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Based on adsorption between tetracycline (TC) and phosphate groups, a general colorimetric method is explored in this

work by using TC-stabilized gold nanoparticles (TC/AuNPs) and 4-aminophenyl phosphate-functionalized Fe;O, magnetic
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nanoparticles (APP/MNPs). Take protein tyrosine phosphatase 1B (PTP1B) as an example, 4-aminopheny| phosphate (APP)

can be hydrolyzed into 4-aminophenol (AP) by PTP1B, resulting in the disappearance of phosphate group at the outer layer

of MNPs and the lost of corresponding adsorptive ability. Upon addition of TC/AuNPs solution, TC/AuNPs will remain in

the supernatant solution after magnetic separation and a high absorbance value can be observed. So PTP1B activity is

related to the concentrations of TC/AuNPs in the supernatant solution. In this work, the enzyme activity can be

determined at levels as low as 0.0885 U/mL and over a linear detection range as wide as from 0.1 U/mL to 0.9 U/mL.

Moreover, using the proposed method, the inhibition effect of betulinic acid (BA) and sodium orthovanadate (Na;VO,) on

PTP1B activity can be tested with ICso values of 30 UM and 4 uM, respectively. Therefore, a universal platform for accurate

colorimetric analysis of kinases and phosphatases activities can be established through the adsorption between TC and

phosphate groups.

1 Introduction

Protein phosphorylation and dephosphorylation can regulate the
structures and functions of cellular proteins in a wide spectrum of
2. Aberrant
phosphoproteome network are implicated in most major human

cellular processes” regulations in the cellular

diseases™ *. Consequently, kinases and phosphatases are two
important drug targets in medicinal research today. It is of great
importance for the recognition of phosphate groups in the detection
of the enzymes activities. Currently, many techniques have been
developed based on recognition of metal ions on phosphate groups.
For instance, aluminium ions-immobilized iminodiacetate-agarose
has been used as a chromatographic adsorbent to retain
phosphopeptides,
contained terminally bound phosphate’.

acids, and
that

Immobilized metal affinity chromatography is one of the most

phosphoamino phosphoproteins,

nucleotides
extensively used enrichment methods for phosphoproteomics
analysis®. Otherwise, Zr*" and Ti*" have also been employed to
substitute the common metals to enrich phosphopeptides™®. Similar
to metal ion, tetracycline (TC), a wide-spectrum antibiotic, also
shows the adsorptive capability on calcium phosphate apatites’.
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Meanwhile, its adsorption can be affected by phosphate on the
soils'®. However, the techniques have not been exploited based on
the adsorption between TC and phosphate group.

It has been well confirmed that TC as a reducing agent can be
used in synthesis of gold nanoparticles (AuNPs)'', resulting in the
stabilization of TC on the surface of AuNPs. Benefiting from the
unique optical properties of AuNPs, many colorimetric methods
have been widely established for testing different kinds of species
like metal ions'® 3, cells', proteinsls, and nucleic acids'® .
However, the disperse state of AuNPs is easily susceptible to
experimental conditions such as temperature, pH, salt
concentration'®?°, and the charge of substance®'. To overcome this
drawback of AuNPs and avoid interference of substances, magnetic
nanoparticals (MNPs) can be considered as an excellent choice due
to its property of magnetic separation®>.

As an intracellular  phosphatase, protein  tyrosine
phosphatase 1B (PTP1B) is responsible for negatively regulating
insulin signaling by dephosphorylating the phosphotyrosine residues
of the insulin receptor kinase activation segment?>. Moreover,
PTP1B can not only dephosphorylate the insulin receptor and insulin
receptor substrate® but also dephosphorylate phosphotyrosyl
residues of proteins and peptides®. Thereby, as a key negative
regulator of the insulin signaling pathways, PTP1B plays important
roles in down regulation of insulin and leptin signaling pathway. It is
also an established therapeutic target for diabetes and obesity*> .
Nowadays, several methods have been established to detect PTP1B
activity. For example, p-nitrophenylphosphate (pNPP) has been
traditionally chosen as the PTP1B substrate for UV-vis spectrometric
method®®. Meanwhile, the specific phosphotyrosyl peptides® and 3-
nitrophosphotyrosine  containing molecules®® have also been
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explored as PTPs substrates for UV-vis spectroscopic measurement.
Furthermore, fluorescence turn-on assays have been established for
the detection of PTP1B activity®""*%. In this work, taking PTP1B as
an example, we develop a versatile strategy to detect the enzymes
involving in protein phosphorylation and dephosphorylation.

In our strategy, the adsorption between TC/AuNPs and
phosphate group on the surface of magnetic nanoparticles (MNPs) is
first exploited for the detection of PTP1B activity and the screening
of its inhibitors. On the one hand, TC/AuNPs are prepared by one-
step synthesis-modification strategy, using TC as the reduce reagent.
Therefore, the as-prepared AuNPs are directly functionalized with
TC in the particle synthesis, thus no more additional surface
modification for introducing binding sites is needed in this strategy.
The one-step preparation of functionalized AuNPs through
synthesis-modification integration strategy is simpler in comparison
with the conventional two-step fabrication methodology. On the
other hand, magnetic separation eliminates the interfering substances
so as to ensure the stability of TC/AuNPs and the accuracy of the
assay.

2 Experimental

2.1 Materials and reagents

magnetic |

) e

magnetic
separation |

L0

U

_PO3H,

PTP1B (P6244), human recombinant, expressed in E. coli (30 U mg’
", iron ( II ) chloride, sodium tetraborate, N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), chloroauric acid (HAuCly-3H,0),
trisodium citrate, betulinic acid (BA), and sodium orthovanadate
(Na;VO,) were purchased from Sigma (Shanghai, China). 4-
aminophenylphosphate monosodium salt was purchased from
Shanghai, LKT, Laboratories, Inc (Shanghai, China). Tetracyline
hydrochloride and hexadecyltrimethylammonium chloride (CTAC)
was purchased from Aladdin (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.

2.2 Preparation of TC/AuNPs

TC-stabilized AuNPs (TC/AuNPs) were synthesized according to
the previous study''. Briefly, 1.2 mM HAuCl, solution with 2 mM
CTAC as stabilizer in 10 mM sodium tetraborate buffer (pH 9.2) was
mixed with TC solutions at a concentration of 0.087 mM. Solutions
were incubated in the water bath at 70 °C for 10 min to obtain the
final product, TC/AuNPs. After centrifugation, TC/AuNPs were
dispersed in Tris-HCI buffer (50 mM, pH 5.6) and stored in a
refrigerator at 4 °C.
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Scheme 1 Schematic illustration of the mechanisms for (a) PTP1B catalyzed reaction and (b) colorimetric determination of

PTP1B activity and the inhibitors.
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2.3 Synthesis of APP/MNPs

MNPs were synthesized by using a co-precipitation method®.
Firstly, a 10 mL iron solution containing 0.5 M FeSO,, 1 M FeCls,
and 0.4 M HCI was prepared. Then, a 0.5 M NaOH solution (100
mL) was purged with nitrogen to remove oxygen and then heated to
80 °C. Subsequently, under rapid stirring, the iron solution was
added drop by drop into NaOH solution. 80 min later, sodium citrate
(1.94 M) was added and heated to 90 °C. The reaction mixture was
further stirred for 60 min. After that, the precipitate was washed with
water three times and isolated by magnetic decantation. The residue
was finally made up to 50 mL with doubly distilled water, to give
MNPs.

It has been well known that the three carboxylate groups of
sodium citrate have strong coordination affinity to iron ions, which
favours the attachment of citrate groups on the surface of the MNPs
and the groups provide accessible surface for the conjugation of
amino-terminated molecules®. A routine method*’ using EDC as a
linker was employed to immobilize APP onto the surface of MNPs.
Briefly, 0.22 M EDC and 0.22 M NHS were added into 1 mL MNPs
and ultrasonicated for 30 min. After magnetic separation, 200 puL 0.4
mM APP aqueous solutions were added into MNPs with continuous
stirring for 120 min. The resulting mixture was separated by using
magnet and washed 3 times with deionized water, to give APP
functionalized MNPs (APP/MNPs).

2.4 PTP1B activity assay

The PTPIB activity assay was performed using the following
procedure. The PTPIB was firstly dissolved in 100 pL. HEPES
buffer solution (50 mM, pH 7.2) and then diluted at different
concentrations with Tris-HCI buffer solution (50 mM, pH 7.2). After
that, 10 pL enzyme solutions with different concentrations ranging
from 0.1 to 1.7 U/mL were added into 40 pL of APP/MNPs solution
and the resulting mixtures were allowed to stand at 30 °C for 20 min.
Then, the modified MNPs were washed 2 times with deionized water
to remove PTP1B and liberated phosphate groups after magnetic
separation. After that, 80 uL. TC/AuNPs solution was added into the
resultant MNPs at room temperature. 20 min later, the supernatant
solutions separated magnetically from the reaction mixture were
used for UV-vis spectroscopic measurements and the absorbance
values were recorded with a UV-vis spectrometer (Shimadzu Co.,
Kyoto, Japan).

2.5 Evaluation for Inhibitor assay

For the inhibition assay, BA or Na;VO, aqueous solutions (10 pL)
with different concentrations were first premixed with PTP1B (10
uL, 0.7 U/mL) for 10 min at 30 °C. Then APP/MNPs (40 uL) was
added and the mixed solution was incubated for 20 min at 30 °C.
After repeated washing and magnetic separation, 80 uL. TC/AuNPs
solution was added at room temperature for 20 min. Finally, the
absorbance of the supernatant solution obtained after magnetic
separation was recorded by using UV-vis spectroscopy and the ICs,
value was calculated. The inhibitory ratio (%) of BA or Na;VO, on
PTP1B activity was calculated as follows:

A -4
4 - 4,

Inhibitory ratio (%) = x100

This journal is © The Royal Society of Chemistry 20xx

where 4, is the maximum absorbance value in the presence of the
enzyme only, 4 is the maximum absorbance value in the presence of
both enzyme and inhibitor, and 4, is the maximum absorbance value
in the absence of both enzyme and inhibitor.

3 Results and discussions

The principle of the colorimetric method is shown in Scheme 1.
Firstly, APP, PTP1B substrate, is linked to MNPs through the
formation of covalent amide bonds, to obtain the functionalized
MNPs (APP/MNPs). PTP1B can hydrolyze APP/MNPs into 4-
aminophenol modified MNPs (AP/MNPs) with the departure of
phosphate group from the surface of MNPs into the solution
(Scheme 1(a)). TC carrying a positive charge can attract negatively
charged phosphate group through electrostatic interaction. It has
been well confirmed that when the equilibrium solution pH is below
6, the predominant species of TC were TC™ and TC™'°. So, in the
presence of PTP1B, the absorbance values of the supernatant
solution after magnetic separation will keep unchanged as a result of
the specific hydrolysis of APP into AP which contains no phosphate
group and has no adsorptive capability with TC/AuNPs (Scheme
1(b)). On the contrary, in the absence of PTP1B, the values will
decrease due to the adsorption between TC/AuNPs and APP/MNPs.
Since PTPIB activity is related to the content of phosphate group at
the outer layer of MNPs, a simple method for monitoring PTP1B
activity through the change in the absorbance values of the
supernatant solution, 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(b)).

3.1 Characterization of TC/AuNPs and APP/MNPs

Fig. S1(a) and S1(b) separately show the TEM images of TC/AuNPs
and APP/MNPs with the mean diameters of 14.52 nm + 3.28 nm

——TC/AUNPS
———TC/AuNPs+APP/IMNPs+PTP1B
= TC/AUNPs+APP/MNPs

1.0

0.8

0.6

0.4

Absorbance

0.2+

\/—\

0.0

500 600 700 800

Wavelength (nm)

400

Fig. 1 UV-vis spectra of the mixtures prepared by separate
addition of TC/AuNPs (80 uL) (black curve), TC/AuNPs (80
uL) + APP/MNPs (40 pL) + PTP1B (10 pL, 1.7 U/mL) (red
curve) or TC/AuNPs (80 pL) + APP/MNPs (40 uL) (blue curve)
to obtain the final volume of 130 pL with the addition of
Tris-HCI buffer.
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Fig. 2 (a) UV-vis spectra of supernatant solution of reaction mixture prepared by adding various concentrations of PTP1B (10
pL) into APP/MNPs (40 uL) followed by the addition of TC/AuNPs solution (80 uL). The PTP1B concentrations were 0.1, 0.15,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.1, 1.3, 1.5, and 1.7 U/mL. (b) Calibration curve corresponding to (A«-Ay)/A« against the
concentrations of PTP1B. Inset shows the linear relationship between (As-Ag)/A« values and the concentrations of PTP1B. A«
represents the maximum absorbance value at different concentrations of PTP1B, A, is the maximum absorbance value in the

absence of PTP1B.

and 11.69 + 2.94 nm, respectively. Compared to APP, APP/MNPs
exhibit a new peak at 1414 cm ! in the FT-IR spectrum (Fig. S1(c)),
which belongs to the C-N stretching vibration. It well demonstrates
that APP is successfully linked to MNPs through the formation of
amide bonds. Meanwhile, in the FT-IR spectrum of TC/AuNPs,
C=0 stretching absorption peak exhibits a red shift from 1615 cm™'
to 1643 cm™ in the comparison with that of TC, suggesting the
occurrence of TC on the surface of AuNPs (Fig. S1(d)).
Furthermore, TC shows two obvious absorption peaks at 275 nm and
357 nm in the UV-vis absorption spectrum (Fig. S1(e)). Meanwhile,
the peak at 275 nm and the other, a characteristic absorption peak of
AuNPs, appear simultaneously in the UV-vis spectrum of
TC/AuNPs. These well indicate the formation of TC/AuNPs.

3.2 Investigation of adsorption between TC/AuNPs and
APP/MNPs

As exhibited in Fig. 1, TC/AuNPs exhibits a strong absorption peak
(black curve). Upon adding APP/MNPs into TC/AuNPs, a dramatic
decrease for the absorption peak can be observed (blue curve). It can
be well explained for the strong adsorption ability between TC and
phosphate group at the outer layer of MNPs. However, with the
addition of hydrolyzed product into TC/AuNPs, the absorption peak
changes slightly (red curve). PTP1B can catalyze the cleavage of
phosphate ester bond, resulting in the departure of phosphate group
from the surface of MNPs and the formation of hydrolyzed product,
AP/MNPs. AP/MNPs containing no phosphate group cannot adsorb
with TC/AuNPs, so the absorbance value of supernatant solution
almost remains unchanged after magnetic separation. These results
are in accordance with our prediction and well demonstrate that the
adsorption between TC/AuNPs and APP/MNPs can be used for
PTPIB activity assay and the inhibitor screening.

3.3 PTP1B activity assay

As illustrated in Fig. 2(a), with the increase of the PTP1B
concentrations from 0.1 U/mL to 1.7 U/mL, the absorbance
values of supernatant solution increase gradually. It suggests
the hydrolysis of APP/MNPs into AP/MNPs under PTP1B

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

catalysis. AP/MNPs containing no phosphate group cannot
adsorb TC/AuNPs. So after magnetic
concentrations of TC/AuNPs in the supernatant solution

separation, the

increase and high absorbance values can be observed.

The (A+-Ay)/A- values have been used for the quantitative
detection of the PTP1B activity (Fig. 2 (b)). The values show a linear
response toward PTP1B concentrations ranging from 0.1 U/mL to
0.9 U/mL, and follows the regression equation of (A4+-Ag)/A« =
0.61701C + 0.30403 (U/mL, R* = 0.992). Furthermore, the detection
limit has also been calculated to be 0.0885 U/mL by the interpolation
of the mean plus three times the standard deviation of the zero
standards, which is lower than the previous report®. The detection
precision has been investigated according to the slope of the
regression of PTPIB (from 0.1 U/mL to 0.9 U/mL). For each
concentration of enzyme, the measurement has been repeated for at
least three times independently. The RSD of the three slopes is
2.03%, indicating that the precision and reproducibility of the
proposed method are acceptable.

3.4 Evaluation for PTP1B inhibitor

It has been reported that BA*” and Na;VO,*® are separately common
non-competitive and competitive inhibitor of PTP1B. In order to test
and verify that the proposed method can be applied for the screening
of PTPIB inhibitors, the two compounds have been chosen as the
model compounds in this study.

As exhibited in Fig. 3(a), with increasing BA concentrations
from 0 to 50 puM, the absorbance values decrease gradually. BA can
prevent the cleavage of APP/MNPs into AP/MNPs by the enzyme,
which will lead to the increasing concentration of TC/AuNPs in the
supernatant solution. Meanwhile, it is found that PTP1B activity can
be inhibited by 45 pM BA to the utmost extent, since there is no
evident change of inhibitory ratio (Fig. 3(b)). Furthermore, the
maximum inhibition ratio of BA is 89.29% with the ICs, value of 30
pM.

As illustrated in Fig. 3(c), with the increasing Na;VO,
concentrations from 0 uM to 10 pM, the absorbance values decrease
gradually. As a common competitive inhibitor, Na;VOy, is generally

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 UV-vis spectra upon analyzing various concentrations of (a) BA and (c) Na;VO,. The BA concentrations were 0, 5, 10, 15,
20, 25, 30, 35, 40, 45, and 50 uM. The Na;VO, concentrations were 0, 0.5, 1, 1, 3, 4, 5, 6, 7, 8, 9 and 10 uM. Inhibition ratio

versus the concentration of inhibitors: (b) BA and (d) NazVO,,

thought to bind as a transition state analog to the phosphoryl transfer
enzymes>>, so as to hinder the cleavage of phosphate ester.
Meanwhile, it should be noticed that upon adding 7 uM Na3;VO,,
PTPI1B activity can be inhibited extremely, owing to no obvious
change of inhibitory ratio (Fig. 3(d), from 7 pM to 10 uM). The
maximum inhibition ratio of Na;VOy, is 86.05%, with an ICs, value
of 4 uM.

4 Conclusions

The adsorption between TC and phosphate groups has been
exploited for PTP1B activity assay and the inhibitor screening.
The method owns the advantages in terms of its low technical
and instrumental demands, simple and rapid operation.
Moreover, this method can be used as a versatile method for the
detection of kinase and phosphatases activity and the
corresponding inhibitor screening.
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