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Abstract Protein tyrosine phosphatase 1B (PTP1B) func-
tions by removing the phosphoryl group from tyrosinephos-
phorylated proteins in insulin signaling and metabolism. The
regeneration of the active site involves a sulphenylamide
intermediate derived from the intrastrand cross-linking bet-
ween the catalytic serine and the neighboring backbone nitro-
gen. Two mechanisms have been proposed for the formation
of the sulphenylamide intermediate and the subsequent reac-
tivation of the catalytic site. In the current work, the propo-
sed mechanisms have been investigated by the use of density
functional theory calculations. Our results suggest that these
two mechanisms have similar overall energy barriers and that
the preferred route will be determined by the availability of
hydrogen peroxide or other oxidizing reagents.

1 Introduction

Protein tyrosine phosphatases (PTPs) are enzymes that are
critical to the regulation of many cellular processes, particu-
larly in response to extracellular signals [1,2]. These enzymes
remove the phosphoryl group from tyrosinephosphorylated
proteins and, together with protein-tyrosine kinases, modu-
late the cellular level of protein-tyrosine phosphorylation
(Fig. 1) [3,4]. In PTPs, a phosphate group is hydrolyzed cata-
lytically from a tyrosine side chain, while in kinases, a phos-
phate is added to the side chain. A proper level and timing of
tyrosine phosphorylation is critical for regulating cell growth,
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differentiation, metabolism, and progression through the cell
cycle, as well as cell-to-cell communication and cell death
versus survival [5,6]. Genetic and biochemical studies indi-
cate that many of these PTPs are also involved in a number
of human diseases [7–9], which may be partially due to the
fact that every PTP has a unique environment that brings a
low pKa to the catalytic cysteine [10].

PTPs constitute a large family of enzymes. In fact, there
are about 100 PTPs encoded in the human genome [11,
12], including both cytosolic and membrane-bound recep-
tor enzymes [5,13]. The different subfamilies are diverse
in sequence, molecular weight, and specificity, but there is
considerable experimental evidence that PTPs exhibit a com-
mon mechanism with related structural features.

Protein tyrosine phosphatase 1B (PTP1B) is a particu-
lar PTP whose function in insulin signaling and metabolism
has been well established [14,15]. It has been observed that
mice lacking PTP1B exhibit resistance to diabetes and do not
develop diet-induced obesity [16,17], suggesting that PTP1B
inhibitors may address both insulin and obesity resistance.
PTP1B can be inactivated when exposed to reactive oxy-
gen species such as hydrogen peroxide and superoxide [18]
and therefore an insulin-stimulated burst of hydrogen per-
oxide can inactivate PTP1B and lead to an increase in phos-
phorylation levels of relevant substrate proteins. The active
form of the catalytic site can be regained through the inac-
tive protein reacting with the cellular thiol glutathione once
hydrogen peroxide is diminished [19]. Recent X-ray crystal-
lographic studies of the redox regulation of PTP1B indicate
that an intrastrand protein cross-linking between the catalytic
cysteine residue and a neighboring amide nitrogen [20,21] is
derived from the oxidative inactivation of the enzyme. Dif-
ferent reaction mechanisms have been proposed to explain
the formation of this 3-isothiazolidinone heterocycle and
subsequent reactivation of the catalytic site (Fig. 2) [22].
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Fig. 1 Reaction catalyzed by protein tyrosine phosphatases

In the putative mechanism, the catalytic cysteine of PTP1B
(E–SH) is oxidized to a sulphenic acid (E–S–OH), deno-
ted as intermediate 2. In the next step, the sulphenylamide
(intermediate 4) may be formed by a direct mechanism or
an oxidative mechanism. In the direct mechanism, the back-
bone nitrogen of the neighboring serine attacks the S atom
of the catalytic cysteine to yield the sulphenylamide directly
with subsequent release of water. In the oxidative mechanism,
intermediate 2 is further oxidized by hydrogen peroxide to
form intermediate 3, which then reacts to give the sulphe-
nylamide. Because the nitrogen atoms of amide groups are
generally considered to be poor nucleophiles, the sulphenic
acid in intermediate 2 must possess sufficient electrophili-
city to facilitate the attack by nitrogen of the neighboring
amide. Intermediate 5, the inactive form of the catalytic site,
is derived from the sulphenylamide, through a ring-opening
process. When intermediate 5 is attacked by a thiol the ori-
ginal form of the catalytic site is regained.

In the present work, quantum chemical calculations are
carried out to study the reactivation of the catalytic cysteine
in the PTP1B active site and to evaluate the proposed reac-
tion mechanisms. A simplified model, as shown in Fig. 3, is
chosen in this study to represent the active site of PTP1B.

2 Computational methods

All geometry optimizations and frequency calculations were
performed with the B3LYP hybrid density functional in
conjunction with the 6-31G(d) basis set by use of the Onsa-
ger reaction field method with water as the solvent at the
B3LYP/6-31G(d) level [denoted Onsager-B3LYP/6-31G(d)].
The Gaussian 03 suite of programs [23] was used to perform
all the calculations. Intrinsic reaction coordinate (IRC) cal-
culations were performed on every transition state to confirm
that the transition states connect the minima of interest.

In order to obtain a better estimate of the effect of solva-
tion on the potential energy surface, single point calculations
at the B3LYP/6-311++G(2df,2p) level using the conductor-
like polarized continuum solvent model (CPCM) [denoted
CPCM- B3LYP/6-311++G(2df,2p)] were carried out on the

geometries obtained from the Onsager-B3LYP/6-31G(d)
geometry optimizations. The thermochemical energy correc-
tions obtained from the Onsager-B3LYP/6-31G(d) frequency
calculations are included in the calculations of the relative
energies in water, i.e., CPCM- B3LYP/6-311++G(2df,2p)//
Onsager-B3LYP/6-31G(d) + Onsager-ZPVE. Entropy contri-
butions to the free energies of solvation at 298.15 K were deri-
ved from Onsager-B3LYP/6-31G(d) frequency calculations.
All energies are in kJ/mol.

Previous studies have demonstrated the utility of the afore-
mentioned computational methods for the study of catalysis
in models of biological systems [24–27].

3 Results and discussion

1 → 2
In the first reaction step (Fig. 4), the active site of the enzyme
is attacked by a hydrogen peroxide molecule, which inter-
acts with the thiol group of the active site through a water
molecule and the complex 1 · · · (H2O2 + H2O) is formed.
The complex lies 76.5 kJ/mol above the isolated system 1 +
H2O2 + H2O. The reaction proceeds through transition state
TS1-2, which has a relative energy of 178.4 kJ/mol.

The transition state is a six-membered ring formed bet-
ween the thiol group of the active site, the water molecule
and the attacking hydrogen peroxide. Following the transi-
tion state, another complex, 2 · · · 2H2O, is formed in which
the thiol group has been oxidized into the sulphenic acid
(E–S–OH), lying 137.0 kJ/mol lower than the reactants. The
isolated system 2 + 2H2O has a relative energy of
−185.6 kJ/mol.

2 → 3
The newly formed sulphenic acid (E–S–OH) intermediate
2 is oxidized further to the sulphenoperoxoic acid (E–S–
OOH) intermediate 3 by hydrogen peroxide. As shown in
Fig. 5, one oxygen atom of H2O2 interacts with the –OH
of intermediate 2 through a water bridge to yield a com-
plex 2 · · · (H2O + H2O2), with an energy 83.2 kJ/mol higher
than that of the isolated system 2 + H2O + H2O2. Transition
state TS2-3 contains a six-membered ring, in which the other
oxygen atom of the hydrogen peroxide is coordinated to the
oxygen of the sulphenic acid group. The transition state lies
246.0 kJ/mol higher than the isolated system 2+H2O+H2O2.
Following the transition state, another complex 3 . . . 2H2O is
formed with a relative energy of 42.8 kJ/mol. In this complex,
two water molecules and the hydroxyl group of the newly
formed sulphenoperoxoic acid form a loose six-membered
ring via hydrogen bonding. Intermediate 3 is formed after
the release of the two water molecules. The isolated system
3 + 2H2O lies 5.9 kJ/mol above 2 + H2O + H2O2.
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Fig. 2 Putative mechanism of
3-isothiazolidinon formation
and subsequent reactivation of
the catalytic site of PTP1B

Fig. 3 A simplified model that represents the active site of PTP1B and
compounds involved in the reactivation

3 → 4
In the reaction from 3 to 4 (Fig. 6), the neighboring amide
nitrogen atom attacks the sulphenoperoxoic acid at the S
position, and an isothiazolidine ring is formed, with the
hydrogen peroxide acting as a leaving group. Initially, a
water molecule is coordinated to the compound, forming two
hydrogen bonds, one between the oxygen of the water mole-
cule and the hydrogen of the neighboring N–H, and the other
between the hydrogen of the water molecule and the oxygen
directly bonded to the S atom. The complex 3 · · · H2O lies
3.2 kJ/mol above the isolated system 3 + H2O. In the transi-
tion state TS3-4, the neighboring nitrogen attacks the S atom
and a six-membered ring is formed. In this process, the water
molecule donates one hydrogen atom to the –OOH group and
accepts one from the nitrogen. The relative energy of TS3-4
is 240.4 kJ/mol. Once the N–S bond is formed, the N–H and
S–O bonds are completely broken. The released H2O and
H2O2 together with the amino group of the cysteine resi-
due and the neighboring carboxylic group form a complex
4 · · · (H2O2 + H2O) with a relative energy of 8.4 kJ/mol.
Intermediate 4 is formed when H2O and H2O2 are relea-
sed. The isolated system of 4 + H2O + H2O2 has an energy
45.0 kJ/mol lower than that of 3 + H2O.

Fig. 4 Schematic free energy profile at 298.15 K for the route 1→2

Fig. 5 Schematic free energy profile at 298.15 K for the route 2→3
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Fig. 6 Schematic free energy profile at 298.15 K for the route 3 → 4

Fig. 7 Schematic free energy profile at 298.15 K for the route 2 → 4

2 → 4
The neighboring nitrogen directly attacks the S of the sul-
phenic acid group to form intermediate 4, which contains a
five-membered isothiazolidine ring, in the reaction step 2→4
(Fig. 7). In the complex 2 · · · H2O formed before the transi-
tion state, a water molecule coordinates to the hydrogen of the
neighboring N–H group and the oxygen of the sulphenic acid
group through a hydrogen bond. 2 · · · H2O lies 6.2 kJ/mol
above the isolated system 2 + H2O. A six-membered ring is
formed in the transition state TS2-4 in which the hydrogen is
transferred from nitrogen to the oxygen of the sulphenic acid
group and the N–S bond is formed. The relative energy of
the transition state TS2-4 is 258.6 kJ/mol. Another complex,
4 · · · 2H2O, is formed after the transition state with a relative
energy of –11.7 kJ/mol. The relative energy of the isolated
products, 4 + 2H2O, is –39.1 kJ/mol.

4 → 5
In the reaction 4 → 5 (Fig. 8), the N–S bond is broken and
the inactive form, intermediate 5, is derived. In the complex

Fig. 8 Schematic free energy profile at 298.15 K for the route 4 → 5

Fig. 9 Schematic free energy profile at 298.15 K for the route 5 → 1

4 . . . (CH3SH+H2O), a water molecule acts as a bridge bet-
ween methanethiol and the nitrogen through hydrogen bonds.
Complex 4 · · · (CH3SH + H2O) lies 72.6 kJ/mol higher than
the isolated system, 4 + CH3SH + H2O. The transition state
TS4-5 is formed with an energy 238.8 kJ/mol higher than
that of 4 + CH3SH + H2O. In the transition state, a hydro-
gen is transferred from the methanethiol group to the neigh-
boring nitrogen through a water bridge, the N–S bond is
broken and the two S atoms are bonded. Another complex,
5 · · · H2O, is formed after the transition state with relative
energy of −12.6 kJ/mol. The relative energy of isolated sys-
tem, 5 + H2O, is −33.4 kJ/mol.
5 → 1
In this last step of the reaction loop (Fig. 9), the active site
is regenerated. Initially, CH3SH attacks the enzyme model
and the complex 5 · · · (CH3SH + H2O) is formed with an
energy 59.9 kJ/mol higher than that of the reactants. In the
transition state, TS5-1, which has a relative energy of
247.6 kJ/mol, a six-membered ring is formed. A proton is
transferred from the attacking CH3SH to the S of the active
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Fig. 10 Schematic free energy
profile at 298.15 K in solution
for the overall reaction (The
light characters in the graph
denote compounds that enter or
leave the system in each
reaction step)

site via a water bridge and a S–S bond is formed between the
two CH3S– groups. Another complex 1 · · · (CH3SSCH3 +
H2O) is formed after the transition state with a relative energy
of 60.0 kJ/mol. Finally, the active form of the enzyme is regai-
ned in the isolated system 1+CH3SSCH3 +H2O, which has
a relative energy of 3.7 kJ/mol.

The current study involves the redox regulation of
cysteine-dependent protein tyrosine phosphatases with a sim-
plified model of the system. A sulphenylamide is formed in
the transformation from the active form to the inactive form
of the enzyme. Two mechanisms have been proposed to des-
cribe how sulphenylamide is derived from intermediate 2. In
the oxidative mechanism, a further oxidation step is needed
to form intermediate 3 and then the backbone N in 3 attacks
the S atom, leading to the formation of intermediate 4, the
sulphenylamide. In the direct mechanism, the nucleophilic
attack by nitrogen leads directly to intermediate 4.

Figure 10 gives the overall energy profile of the reaction
loop. If we take the energy barrier as the energy difference
between the transition state and the complex formed right
before it, then the energy barriers for reaction steps
1→2, 2→3, 3→4, 2→4, 4→5 and 5→1 would be 101.9,
162.9, 237.2, 252.4, 166.2, and 187.7 kJ/mol, respectively. In
the first reaction step 1→2, the energy drops by 185.6 kJ/mol,
indicating that this reaction step is thermodynamically favo-
rable. The energy barrier of reaction step 2→3 is about
90 kJ/mol lower than that of 2→4. Comparison of the energy
barriers of reaction step 2→4 and 3→4 shows that they are
relatively similar in magnitude. Although the energy barrier
of step 3→4 is slightly bigger than that of 2→4, the dif-
ference is not significant, thus making 2→4and 2→ 3→4
two competitive reaction routes. When the oxidizing agent
is abundant, intermediate 2 may be oxidized into 3, and then
proceed to form 4. However, if H2O2 is not readily available,
nucleophilic attack of the neighboring N at the S may take
place to form intermediate 4. If a thiol compound is available,
the reaction may continue to yield intermediate 5, the inac-
tive form. Additionally, 5 can undergo reduction to give the
active form of the site and complete the whole reaction loop.

Although 5+H2O+CH3SH and 1+2H2O+RSSR are very
close to each other in energy, the newly formed RSSR is at a
much lower concentration compared to the other compounds
present in the system, such as water and hydrogen peroxide,
and therefore the direct conversion of 1 to 5 is very unlikely
to take place in vivo. In the first reaction step 1→2, one
water and one hydrogen peroxide come into the system and
two waters are released; in the second reaction step 2→3,
one water and one hydrogen peroxide are involved and two
waters are released at the end of the reaction; in the next reac-
tion step 3→4, one water enters the system and one water
and one hydrogen peroxide leave the system in the end; in
the reaction step 4→5, one water and one methanethiol are
added into the system and one water leaves after the reac-
tion; in the last reaction step 5→1, one methanethiol and
one water take part in the reaction and one disulfide com-
pound and one water leave in the end. The net results are that
one hydrogen peroxide and two thiol compounds are conver-
ted into two water molecules and a disulfide compound and
that the total energy goes down by 254.4 kJ/mol, indicating
that the reaction is irreversible.

The calculated energy barriers of step 2→4 and step
3→4 are both over 200 kJ/mol. These high energy barriers
are due to the particular complex structures formed in the
transition states. For example, in step 2→4 a five-membered
ring and a six-membered ring are formed in the transition
state, and share one S-N bond. While not stabilized by aro-
maticity, the transition state has a relatively high energy that
arises from the distortion of the molecular plane. Similar rea-
soning also applies to the relatively high energy in the TS3-4.
Two factors may help to lower the energy barriers of these
two reaction steps: the first one is to include other active
site residues into the computational model; another one is to
change the structure of the transition state, namely to change
the number of water molecules that are involved in proton
transfer.

By comparing the structures of TS2-4 and TS3-4, it is
apparent that the only difference between them is that a
hydroxyl group is coordinated to the O next to the S atom
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in TS3-4 and this hydroxyl group is replaced by a hydrogen
atom in TS2-4. Given the positions of the hydroxyl group
and hydrogen in these two transition states, it is not surpri-
sing that they do not stabilize significantly the six-membered
rings. Therefore, replacing the hydroxyl group in TS3-4 by a
hydrogen atom in TS2-4 does not change the relative energy
by much, as demonstrated in the current results.

Based on the above analysis, it is reasonable to believe that
by either including more active site residues into the compu-
tational model or increasing the number of water molecules
in the model, the energy barriers of these two mechanisms
will change by a similar magnitude and the two energy bar-
riers will still be close to each other. This suggestion is based
on the similarity of the structures of transition states TS2-4
and TS3-4.

4 Conclusions

The proposed competitive mechanisms for the reactivation of
the catalytic cysteine in the PTP1B active site were investi-
gated using the B3LYP method of density functional theory.
The present results indicate that the efficiency of the nucleo-
philic attack of the neighboring nitrogen at the S atom is
not affected by the additional oxidation that takes place at
the –SOH group and therefore the oxidative mechanism and
direct mechanism are competitive with each other. Whether
the oxidative mechanism has priority over the direct mecha-
nism or not should therefore depend on the availability of
the oxidizing agent H2O2. Additionally, due to its downhill
nature, the conversion reaction is predicted to be irreversible.
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