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Abstract

The hydrogen peroxide-oxidation of o-phenylenediamine (OPD) catalyzed by horseradish peroxidase (HRP) at 37 ◦C in 50 mM phosphate buffer
(pH 7.0) was studied by calorimetry. The apparent molar reaction enthalpy with respect to OPD and hydrogen peroxide were −447 ± 8 kJ mol−1

and −298 ± 9 kJ mol−1, respectively. Oxidation of OPD by H2O2 catalyzed by HRP (1.25 nM) at pH 7.0 and 37 ◦C follows a ping–pong
mechanism. The maximum rate Vmax (0.91 ± 0.05 �M s−1), Michaelis constant for OPD Km,S (51 ± 3 �M), Michaelis constant for hydrogen
peroxide Km,H2O2 (136 ± 8 �M), the catalytic constant kcat (364 ± 18 s−1) and the second-order rate constants k+1 = (2.7 ± 0.3) × 106 M−1 s−1 and
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+5 = (7.1 ± 0.8) × 106 M−1 s−1 were obtained by the initial rate method.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Peroxidases are ubiquitous heme-containing enzymes that
atalyze the oxidation of a wide variety of organic and inor-
anic substances by hydrogen peroxide. Typical reducing sub-
trates include aromatic phenols, phenolic acids, amines, indoles
nd sulphonates. Horseradish peroxidase (HRP EC 1.11.1.7) is
n important heme-containing enzyme that has been studied
or more than a century [1]. In recent years, new information
as become available on the three-dimensional structure of the
nzyme and its catalytic intermediates, mechanisms of catalysis
nd the function of specific amino acid residues [2–6]. The nor-
al peroxidase cycle for HRP can be expressed by Scheme 1 [2],
here EI and EII represent the oxidized states of HRP, and are

alled the enzyme-substrate compounds I and II, respectively, S
s a reducing substrate and R is a free radical product.

In the reaction cycle of HRP, only steps I and III are rate-
etermining reactions [3]. The first step in the catalytic cycle is
he oxidation of the Fe (III) resting enzyme by H2O2 to generate
ompound I, a high oxidation state intermediate comprising an
e (IV) oxoferryl centre and a porphyrin-based cation radical.

Generally, compound I is two oxidizing equivalents above the
resting state. Step II is the first one-electron reduction step, in
which a reducing substrate and compound I react to generate
compound II, an Fe (IV) oxoferryl species that is one oxidizing
equivalent above the resting state. In step III, the second one-
electron reduction step returns compound II to the resting state of
the enzyme. The rate-limiting step is the reduction of compound
II to resting enzyme (k4) [4,5].

Calorimetric methods provide thermodynamic and kinetic
data on the reaction simultaneously without constraint on sol-
vent, spectral, electrochemical and other properties of the reac-
tion system [7–9]. In this paper, calorimetry has been used
for studying the thermokinetics of HRP, a bisubstrate enzyme-
catalyzed reaction, for the first time.

2. Materials and methods

HRP with a purity index Rz ≈ 3.0 was purchased from Chi-
nese Academy of Science, Shanghai institution of biochem-
istry and used without further purification. o-Phenylenediamine
(OPD) and hydrogen peroxide (30%, v/v, solution) were of
∗ Corresponding author. Tel.: +86 27 87218614; fax: +86 27 68754067.
E-mail address: ipc@whu.edu.cn (Z. Wang).

analytic grade. All the other chemical reagents used were of
analytic grade. Doubly distilled water was used throughout the
experiment. HRP stock solutions (0.15 mg mL−1) were prepared
by dissolving the enzyme in distilled water. OPD stock solu-
040-6031/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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Scheme 1.

Fig. 1. The calorimeter cell.

tions (0.15 M) were prepared by dissolving OPD in distilled
water. The H2O2 solutions (0.2 M) were prepared daily by an
appropriate dilution of 30% H2O2 in distilled water and the
concentrations were obtained by titration with potassium per-
manganate. The stock solutions were stored at 4 ◦C. The buffer
was 50 mM sodium dihydrogenphosphate solution was adjusted
to pH 7.0 by 0.1 mM sodium hydroxide with a pH meter (ORION
Model 828 pH meter) at 37 ◦C. Reaction solutions were obtained
by diluting the reagent stock solutions into buffer solution just
before each experiment.

The heat of reaction was determined with an LKB-2107 batch
calorimeter equipped with two glass vessels of about 7 mL total
volume: one sample cell and one reference cell (see Fig. 1). Each
vessel consisted of a chamber divided into two compartments
(I and II, of about 2.5 and 4.5 mL, respectively) by an interior
wall. The substrates and enzyme solutions were introduced into
the two compartments separately.

In experiments, 2 mL H2O2 solution was put into the sam-
ple cell (I) and 4 mL of OPD solution with HRP (1.25 nM) was
put into the sample cell (II). To avoid the influence of the heat
effect of diluting and mixing, etc., the same concentrations and
volumes of H2O2 solutions and OPD solutions without enzyme
were added to the reference cell. When the calorimeter reached
thermal equilibrium and a steady baseline was obtained, the
reaction was initiated by rotating the calorimetric drum 360◦
clockwise and counter clockwise. The calorimetric signal was
m
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Q∞ = κA∞ (2)

where Qt is the total heat produced to time t, Q∞ is the total heat
at time t → ∞, at is the integral of the thermogenesis curve to
time t, A∞ is the total area enclosed by the thermogenesis curves,
∆t is the height of the curve at time t, and κ and Λ are apparatus
constants which can be obtained by an electrical energy calibra-
tion experiment as described in Ref. [10]. The apparent molar
reaction enthalpy (∆rHm) can be obtained through Eq. (3):

∆rHm = Q∞
ns

= ±κA∞
ns

(3)

where the negative value denotes an exothermic reaction and
a positive value denotes an endothermic reaction and ns is the
number of moles of initial substrate. This equation only applies
to single substrate enzymatic reactions or double substrate reac-
tions where the stoichiometric coefficients of both substrates
are equal. When substrates’ stoichiometric coefficients are not
equal, Eq. (3) changes to ∆rHm,i = Q∞

ns,i
= ± κA∞

ns,i
, where i

expresses substrate SA or SB in the double substrate enzymatic
reactions, and ∆rHm,i is the apparent molar reaction enthalpy
with respect to SA or SB.

Kinetics of the reaction was analyzed by initial rate method
where product inhibition can be neglected. The initial rate of the
reaction v0 can be calculated from:
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easured by a digital voltmeter (a UNI-TUT 70D model digital
ulti-purpose meter) that was part of a computerized recording

ystem. Each of experiments was repeated twice.

. Theory

.1. Velocity equation of HRP reaction

The heat produced by a chemical reaction in a batch heat-
onduction calorimeter is given by the Tian equation,

t = κat + Λ∆t ; (1)
0 = − Ω0

∆rHmV
(4)

nd

t = ∂Qt

dt
(5)

n which V is the volume of the reaction system (always 6 mL
n this study), Ωt is the rate at time t and the initial rate Ω0 is
he slope of a linear-fit of Qt versus t in the initial period of
he reaction. A series data of v0 at the different concentrations
f OPD or H2O2 while the concentration of H2O2 or OPD is
ept unchanged can be calculated from Eqs. (1), (4) and (5).
he values of Km for OPD and H2O2 and Vmax of this enzyme-
atalyzed reaction can be obtained through the double reciprocal
lots of initial rate data both in the direction of OPD and in the
irection of H2O2.

.2. Bisubstrate enzyme kinetic mechanism

Bisubstrate enzyme-catalyzed reaction mechanisms can be
ivided into three types, the sequential ordered mechanism, the
equential random mechanism, and the ping–pong mechanism.
he initial rate can be expressed by the following equations

or sequential ordered and sequential random mechanisms [11],
espectively:

i = 1

(KA/Vmax) × (1/[SA]) + (KiAKB/Vmax) × (1/[SA]

×[SB]) + (KB/Vmax) × (1/[SB]) + (1/Vmax)

(6)
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vi = 1

(KiA/Vmax) × (1/[SA]) + (KiAKiB/Vmax) × (1/[SA]

×[SB]) + (KiB/Vmax) × (1/[SB]) + (1/Vmax)

(7)

The initial rate of ping–pong mechanism can be expressed
by Eq. (8):

vi = 1

(KA/Vmax) × (1/[SA]) + (KB/Vmax)

× (1/[SB]) + (1/Vmax)

(8)

Where Vmax is the maximum rate, KA and KB are the Michaelis
constants for substrate SA and SB, the KiA is the dissociation
constant of the enzyme–SA complex and KiB is the dissoci-
ation constant of the enzyme–SB complex. These parameters
can be obtained from differences in slopes and intercepts of
double reciprocal plots of initial rates versus the concentra-
tion of one substrate (SA or SB) while the concentration of
the other substrate (SB or SA) is kept unchanged. The ini-
tial rate equations for sequential ordered and sequential ran-
dom reaction mechanisms are very similar. Because there is no
term containing the reciprocal concentrations of both substrates
makes the formula of the ping–pong reaction mechanism much
different.

Graphically, a double reciprocal plot for a bisubstrate sequen-
tial ordered or sequential random mechanism is a family of
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Fig. 2. Double reciprocal plots of initial rate of bisubstrate models (SA is the
variable substrate and SB is the constant substrate). (a) A double reciprocal plot
of sequential ordered mechanism. (b) A double reciprocal plot of sequential
random mechanism. (c) A double reciprocal plot of ping–pong mechanism.

Compared with plots of three different types of kinetic mech-
anism (see Fig. 2), Figs. 3 and 4 indicate that the reaction of
HRP-catalyzed oxidation of OPD follows ping–pong mecha-
nism.

Scheme 2.
traight lines that intersect the vertical axis at different points.
urthermore, the family of straight lines of sequential ordered
echanism will intersect to the underside of the horizontal axis

see Fig. 2a) and the family of straight lines of sequential ran-
om mechanism will converge at a single point on the horizontal
xis (see Fig. 2b) regardless whether SA or SB is the variable
ubstrate. However, ping–pong mechanism results in a double
eciprocal plot of a family of parallel lines rather than intersect-
ng lines (see Fig. 2c) [11].

. Results and discussion

.1. The reaction enthalpy analysis

From Table 1, the apparent molar reaction enthalpy with
espect of OPD (∆rHm,OPD) is 1.5 times of that of H2O2
∆rHm,H2O2 ). This result shows that the stoichiometry is
mol H2O2/2 mol OPD. Scheme 2 expresses the overall reac-

ion [12–14]. The apparent molar reaction enthalpy of pro-
ucing 2,3-diaminophenazine in the peroxidase system is
894 ± 21 kJ mol−1.

.2. The reaction mechanism of this peroxidase reaction
ystem

Fig. 3 shows a series of double reciprocal plots of ini-
ial exothermic rates of OPD oxidation as a function of
he concentration of H2O2 with different concentrations of
PD, while Fig. 4 shows the double reciprocal plots of ini-

ial exothermic rates of OPD oxidation as a function of the
oncentration of OPD with different concentrations of H2O2.
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Table 1
The apparent molar reaction enthalpy of OPD and H2O2 for the oxidation of
OPD by hydrogen peroxide catalyzed by HRP

nOPD (�M) nH2O2 (�M) Q∞ (mJ) −∆rHm (kJ mol−1)

0.300 10.00 133.4 444.6
0.336 10.00 148.6 442.2
0.372 10.00 168.0 451.7
0.432 10.00 192.3 445.2
0.480 10.00 220.8 460.0
0.600 10.00 263.6 439.4

447 ± 8
10.00 0.240 68.53 285.5
10.00 0.480 141.8 295.5
10.00 0.600 183.4 305.6
10.00 0.918 264.0 287.6
10.00 1.20 360.5 300.4
10.00 1.80 550.4 305.8
10.00 3.60 1107 307.6

298 ± 9

Experimental conditions: T = 37 ◦C; 50 mM phosphate buffer; pH 7.0;
[HRP] = 1.25 nM; κ = 1.63 mJ V−1 s−1.

4.3. Kinetic data analysis

A conventional ping–pong (ordered two substrates, two prod-
ucts) mechanism was used for this reaction, assuming that the
dissociation and transformation steps were the same as depicted
in Scheme 3 [5], where E, E·H2O2, EI, EII, S, R, EI·S and EII·S
represent HRP, the [HRP·H2O2] complex, compounds I and II,
reducing substrate, free radical product, and the complexes of
compounds I and II with S, respectively. From the Scheme 3 the
total enzyme concentration, [E]0 can be expressed as below:

[E]0 = [E] + [E · H2O2] + [EI] + [EI · S] + [EII] + [EII · S]

(9)

F
t
c
u

Fig. 4. Inverse plot of 1/initial exothermic rate vs. 1/[OPD]0. Reaction mix-
ture contained 1.25 nM HRP in 50 mM phosphate buffer, pH 7.0, 37 ◦C. H2O2

concentrations of 0.05 (�), 0.1 (�), 0.3 (�) and 0.5 mM (©) were used.

The concentration of each enzyme species can be written as:

d[E]

dt
= k−1[E · H2O2] − k+1[E][H2O2]0 + k+6[EII · S] (10)

d[E · H2O2]

dt
= k+1[E][H2O2]0 − (k−1 + k+2)[E · H2O2] (11)

d[EI]

dt
= k+2[E · H2O2] + k−3[EI · S] − k−3[EI][S]0 (12)

d[EI · S]

dt
= −(k−3 + k+4)[EI · S] + k+3[EI][S]0 (13)

d[EII]

dt
= k+4[EI · S] + k−5[EII · S] − k+5[EII][S] (14)

d[EII · S]

dt
= k+5[EII][S]0 − (k−5 + k+6)[EII · S] (15)

Since the initial quantity of native enzyme will be rapidly
distributed among different oxidation states and will achieve
steady-state concentration. Thus,

d[E]

dt
= d[E · H2O2]

dt
= d[EI]

dt
= d[EI · S]

dt
= d[EII]

dt

= d[EII · S]

dt
= 0 (16)
ig. 3. Inverse plot of 1/initial exothermic rate vs. 1/[H2O2]0. Reaction mix-
ure contained 1.25 nM HRP in 50 mM phosphate buffer, pH 7.0, 37 ◦C. OPD
oncentrations of 0.05 (�), 0.08 (�), 0.1 (©), 1.68 (�) and 5.0 mM (�) were
sed.
 Scheme 3.
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Therefore, Eqs. (10)–(15) can be simplified and the concen-
tration of each enzyme species can be expressed by following
equations:

[E] = k+6[EII · S]

(k+1k+2/k−1 + k+2)[H2O2]0
(17)

[E · H2O2] = k+6[EII · S]

k+2
(18)

[EI] = (k−3 + k+4)k+6[EII · S]

k+3k+4[S]0
(19)

[EI · S] = k+6[EII · S]

k+4
(20)

[EII] = (k−5 + k+6)[EII · S]

k+5[S]0
(21)

In the cycle of this enzymatic reaction the reduction of
enzyme-substrate compound II EII·S is rate-limiting step, so the
initial rate of radical production v0 can be shown as below:

v0 = 2k+6[EII · S] (22)

Substitution of Eqs. (17)–(21) into Eqs. (9) and (22), the ini-
tial rate of radical production v0 can be derived:
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where:

Vmax = 2kcat[E]0 (26)

Km,S = kcat

k+5
(27)

Km,H2O2 = kcat

k+1
(28)

and:

kcat = k+2k+6

(k+2 + k+6)
(29)

The Vmax is maximum steady-state rate, Km,S is Michaelis
constant of HRP toward OPD, and Km,H2O2 is Michaelis constant
of HRP toward H2O2. k+1 is the second-order rate constant for
the oxidation of HRP by H2O2 and k+5 is the second-order rate
constant for the reduction of compound II by OPD. The catalytic
constant kcat is a function of two first-order constants (k+2, k+6),
the heterolytic cleavage of the O O bond of hydrogen peroxide
(k+2), and the electron transfer from the reducing substrate to
compound II (k+6).

The reciprocal plot of 1/v0 versus 1/[S]0 has the following
expression:

1

v0
= Km,S

Vmax

1

[S]0
+ Km,H2O2

Vmax

1

[H2O2]0
+ 1

Vmax
(30)
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0 = 2[E]0
k−1+k+2
k+1k+2

× 1
[H2O2]0

+ k−3+k+4
k+3k+4

× 1
[S] 0

+ k−5+k+6
k+5k+6

× 1
[S] 0

+
(

1
k+2

+ 1
k+4

+ 1
k+6

)
(23)

It has been assumed that the free enzyme is limiting in order
o derive the rate of radical product formation. Assuming that
he initial concentrations of hydrogen peroxide and S (reducing
ubstrate), ([H2O2]0 and [S]0), are much higher than that of
he free enzyme (HRP), ([E]0). Furthermore, in the mechanism
hown in Scheme 3 we assume the following relationships [2–4]:

+2 � k−1,

+4 � k−3,

+6 � k−5,

+3 � k+5,

+4 � k+2, k+6

Eq. (23) is simplified as:

0 = 2[E]0
1

k+1
× 1

[H2O2]0
+ 1

k+5
× 1

[S] 0
+ k+2+k+6

k+2k+6

(24)

Eq. (24) can be rearranged as follows:

0 = Vmax[H2O2]0[S]0

Km,S[H2O2]0 + Km,H2O2 [S]0 + [H2O2]0[S]0
(25)
The double reciprocal plot is a family of parallel lines and
ach of the lines intersects the vertical intercept. The y-axis
ntercept of the primary plots of 1/v0 versus 1/[H2O2]0 has the
ollowing expression:

-axis = Km,H2O2

Vmax

1

[H2O2]0
+ 1

Vmax
(31)

The kinetic constants Vmax, Km,S, and Km,H2O2 for the reac-
ion of HRP with reducing substrate can be calculated from
rimary and secondary plots of 1/v0 versus 1/[S]0 (Eq. (25)),
nd kcat, k+1 and k+5 can be calculated from Vmax, Km,S, and
m,H2O2 using Eqs. (26)–(28).
From Eq. (4) it is known that the initial reaction rate is pro-

ortional to the initial exothermic rate. And Eqs. (30) and (31)
an be rewritten as:

1

Ω0
= Km,S

Ωmax

1

[S]0
+ Km,H2O2

Ωmax

1

[H2O2]0
+ 1

Ωmax
(32)

-axis = Km,H2O2

Ωmax

1

[H2O2]0
+ 1

Ωmax
(33)

Fig. 4 shows the double reciprocal plots of Ω0 versus [OPD]0
t different concentrations of H2O2 and Fig. 5 shows the y-axis
ntercepts of all lines in Fig. 4 versus 1/[H2O2]0. From the
ntercept and slope of Fig. 5, the maximum rate and Michaelis
onstant of H2O2 of the reaction can be obtained. Michaelis
onstant of OPD, Km,S, can be calculated from the slopes of the
amily of lines in Fig. 4. The maximum exothermic rate Ωmax for
he reaction is 2.44 ± 0.08 mJ s−1 in 50 mM phosphate buffer,
t pH 7.0, 37 ◦C. The maximum rate is calculated by Eq. (4)
ith ∆rHm,OPD = −447 ± 8 kJ mol−1. The values of the kinetic



178 H. Liu et al. / Thermochimica Acta 443 (2006) 173–178

Fig. 5. Replot of the y-axis intercept of the primary plots of 1/Ω0 vs. 1/[H2O2]0.

constants (Vmax, Km,S, and Km,H2O2 ) at 50 mM phosphate
buffer, pH 7.0, 37 ◦C and 1.25 nM HRP have been determined
as follows: Vmax = 0.91 ± 0.05 �M s−1; Km,S = 51 ± 3 �M;
Km,H2O2 = 136 ± 8 �M and by inserting these into Eqs.
(26)–(28), kcat = 364 ± 18 s−1; k+1 = (2.7 ± 0.3) × 106 M−1 s−1

and k+5 = (7.1 ± 0.8) × 106 M−1 s−1. Since kcat [kcat =
k+2k+6/(k+2 + k+6)] is a function of two first-order rate constants,
k+2 and k+6. The values of k+2 and k+6 could not be obtained in
this experiment.
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