum inhibition ratio of
Na;VO, is 69.59 %, with an ICsy value of 1.1 uM (Fig. 4(h)), in
accordance with the previous report™®.

In a word, these results demonstrate that the developed
colorimetric method can be used to evaluate the PTP1B inhibitor
efficiency. However, there are some limitations of this system. For
example, the inhibitors containing chelating moiety with Zr*" ion can
not be well screened by using the proposed method.

4 Conclusions

A simple, visible, and effective colorimetric method has been
established for PTP1B activity assay and the inhibitor screening
based on the Zr*" ions binding to phosphate group through chelation
using APP/AuNPs. The method owns the advantages in terms of its
low technical and instrumental demands, simple, and rapid
operation. Above all, this method has a great potential for the
practical detection of PTP1B activity and the effective screening of
inhibitors.
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