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Abstract

Background/Aims: Protein tyrosine phosphatases are crucial enzymes controlling numerous
physiological and pathophysiological events and can be regulated by oxidation of the catalytic
domain cysteine residue. Peracids are highly oxidizing compounds, and thus may induce
inactivation of PTPs. The aim of the present study was to evaluate the inhibitory effect of
peracids with different length of hydrocarbon chain on the activity of selected PTPs. Methods:
The enzymatic activity of human CD45, PTP1B, LAR, bacterial YopH was assayed under the
cell-free conditions, and activity of cellular CD45 in human Jurkat cell lysates. The molecular
docking and molecular dynamics were performed to evaluate the peracids binding to the
CD45 active site. Results: Here we demonstrate that peracids reduce enzymatic activity of
recombinant CD45, PTP1B, LAR, YopH and cellular CD45. Our studies indicate that peracids are
more potent inhibitors of CD45 than hydrogen peroxide (with an IC50 value equal to 25 nM
for peroctanoic acid and 8 uM for hydrogen peroxide). The experimental data show that the
inactivation caused by peracids is dependent on hydrocarbon chain length of peracids with
maximum inhibitory effect of medium-chain peracids (C8-C12 acyl chain), which correlates
with calculated binding affinities to the CD45 active site. Conclusion: Peracids are potent
inhibitors of PTPs with the strongest inhibitory effect observed for medium-chain peracids.

Copyright © 2015 S. Karger AG, Basel
Introduction

Protein tyrosine phosphatases (PTPs) dephosphorylate phosphotyrosine residues
in proteins. Together with protein tyrosine kinases (PTKs), PTPs are responsible for the
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regulation of the tyrosine phosphorylation status, which controls numerous cellular
processes, such as cellular growth, differentiation, metabolism, cell-cell communication and
immune response. The balance between opposing activities of PTPs and PTKs is fundamental
for maintaining homeostasis, and any disturbance of this balance may contribute to disease
development [1].

The hallmark defining the classical PTP enzymes is the strictly-conserved active site
sequence C(X), R within the catalytic domain, which constitutes the phosphate-binding pocket
of the enzyme [2]. The cysteine residue inside the signature motif participates directly in the
removal of phosphate groups from certain phosphoproteins. The cysteine residue located
at the bottom of the active site cleft exists in the thiolate anion form, and is highly prone to
oxidation [3]. Oxidation of the cysteine residue to sulfenic acid residue leads to phosphatase
inactivation but is reversible and re-conversion to cysteine residue can be provided by
cellular reducing agents. However a highly oxidizing environment can induce further and
irreversible oxidation, yielding sulfinic and sulfonic acid residues (Fig. 1A), both of which
cause inactivation of the enzyme [4]. Oxidative stress, defined as excessive reactive oxygen
species formation, may induce inactivation of protein tyrosine phosphatases. Inactivation
via oxidation was suggested as a mechanism of PTPs regulation [5].

One of the key representatives of receptor-like PTPs is CD45, which controls many
cellular processes. CD45 dephosphorylates, among others, the Src-family kinases, and thus
is a key positive regulator of T or B cell receptor-mediated signaling leading to lymphocyte
activation [6]. Moreover, CD45 plays an important role in allergic response, being required in
mast cells for the degranulation process and subsequent histamine release [7]. In pancreatic
acinar cells, CD45 was found to operate as a negative regulator of the cytokine receptor
signaling pathway via suppression of JAK kinases [8]. Phosphatase CD45 was also reported to
be implicated in carcinogenesis since over-expression of the CD45 encoding gene correlates
with an increased proliferation rate of myeloma cells [9].

Human leukocyte antigen-related (LAR) phosphatase is a receptor-like transmembrane
phosphatase expressed in brain tissue. LAR-phosphatases have recently emerged as a major
family of synaptic adhesion molecules [10]. LAR acts as a negative regulator of multiple
receptor tyrosine kinases [11].

Phosphatase PTP1B is localized to the cytoplasmic face of the endoplasmic reticulum
and is expressed ubiquitously, including in the classical insulin-targeted tissues such as liver,
muscle and fat. Mounting evidence from biochemical, genetic and pharmacological studies
supports a role for PTP1B as a negative regulator in both insulin and leptin signaling. PTP1B
can associate with and dephosphorylate an activated insulin receptor (IR) or insulin receptor
substrates (IRS) [12]. There is evidence that phosphatase PTP1B is involved in pathogenesis
of type 2 diabetes and obesity [13]. PTP1B is a target in breast cancer treatment [14], but it
can also play the role of a tumor suppressor [15].
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Protein tyrosine phosphatase YopH is expressed in “Yersinia” species bacteria as
virulence effector and plays a role of bacterial agency, negatively controlling signaling
pathways of a host cell required for phagocytosis [16]. YopH is one of the most active protein
tyrosine phosphatases characterized to date [17].

Hydrogen peroxide is known to inhibit protein tyrosine phosphatases via oxidation of
the catalytic cysteine [4]. Moreover, hydrogen peroxide in the presence of carboxylic acids
may lead to the formation of the respective peroxycarboxylic acids (peracids) [18] (Fig. 1B).
Peracids are highly reactive (Fig. 1C) and are therefore more potent oxidants than hydrogen
peroxide [19]. It has been shown that peracetic acid (C2-peracid), likely formed in chronic
alcoholics from acetic acid and hydrogen peroxide, may inhibit enzyme that contains thiol
groups, arachidonoyl-CoA: 1-palmitoyl-sn-glycero-3-phosphocholine acyl transferase,
localized in the erythrocyte membrane [20]. Another study has shown that peracetic acid
(C2-peracid) is a potent oxidative inhibitor of PTP1B phosphatase [21]. In our previous work,
we demonstrated that activity of phosphatase CD45 can be decreased by treatment with
tetradecanoic peracid [22]. Interestingly, the active site of PTPs is highly positively charged
and may be an attractor for negatively charged peroxycarboxylic group of peracids [23, 24].

The aim of the present study was the assessment of the inhibitory effect of selected
peracids on the enzymatic activity of recombinant CD45, PTP1B, LAR and CD45 phosphatase
in Jurkat cells. We used peracids with different hydrocarbon chain length to estimate the
peracid with the most inhibitory effect. This was compared to the inhibitory impact of
hydrogen peroxide.

Materials and Methods

Cell line and cell culture

The human Jurkat T cell line, clone E.6-1, was obtained from European Collection of Cell Culture
(ECACC, UK). The cells were cultured at 37°C in RPMI 1640 medium supplemented with 10% fetal bovine
serum, 100pg/mL penicillin/streptomycin and 2mM L-glutamine. The culture was maintained at 372C and
in an atmosphere containing 5% CO,. RPMI 1640 medium and supplements were obtained from Sigma-
Aldrich. The cell culture density was kept at 1 x 10° cells/mL. At least every two days the medium was
replaced with the fresh one, and the cells were counted and reseeded to maintain the recommended density.
Concentration of protein in Jurkat cell lysate was measured using the Bradford colorimetric method. The
Bradford method is based on Coomassie Brilliant Blue G-250 absorbance shift in the presence of protein.
Binding to the protein being assayed under acidic conditions, the red dye is converted into the blue derivative.
The amount of protein in the sample is proportional to the amount of bound dye, and thus to increase of an
absorbance at 595 nm. Based on prepared standard concentrations of bovine serum albumin, concentration
of protein in samples was calculated.

Cell viability assay with MTT

The Jurkat cells (1 x 10° cells/mL) untreated (control) or treated with solution of hydrogen peroxide
or peracids after the appropriate incubation time were suspended in solution of 0.5 mg/mL MTT(3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) in RPMI 1640 without phenol red. The 100 pL
samples were incubated for 2-4 hours at 37°C in 96-well plates. When the purple precipitate was clearly
visible under the microscope, 100 pL of DMSO was added to each well and the plate with cover was left in
the dark for 2-4 hours. The absorbance at 540 nm was determined using a microplate reader.

Determination of PTP CD45 activity in cell lysate

The Jurkat cells (density at 1 x 10°¢ cells/mL) were untreated (control) or treated with solution of
hydrogen peroxide or peracids and incubated for 24 hours at 372C in 24-well plates. The cells were rinsed
twice with TBS, suspended at the density of 1 x 107 cells/mL in Lysis buffer pH 7.4 with 0.5 % NP-40, 25 nug/
mL leupeptin, 25 pg/mL pepstatin, 2 pg/mL aprotinin, ImM PMSEF, vortexed briefly and placed on ice for 15
minutes. The cells were then solubilized by forcing the lysates through a 19-gauge needle (0.686 mm inner
diameter) 20 times and centrifuged at 12000 x g at 42C for 5 minutes. The supernatants were transferred
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to test tubes and assayed immediately. The day prior to the assay, the 96-well microplates were coated with
CD45 capture antibodies (8 pg/mL in PBS) and incubated overnight at room temperature. After washing the
wells, cell lysate was added, and the plate was placed on a rocking platform at 30 rpm for 3 hours at room
temperature. Lysates were aspirated from the wells and PTP activity was measured colorimetrically using
200 pM tyrosine phosphate substrate (phosphopeptide DADEY(PO3)LIPQQG in 10 mM HEPES buffer pH
7.4) and malachite green. The phosphopeptide substrate was dephosphorylated by active CD45 to generate
unphosphorylated peptide and free phosphate. The free phosphate was then detected by a sensitive dye
binding assay using malachite green and molybdic acid. The increase in absorbance at 620 nm was measured
with the microplate reader. The activity of CD45 was determined by calculating the rate of phosphate release.
CD45 capture antibody, tyrosine phosphate substrate DADEY(PO3)LIPQQG, malachite green and molybdic
acid were purchased from R&D Systems. Detergent NP-40, protease inhibitors (leupeptin, pepstatin,
aprotinin) and phenylmethylsulfonylfluoride (PMSF) were purchased from Sigma-Aldrich.

Recombinant PTP CD45, PTP1B, YopH and LAR activity assay

Human recombinant CD45 and bacterial recombinant YopH protein tyrosine phosphatase were
obtained from Sigma-Aldrich, PTP1B from Prospec and LAR phosphatase from Calbiochem. The solutions of
the recombinant PTPs was prepared in 10 mM HEPES buffer pH 7.4. The final concentration of phosphatase
in reaction samples was 0.8 pg/mL (10 nM). The CD45, PTP1B, LAR and YopH enzymes were untreated
(control) or treated with solution of hydrogen peroxide and selected peracids. The assay was performed
in 96-well microplates, and the final volume of each sample was 200 pL. The enzymatic activities of CD45,
PTP1B, LAR, YopH were measured using 1mM chromogenic substrate para-nitrophenyl phosphate (pNPP)
in 10 mM HEPES buffer pH 7.4, at 37°C. Phosphatase hydrolyzed pNPP to para-nitrophenol and inorganic
phosphate. Para-nitrophenol is an intensely yellow colored soluble product under alkaline conditions. The
increase in absorbance (due to para-nitrophenol formation) is linearly proportional to enzymic activity
concentration (with excessive substrate, i.e. zero-order kinetics) and was assessed at 405 nm on a microplate
reader Jupiter (Biogenet) using DigiRead Communication Software (Asys Hitech GmbH).

Subsequently, recombinant phosphatase CD45 that had been previously inactivated by selected
peracids or hydrogen peroxide, was then treated with 10mM dithiothreitol (DTT), and the samples were
incubated for 15 minutes at 37°C to reverse the inactivation, if possible. Restoration of CD45 enzymatic
activity was measured as an increase of absorbance taken at 405 nm as previously described. The amount
of modified CD45 thiol adduct with NBD (Cys-S-NBD adduct) was measured after 30 min incubation with
NDB-CI (0.6 mM in a 0.5 mL of sample) as absorbance at 420nm with spectrophotometer.

Peracid synthesis

Peracids were synthesized according Parker’s method [25] as a result of the reaction of a carboxylic
acid of interest, and hydrogen peroxide. The carboxylic acid of interest was added into the solution of
50-60% hydrogen peroxide and 70% sulfuric acid (as a reaction medium), and the reaction mixture was
incubated for 2 hours at a room temperature, and then purified. The identity and purity of the synthesized
peracids were tested with NMR and IR spectroscopy. Peroxy acids were deep frozen and stored in a powder
form at -80°C. Unfortunately, due to highly explosive properties of short-chain peracids during synthesis
process, we have not obtained the C4 and C6-peracid.

Molecular docking

AutoDockTools version 1.5.4 was used to convert the receptor and ligand library to PDBQT format
[26]. The molecular docking program AutoDock Vina version 1.1.1 was used to perform the docking [27].
The preparation of the enzyme model is described elsewhere [22]. The catalytic domain of CD45 was used
to model the enzyme, with Cys853 in an anionic state and Asp821 in a neutral state, as required for catalysis
[28]. A binding box was defined centered on the position of the phosphorus atom in the phosphotyrosine
peptide in the bound complex. The largest ligand in a fully extended conformation was C16; the longest
distance between atom coordinates for this ligand was calculated to be about 25 A. The binding box for
docking had to be large enough to contain this ligand, therefore the binding box was set at a cube with the
side length of 25 A. Docking with a fully rigid receptor was performed. The Vina parameter exhaustiveness
increases the time spent on the search; for the final docking runs an exhaustiveness parameter of 128 was
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used. Preliminary docking runs suggested that this parameter was more than sufficient; increasing the
exhaustiveness is not expected to significantly change the results for the rigid docking. A set of 6 repetitions
were performed with different random seeds. Since the search of ligand performed by Vina is stochastic, the
results will be different depending on the random seed. The reported binding affinities are the means of all
the repetitions, and the reported errors are the standard deviations. The best binding pose was defined as
the pose with the strongest affinity in the largest cluster of poses, with poses clustered with a 1.5 A RMSD
thresholds.

Molecular dynamics

Molecular dynamics simulations were performed to obtain refined free energies of binding and
structural information. Simulations were performed for dianionic phosphotyrosine, while the C4, C8 and
C12 peracids, having pK s in the range of 8.1-10.8 [19], were modeled in both neutral and anionic forms.
The structures obtained by molecular docking were used as input for the molecular dynamics simulations.
Ligand parameters for the GAFF forcefield [29] were derived with the Antechamber module of AmberTools.
Protein components were described with the Amber ff99SB forcefield [30]. Each enzyme-ligand complex
was solvated in a TIP3P octahedral water box extending 21 A from the solute. Sodium and chloride ions
were added to neutralize the system and obtain a physiologically-relevant ion concentration of 0.1 M. Non-
bonded terms were calculated within a 10 A cutoff, while long-range electrostatics were calculated with the
particle-mesh Ewald. During simulations, the SHAKE algorithm was utilized.

Using Amber 12 with GPUs [31-34], the solvated system was simulated using the following procedure:
With the protein-ligand complex under strong restraints, 2000 cycles of steepest descent and 1000 cycles of
conjugate gradient minimizations were performed. With restraints removed, 4000 cycles of steepest descent
and 2000 steps of conjugate gradient minimizations were performed. The system was initially heated from
0 K to 100 K for 20 ps using a 1 fs timestep at constant NVT with weak restraints on solute. Subsequently,
heating was performed from 100 K to 300 K for 100 ps with a 1 fs timestep at constant NPT with weak
restraints on solute. Next, restraints were removed for 100 ps with a 1 fs timestep at constant NPT at 300 K.

Following the above preparations of the system, a final run was performed at constant NVT at 300 K for
15 ns with a 2 fs timestep from which production data were collected. The final 12.5 ns of this simulation was
analyzed. To calculate the free energy of binding, the Molecular Mechanics/Generalized Born Surface Area
(MM/GBSA) method was used. The GBn formulation [35] was implemented along with newly-developed
parameters [36] and mbondi3 radii. The entropic component of binding was evaluated with the normal
mode approximation. The reported binding free energies are averaged over the course of the final 12.5 ns
of the simulation (Fig. 6B). Pairwise-binding contributions reported between the ligand and residues only
contain non-entropic components of the binding free energy (Fig. 6C).

Statistical analysis

The experiments were performed at least three times. The data were applied and analyzed with
GraphPad Prism (GraphPad Software v.4). Statistical analyses were performed using ANOVA combined with
Tukey’s test or T test combined with Wilcoxon test. The data were expressed as means * SD. Differences
between means were considered significant for P < 0.05.

Results

Peracids are more potent inhibitors of CD45 than hydrogen peroxide

In the first step of the study, we determined the inhibitory effect of hydrogen peroxide
(Fig. 2A) and selected peracids (Fig. 2B,C) on enzymatic activity of recombinant CD45
phosphatase. The results obtained in CD45 activity assay show that peracids inhibit CD45
phosphatase more strongly than hydrogen peroxide by several orders of magnitude, with an
IC50 value equal to 25 nM for peroctanoic acid and 40 nM for perdecanoic acid, as compared
to 8 uM for hydrogen peroxide (Fig. 2C).

Recombinant protein tyrosine phosphatase CD45 was used to identify the effect of
hydrogen peroxide on its enzymatic activity. CD45 was treated with various concentrations
of hydrogen peroxide for 15 minutes and the percent of retained enzymatic activity of CD45
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Fig. 2. Recombinant CD45 activity assay with hydrogen peroxide and selected peracids as inhibitors. (A)
Impact of hydrogen peroxide on enzymatic activity of recombinant protein tyrosine phosphatase CD45.
Data presented as means*SD (n=10). One-way Anova combined with Tukey test. * significantly different
(P <0.001) from control. (B) Impact of various concentrations of peroctanoic acid on enzymatic activity of
recombinant phosphatase CD45. Data presented as means+SD (n=10). One-way Anova test. * significantly
different (P < 0.001) from control. (C) IC,, values of peracids and hydrogen peroxide for CD45 inhibition.
IC, values were determined from a plot presenting peracid or hydrogen peroxide concentration versus
percentage of the enzymatic activity of recombinant CD45 after 15 minutes incubation with inhibitors. (D)
Activity of recombinant CD45 after treatment with 50 nM C8-peracid in comparison to control. The activity
was measured every 1 minute as an absorbance with pNPP substrate.

was assessed (Fig. 2A). A small effect was observed for 25 nM hydrogen peroxide, which
resulted in a reduction in CD45 enzymatic activity to nearly 80%. A major loss in activity, to
less than 10%, was observed after the treatment of CD45 with 500 uM hydrogen peroxide
(Fig. 2A).

In a subsequent experiment, recombinant protein tyrosine phosphatase CD45 was
treated with different concentrations of peroctanoic acid. The percent of retained enzymatic
activity of CD45, following 15 minutes of incubation with peroctanoic acid, was measured
(Fig. 2B). Peroctanoic acid with a concentration of 25 nM reduced CD45 enzymatic activity to
50%, as compared to the control. Nearly complete loss of activity of CD45 (activity less than
2%) was observed after treatment with 500 nM peroctanoic acid (Fig. 2B). The loss of CD45
activity as a function of time after treatment with 50 nM peroctanoic acid in comparison to a
control is shown in Figure 2D.

Molecular docking calculations show that peracids have a higher binding affinity than
hydrogen peroxide for the CD45 active site (with binding affinities of -5.7 kcal/mol for C8-
peracid, in comparison to -3.1 kcal/mol for hydrogen peroxide). This is consistent with the
experimental results obtained using the recombinant phosphatase, and may explain the
greater inhibitory impact of peracids on CD45 as compared to hydrogen peroxide (Fig. 2).
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Fig. 4. Recombinant CD45, PTP1B and LAR activity assay. (A) Impact of peracids (50 nM) of different hy-
drocarbon chain length or hydrogen peroxide (50nM) on the enzymatic activity of recombinant CD45. Data
presented as mean+SD (n=10). One-way analysis of variance. * significantly different (P < 0.001) from con-
trol. (B) Impact of different length hydrocarbonyl chain peracids (50 nM) and hydrogen peroxide (50 nM)
on the enzymatic activity of PTP1B. Data presented as mean+SD (n=10). One-way analysis of variance. *
significantly different (P < 0.001) from control. (C) Impact of different length hydrocarbonyl chain peracids
(50 nM) and hydrogen peroxide (50 nM) on the enzymatic activity of LAR. Data presents mean+SD (n=10).
One-way analysis of variance. * significantly different (P < 0.01) from control. ** significantly different
(P <0.001) from control.

Peracids induce inactivation of CD45 in Jurkat cells

We found that peracids are able to reduce enzymatic activity of the cellular CD45
present in Jurkat cells. In this experiment, Jurkat cells were treated with 50 uM of peracids of
differing acyl chain lengths (including 2, 8, 10, 12, 14 and 16 carbons), or hydrogen peroxide,
at room temperature for 1 hour. The enzymatic activity of CD45 was assessed in Jurkat cell
lysates (Fig. 3A). Perdecanoic acid (C10) was observed to have the strongest inhibitory effect
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Fig. 5. Mechanism of peracids induced CD45 inactivation studies. (A) The calculated binding affinities (in
kcal mol™?) of peracids of different acyl chain length (C1-C16), their corresponding carboxylic acids, and
hydrogen peroxide. The ligands were docked in a binding box centered on the phosphatase active site of a
3D structural model of the D1 domain of human CD45. The binding affinities were calculated with AutoDock
Vina with flexible ligands and a rigid receptor. The error bars are standard deviations of 6 repetitions with
different random seeds. (B) The restoration of CD45 activity with DTT. Inactivation of CD45 by selected
peracids (50 nM) or hydrogen peroxide (50 nM), and the subsequent reversibility of the inactivation after
treatment with 10 mM DTT. Data presented as mean+SD (n=10). T-test analysis of variance. * significantly
different (P < 0.05) in pairs, ** significantly different (P < 0.01) in pairs. (C) The amount of modified CD45
thiol adduct with NBD (Cys-S-NBD adduct) after treatment with C8 and C10 peracids. Data presented as
absorbance at 420nm.* significantly different (P < 0.001) from control. (D) Activity of CD45 and the amount
of modified CD45 thiol adduct with NBD after treatment with C16- acid, H,0, or C16- acid with H,0,. Data
presented as a percent of control, mean+SD (n=3). * significantly different (P < 0.01) from control, ** signifi-
cantly different from control (P < 0.001).

on CD45 enzymatic activity, while the inhibitory effect decreased with both longer or shorter
acyl chain lengths of the peracids.

A cell viability analysis showed that treatment of Jurkat cells with 50 uM peracids
for 24 hours has little no impact on cell viability, while incubation of Jurkat cells with the
same concentration of hydrogen peroxide induces 64% loss of viability (Fig. 3B). Data are
presented as the percentage of living cells compared to control (100%).

Medium-chain peracids are stronger inhibitors of PTPs

The results obtained in the next experiments showed that peracids with different
number of carbons in the hydrocarbon chain inactivate PTPs with diverse effects. Inhibition
was found to be related to the length of the acyl chain of the peracid. The medium-chain
length peracids exhibited the highest impact on the enzymatic activity of CD45, PTP1B and
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LAR phosphatases (Fig. 4). The overall trend of the inactivation relative to the length of the
hydrocarbon chain of peracids was the same for each phosphatase tested.

Recombinant CD45, PTP1B and LAR phosphatase were treated with 50 nM peracids
of varying acyl chain lengths or with hydrogen peroxide. The obtained results showed that
peroctanoic acid (C8-peracid) has the greatest impact on the enzymatic activity of CD45,
PTP1B and LAR phosphatases (Fig. 4). The inhibitory effect decreased for peracids with
longer acyl chains. The peracetic acid containing 2 carbons was found to have less inhibitory
impact on CD45, PTP1B and LAR than the medium chain peracids (Fig. 4).

Mechanism of peracids induced inactivation of CD45

The dependency of the inhibitory effect on acyl chain length was observed for both
the recombinant CD45 (Fig. 2C,4A) and CD45 natively expressed in Jurkat cells (Fig. 3A).
Out of the investigated peracids, peroctanoic acid (with 8 carbons in the acyl chain) proved
to be the most potent inhibitor of the recombinant CD45, while perdecanoic acid (with 10
carbons in the chain) proved to have the strongest inhibitory effect on cellular CD45. The
inhibitory effect decreased both with an increasing or decreasing number of carbon atoms
in the peracid hydrocarbon chain. This dependency on chain length allows us to hypothesize
that medium-chain peracids have the optimal size and structure to effectively penetrate into
the catalytic center of CD45.

In order to study the mechanism of CD45 inactivation by different peracids or hydrogen
peroxide, the potential reversibility of the inhibitory effect was tested (Fig. 5B). In this study,
recombinant tyrosine phosphatase CD45 was used to investigate the potential restoration
of the enzymatic activity after inactivation hydrogen peroxide or peracids induced
inactivation. CD45 that had been previously inactivated by hydrogen peroxide or peracids
was subsequently incubated with 10 mM dithiotreitol (DTT) to reverse the inactivation,
if possible. The restoration of enzymatic activity of CD45 is presented in Figure 5A. We
observed that the inactivation of CD45 by hydrogen peroxide was completely reversed by
treatment with DTT. Similarly, the inactivation caused by the shortest chain (C2) as well as
longest chain (C16) peracids was also found to be reversible. However, the inactivation of
CD45 by medium-chain peracids (C8-C14) was only slightly restored by DTT, resulting in a
maximum activity of 40% of the original activity.

The conclusion that medium-chain peracids induce conversion of cysteine residue to
sulfinic and sulfonic acid residues is supported by the results obtained in NBD-CI studies.
We tested the amount of thiol groups modified by NBD-Cl forming Cys-S-NBD adducts. After
treatment of recombinant CD45 with the C8- or C10-peracid, the quantity of Cys-S-NBD
adducts was significantly decreased in comparison to control (Fig. 5C). C8-peracid led to a
73% reduction and C10-peracid to a 67% reduction of thiol-NBD adducts, suggesting that
thiol groups in CD45 after treatment with selected peracids are in oxidized forms.

Interestingly, in the course of the study we observed an additional inhibitory effect of
palmitic acid (C16-acid) and hydrogen peroxide on the enzymatic activity of recombinant
CD45. The inhibitory effect of C16-acid was rather low (5%), whereas in presence of
hydrogen peroxide it was significantly enhanced and inhibited ~50% of CD45 activity, which
is also much stronger than the effect of hydrogen peroxide alone (less than 20%) (Fig. 5D).
The obtained results raised the possibility that the carboxylic acid may become activated by
hydrogen peroxide to form peracids.

Peracids may bind within the active site of PTPs

We performed molecular docking experiments for a series of peracids, and the results
showed that peracids were not sterically precluded from binding in the catalytic center
of CD45. Figure 6A shows the most plausible binding pose within the CD45 active site for
C8-peracid. In this binding conformation, the peroxycarboxyl group of peroctanoic acid is
a relatively short distance away from the catalytic cysteine residue (Cys853) (<4 A) and
the arginine residue (Arg859) (<2 A). Under such steric conditions there is a likelihood
of hydrogen bond formation between the arginine residue and the peroxycarboxyl group.
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Fig. 6. Molecular docking and molecular dynamics studies of peracids binding to CD45 phosphatase active
site. (A) The most thermodynamically plausible ligand binding poses for peroctanoic acid (C8) as deter-
mined by docking experiments performed with AutoDock Vina using a rigid receptor and a binding box
centered on the CD45 phosphatase active site. The CD45 binding site backbone is shown as a grey cartoon
and four amino acid residues critical for the binding are shown in stick form (the residue positions are num-
bered according to the UniProtKB sequence P08575). (B) The binding free energy of selected peracids to
CD45 determined by molecular dynamics using the MM /GBSA method (AGMM/GBSA), and the binding affinity
determined by molecular docking (AGDDC“"Q; see Fig 5a). For the MM /GBSA computations, the energies were
computed with both neutral forms and anionic forms (*°); for the docking computations, only neutral forms
were used. Values are in kcal mol™. (C) The pairwise decomposition of the non-entropic component of the
MM/GBSA binding free energy between CD45 active-site residues and selected peracids (kcal mol~, with the
strongest binding in blue). (D) An overlay of the enzyme-ligand complex (atom RMSD = 1.330 A) for bound
phosphotyrosine (blue) and C8' (grey) showcasing the structural similarity of the enzyme in the presence
of substrate (phosphotyrosine) or inhibitor (peroctanoic acid, C8). The active site region is highlighted in
yellow. Structures are taken from the end of the 15 ns simulations.

The relatively short distance between the acyl chain and the tyrosine residue (Tyr683) (<4
A) should lead to hydrophobic interactions between the acyl chain and the tyrosine side
chain. These interactions contributed to the relatively strong calculated binding affinity of
peroctanoic acid.

The examination of the binding pose for C8-peracid (Fig. 6A) also shows, that in the
predicted best binding pose, the peroxycarboxyl group of the peracid is directed toward
the catalytic cysteine residue. This conformation would allow for the reaction between the
peroxycarboxyl group and the cysteine residue, resulting in the oxidation of the cysteine
residue.

The molecular docking studies found that peracids have a higher binding affinity to
the CD45 active site than hydrogen peroxide, with binding affinity —5.7 kcal/mol for C8-
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peracid, in comparison to —-3.1 kcal/mol for hydrogen peroxide. This is consistent with the
experimental results obtained using the recombinant phosphatase, and may explain the
greater inhibitory impact of peracids on CD45 as compared to hydrogen peroxide (Fig. 2C).
Furthermore, the computational analysis found that medium-chain peracids bind most
strongly to the CD45 active site, with the maximum binding affinity for the C10-peracid (Fig.
5A). The docking studies provide support to the hypothesis that the observed differences in
the inhibitory effects on CD45 activity are due to differences in binding to the CD45 active
site.

Interestingly, the calculated binding affinities of the peracids as compared with the
respective affinities for carboxylic acids are stronger, but the overall binding affinity trend
as dependent on the number of carbon atoms in an the acyl chain is comparable for both
the peracids and the carboxylic acids. Due to the fact that nanomolar concentrations of
carboxylic acids have only a slightly inhibitory effect on CD45 activity, we concluded that the
peroxycarboxyl group is directly implicated in the mechanism of enzymatic inhibition, and is
more important for inhibitory activity than the length of the acyl chain.

Molecular dynamics studies of inhibitor binding

To refine the results of the docking studies, molecular dynamics simulations were
performed. The binding enthalpy of select peracids (C4-, C8- and C12-peracids) was
calculated (Fig. 6B) and decomposed into per-residue pairwise contributions (Fig. 6C). Since
peracids may be either neutral (C4, C8, C12) or anionic (C4'-, C8', C12'") under physiological
conditions, they were modeled in both these forms. During the simulation of the neutral
C4-peracid (denoted C4), the peracid dissociated away from the CD45 active site, which is
reflected in the low affinity (4.4 kcal mol?) for this ligand for the binding site (Fig. 6B). All
other peracids remained in the active site with varying affinities (Fig. 6B). The strongest
attractive interactions with the C4-, C8- and C12-peracids were observed mainly for Arg859
and GIn897. Strong binding enthalpies are also observed with His822 for with the anionic
peracids. Overall, the peracids exhibit a greater binding enthalpy in their anionic form.

A structural comparison was made to evaluate whether allosteric structural changes in
the enzyme play a role in the inhibition of CD45 by peracids, using either a phosphotyrosine-
bound complex or a peracid-bound complex. For each of the ligands, an average structure was
obtained over the course of the final 15 ns of a molecular dynamics simulation. An alignment
of the backbone heavy atoms was generated for natural substrate, phosphotyrosine, (Fig. 6D,
blue) and the anionic C8-peracid (Fig. 6D, grey). These structures are very similar, having an
atom RMSD of 1.330 A.

Within the active site, minimal changes are observed in the enzyme structure in the
presence of the substrate (phosphotyrosine) or inhibitors (C4-, C8-, C12-peracid) (Fig. 6D).
A small deviation is seen in an active-site loop, where the side chains of Asp821, His822
and Gly823 deviate in the presence of the natural substrate and inhibitor (Fig. 6D, yellow).
Specifically, hydrogen bonding with Asp821 is no longer present for the C8' inhibitor. The
results of this overlay indicate that structural changes in the enzyme are largely removed
from the active site and likely do not influence the binding of the substrate or inhibitors.

Discussion

Peracids are a class of highly oxidizing compounds, and thus may induce inactivation
of PTPs via oxidation of the catalytic cysteine residue. It had previously been found that
peroxidized arachidonicacid can induce oxidation of PTPs [37]. Another study has shown that
peracetic acid is a potent oxidative inhibitor of PTP1B phosphatase [21]. The peroxycarboxyl
group (-COOOH) in a peracid is an oxidized derivative of the regular carboxyl group (-COOH)
[18]. Peracids can be produced as a result of the reaction between carboxylic acids and
hydrogen peroxide (Fig. 1B), e.g. peracetic acid will be formed in the reaction of hydrogen
peroxide with acetic acid. Hydrogen peroxide activation, with no metal ions involved, also
leads to peracid generation. In this mechanism, the activation of hydrogen peroxide is caused
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by perhydrolysis of a carbonyl precursor [38]. This reaction can occur spontaneously or can
be catalyzed by certain enzymes. It was demonstrated that lipases catalyzed the synthesis
of tetradecanoic peracid (C14-peracid) from hydrogen peroxide and tetradecanoic acid [39].

Hydrogen peroxide is naturally produced in various organisms (mitochondrial
respiratory chain, oxidases, and specifically in the metabolism of white blood cells), and
subsequently hydrogen peroxide can convert carboxylic acids (-COOH) into peracids
(-COOOH). The risk of peracid formation corresponds to increased production of carboxylic
acids. Such over-synthesis of carboxylic acids has been reported in some liver disorders and
psoriaris [40, 41]. High amounts of free carboxylic acid, such as palmitic or stearic acids
are generated in type 2 diabetes [42]. In addition, recent studies demonstrate an inhibitory
effect of free fatty acids on PTP1B and SHP2 phosphatase [43, 44].

Peracids can undergo decomposition to carboxylic acids, simultaneously releasing
active oxygen (Fig. 1C) [19]. The stability of peracids in aqueous solution is pH dependent.
Peracids may be decomposed at alkaline pHs. The mechanism of peracid decomposition
results in the formation of highly reactive singlet molecular oxygen [19].

The experiments we performed demonstrate that nanomolar concentrations of peracids
can inactivate human recombinant phosphatases CD45, PTP1B and LAR (Fig. 2,4). Peracids
are able to inhibit as well bacterial protein tyrosine phosphatase, YopH, with an IC, value
of 41 nM observed for C8-peracid (data not shown), after 15 minutes incubation time in
recombinant YopH activity assay. We observed that peracids also decreases the activity of
CD45 phosphatase natively present in the Jurkat cell line (Fig. 3A). It is worth mentioning,
however, that peracids have limited effect on Jurkat cell viability, comparing to hydrogen
peroxide (Fig. 3B). Significantly higher impact of hydrogen peroxide on cell viability may be
due to the fact that hydrogen peroxide can easily cross the cell membrane and cause damage
to cellular biomolecules either directly or after conversion, in presence of metal ions, to
more reactive hydroxyl radical [45].

Interestingly, the obtained results point to a unique correlation between the length of
the peracid hydrocarbon chain and its inhibitory effect on PTPs. Medium-chain peracids
(containing 8-12 carbonsin an acyl chain) proved to have a higher impact on PTPs inactivation
than C2- or longer-chain peracids (Fig. 4). According to the docking studies, the medium-
chain C8-, C9- and C10- peracids were predicted to bind with the strongest affinity to the
CD45 active site, with the maximum binding affinity calculated for the C10-peracid (Fig.
5A). These data are in agreement with the experimental results showing that medium-chain
peracids have the strongest inhibitory effect on PTPs, as observed for both the recombinant
protein and cell culture experiments (Fig. 3A,4A). The stronger inhibitory effect of peracetic
acid in Jurkat cells in comparison to recombinant enzymes is likely due to the specific ability
of peracetic acid to penetrate through the cell membrane. Peracetic acid is more lipid soluble
and not susceptible to decomposition by catalase and peroxidase, which effectively neutralize
the action of hydrogen peroxide [46]. Molecular dynamics simulations reveal no affinity of
the C4-peracids (Fig. 6B) (C4 and C4'-form), for the CD45 active site, which explains the lack
of inhibitory activity observed for the short-chain peracid (Fig. 4). The binding free energies
obtained from these calculations, involving CD45 and selected peracids, demonstrate the
C8-peracid has the highest affinity for the CD45 active site, with large binding contributions
from Arg859 and GIn897 (Fig. 6C). The cationic Arg859 has a large electrostatic contribution
when interacting with anionic peracids. The importance of this residue is supported by other
work that found Arg859 is essential for catalytic activity of CD45 phosphatase because it
plays a crucial role in substrate binding and in the process of catalysis [47]. Furthermore,
the anionic peracids are mainly stronger binders to the CD45 active site than their neutral
counterparts, indicating this may be their active form (Fig. 6B,C).

PTPs show a high similarity of the active site structural architecture, in contrast to the
electrostatic surface potential [24]. It may be assumed that the differences observed in a
level of inactivation of CD45, PTP1B and LAR by peracids and hydrogen peroxide (Fig. 4)
could be involved in the various active site electrostatic surface potential. The mapping
studies of PTPs surface determined only a few conserved surface patches in the vicinity of
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the active site, which may result in the variation of substrate specificity [23].

The experimental results demonstrated that the inactivation caused by the medium-
chain peracids is virtually irreversible (Fig. 5B). The enzymatic activity of CD45 inactivated
by treatment with medium-chain peracids may only be restored by a few percent relative
to the control. Conversely, the treatment of CD45 phosphatase with short-chain or long-
chain peracids, as well as hydrogen peroxide, induces reversible rather than irreversible
oxidation, and the enzymatic activity is almost completely recovered with DTT (Fig. 5B).
Previous studies indicated that organic peroxides, such as peracetic acid, induce reversible
inactivation of PTP1B phosphatase [21]. According to Bhattacharya et al. [21], reversible
PTP oxidation may be a general mechanism of enzymatic inactivation by organic peroxides.
The results of this study clearly show that the reversible oxidation is not observed for the
medium-chain peracids, possibly because their optimal size and structure allows for effective
penetration into the catalytic center of CD45 repeatedly, leading to further oxidation of the
catalytic cysteine to the irreversible sulfinic and sulfonic acid derivatives.

The highly-selective inactivation of PTPs by peracids correlates with hydrocarbon chain
length, revealing medium-chain peracids, specifically peroctanoic acid (C8-peracid), to be
the most effective oxidizing inhibitors of PTPs. Moreover, our experimental data suggest that
inactivation of CD45 by medium-chain peracids is irreversible and leads to a decrease in
a number of thiol groups, which are located on cysteine residues (Fig. 5C). Computational
analysis showed that there are few structural changes after binding of peroctanoic acid
within the CD45 active site (Fig. 6D), with the exception of the side chain of Asp821, His822
and Gly823, which are located near the active site.

The mechanism of CD45 inactivation caused by peracids is still unclear, but we suspectit
may occur through the irreversible oxidation of the cysteine residue, located in the catalytic
center, to forms of sulfinic and sulfonic acid. Further studies on the mechanism of inactivation
of PTPs by peracids are underway. However, because of the high reactivity of peracids,
they are unlikely to accumulate in the cell and, therefore, the amount of peracids is hard to
measure under in vivo conditions. Unfortunately, due to the highly-explosive properties of
short-chain peracids, C4- and C6-peracids have not been synthetized and tested.

PTPs are potential pharmacological targets for novel drugs being developed in order
to treat numerous pathologies including cancer, autoimmune disorders, allergic response,
cardiovascular or neurodegenerative diseases [48, 49]. Moreover, since many PTPs fine-
tune subtle regulation of microbial biochemistry controlling the viability and virulence,
they can be candidates for new therapies of infection diseases [16, 50]. The studies on
inhibitory properties of peracids against PTPs may be a good starting point for the synthesis
of analogous inhibitors characterized by higher selectivity and stability, potentially leading
to clinical application. In conclusion, the obtained data suggest that peracids are potent
inhibitors of PTPs with the strongest inhibitory effect observed for medium-chain peracids,
which correlate with an optimal binding affinity.
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