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Abstract

Protein tyrosine phosphatases (PTPs) play an important role in the regulation of mammalian signal
transduction. During some cell signaling processes, the generation of endogenous hydrogen
peroxide inactivates selected PTPs via oxidation of the enzyme's catalytic cysteine thiolate group.
Importantly, low molecular weight and protein thiols in the cell have the potential to regenerate
the catalytically active PTPs. Here we examined the recovery of catalytic activity from two
oxidatively-inactivated PTPs (PTP1B and SHP-2) by various low molecular weight thiols and the
enzyme thioredoxin. All thiols examined regenerated the catalytic activity of oxidized PTP1B,
with apparent rates constants that varied by a factor of approximately eight. In general, molecules
bearing low pKj thiol groups were particularly effective. The biological thiol, glutathione repaired
oxidized PTP1B with an apparent second-order rate constant of 0.023 + 0.004 M~1 s71, while the
dithiol, DTT, displayed an apparent second-order rate constant of 0.325 + 0.007 M~1s™1, The
enzyme thioredoxin regenerated the catalytic activity of oxidized PTP1B at a substantially faster
rate than DTT. Thioredoxin (2 uM) converted oxidized PTP1B to the active form with an
observed rate constant of 1.4 x 1073 s~1, The rates at which these agents regenerated oxidized
PTP1B followed the trend Trx > DTT > GSH, with comparable values observed at 2 uM Trx, 4
mM DTT and 60 mM GSH. Various disulfides that are byproducts of the reactivation process did
not inactivate native PTP1B at concentrations of 1-20 mM. The common biochemical reducing
agent tris(2-carboxyethyl)phosphine (TCEP) regenerates enzymatic activity from oxidized PTP1B
somewhat faster than the thiol-based reagents, with a rate constant of 1.5 + 0.5 M~1 s71, we
observed profound kinetic differences between the thiol-dependent regeneration of activity from
oxidized PTP1B and SHP-2, highlighting the potential for structural differences in various
oxidized PTPs to play a significant role in the rates at which low molecular weight thiols and
thiol-containing enzymes such as thioredoxin and glutaredoxin return catalytic activity to these
enzymes during cell signaling events.
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Many important mammalian signaling pathways are regulated by phosphorylation of
specific tyrosine residues on target proteins.1# The phosphorylation status of these proteins
is controlled by the coordinated action of protein tyrosine kinases that catalyze the addition
of phosphoryl groups and protein tyrosine phosphatases (PTPs) that catalyze their hydrolytic
removal.2-® The catalytic activity of selected PTPs is down-regulated as part of some signal
transduction events.3” This involves the activation of NADPH oxidases that generate a burst
of hydrogen peroxide (H,05) that oxidizes the catalytic cysteine thiolate group at the active
site of selected PTPs.8-14 The oxidatively-inactivated forms of various PTPs may exist with
the catalytic cysteine residue either as a sulfenic acid, a disulfide, or a sulfenyl amide
(Scheme 1).15 Reaction of biological thiols with oxidized PTPs can regenerate the
catalytically active enzyme, with the active site cysteine in the thiolate form (Scheme 2).1°

The oxidative inactivation and subsequent thiol mediated reactivation of PTPs during
signaling events constitutes an important biochemical “timing device” that helps control the
duration and intensity of cellular responses to various stimuli.3”15 A number of studies
have investigated the mechanisms by which hydrogen peroxide inactivates PTPs;%-12:16-20
however, the mechanisms by which cellular thiols regenerate the catalytic activity of these
proteins has received less attention. Low molecular weight thiols, including the biological
thiol glutathione (GSH), can mediate the recovery of activity from oxidized
PTPs.1215.18.21-24 | addition, enzymes such as thioredoxin, glutaredoxin, and sulfiredoxin
can repair oxidized PTPs, employing both single cysteine thiol and vicinal dithiol
mechanisms in the reduction of oxidized proteins.15:18.21.25-27 |n general, the rates,
mechanisms, and exact identity of the thiols that regenerate catalytic activity from oxidized
PTPs remains an important, yet poorly understood, aspect of many receptor protein tyrosine
kinase-mediated cell signaling pathways. In the work described here, we employed various
low molecular weight thiols and the enzyme thioredoxin as probes to explore fundamental
chemical and biochemical features surrounding the regeneration of catalytic activity from
two structurally distinct oxidized PTPs.

EXPERIMENTAL PROCEDURES

Materials

All thiols used in this study were from Sigma-Aldrich, and were of no less than purum
reagent grade. Buffer components Tris, Bis-Tris, sodium acetate, and
diethylenetriaminepentaacetic acid (DTPA) were also from Sigma. Sodium chloride was
from Fisher Scientific, and the non-ionic detergent Surfact Amps® 80 (Tween 80) was from
Thermo Scientific. Catalase from Corynebacterium glutamicum (844,000 U/mL) and 30%
(wt/wt) aqueous hydrogen peroxide were from Sigma. The chromogenic substrate 4-
nitrophenyl phosphate disodium salt hexahydrate (pNPP), and sodium hydroxide were also
from Sigma. Recombinant thioredoxin from E. coli (product T0910), thioredoxin reductase
(product T7915), and NADPH-tetra(cyclohexylammonium) salt (product N5130) were from
Sigma-Aldrich and were used as received. Absorption spectra were recorded on an Agilent
8453 Hewlett-Packard G1103A spectrophotometer. Zeba mini buffer exchange/desalting
columns used in the preparation of thiol-free PTP1B or SHP-2 were from Pierce (catalog no.
89882), and were used according to the manufacturer's protocol. The catalytic domains of
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PTP1B and SHP-2 were expressed and purified as previously described.1% The previously
characterized active site directed PTP1B inhibitor 1 was a gift from Dr. Ernest Asante-
Appiah (Merck). The previously characterized active-site directed PTP1B inhibitor 2 was
prepared as described previously.28

Oxidative Inactivation of Native PTP1B and SHP-2

Prior to use in kinetics assays, both PTPs were removed from stock storage solutions and
exchanged into Buffer A (Tris (50 mM), Bis-Tris (50 mM), DTPA (10 mM), and sodium
acetate (100 mM), pH 7.0) containing 0.5% (v/v) Tween 80. Subsequently, the PTPs were
diluted in the same buffer and completely inactivated by treatment with hydrogen peroxide
(1 mM) for 5 min at 25 °C. Following the inactivation incubation period, catalase (100-300
units, final) was added to quench excess H,O,. The reaction tube was then allowed to stand
open to air for 2 min to ensure complete evolution of O, gas, and the oxidized PTPs stored
on ice until used. Generally 0.7 uM oxidized PTP1B and 0.35 pM oxidized SHP-2 were the
final concentrations for discontinuous assays. The aqueous solubility of PTP1B is greatly
decreased upon oxidation, and protein precipitation was observed at concentrations of
oxidized PTP1B as low as 4 uM.

Determination of Approximate Rate Constants Via Continuous Spectrophotometric assay

Stock solutions of 25.5 mM pNPP, 250 mM monothiol, and 125 mM dithiol were prepared
in Buffer A. For thiols bearing acidic functionalities (thioglycolic acid (TGA), GSH, and N-
acetyl-.-cysteine (NAC)), one mole equivalent of acid was neutralized via addition of the
appropriate amount of 10 M NaOH in ddH-,O to prevent acidification of the assay buffer,
and the pH checked against buffer alone using a four-color pH test strip. In a manner similar
to that described above, oxidized PTP1B (1.5 uM) and oxidized SHP-2 (0.75 pM) were
prepared. To a 1 mL quartz cuvette were added 628 L of 25.5 mM pNPP and 160 L of
250 mM monothiol, or 125 mM dithiol. Following zeroing of the spectrophotometer against
this solution, 12 pL of oxidized PTP1B or SHP-2 were added, the mixture immediately
mixed by gentle vortexing, and the release of 4-nitrophenol followed at 410 nm (5 sec cycle
times). Because the concentration of substrate in the assay (20 mM) was saturating (as
determined in a separate experiment) and effectively constant, we may express the
approximation:

[Eoct] =[E @S],

where [E,] is the concentration of native (active) PTP, and [E*S] is the concentration of the
PTP-substrate complex. Under conditions of saturating substrate, we may write:

[P]t: (kcat [E @ S]) * (t),

where [P] is the concentration of product 4-nitrophenol and k4 has its usual meaning in the
context of Michaelis-Menten Kinetics. Thus, if ke and [E,c] are constant during the
experiment, [E«S] would also be constant, and the term dP/dt would be constant and
described by a line with the slope, keat[E*S] (this being the basis for determination of
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“traditional” Kinetic constants Ky, and Vinay). Here, however, since the concentration of
active PTP changed (increased) with time during thiol-mediated reactivation, rising curves
are observed in the plot of [P] versus time. Under the pseudo first-order conditions
employed, and for a given Kkqg, these rising curves can be described by the expression:

dP d[EeS] d[E.:] D;— Dy

- _ :efkw*t_
dt dt dt D, — Dy ’

where k. is the pseudo first-order rate constant of reactivation in the presence of excess
thiol, and D, Dy, and D o are the instantaneous rates of change in [P] versus time initially, at
time t during the reactivation process, and at the completion of the reaction. Thus,
computing instantaneous rates of change in Abs,q (differentials, D) at time t and replotting
D; versus the median of the time interval considered affords kinetic data that describes the
thiol-mediated recovery of PTP activity versus time under pseudo-first-order conditions. It is
worth noting that this method for extracting kinetic data from a continuous
spectrophotometric assay is reminiscent of that described by Hart and O'Brien for
inactivation of acetylcholinesterase by paraoxon in the presence of 4-nitrophenyl acetate.2®

Determination of Rate Constants of Reactivation of Oxidatively-Inactivated PTPs Via
Discontinuous Assay Methods

Stocks of oxidatively inactivated PTPs were prepared as described (0.7 uM PTP1B and 0.35
UM SHP 2, vide supra). In the same buffer were prepared 2x-concentrated stocks of thiol.
Prior to initiation of the reactivation reaction, the stocks were incubated separately at 25 °C
for 5 min to allow thermal equilibration. Immediately upon 1:1 (v/v) mixture of the two
stocks, a timer was started, and at 1, 2, 4, 7, and 10 min intervals, 10 pL aliquots were
removed from the reaction mixture and placed in 2 mL microcentrifuge tubes containing 490
uL of 20 mM pNPP in activity assay buffer (50 mM Bis-Tris, 10 mM DTPA, 150 mM NacCl,
pH 6, 30 °C). The activity assays were allowed to proceed for 10 min at 30 °C prior to
quenching with 500 pL of 2 M NaOH.14 The absorbance at 410 nm was recorded and the
data analyzed as described below.

To account for any potential residual activity in the oxidized PTP stocks, the appropriate
concentration of oxidized PTP was added to the blank series, subjected to identical
conditions in the activity assay, and the instrument zeroed against this sample. For thiols of
limited solubility and/or sluggish reaction times, DTT or 2-mercaptoethanol (2-ME) were
used to determine the endpoint of the reaction. In a separate experiment, it was found that
these thiol agents all recovered similar amounts of enzyme activity for PTP1B.

Data from these assays were analyzed in Microsoft Excel by fitting to the general form for a
first-order reaction:
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where k. is the pseudo-first-order rate constant and [A]o, [Aly, and [A] o are the
absorbances at 410 nm initially, at time t, and at the end of the reactivation process,
respectively. From this data, apparent bimolecular rate constants and rate constants for
thiolate attack on oxidized PTP1B were calculated according to the method of Szajewski
and Whitesides.30

Similar methodologies to those described above were utilized in determination of the rate of
recovery of catalytic activity of oxidized PTP1B by the trialkylphosphine reagent TCEP.
Because the material was received as the hydrochloride salt and additionally bears three
acidic carboxylic acid groups, 3.5 equiv of base were added to the stock solution via
addition of the appropriate volume of NaOH (10 M) to prevent acidification of the assay
buffer. The resulting mixture was confirmed to have the same pH as buffer alone by four
color pH strip. The amount of total recoverable activity by treatment of oxidized PTP1B
with TCEP (20 mM) or DTT (40 mM) for 30 min (pH 7, 25 °C) was found to be effectively
the same (within ~7% of one another).

Reactivation of oxidatively-inactivated PTP1B by the thioredoxin-thioredoxin reductase

system

A concentrated (40 uM) stock solution of thioredoxin (a lyophilized powder) was prepared
via dissolution in Buffer A lacking Tween, and was stored at - 20°C until used. Solutions of
thioredoxin reductase (a 16 pM suspension in ammonium sulfate) were prepared fresh via
dilution from the stock into Buffer A. Solutions of NADPH in Buffer A were prepared fresh
and stored on ice until used. Solutions of the reducing system (thioredoxin/thioredoxin
reductase/NADPH) were prepared fresh from stock solutions and used immediately. In
general, the ratio of thioredoxin:thioredoxin reductase was held at 20:1, and it was found
that these conditions were more than adequate to ensure that reduction of thioredoxin by
thioredoxin reductase in the presence of excess NADPH (100 — 200 pM) was not rate-
limiting. For kinetics runs with oxidized PTP1B, the thioredoxin system was prepared
(thioredoxin/thioredoxin reductase/NADPH : 4 uM/200 nM/200 pM) and allowed to
equilibrate at 25 °C several minutes prior to the start of the assay. Recovery of PTP1B
activity was measured as described above.

RESULTS AND DISCUSSION

Oxidative Inactivation of PTP1B

We first examined thiol-mediated regeneration of activity from oxidized PTP1B. PTP1B is
the archetypal member of the PTP superfamily and is redox regulated as part of the insulin
signaling cascade.®13 For these studies, we employed the catalytic domain of recombinant
human PTP1B (aa 1-322). The oxidatively-inactivated enzyme was prepared by treatment of
native PTP1B with H,0, (1 mM) in Buffer A containing Tween-80 (0.5% v/v) for 5 min at
25 °C, followed by addition of catalase (100-300 units) to quench remaining H,O,. Enzyme
prepared in this manner was completely inactive, but approximately 75% of the original
activity was consistently recovered by treatment with 1,4-dithio-o-threitol (DTT, 40 mM, 20
min, 25 °C).
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Evidence suggests that oxidative inactivation of PTP1B proceeds via conversion of the
active site cysteine to the cyclic sulfenyl amide both in the crystal and in solution forms of
the enzyme (Scheme 1).31:32 Nonetheless, it remains possible that oxidized PTP1B exists in
some other form such as the sulfenic acid (Scheme 1). The inability to completely recover
the catalytic activity of oxidized PTP1B presumably reflects the formation of some
overoxidized forms of the enzyme. These may include cyclic sulfinyl and sulfonyl amide
forms of PTP1B (Structures 3 and 4, respectively).22:31.32 Results of previous chemical
model studies indicate that the sulfinyl amide form of PTP1B may be thiol recoverable,
while the sulfonyl amide likely is not.22

Thiol-Dependent Recovery of Activity from Oxidized PTP1B

We treated oxidized PTP1B with a panel of structurally diverse thiol-containing compounds
in the presence of the chromogenic PTP substrate p-nitrophenylphosphate and used a
continuous spectrophotometric assay to monitor the recovery of enzyme activity engendered
by each agent. All of the thiols examined caused time-dependent recovery of activity from
the oxidized enzyme (Figure 1). From these time courses, carried out under pseudo-first-
order conditions, an apparent second-order rate constant for the recovery of enzyme activity
was estimated for each thiol (Figure 1, legend).

We next undertook a more detailed kinetic examination of a subset of these thiols. For
example, treatment of oxidized PTP1B with the biological thiol GSH at concentrations
ranging from 1-60 mM resulted in time- and concentration-dependent recovery of the
enzyme's catalytic activity (Figure 2A and B). The reaction displayed second-order kinetics,
with an apparent rate constant of 0.023 + 0.004 M~ s™1, We examined several other
structurally varied monothiols including 2-mercaptoethanol (2-ME), cysteine, and
thioglycolic acid (TGA) (Table 1). Similar to GSH, the recovery of PTP1B activity caused
by these thiols followed second-order kinetics, with the observed rate constants varying by a
factor of about eight.

Literature precedents indicate that thiolate (RS™) is the relevant nucleophile in the reactions
of thiols with divalent sulfur electrophiles.33:34 Consistent with these precedents, the data
presented in Table 1 shows that, with one exception (TGA) that is discussed further below,
monothiols with lower pK, values display larger rate constants for their reactions with
oxidized PTP1B. Molecules bearing thiol groups with lower pK, values exist with a
significantly larger fraction in the reactive thiolate form near neutral pH values. The
observed rate constants measured here, along with the literature pK, values for the
respective thiol groups,39-35:36 allowed us to estimate the true rate constants for regeneration
of activity from oxidized PTP1B by each thiolate (Table 2). This analysis accounts for
differences in pK, of the various thiol groups and highlights how structural differences
influence reactivity. The results indicate that more basic thiolates were more reactive toward
oxidized PTP1B. This is in accord with findings from the Whitesides group regarding the
attack of thiolates on low molecular weight disulfides.39-37

Interestingly, TGA was more reactive than pK, considerations alone would predict. This
could reflect favorable electrostatic interactions between the ionized carboxylate group of
TGA with positively-charged amino acid side chains such as Arg45, Lys116, and Lys210
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located near the catalytic Cys215 in the three-dimensional structure of oxidized PTP1B (see
for example: pbd 3SME).10 Alternatively, equilibrium amounts of the neutral carboxylic
acid form of TGA could serve as a general acid catalyst to increase the rate ky as illustrated
in Scheme 3.

We also examined reaction of the dithiol DTT with oxidized PTP1B. DTT has been
suggested as a reasonable low molecular weight mimic of dithiol-containing enzymes
involved in the repair of oxidized proteins.1>:18 Treatment of oxidized PTP1B with DTT
(1-60 mM, pH 7) produced time- and concentration-dependent recovery of the enzyme's
catalytic activity (Figure 2C and D). The data were consistent with a second-order process
with a rate constant of 0.325 + 0.007 M~1 s71, Importantly, the observed rate of enzyme
recovery in the case of DTT was approximately 6.5-fold greater than that measured for the
structurally analogous monothiol, 2-ME. Furthermore, the rate constant estimated for the
regeneration of active enzyme by the thiolate form of DTT was more than double that of 2-
ME thiolate (Table 2). Contrary to the trend identified above, in this case, the less basic
thiolate of DTT displays a larger rate constant. The apparent discrepancy in the kinetic
behavior of DTT and 2-ME likely reflects a difference in the rate determining step for the
regeneration of PTP1B activity by these two thiols. Specifically, the rate constant measured
for the recovery of PTP1B activity in the case of DTT may report on the initial attack of
thiolate on the oxidized enzyme (kq in Scheme 2C). This is a reasonable hypothesis given
that the second step of the reaction, involving intramolecular attack of the pendent thiol
group on the mixed disulfide intermediate, is expected to be fast (Scheme 2D).30:38 |n
contrast, the observed rates at which monothiols reactivate oxidized PTP1B may reflect the
bimolecular attack of a second equivalent of thiolate on the mixed disulfide intermediate (ko
in Scheme 2C). The rate measured here for DTT (0.325 M1 s71) can be compared to the
value of 0.23 M~1 571 reported for the attack of DTT on GSH disulfide under similar
conditions (pH 7, 30 °C).30

Unlike DTT, the dithiol 2,3-dimercapto-1-propanol (BAL) exhibited biphasic behavior in
the plot of pseudo first-order rate constants versus thiol concentration (Supporting
Information). At low concentrations of BAL (up to 5 mM), a line passing through the origin
with slope (second-order rate constant) equal to 0.6 M1 s~ was observed. At higher
concentrations of thiol, a “downward bend” in the plot occurs leading to a second linear
region of the plot whose slope corresponds to a different second-order rate constant of
approximately 0.17 M~1 s71 (y-intercept of ~ 0.006 s71). The different kinetic behaviors of
BAL and DTT may arise due to the relatively slow intramolecular ring closure in the case of
the PTP-BAL mixed disulfide (ko in Scheme 2D). At low concentrations of BAL, the
intramolecular ring closure of the second, pendent thiol group in the PTP-BAL mixed
disulfide (kp, Scheme 2D) may be faster than both the rate of initial attack of BAL on
oxidized enzyme (k1[RSH], Scheme 2C) and bimolecular attack of a second equivalent of
BAL on the PTP-BAL mixed disulfide (ko[RSH], Scheme 2C). Thus, in the low
concentration regime, like DTT, the rate-determining step for recovery of enzyme activity
by BAL may be the initial attack of thiol on oxidized PTP1B. However, at higher
concentrations of BAL, the rate of bimolecular attack of a second equivalent of BAL on the
PTP-BAL mixed disulfide (ko[RSH], Scheme 2C) may surpass that of the intramolecular
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ring closure (kp, Scheme 2D). If the two forward bimolecular rate constants in Scheme 2C
have the relationship k1 > ky (which is consistent with the interpretation of the data for
monothiols discussed above) and the pseudo-first-order rate constant ko[BAL] is greater
than the first-order rate constant ko (Scheme 2D) then the rate-determining step for
formation of the active enzyme will be the bimolecular reaction k, in Scheme 2C. Thus, at
low concentrations BAL behaves like the dithiol DTT while at high concentrations it
behaves, for all practical purposes, like a monothiol. Along these lines, it is worth noting
that BAL typically forms cyclic dimers upon reduction of low molecular weight
disulfides;39 however, steric occlusion of the PTP-BAL mixed disulfide at the protein
surface may hinder this process, rendering formation of the cyclic dimers relatively slow.

We investigated whether several known, active-site-directed reversible inhibitors of native
PTP1B were able to inhibit thiol-mediated reactivation of the oxidized enzyme. We
examined the known inhibitors phosphate (Kg = 21 mM),3% and arsenate (K; = 80 uM).%? In
addition, we examined the effects of two previously characterized, active-site-directed,
reversible inhibitors of PTP1B, the Merck inhibitor, 1 (ICsp = 47 nM)*! and 2-
(oxalylamino)benzoic acid 2 (K; = 23 uM).28 None of these agents inhibited the ability of
thiols to restore oxidized PTP1B to its catalytically active form (data not shown). On the
contrary, in the case of sodium phosphate (50 mM), a slight acceleration in the recovery of
PTP1B activity by 2-ME and DTT was observed, likely because the significantly greater
ionic strength of the phosphate-containing solutions depressed the pK, of the thiol groups in
these assays, leading to increased concentration of the reactive thiolate species. The failure
of competitive PTP1B inhibitors to slow thiol-mediated recovery of activity from oxidized
PTP1B likely reflects the simple fact that the structures of the oxidized and native enzymes
are substantially different, and that traditional PTP inhibitors do not bind to the oxidized
enzyme with high affinity (for example, compare pdb structures 3SME and 3HNP).10.32

We examined the ability of the thioredoxin/thioredoxin reductase enzyme system to
regenerate catalytic activity from oxidized PTP1B. The thioredoxin/thioredoxin reductase
system did regenerate active PTP1B, with an observed rate constant of 1.4 x 10 3s 1 ata
thioredoxin concentration of 2 uM (Figure 3). For comparision, a concentration of 5 mM
DTT gave approximately the same pseudo-first-order rate constant as 2 uM thioredoxin
(Figure 3). It is noteworthy that the yield of active PTP1B generated by the thioredoxin/
thioredoxin reductase system was somewhat less than that produced by DTT (Figure 3). The
difference in the amount of PTP1B activity regenerated by thioredoxin and the low
molecular weight thiols, may be explained by the presence of multiple oxoforms of PTP1B
in the assay. As noted above, oxidative inactivation of PTP1B likely generates multiple
oxoforms of the enzyme including the sulfenyl amide and higher oxidation states products
such as the cyclic sulfinyl amide 3 and the sulfonyl amide 4.22:31.32 Results of previous
chemical model studies suggest that low molecular weight thiols can return the sulfinyl
amide 3 form of PTP1B to the active state, while the sulfonyl amide likely cannot be
recovered.?2 As described in this work, it is possible that thioredoxin may selectively
process the sulfenyl amide shown in Scheme 1, but not the sulfinyl amide 3. In contrast, the
chemical studies reported previously indicated that DTT and other low molecular weight
thiols appear indiscriminant with regard to their reactions with small molecules that model
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these oxoforms of PTP1B.22 While these results suggests the possibility that a mixture of
PTP1B oxoforms may be generated during the oxidation of PTP1B with H,0,, the simple
bimolecular kinetics observed for the thiol-dependent recovery of activity from oxidized
PTP1B further suggest that the oxoforms are converted to active enzyme at similar rates. If
multiple processes with significantly different rate constants were operative, biphasic
kinetics would be observed.

Disulfide Byproducts Generated in the Reaction of Thiols with Oxidized PTP1B Do Not
Inactivate the Catalytically-Active Form of the Enzyme

Thiol-mediated reactivation of PTP1B generates a disulfide byproduct (Scheme 2). Previous
reports indicate that disulfides such as GSH disulfide, Ellman's reagent, and the natural
product gymnorrhizol can inactivate PTP1B.27:42:43 Therefore, we investigated whether 2-
ME disulfide, GSH disulfide, and oxidized DTT might inactivate PTP1B under our assay
conditions. We found that none of these disulfides inactivated the native enzyme at
concentrations of 1-20 mM in Buffer A containing Tween-80 (0.5% v/v) at 25 °C. The
results suggest that the process defined by k_,[RSSR] in Scheme 2 was not significant under
the conditions of our experiments.

Trialkylphosphine-Mediated Reactivation of Oxidatively-Inactivated PTP1B

Because trialkylphosphine-based reagents are commonly utilized for reduction of protein
disulfides to free thiols,*4-46 we were curious how the efficiency of the prototypical reagent
in this class, tris(2-carboxyethyl)phosphine (TCEP),4 compares to thiols in its ability to
regenerate catalytic activity from oxidized PTP1B. As shown in Figure S5, time and
concentration-dependent recovery of PTP activity was observed upon treatment of oxidized
PTP1B with TCEP under assay conditions identical to those employed in our thiol
experiments. The amount of recovered PTP activity was comparable to that recovered by
DTT. A replot of the pseudo first-order rate constants versus concentration of TCEP
afforded a straight line passing through the origin, suggesting a rate-determining step first-
order in TCEP. Reduction of disulfides to two equivalents of thiol by trialkylphosphine
reagents involves initial attack of the neutral phosphorus atom on the disulfide, liberating the
first equivalent of thiol (Scheme 4).44-46 Subsequent hydrolysis of the thio-phosphonium
intermediate liberates the second equivalent of thiol, affording the corresponding
trialkylphosphine oxide. The simple second-order kinetics observed here suggest that the
initial attack of phosphorus on the oxidized PTP1B sulfenyl sulfur is rate-limiting, and that
the hydrolysis step leading to active enzyme is relatively fast (Scheme 4). Additionally, the
phosphorus-oxygen bond is sufficiently strong to render k_, in Scheme 4 negligible, and the
reaction irreversible.#4-46 Under the conditions employed here (pH 7, 25 °C), the rate
constant for reactivation of oxidized PTP1B by TCEP was 1.5 + 0.5 M~1 s71. This value is
appreciably larger than the rate constants observed for the thiol-containing agents examined
here likely due, in large part, to the fact that a substantial fraction of TCEP exists in the
unprotonated, reactive form at neutral pH. The pK, of phosphorus-protonated TCEP
(R3PH™) has been estimated at 7.66,%* whereas the most acidic thiol examined in our study
has a pKj, of 8.2 (cysteamine). Adjusting the observed rate constant for concentration of
active nucleophile, in analogous fashion to that described above for the thiol/thiolate
couples, we calculated a rate constant of 8.0 M1 s71 for attack of the TCEP neutral
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phosphorus nucleophile on oxidized PTP1B. It has been noted previously that, while TCEP
reduces low molecular weight disulfides more rapidly than does DTT, the opposite is true in
the case of some protein disulfides.#> Here, this not the case. In fact, if initial attack of the
phosphorus reagent on oxidized PTP1B is rate-limiting, and the observed rate constant
reports on kj in similar fashion to the dithiol agents, the “pKg-corrected” rate constant is
perhaps higher than one might expect for a thiol of pK, = 7.66.

Thiol-Dependent Recovery of Activity from Oxidized SHP-2

Finally, we examined thiol-dependent recovery of activity from oxidatively-inactivated
SHP-2, a different member of the human PTP family. The cellular activity of SHP-2 is redox
regulated in response to platelet-derived growth factor, endothelin-1, and T-cell receptor
stimulation.347 Our experiments employed the catalytic domain (aa 246-527) of the
recombinant human enzyme and the oxidized enzyme was generated in a manner similar to
that described above for PTP1B. Treatment of the oxidized enzyme with DTT (40 mM, 20
min, 25 °C) consistently returned approximately 95% of the original catalytic activity of the
enzyme. The amount of activity recovered from oxidatively-inactivated SHP-2 is greater
than that observed for PTP1B. This suggests that SHP-2 resists the generation of
“overoxidized” oxoforms that cannot returned to active enzyme upon treatment with low
molecular weight thiols.

As expected, treatment of oxidized SHP-2 with a panel of thiol-containing molecules gave
time-dependent recovery of the enzyme's catalytic activity and, as described above in the
context of PTP1B, apparent second-order rate constants for the recovery were estimated
from the continuous assay data (Figure 3). A more complete kinetic analysis showed that
treatment of oxidized SHP-2 with DTT gave time- and concentration-dependent recovery of
PTP activity consistent with a simple, second-order process with rate constant 0.8 + 0.1 M~1
s~1 (Figure 4). This value matches that measured previously for a slightly different construct
(aa 268-525) of the enzyme's catalytic subunit.?! The rate at which DTT regenerates SHP-2
activity, a value expected to reflect the initial attack of DTT thiolate on the oxidized enzyme
(k1 in Scheme 2) as discussed above, is approximately 2.5-fold faster than the analogous
reaction on PTP1B. This result is particularly interesting in light of previous work
suggesting that oxidation of the active site cysteine residue in SHP-2 initiates a disulfide
relay that transmits the initial oxidation of the active site cysteine to a distal pair of cysteine
residues (Scheme 5).21 While no structural information is available regarding oxidized
SHP-2, our result suggests that the proposed disulfide relay in SHP-2 generates a surface-
exposed disulfide that is readily accessible to low molecular weight thiols. In contrast,
oxidized PTP1B is thought to exist with the catalytic cysteine residue in the cyclic sulfenyl
amide form.10.23.32

Interestingly, in our survey of thiols using the continuous assay, it was clear that monothiols
such as the biological thiol GSH were rather inept at regeneration of activity from oxidized
SHP-2, when compared to their action on oxidized PTP1B (Figures 1 and 3). Intrigued, we
examined the ability of various concentrations of GSH to regenerate SHP-2 activity. A plot
of the resulting observed rate constants versus GSH concentration gave a rising curve that
was not consistent with simple second-order kinetics. Indeed, a plot of the observed rate
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constants obtained under pseudo-first-order conditions versus the square of GSH
concentration gave a straight line consistent with the rate law k[RSH]2 and corresponding
rate constant of 0.29 + 0.02 M2 s™1, Such a rate law could reasonably result from a
mechanism involving reversible attack of thiol on a protein disulfide followed by
irreversible, rate limiting generation of the active enzyme via attack of a second equivalent
of thiol (Scheme 5B). We assume that the thiolated protein intermediate generated by the
intial attack of thiol on the oxidized enzyme is catalytically inactive (Scheme 5B), although
this assumption need not be true if the species exists at a low steady state concentration. This
notion is broadly consistent with the original proposal suggesting that oxidized SHP-2 is
inactive despite possessing a native (unoxidized) cysteine thiol group at its active site
(Scheme 5A).15:21 This scheme is kinetically analogous to the reduction of flavin by
monothiols and dithiols reported previously.3848-50 Notably, the rate at which
physiologically-relevant concentrations of GSH regenerate of active enzyme from oxidized
SHP-2 was negligible compared to the analogous reaction with oxidized PTP1B. This
behavior is not limited to GSH, as the monothiol 2-ME also displayed kinetics second-order
in thiol, with the overall third-order rate constant of 0.25 + 0.05 M2 s~1 (Supporting
Information).

CONCLUSIONS

All of the thiol-containing molecules examined in this study were able to regenerate active
enzyme from oxidized PTP1B. Agents that contain lower pKj thiol groups are superior in
their ability to regenerate active enzyme, likely because these compounds present larger
amounts of thiolate (RS™) for reaction with the oxidized PTP. Along these lines, our studies
suggest that the relatively low pK; of cysteamine (8.3) renders this an effective monothiol
reagent for maintaining PTP1B in the active form during biochemical assays. In fact, for this
particular application, cysteamine may be superior to DTT from an economical perspective.
Approximately two-fold higher concentrations of cysteamine are required to match the rate
of DTT under our conditions, but cysteamine is less than one-eighth the cost of DTT on a
mole-for-mole basis. Methylthioglycolate (TGA-OMe) also could be effective and
economical for such applications but is practically undesirable due to its foul odor.

We found that that the biological thiol GSH regenerates catalytic activity from oxidized
PTP1B with an apparent second-order rate constant of 0.023 + 0.004 M~1 s1, To provide a
general reference point for comparison, this value is approximately 20-times less than the
rate at which GSH attacks oxidized GSSG (GSH/GSSG disulfide exchange, 0.41 M1 571,
25 °C, pH 7).51 Based on the rate constant reported here, we can estimate that a
physiologically-relevant concentration GSH (5 mM) will convert oxidized PTP1B to the
active form with a half-life of 1.7 h (ty» = In 2/(0.023 M~ 571 x 0.005 M). Furthermore, the
results suggested that, in the case of monothiols, the initial attack on oxidized PTP1B
(k1[RSH]) was faster than the second step leading to recovery of the native enzyme
(ko[RSH]). This kinetic scenario allows for accumulation of the intermediate enzyme-thiol
mixed disulfide (PTP1B-SSR) and may explain why the glutathionylated form of PTP1B
has been detected in cell lysates following stimulation of alveolar macrophage respiratory
burst.24 Accordingly, enzymes such as the glutaredoxins or sulfiredoxin that repair
glutathionylated proteins may be involved in the intracellular conversion of glutathionylated
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PTP1B to its catalytically active form.25-27 The thioredoxin enzyme system repairs oxidized
PTP1B more effectively than the low molecular weight thiols, with comparable rates for the
reactivation of oxidized PTP1B obtained at 2 yM Trx, 4 mM DTT and 60 mM GSH. We
observed a greater yield of recovered enzyme activity when oxidized PTP1B was treated
with low molecular weight thiols than when treated with thioredoxin. This suggests that
enzymatic reduction of oxidized PTP1B may occur in an oxoform-selective manner. For
example, thioredoxin may rapidly regenerate PTP1B catalytic activity from the sulfenyl
amide oxoform, while the higher oxidation states of PTP1B such as the sulfinyl and sulfonyl
amide oxoforms are not processed by the enzyme. The rate of reactivation of PTP1B by Trx
reported here is substantially faster than the published rate of Trx-dependent reactivation
rate measured for a different PTP family member, SHP-2, under somewhat different
conditions.?! The observed pseudo-first-order rate constant measured here for the
reactivation of oxidized PTP1B by 2 uM Trx, allows us to estimate an apparent second-order
rate constant of 700 M1 s71 for this process.14 This suggests that the thioredoxin-mediated
recovery of oxidized PTP1B proceeds roughly 20-fold faster than the recovery of SHP-2.21

We observed profound kinetic differences between the thiol-dependent regeneration of
activity from oxidized PTP1B and SHP-2. This may reflect structural differences between
the oxidized enzymes. Along these lines, oxidation of the active site cysteine residue in
SHP-2 was proposed to initiate a disulfide relay that transmits the initial oxidation of the
active site cysteine to a distal pair of cysteine residues (Scheme 5),21 while oxidized PTP1B
is thought to exist with the catalytic cysteine residue in the cyclic sulfenyl amide
form.10.23.32 Regeneration of activity from oxidized SHP-2 by monothiols appears to be
second-order in thiol concentration and, at physiological concentrations of GSH, recovery of
SHP-2 is expected to be quite slow, relative to oxidized PTP1B. An earlier study that
examined the regeneration of oxidized SHP-2 by excess glutathione did not note a non-
linear dependence on glutathione concentration, although the data was not shown.?! Using
the rate constant measured in this work we estimate that, at a steady-state GSH
concentration of 5 mM, the half-life for recovery of oxidized SHP-2 would be
approximately 27 h (compared to 1.7 h for oxidized PTP1B). The observed kinetics lead us
to speculate that the recovery of SHP-2 activity by GSH proceeds via an unfavorable
equilibrium addition of the thiol to an enzyme disulfide, followed by irreversible, rate-
limiting generation of the active enzyme via attack of a second equivalent of thiol. This
Kinetic scenario suggests that glutathionylated SHP-2 will not accumulate in cells.
Consistent with this analysis, glutathionylated SHP-2 was not observed in cell lysates under
conditions where glutathionylated PTP1B was detected.24 From a practical point of view,
our results suggest that monothiols will be remarkably poor reagents for protecting SHP-2
against oxidative inactivation, when compared with their activity in the context of PTP1B.
On the other hand, the ability of DTT to maintain SHP-2 in its catalytically active form is
superior to its activity against oxidized PTP1B. The results presented here, alongside
previous work,2! indicate that for both PTP1B and SHP-2, the rates at which the oxidized
enzyme is recovered follows the trend Trx > DTT > GSH.

There is increasing recognition that cellular activity of various PTP enzymes is redox
regulated as part of both normal and pathogenic processes.37:52 The catalytic subunits of the
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classical PTPs are highly homologous, yet subtle differences among the various family
members lead to significant differences in the structures of the oxidized enzymes, with the
catalytic cysteine residue existing as either a sulfenic acid, a disulfide, or a sulfenyl amide
(Scheme 1).15 Using low molecular weight thiols as probes, we observed here very different
kinetic behavior in the regeneration of catalytic activity of two different oxidized PTPs. This
highlights the potential for structural differences in oxidized PTPs to play a significant role
the rates at which low molecular weight thiols and enzymes such as thioredoxin and
glutaredoxin return catalytic activity to these enzymes during cell signaling events.
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ABBREVIATIONS

PTP protein tyrosine phosphatase

DTT 1,4-dithio-o-threitol

pNPP p-nitrophenylphosphate

DTPA diethylenetriamine pentaacetic acid

BAL dithiol 2,3-dimercapto-1-propanol

TGA thioglycolic acid

TGA-OMe methylthioglycolate TCEP, tris(2-carboxyethyl)phosphine

GSH glutathione

2-ME 2-mercaptoethanol

NAC N-acetylcysteine

Buffer A Tris (50 mM), Bis-Tris (50 mM), DTPA (10 mM), Tween-80 (0.5% v/v)

and sodium acetate (100 mM), pH 7.0
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Figure 1.

Thiol-mediated reactivation of oxidatively inactivated PTP1B. (A) PTP1Bgy (22 nM) was incubated with various thiols in
Buffer A containing the chromogenic PTP substrate pNPP (20 mM), pH 7 at room temperature. The time courses monitored the
increase in absorbance at 410 nm resulting from the PTP1B-catalyzed release of p-nitrophenol from the substrate. Monothiols
were 50 mM and dithiols 25 mM: TGA-OMe (*), DTT (¢), BAL (+), TGA (@), 2 ME (O), GSH ( ), NAC (-), no thiol (H). (B)
Instantaneous rates of reactivation (slopes) versus time. Data were fit with pseudo-first order kinetic treatment to give the
following estimates of the apparent bimolecular rate constants calculated in units of M1 s™1: TGA-OMe = 0.45, DTT = 0.33,
BAL =0.33, TGA = 0.12, 2-ME = 0.08, GSH = 0.04, NAC = 0.04.
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Figure 2.

Reactivation of oxidatively-inactivated PTP1B by glutathione (GSH) and DTT. (A) GSH-mediated recovery of activity from
oxidized PTP1B. Concentrations of GSH were 10, 20, 30, 40, and 50 mM (bottom to top). (B) Pseudo-first order rate constants
(s1 x 103) were plotted against corresponding concentrations of GSH (mM), affording a straight line of slope kops (M~ s71)
which passes through the origin. (C) Time-course for DTT-mediated recovery of activity from oxidized PTP1B. Concentrations
of DTT were 2.5, 5, 10, 15, and 20 mM (bottom to top). (D) Pseudo-first order rate constants (s~ x 103) were plotted against
corresponding concentrations of DTT (mM), affording a straight line of slope kqps (M~ s71) which passes through the origin. A
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higher concentration regime of DTT (40-60 mM) was also explored in separate experiments conducted under identical
conditions. No saturation behavior was observed under any of these concentration regimes.
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Figure 3.

Reactivation of oxidatively-inactivated PTP1B by DTT or the thioredoxin-thioredoxin reductase system. To solutions of 2x-
concentrated reducing system in Buffer R were added 1:1 (v/v) oxidatively-inactivated PTP1B to final concentrations: PTP1Bgy
(350 nM), DTT (5 mM, blue circles) or thioredoxin/thioredoxin reductase/NADPH (2 uM, 100 nM, 200 pM, respectively, red
triangles). Immediately upon mixing, a timer was started, and the amount of recovered enzyme activity monitored at 2, 4, 6, 8,
10, 26, and 45 min intervals.
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Figure 4.

Thiol-mediated reactivation of oxidatively-inactivated SHP-2. (A) Oxidized SHP-2 (11 nM) was incubated with various thiols in
Buffer A containing the chromogenic PTP substrate pNPP (20 mM) pNPP, pH 7 at room temperature. The time courses
monitored the increase in absorbance at 410 nm resulting from the SHP-2-catalyzed release of p-nitrophenol from the substrate.
Monothiols were 50 mM and dithiols 25 mM: DTT (¢), TGA OMe ( ), TGA (X), 2 ME (@), GSH (*), NAC (+), no thiol (H).
(B) Instantaneous rates of reactivation (slopes) versus time. Data were fit with pseudo-first order kinetic treatment to give the
following estimates of the apparent bimolecular rate constants calculated in units of M1 s™1: DTT = 0.89, TGA-OMe = 0.44,
TGA =0.10, 2-ME = 0.02, GSH = 0.02, NAC = 0.01.
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Figure 5.

Reactivation of oxidatively inactivated SHP-2 by DTT and GSH. Assays were conducted as described in the Experimental
Section. A. DTT-mediated recovery of activity from oxidized PTP1B. B. Pseudo first order rate constants (s x 103) were
plotted against DTT concentration (mM), affording a straight line of slope kops (M~ s71) which passes through the origin. This
data is consistent with a bimolecular process in the rate determining step. C. GSH-mediated recovery of activity from oxidized
SHP-2. D. Plotting the observed pseud first-order rate constants versus concentration of GSH affords a curvilinear (parabolic)
graphical form, indicating a non-second order Kinetic process. E. Plotting of the observed pseudo first-order rate constants
versus the square of the GSH concentration affords a linear form, which passes through the origin. This suggests a process
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second-order in thiol concentration in the rate-determining step, with the relevant rate constant being equal to 0.29 + 0.02 M2
-1
s
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Scheme 1.
Oxidative inactivation of protein tyrosine phosphatases.
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Thiol-mediated recovery of catalytic activity from oxidized protein tyrosine phosphatases.
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Proposed disulfide relay initiated by oxidative inactivation of SHP-2 (Panel A) and proposed mechanism for thiol-dependent

recovery of activity from oxidized SHP-2 (Panel B).
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Table 1

Structures, thiol group pKj,, and observed second-order rate constants for reactivation of oxidatively-
inactivated PTP1B.

Thiol Structure Kops (M71s71) | pKa
2,3-dimercaptopropanol /_(\OH 0.59 +0.02 8.6
HS SH
Dithiothreitol OH 0.325+0.007 | 9.2
HS /WSH
HO
Cysteamine . SH 0.14 +0.01 8.2
H3N/\/
Cysteine SH 0.10 £ 0.02 8.2
0,C NH,
Thioglycolate (@) 0.090 +0.006 | 10.1

2-mercaptoethane sulfonate | _ SH 0.07 £ 0.03 9.5
038/\/

2-mercaptoethanol SH 0.05+0.03 9.4
HO /\/

Glutathione 0 s 0.023+£0.004 | 9.1
'o;c\/\)J\NLW:\/COZ'
rim; " o
3-mercaptopropionate O 0.017 £ 0.002 | 10.6

HS/\)LO-

Forms of thiols shown are those predominating under assay conditions (pH 7). Errors are expressed as + 2 SE, except for cysteamine and 3-

mercaptopropionate (+ SD). pKg values were taken from literature measurements.30:35,36
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Table 2

Observed second-order rate constants, corrected for thiolate concentration under assay conditions (pH 7, 25
°C).

Thiol krs. (M1s7) | PK,
(o) 113 10.1
s
O
(0] 69 10.6
_S/\/U\o_
s 23 9.5
038/\/
s 12 9.4
0 3 9.1
s 2 8.2
H3N/\/
S 2 8.2
0,C NH,
OH 52 9.2
He NS
HO
/_(\OH 24 8.6
HS S
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