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a b s t r a c t

Kinetics of microperoxidase-11 (MP-11) as a heme–peptide enzyme model in oxidation reaction of gua-
iacol (AH) by hydrogen peroxide was studied in the presence of amino acids, taking into account the
inactivation of MP-11 during reaction by its suicide substrate, H2O2. Reliability of the kinetic equation was
evaluated by non-linear mathematical fitting. Fitting of experimental data into a new integrated kinetic
relation showed a close match between the kinetic model and the experimental data. Indeed, it was found
that the mechanism of suicide-peroxide inactivation of MP-11 in the presence of amino acids is different
from MP-11 and/or horseradish peroxidase. In this mechanism, amino acids compete with hydrogen per-
oxide for the sixth co-ordination position of iron atom in the heme group through a competitive inhibition
mechanism.

The proposed model can successfully determine the kinetic parameters including inactivation by hydro-
gen peroxide as well as the inhibitory rate constants by the amino acid inhibitor.

Kinetic parameters of inactivation including the initial activity of MP-11, ˛0, the apparent inac-
tivation rate constant, ki and the apparent inhibition rate constant for cysteine, kI were obtained

−1 −1 −1 ◦
0.282 ± 0.006 min , 0.497 ± 0.013 min and 1.374 ± 0.007 min at [H2O2] = 1.0 mM, 27 C, phosphate
buffer 5.0 mM, pH 7.0. Results showed that inactivation and inhibition of microperoxidase as a peroxidase
model enzyme occurred simultaneously even at low concentrations of hydrogen peroxide (0.4 mM). This
kinetic analysis based on the suicide-substrate inactivation of microperoxidase-11, provides a tool and
model for studying peroxidase models in the presence of reversible inhibitors. The introduced inhibition
procedure can be used in designing activity tunable and specific protected enzyme models in the hidden
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. Introduction

Hemoproteins have conquered a prominent position in biotech-
ology and related research areas. A major problem encountered

n studying the intact enzymes is the complexity of correlating

hanges in the active site with the observed functional changes.
nvestigations on heme models of peroxidases with well-defined
actors allow us to understand the role of the protein in control-
ing the function of peroxidases [1]. Peroxidases are ferric heme

Abbreviations: MP, microperoxidase; HRP, horseradish peroxidase; AH, hydrogen
onor; A, absorbance; C-I, compound I; C-II, compound II; Cys, cysteine; His, histi-
ine; Tyr, tyrosine; ABTS, 2,2′-azino(bis(3-ethylbenzothiazoline-6-sulfonic acid)).
∗ Corresponding author at: Institute of Biochemistry and Biophysics, University

f Tehran, Tehran, Iran. Tel.: +98 21 44438526; fax: +98 21 55932428.
E-mail address: nazarikh@ripi.ir (K. Nazari).
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which do not undergo inactivation.
© 2008 Elsevier B.V. All rights reserved.

nzymes, which catalyze the oxidation of a variety of substrates by
ydrogen peroxide. Microperoxidases as the heme-based biocata-

ysts and/or biomimics [1–3] for peroxidases obtain from enzymatic
leavage of cytochrome C [4]. Microperoxidases 8, 9 and 11 have
een the subject of extensive studies [1,5–7]. There are a few
eports on catalase and/or peroxidase activity of hemins with or
ithout axial ligands [8–12]. Comparison of catalytic rates for
eroxidase reactions catalyzed by similar derivatives of hemin,
esohemin and deuterohemin does not reveal a discernable trend.
xidation of tri-tert-butylphenol by m-chloroperbenzoic acid cat-
lyzed by hemin and mesohemin alkylimidazole derivatives is
eported [13]. Mesohemin-based complexes indicate higher cat-

lytic activity in comparison to their hemin analogues considering
hat the rate-determining step to be formation of compound I.
urthermore, for the peroxidase-type oxidation reactions of guaia-
ol, it has been shown that the catalytic rates followed the order
emin > mesohemin > deuterohemin [14]. It has been previously

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:nazarikh@ripi.ir
dx.doi.org/10.1016/j.molcatb.2008.04.008
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hown that catalytic activities of the hemin–peptide complexes
o not exceed those of the unsubstituted hemins. The observed
ynamic ligand switch between histidine and water may be a
ossible explanation for the fact that there is no obvious enhance-
ent of the catalytic activity of the hemins–peptide complexes

ompared to the unsubstituted hemins. This suggests that co-
rdination of the histidine ligand protects the iron center from
leaching (decomposition), in agreement with the hypothesis that
he primary role of the proximal histidine ligand in peroxidases
s stabilization of the Fe(IV) O center (compound I/II) while the
istal histidine plays a crucial role in H2O2 activation [15–17].
omparison of peroxidase activities of hemin and microperoxidase-
1 (MP-11) in molecular solvents and imidazolium-based ionic
iquids has also been reported, previously [18]. High-valent inter-

ediates of MP-8 with hydrogen peroxide and the models for
ompounds 0, I and II of horseradish peroxidase are presented,
reviously [19]. The peroxidatic activity of the heme octapeptide
MP-8), has been studied under conditions where formation of
ompound I was rate limiting [20]. The active form of the sub-
trate was supposed to be hydroperoxide anion, HO2

−, and an
xtrapolated second-order rate constant is introduced for the reac-
ion of aquoMP-8 with HO2

− of 3.7 × 108 M−1 s−1, which is close
o the second-order rate constants reported for reaction of the
eroxidase with H2O2. Indeed, it is believed that the peroxidase
nzymes activate H2O2 under physiological conditions through a
H-independent, H+-coupled binding of the required H2O2

−. The
eroxidase activity of MP-8 can be increased more than tenfold

n the presence of the guanidinium ion, which is ascribed to for-
ation of the ion-pair GuaH+HO2

−; this confirms the important
ole of the invariant distal arginine in the enzymes. A theoreti-
al model consisting of a microscopic kinetic analysis based on
he half-life (t1/2) of enzyme depletion is described for monosub-
trate enzymes by Waley [21–23]. Mechanism-based inactivation
f peroxidases by hydrogen peroxide has been well known [24].
he kinetic models for suicide-peroxide inactivation of catalase (as
monosubstrate hemoenzyme) [25], horseradish peroxidase (as a
isubstrate hemoenzyme) [26] and microperoxidase-11 (as a per-
xidase model enzyme) [27] were introduced, previously. In these
odels, the inactivation process can be easily monitored through

he time course (progress curve) of the oxidation reaction of the aro-
atic hydrogen donor substrate [26,28]. The main feature of this

tudy was the presentation of the kinetic equations and indicating
he validity and reliability of the kinetic model. The recent report on
he kinetics of suicide-peroxide inactivation of microperoxidase-11
evealed that it is similar to the inactivation model of horseradish
eroxidase [28].

Oxidative species (mostly radicals) attack a variety of cellu-
ar constituents, but proteins are well known to be especially
ensitive, with the most susceptible amino acids such as methion-
ne, cysteine, tryptophan, tyrosine and histidine [29,30]. Although
ydrogen peroxide is an essential substrate in the catalytic cycle of
eroxidase and peroxidase model enzymes like microperoxidases,
t higher concentrations it damages the porphyrin ring through
he suicide-peroxide inactivation mechanism [27]. The main struc-
ural feature of MP-11 is that, similar to most peroxidases, the fifth
o-ordination position in the heme is occupied by the imidazole
roup of His18. In neutral pH, the sixth position is occupied by a
eakly bound water molecule, which can be easily replaced by the
eroxide substrate.

Amino acids as osmolytes (at high concentrations) can stabi-

ize the protein structure [31,32]. The destabilizing effects of amino
cids on the protein structure are also reported elsewhere [29,33].
n contrast to the HRP, easily accessible sixth co-ordination position
f the heme iron (peroxide substrate binding site) in microperoxi-
ase and peroxidase biomimetic models, suffers a restriction on the

t
o
t
m
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eneration of potent enzyme models due to the possible inhibition,
ight binding and blocking effects of the present binding agents.
uch effectors expected to cause deactivation of peroxidatic activ-
ty of the model biocatalysts, which can be monitored by the ligand
inding, inhibition and activity measurements.

In the present work MP-11 is selected to evaluate the role
f heme active site of peroxidase upon interaction with typical
mino acids (Cys, His and Tyr). The advantage of using MP-11
s that MP-11 shows better water solubility, lower tendency to
ggregate/dimerize, and a spatial conformation, determined by
he polypeptide chain, that resembles in true heme proteins [5].
ndeed, this work discusses the effect of amino acids on the per-
xidatic activity, long-term stability, thermostability and suicide
nactivation of MP-11 in the presence of its suicide substrate,

2O2.

. Experimental

.1. Materials

Microperoxidase (sodium salt) and 2,2′-azino(bis(3-
thylbenzothiazoline-6-sulfonic acid)) (ABTS) diammonium
alt were obtained from Sigma. Guaiacol (ortho-methoxyphenol),
-histidine, l-tyrosine and l-cysteine, Na2HPO4·2H2O and hydro-
en peroxide 30% (V/V) were obtained from Merck. Phosphate
uffer 5.0 mM, as the solvent system for the all other reagents
as prepared in CO2-free deionized water (Barnstead NANOpure
4742 deionizer, electrical resistance = 18.3 M�).

.2. Methods

Absorbance changes and electronic spectra were recorded using
Varian spectrophotometer model Cary 50 equipped with fiber

ptic dip probe accessory and a xenon light source. The fiber optic
robe provides the data recording at the time of mixing in the
eaction vessel. The ionic strength and pH of the solutions were
ept constant by using a 5.0 mM phosphate buffer. Temperature of
he reaction solution in the jacketed laboratory reactor (4 mL) was
djusted at 25 ◦C (±0.1) using a Lauda water circulating thermobath
quipped with an external temperature sensor.

Difference Spectrophotometric titration experiments of MP-
1 with amino acids (His, Tyr and Cys) were carried out at
04 nm, 25 ◦C in phosphate buffer 5.0 mM, pH 7.0. Specific activ-

ty of MP-11 was determined spectrophotometrically in a 1-min
eaction time course using 2,2′-azino(bis(3-ethylbenzothiazoline-
-sulfonic acid)) (ABTS) [34].

ABTS as a chromophoric reducing substrate is very convenient
or monitoring peroxidase activity. The biocatalytic reaction can
asily be monitored by following formation of the ABTS+• radical
t the maximum absorption wavelength, �max = 414 nm and per-
xidase activity of MP-11 was estimated using the known relevant
elation using an extinction coefficient of ε414 = 36.0 mM−1 cm−1 for
he oxidized ABTS [34].

The peroxidase specific activity of MP-11 was obtained
2.0 U/mg at 25 ◦C, pH 7.0 (phosphate buffer 5.0 mM). One unit (U)
s the amount of MP-11 that catalyzes the oxidation of 1 �mol of
BTS per minute. Specific activity (U/mg) is the number of MP-11
nits per mL divided by the concentration of microperoxidase in
g/mL.

MP-11 concentration was determined at pH 7.0 using an extinc-

ion coefficient of 176 mM−1 cm−1 at 395 nm [6] and concentration
f hydrogen peroxide was estimated by measuring absorbance of
he solution using ε240 = 43.6 cm−1 M−1 [35]. In all calculations, a

olecular weight of 1861.9 was used for MP-11.
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acid/MP-11 is associated with a decrease in the peroxidatic activ-
Scheme 1.

The same spectrophotometer in the kinetic mode was used
o recording the progress curves of the inactivation pro-
ess. Suicide-peroxide inactivation of MP-11 was monitored at
70 nm (�max for the product of the guaiacol oxidation reac-
ion, ε470 = 26.6 cm−1 mM−1) by difference spectrophotometry. The
etails of the procedure of measuring the product concentration,
he rate of reaction, and determination of the progress curves have
een described previously [27].

Before start of the reaction, complexes of MP-11 and amino acids
ith molar ratios of 0.2, 0.5, 1 and 10 of [amino acid]/[MP-11] were
repared. Progress curves were obtained by following absorbance
f the reaction mixture at 470 nm in an appropriate time course
f about 30 min. A 30-s period was kept as delay time for addition
f H2O2 to the solution system of MP-11/amino acid/AH, stirring
nd making the mixture homogeneous. The unreacted part of AH
as obtained from the recorded absorbance data and suitable rela-

ions [27]. Each experiment was repeated three times and standard
eviations were estimated for the obtained results.

. Results and discussion

In the presence of H2O2 [36], microperoxidases form reac-
ive intermediate like peroxidase compound I, which can oxidize
romatic substrates, effectively [7]. This stable intermediate may
ndergo suicide inactivation in the presence of hydrogen perox-

de (≥0.4 mM). Indeed, it has been shown that in the presence of
igh concentrations of peroxide, in addition to the major catalytic
athways, microperoxidases and peroxidases can also enter into the
suicide-substrate inactivation” pathway [26,29,37–40]. The inacti-
ation process starts by the reaction of excess H2O2 with compound
. The product of the inactivation process (P-670) is a catalytically
nactive form of peroxidase (Ei in Scheme 1) [26,41–43]. This inac-
ive form indicates a �max in its electronic spectra at 670 nm. P-670
ith a low molar absorptivity is unstable and may convert into the

ubsequent inactive forms [27].
In the case of peroxidase it is observed that amino acids (His,

yr and Cys) at low concentrations activate HRP and protect the
nzyme against suicide inactivation by H2O2 [44]. Interestingly,
uch behavior was not repeated for the interaction of amino acids
ith MP-11 and a decrease in the peroxidatic activity of MP-11
as observed. This deactivation can be attributed to the possible
onding of the amino acid on the free sixth position of iron atom

n MP-11. As presented further, results show that the deactivation
ccurs via a competitive inhibition process (see Fig. 3). The simulta-
eous and concurrent inhibition of MP-11 by the amino acid and its
nactivation by the suicide substrate (H2O2) is measured through
ts catalytic reaction cycle (depletion of aromatic substrate) (see
qs. (5)–(20)). Among the MP-11 active forms (including MP-11, C-
and C-II), compound I as a �-radical cation intermediate shows

i
t
w
a

lysis B: Enzymatic 56 (2009) 61–69 63

he maximum potential to oxidize aromatic substrates through the
atalytic reaction cycle. However, in the presence of amino acids,
P-11 (Ea in the Scheme 1) can only react with them from the free

ixth position:
Scheme 1 shows the catalytic reaction cycle, the inactivation and

nhibition pathways for MP-11. According to Scheme 1, three major
eactions could be attributed to the reaction system

a
(H2O2)ki−→ Ei (a)

a
(amino acid)kI−→ EI (b)

H
(H2O2,Ea)˛−→ P (c)

eactions a and b are the inactivation and inhibition reactions,
espectively. Reaction c (oxidation of guaiacol by peroxide) is the
atalyzed reaction, which is also used to monitor the inactivation
rocess. Ea, Ei, EI, AH, and P denote the whole forms of active
nzyme, inactivated enzyme, inhibited enzyme, hydrogen donor
reductant-substrate) and the catalytic reaction product (tetragua-
acol), respectively. Parameters of ki, kI and ˛ denote the apparent
ate constant of inactivation (reaction a), apparent rate constant
f inhibition (reaction b) and the apparent catalytic rate constant
f the oxidation reaction (reaction c), respectively. In the catalytic
eaction cycle, the active enzyme species are free active enzyme
Ea), C-I and C-II. The rate constants of formation of C-I, C-II and Ea

re extremely large [45] compared with the ki and kI values. Accord-
ng to the mechanism C-I may enter into the inactivation pathway
nd Ea undergoes inhibition by the amino acid (see Scheme 1).
he following conditions are recommended for the simultaneous
dvancement of the three reactions (a, b and c):

1) Higher concentration of hydrogen peroxide with respect to the
concentration of hydrogen donor (AH).

2) Low concentration of hydrogen donor (“benign substrate”, a
substrate that does not damage the enzyme); so the donor sub-
strate does not saturate the enzyme (according to the initial
linear part of the Michaelis–Menten plot).

3) Concentration of amino acids should be in the range of cat-
alytic concentration of MP-11 so that the molar ratio of [amino
acid]/[MP-11] was 0.2–10.0 and the amino acid does not act as
osmolytes at this low concentration range.

The reaction c is essentially first-order in relation to the hydro-
en donor and similar to HRP [27] and MP-11 [28] alone, a linear
ependence on the initial velocity of the reaction at low concentra-
ions of AH was observed (data not shown) [27]. As a result, the rate
f reactions a and b seem to be proportional to the active enzyme
oncentration. Using a steady-state approximation, it is possible to
erive the differential and integrated kinetic equations. In princi-
le, by monitoring AH concentration in the catalytic reaction cycle;
ne can estimate the extent of decrease in the level of active forms
f the enzyme (due to the suicide inactivation process).

Previously, the corresponding kinetic equations for suicide-
eroxide inactivation of catalase [25], horseradish peroxidase [26]
nd micrperoxidase-11 [27] have been reported. Also protective
ffect of Ni2+ ion on the suicide inactivation of HRP [46] and a model
or simultaneous deactivation/inactivation of HRP in the presence
f sodium dodecyl sulfate and hydrogen peroxide were presented
ecently [35].

Fig. 1 illustrates the effect of amino acids on the activity of
P-11. It can be observed that increasing the mole ratio of amino
ty. Furthermore, cysteine has a more distinct lowering effect on
he catalytic activity of MP-11. It can be expected that amino acids
ith their strong electron donor groups (like amine, sulfur, carboxyl

nd hydroxyl) are able to bind on the free position of iron atom in
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Fig. 2. Double-reciprocal plot based on Eq. (1) for binding of Cys on MP-11. The data
are obtained from the spectrophotometric titration of MP-11 with Cys (inset of the
figure). Inset: titration of MP-11 solution (1.0 �M) with a cysteine solution (14.2 �M)
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As described above, MP-11 with one free position at the sixth
position and a His bound at the fifth position, shows a competitive
inhibition effect of amino acid in relation to the suicide substrate,
H2O2. At low concentrations of hydrogen peroxide (typically lower

Table 1
Dissociation constants (Kd) for binding of amino acids on the sixth position of the
Fe(III) center of MP-11 obtained from spectrophotometric titration of MP-11 with
the amino acids using Eq. (1)

7 −5 −1 −1
ig. 1. Dependence of peroxidatic activity of MP-11 with the type and mole ratio of
amino acid]/[MP-11] at suicide conditions, [H2O2] = 1.0 mM, [AH] = 0.4 mM at 27 ◦C,
H 7.0 phosphate buffer 5.0 mM. (�) MP-11 native; , His; (�) Tyr; Cys.

he center of porphyrin ring (Ea in Scheme 1). For the amino acids
nder study, pKa values are in the range of 6.7–7.1, 8.8–9.1, 9.7–10.1
or His, Cys and Tyr, respectively [47]. Generally, the amine group
f the amino acids is protonated at neutral pH but this group can
asily bind to the transition metal ions by a subsequent deproto-
ation [48]. Thus, despite of their positive net charge at pH 7.0, Tyr
nd Cys are expected to bind to the iron via the amine group.

It means the amino acids might compete with hydrogen per-
xide for the sixth position of the iron atom of MP-11. Therefore,
he equilibrium constants for formation of MP-11/amino acid com-
lexes were estimated by spectrophotometric titration of MP-11 by
he amino acids (His, Tyr and Cys) in phosphate buffer 5.0 mM at
5 ◦C. The experimental data were analyzed considering a simple
quilibrium M + L�ML. The equilibrium constant (Kd) and molar
bsorptivity (ε) of the formed complexes were estimated by fit-
ing the experimental data into the double-reciprocal plot namely
enesi–Hildebrand relation [49–51]:

1
�A

=
(

Kd

�A∞

)
× 1

[L]
+

(
1

�A∞

)
(1)

A∞ = εb[MP-11] (2)

here Kd is the dissociation constant of the MP-11–ligand complex,
A is the observed difference absorbance change at the wavelength

f maximum absorbance (�max) 404 nm, �A∞ is the maximum
bsorbance change and [L] represents the ligand concentration. ε is
he molar absorptivity (extinction coefficient) of the complex and
is the light path-length. Eq. (1) indicates linear changes of 1/�A

ersus 1/[L] with Y-intercept of 1/�A∞ and slope of Kd/�A∞. Thus,
d could be determined from the slope of the plot by a simple linear
egression. Fig. 2 illustrates such plot for the interaction of Cys with
P-11. Fig. 2:inset shows the corresponding profile for spectropho-

ometric titration of MP-11 with Cys in phosphate buffer solution
.0 mM, pH 7.0 and temperature of 25 ◦C.

At concentrations below 25 �M, the aggregation (dimerization)
f MP-11 can be neglected [12]. Kd and ε404 values for the three
mino acids/MP-11 complexes are shown in Table 1. According to
he table, Cys indicates a binding constant (association constant),
a = 6.046 × 106 M−1 which reflects the high affinity of this inhibitor

or the sixth position of iron center of MP-11.
In the next step, in order to examine the existence and the type

f probable inhibiting effects of the amino acids, Michaelis–Menten

odel was checked on the kinetics of MP-11 using hydrogen per-

xide as the varying substrate and cysteine as the inhibitor. In
eversible inhibition, enzyme activity can be recovered when the
nhibitor is removed [24]. Once the type of inhibition has been
stablished, it is possible to determine the inhibition constant, KI.

C

H
T
C

E

n phosphate buffer 5.0 mM, pH 7.0 and temperature of 27 ◦C. The points show the
bsorbance changes after additions of Cys corresponding to [Cys]/[MP-11] ratios
rom 0.2:1.0 to 2.5:1.0. Five minutes was considered for each addition to equilibrate
he reaction mixture.

egarding the Lineweaver–Burk plot drawbacks [52,53] it is better
o use the other models like Dixon plot [54]:

1
V

=
{(

Km

Vmax
[S]

)
× [I]

KI

}
+

(
Km

Vmax
[S]

)
+

(
1

Vmax

)
(3)

t [I] = −KI the 1/V function would be independent of [S] (at constant
mount of the enzyme), since at such condition Eq. (3) leads to:

1
V

= 1
Vmax

(4)

According to Eq. (3) and at fixed [S], a plot of 1/V against [I] (the
ixon plot) is linear. Thus, in the presence of reversible competitive

nhibitor, the inhibitory constant (KI) can be determined from the
ntersection point where [I] = −KI.

As Fig. 3 confirms, a reversible competitive inhibition was
bserved for the interaction of cysteine with MP-11. The values of
max, KI and Km were obtained 0.197 mM min−1, 3.71 × 10−4 mM
nd 0.352 mM, respectively. Furthermore, using rapid-equilibrium
pproximation for the kinetics of binding of reversible inhibitor
KI = k−I/kI) and knowing KI from the Dixon plot (Fig. 2) and kI from
able 2 (average value at molar ratios 0.2 and 0.5 of Cys/MP-11), it
s possible to estimate the value of k−I. Thus, over the molar ratio of
–0.5 for Cys/MP-11, value of k−I was obtained 1.23 × 10−3 min−1.
t shows that at the above molar ratio of Cys/MP-11, there is a
eversible competitive inhibition on the active site, which allows
he dead-end irreversible inactivation of MP-11 through the reac-
omplex Kd ( × 10 M) ε404 ( × 10 M cm )

is/MP-11 2.874 ± 0.132 3.52 ± 0.15
yr/MP-11 4.922 ± 0.152 2.53 ± 0.12
ys/MP-11 1.654 ± 0.078 2.73 ± 0.13

xperimental conditions: phosphate buffer 5.0 mM, pH 7.0, T = 25 ◦C
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Fig. 3. Dixon plot as the variation 1/V vs. [Cys] in the presence of various concen-
tration of hydrogen peroxide based on Eq. (3). Before the experiments, solutions
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f microperoxidase-11 (1.0 �M) were incubated with various fixed concentrations
f inhibitor (cysteine) at pH 7.0 phosphate buffer 5.0 mM, T = 27 ◦C and [guaia-
ol] = 0.4 mM. (©) [H2O2] = 0.1 mM; (�) [H2O2] = 0.3 mM; (�) [H2O2] = 0.5 mM; (*)
H2O2] = 0.7 mM; (�) [H2O2] = 0.9 mM; (�) [H2O2] = 1.0 mM.

han 0.4 mM) there is no remarkable suicide inactivation effect. At
igh peroxide concentrations (typically higher than 1 mM), inhi-
ition effect of the amino acid and inactivation effect of H2O2
ccurred, simultaneously. Since this kind of inhibition by the amino
cid is generally reversible and does not damage the enzyme, it can
e introduced as a safe storage of the biocatalyst in the reaction
ixture containing high concentrations of the suicide substrate. It
eans this inhibition mechanism can reduce the population of bio-

atalyst exposed the suicide substrate, since inhibited MP-11 does
ot undergo suicide inactivation (see Scheme 1).

In order to model the inhibition/inactivation mechanism and
ccording to reactions a, b and c since practically reaction a is
n irreversible inactivation, hence, the rate of inactivation can be
xpressed as
(

d˛1

dt

)
= kapp

i ˛ (5)

Reaction b shows the reversible inhibition of the biocatalyst by
he amino acid. Therefore, contribution of the inhibition process in
owering the active enzyme level can be expressed as
(

d˛2

dt

)
= kapp

I ˛ (6)

(
d˛

)
= −

[(
d˛1

)
+

(
d˛2

)]
= (kapp

i ˛) + (kapp
I ˛)
dt dt dt

= (kapp
i + kapp

I )˛ (7)

kapp
i + kapp

I ) = kapp
iI , −

(
d˛

dt

)
= kapp

iI ˛ (8)

−

k
a

able 2
inetic parameters of ˛0, ki and kI for simultaneous suicide-peroxide inactivation and am

H2O2] = 1.0 mM, [MP] = 1.0 �M

MP-11-His complex MP-

˛0 ki kI ˛0

ative MP-11 0.258 0.494 0 0.25
Amino acid]/[MP-11] = 0.2 0.243 1.035 1.483 0.21
Amino acid]/[MP-11] = 0.5 0.234 1.514 2.181 0.176
Amino acid]/[MP-11] = 1.0 0.231 1.692 3.923 0.13
Amino acid]/[MP-11] = 10.0 0.231 1.744 5.112 0.114

arameters were obtained by fitting of the experimental into Eq. (20) using Excel Solver
lysis B: Enzymatic 56 (2009) 61–69 65

here kI is the apparent inhibition rate constant. Apparent rate
onstants depend on the other effective parameters. For example,
app
i as the apparent inactivation rate constant depends on peroxide
oncentration. Also kapp

I as the apparent inhibition rate constant
learly depends on the inhibitor (amino acid) concentration.

Confirmation of Eq. (8) was checked by a kinetic analysis using
teady-state approximation for the mechanism shown in Scheme 1
see Appendix A). On this basis, the following equation can be
btained as indicated in Appendix A:
(

d˛

dt

)
=

{
kI[I] − kI − k1[H2O2]

}
˛ (9)

Eq. (9) is similar to Eq. (8), which reflects the accuracy of the
roposed model. As Eq. (9) shows the rate of depletion of enzyme in
he presence of both the suicide substrate [H2O2] and the inhibitor
amino acid) does not depend on the [H2O2], but it depends directly
n the inhibitor concentration. Indeed as previously reported, ki
tself is a linear function of peroxide concentration [27].

Comparing Eq. (8) with Eq. (9) gives:

app
iI =

{
kI[I] − kI − k1[H2O2]

}
(10)

From Eq. (9) we have the following:
(

d˛

dt

)
=

{
kI[I] − kI}˛ − {k1[H2O2]

}
˛ (11)

Comparing Eq. (7) with Eq. (11) gives:

app
i = k1[H2O2], kapp

I = kI[I] − kI (12)

Hence, kapp
i is a function of peroxide (suicide substrate) concen-

ration and kapp
I is a function of inhibitor concentration.

Now, the rate equations for the three reactions including con-
umption of substrate, inactivation of MP-11 by peroxide and
nhibition of MP-11 by the amino acid can be combined. Integration
f Eqs. (5) and (6) result in

1 = ˛0 e(−kit) (13)

2 = ˛0 e(−kIt) (14)

Eqs. (7) and (8) can be rewritten as

= ˛1 + ˛2 = ˛0(e−kit + e−kIt) (15)

here ˛0 can be defined as the value of ˛ at start time of measure-
ents.
According to the reaction c, the rate of conversion of aromatic

ubstrate (guaiacol) to the product can be written as
(

d[AH]
)

dt
= ˛[AH] (16)

Evaluation and confirmation of Eq. (16) was rechecked by a
inetic analysis using steady-state approximation for the mech-
nism shown in Scheme 1 (see Appendix B). On this basis, the

ino acid inhibition of microperoxidase-11 at pH 7.0 phosphate buffer 5.0 mM, 27 ◦C,

11-Cys Complex MP-11-Tyr Complex

ki kI ˛0 ki kI

8 0.494 0 0.258 0.494 0
6 0.751 3.123 0.189 0.498 1.452

0.933 3.511 0.132 0.690 1.791
1 1.102 4.028 0.129 1.044 3.904

1.044 5.126 0.102 0.978 4.811
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Fig. 4. Progress curves for suicide inactivation of MP-11 by hydrogen peroxide, as
the variation of guaiacol concentration vs. reaction time, according to Eq. (20). Inac-
tivation rate constant, ki and the initial activity of biocatalyst, ˛0, were estimated
by successive approximation and non-linear fitting of the experimental data into
the Eq. (20). Solid lines indicate the calculated curve data using the obtained ki and
˛0 parameters in Eq. (20). Values of the kinetic parameters are shown in Table 2.
Each parameter was systematically adjusted to produce best fit curves that gave a
minimum value of the sum-of-squares of residuals (SSR, as the differences between
observed and calculated values of progress curves, i.e. SSR = �(yobs. − ycalc.)2). An
Excel Solver program was used for this purpose. A detailed description of the
suicide-peroxide inactivation model is given in Refs. [25–28,32]. AH concentra-
tion was followed from the absorbance of the reaction mixture at 470 nm using
ε470 = 26.6 cm−1 mM−1 (for details of the calculation procedure see Ref. [27]). Reac-
tions were started by adding hydrogen peroxide (1.0 mM in the reaction mixture) to
a solution of AH (200 �M) and MP-11 (1.0 �M) having an initial activity of 0.3 min.−1,
t ◦
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ollowing equation can be obtained as indicated in Appendix B:

d[AH]
dt

= 2
(

k1k2

ki

)
[E][AH] (17)

Eq. (17) is similar to Eq. (16), which represents a relation for ˛
Eq. (18)) from the microscopic point of view. As Eq. (17) shows
he rate of depletion of AH does not depend on the [H2O2] directly.
omparing Eq. (17) with Eq. (16) gives:

= 2
(

k1k2

ki

)
[E] (18)

Clearly, Eq. (18) shows that the enzyme activity (˛, apparent cat-
lytic rate constant of the oxidation reaction (reaction c)) depends
n the rate constants k1 and k2 (responsible for conversion of the
H substrate to the colored product) of the catalytic cycle. Also,

he enzyme activity depends inversely on the kapp
i of the inactiva-

ion reaction (causing to depletion and inactivation of the enzyme
atalyst and lowering the active enzyme level).

Now, substitution of ˛ from Eq. (15) into Eq. (16) gives:
(

d[AH]
dt

)
= ˛0(e−kit + e−kIt)[AH] (19)

After rearrangement and integration, we have the following:

AH]t = [AH]0

{
Exp

(
˛0

ki
(e−kit − 1)

)
× Exp

(
˛0

kI
(e−kIt − 1)

)}

(20)

here [AH]t and [AH]0 are concentrations of AH at time t and
t start time of measurements (t = 0), respectively. Eq. (20) char-
cterizes an overall progress curve ([AH]t versus time) which is
eflecting simultaneous advancement of three reactions of a, b
nd c. Reaction c as the biocatalytic reaction is used for moni-
oring the phenomena and guaiacol (reductant substrate, AH) is
elected as the probe which produces a colored product with a max-
mal absorbance at 470 nm. The first factor Exp(˛0/ki(e−kit − 1))
pecifies the contribution of inactivation effects according to the
eaction a and the second factor Exp(˛0/kI(e−kIt − 1)) represents
he contribution of inhibition effects of the amino acid, based on
eaction b.

Eq. (20) can be used for the determination of ˛0, ki and kI in
non-linear regression manner by fitting the experimental data

[AH]t and t) into the equation. Common computer software such
s Excel Solver was used for this purpose. Table 2 indicates the
btained values of kinetic parameters for simultaneous suicide
nactivation/inhibition of MP-11.

Fig. 4 shows the various inactivation progress curves of MP-11
n the presence of different amino acids. Details of the experiments
re described in the legend of Fig. 4. Excellent coincidence between
xperimental data (points) and the fitted curve (calculated) based
n Eq. (20) was observed as shown in Fig. 4. Fig. 4 illustrates the
ccuracy of the kinetic model and the Eq. (20) for the simulta-
eous suicide-peroxide inactivation and competitive inhibition of
icroperoxidase-11 by the amino acids. Furthermore, Fig. 4 demon-

trates that (in contrast to HRP), low concentrations of amino acids
as low-dose effectors) cannot protect microperoxidase against sui-
ide inactivation since in the case of MP-11 alone; consumption of
uaiacol is higher than the case of amino acid/MP-11 complexes.
he same trend was observed (data not shown) for the other used
atios of [amino acid]/[MP-11] (0.2, 1.0 and 10.0). As it is shown in
able 2, inactivation rate constant, ki and inhibition rate constant,

I were increased with increasing molar ratio of amino acid/MP-
1 while initial activity of MP-11, ˛0, was decreased meaning that
P-11 activity diminishes due to the inactivation and inhibition

ffects. Fig. 1 and Table 2 illustrates that the extent of inactivation
n MP-11/amino acid complexes has the inverse order of ˛0 val-

p
p
t
fi
e

ime course of about 30 min at 27 C, phosphate buffer 5.0 mM, pH 7.0. All the
urves are corresponding with the ratio of [amino acid]/[MP-11] = 0.5, and for the
ther ratios similar trend was observed, too. (×) Native MP-11; (*) Tyr/MP-11; (©)
ys/MP-11; (�) His/MP-11.

es i.e. ˛0 (His) > ˛0 (Cys) > ˛0 (Tyr). According to Fig. 4, among the
icroperoxidase/amino acid complexes, MP-11/His complex with

igher initial activity is able to catalyze the oxidation reaction in
more extensive manner. On the other side, this specificity (i.e.

igher concentrations of active form, Ea) would be associated with
igher ki values in the order of ki (His) > ki (Cys) > ki (Tyr) as shown

n Table 2. Interestingly, the order of kI values is consistent with the
trength of donor atom of the amino acid side-chain (S for cysteine,
for histidine and O for tyrosine) as kI (Cys) > kI (His) > kI (Tyr) (see

able 2).
Furthermore, there are some reports on the stabilizing effects of

mino acids on the structural stability of proteins and enzymes.
n these cases amino acids as osmolytes and at high concen-
rations stabilizes the macromolecule structure [31,32]. It is also
eported denaturational effects of histidine on the protein struc-
ure, which reflects the destabilizing effects of amino acids
29,33].

In order to check the effect of amino acids on the structural
tability of MP-11, thermostability experiments were performed
t 50 ◦C and higher ratio of [amino acid]/MP-11, by periodical
easuring the peroxidatic activity (guaiacol assay) within about

4 h. The result is shown in Fig. 5, which indicates a fast and
robably irreversible inhibition for cysteine that can be attributed
o its higher affinity and stronger binding to the iron atom at
igher temperatures (50 ◦C). Thermostability of MP-11 in the

resence of His and/or Tyr remains unchanged within this time
eriod, which means amino acids, have no significant struc-
ural effects on MP-11 and they only act as the inhibitor. For
ne-tuning the effect of cysteine on thermostability of MP-11,
xperiments were repeated over a range up to [Cys]/[MP-11] = 1.5
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Fig. 5. Thermostability of MP-11 vs. time in the presence of amino acids (molar
ratio of amino acid/MP-11 = 10.0). Activity measurements were performed at pH
7
o
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.0, 50 ◦C, [AH] = 0.4 mM, [H2O2] = 1.0 mM, [MP-11] = 1.0 �M. Enzyme activity = rate
f reaction (�mol L−1 min−1) × volume of reaction mixture (L). (�) Native MP-11;
�) His/MP-11; (�) Tyr/MP-11; (–) Cys/MP-11.

s shown in Fig. 6. The figure shows that cysteine at molar ratio
f [Cys]/[MP-11] = 1.5 completely inhibits peroxidatic activity of
P-11. Another interesting aspect of Fig. 6 is that it is possible

o control and tune the activity of MP-11 by using a desirable
mount of cysteine. For example using a molar ratio of [Cys]/[MP-
1] = 1.0, peroxidatic activity of MP-11 can be controlled around
.8 × 10−3 �M min−1.

It must be mentioned that Cys alone can also act as a reduc-
ng agent in the conversion of Fe(III) (catalytically active form) to
e(II) (catalytically inactive form) in microperoxidase. But in the
resence of hydrogen peroxide (referred to as activation mech-
nism of hydrogen peroxide) formation of CI (a �-radical cation
f Fe(IV) = O species) with a very large rate constant (∼107 s−1) is
xpected to be the main reaction and probably there is no chance
or Cys to reduce the ferric center. But at high temperatures (50 ◦C;
ee Fig. 5) Cys perhaps shows such a behavior since a strong and
early irreversible inhibition observed just for this amino acid and
ot for His and Tyr. Furthermore, to check substrate behavior for
ysteine and tyrosine [54], cysteine was used as the hydrogen donor

ubstrate (instead of guaiacol) in the assay. However, spectropho-
ometry and HPLC methods detected no reaction product (data not
hown).

ig. 6. Activity vs. [Cys]/[MP] ratio at pH 7.0 phosphate buffer 5.0 mM,
0 ◦C, [AH] = 0.4 mM, [H2O2] = 1.0 mM, [MP] = 1.0 �M. Measurements were done
fter 5.0 min to equilibrate the system. Enzyme activity = rate of reaction
�mol L−1 min−1) × volume of reaction mixture (L).
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Long-term stability experiments as the variation of catalytic
ctivity versus time (up to about 8 weeks) were also confirmed
eactivation of MP-11 by the amino acids (data not shown), in
hich activity of native MP-11 was considerably greater than the
P-11/amino acid complexes.
Such controllable activity of MP-11 can be used in design-

ng specific protected biocatalysts in the form of hidden and
eversibly inhibited, which does not enter into the inactivation
athway. Also such a protection procedure plus media engineering
an be used for preparing specific biosensors and nano-devices.
his is the subject of current research plan in this labora-
ory including protection of MP-11 against the suicide substrate
hydrogen peroxide), manufacturing and application of nanosilica
mmobilized MP-11 biosensors for detection of phenolic com-
ounds.

. Conclusions

Kinetics of simultaneous inhibition/inactivation of micro-
eroxidase-11 (MP-11) in oxidation reaction of guaiacol (AH) by
ydrogen peroxide showed the major part of suicide-peroxide inac-
ivation and the reversible competitive inhibition by the typical
mino acids. The proposed model can successfully determine the
inetic parameters including inactivation by hydrogen peroxide as
ell as the inhibitory rate constants by the amino acid inhibitor.
eneral aspects of the model are as follows:

1) The reaction is first-order in relation to the aromatic hydrogen
donor, AH.

2) High ratio of suicide substrate to the aromatic benign substrate,
[H2O2] 
 [AH].

3) Preferentially, concentration of the amino acid as the low-dose
effector, might be around the catalytic concentration of MP-11,
typically, molar ratio of amino acid/MP-11∼0.2–10.0.

4) The introduced inhibition procedure can be used in designing
activity tunable and specific protected enzyme models in the
hidden and reversibly inhibited forms, which do not undergo
inactivation.

5) At high peroxide concentrations (typically higher than 1 mM),
in which simultaneous reversible inhibition by the amino acid
and inactivation by H2O2 occurs, the non-destructive inhibition
can be proposed as a safe storage of the biocatalyst via reduc-
ing the population of biocatalyst exposed the suicide substrate,
since inhibited MP-11 does not undergo suicide inactivation
(see Scheme 1).

6) The introduced kinetic analysis based on the suicide-substrate
inactivation of microperoxidase-11, can be used as a general
model for studying the other similar bisubstrate peroxidase
models in the presence of reversible inhibitors.

Excellent coincidence between experimental and calculated
ata based on the new integrated kinetic equation confirmed
he accuracy of the model to obtain reliable apparent kinetic
arameters for the simultaneous suicide-peroxide inactivation
nd competitive inhibition of microperoxidase-11 by the amino

cids.
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ppendix A

According to the mechanism shown in Scheme 1, the rate of
epletion of enzyme due to the simultaneous inhibition and inac-
ivation processes can be written as

−d[E]
dt

= k3[CII][AH] + k−I[EI] − kI[E] − k1[E][H2O2]

+ k1[E][H2O2] − k2[CI][AH] − ki[CI][H2O2]

−d[E]
dt

= k3[CII][AH] − k−I[EI] − kI[E] − k2[CI][AH]

−ki[CI][H2O2]

(A1)

Substitution of [CI] from equation (B3) and [CII] from Eq. (B5) in
ppendix B gives:

−d[E]
dt

= k3

(
k1k2[E]

k3ki

)
[AH] − k−I[EI] − kI[E]

− k2

(
k1[E]
(ki)

)
[AH] − ki

(
k1[E]
(ki)

)
[H2O2]

−d[E]
dt

= − k−I[EI] − kI[E] − k2

(
k1[E]

ki

)
[AH]

− (k1[E])[H2O2]

(A2)

Using the rapid equilibrium approximation for the inhibited
orm of HRP, EI, we have the following:

EI] = [E][I]
KI

, KI = k−I

kI
, [EI] = [E][I]kI

k−I
(A3)

Substitution of [EI] from Eq. (A3) into Eq. (A2) gives:

−d[E]
dt

= k−I[E][I]kI

k−I
− kI[E] − (k1[E])[H2O2] (A4)

−d[E]
dt

= kI[E][I] − kI[E] − k1[E][H2O2] (A5)

−d[E]
dt

=
{

kI[I] − kI − k1[H2O2]
}

[E] (A6)

From Eq. (B10) in Appendix B we have the following:

= 2
(

k1k2

ki

)
[E] ⇒ [E] = ˛

2k1k2/ki
⇒ −d[E]

dt
= −1

2k1k2/ki

(
d˛

dt

)

= −
(

ki

2k1k2

)
×

(
d˛

dt

)
(A7)

Substitution into Eq. (A6):
(

ki

2k1k2

)
×

(
d˛

dt

)
=

{
kI[I] − kI − k1[H2O2]

}
[E]

=
{

kI[I] − kI − k1[H2O2]
}[

˛

(2k1k2/ki)

]

(A8)

−d˛

dt
=

{
kI[I] − kI − k1[H2O2]

}
˛ (A9)

kI[I] − kI − k1[H2O2]
}

˛ = (kapp
i + kapp

I )˛ (A10)

app
iI =

{
kI[I] − kI − k1[H2O2]

}
(A11)

app
i = (k1[H2O2]), kapp

I = kI[I] − kI (A12)
ppendix B

Total concentration of HRP can be written as

E]tot = [E] + [EI] + [CI] + [CII] + [Ei] (B1)

[
[
[

[

lysis B: Enzymatic 56 (2009) 61–69

E is the free enzyme at the resting state. Using the steady-state
pproximation for the enzyme kinetic intermediates in Scheme 1,
e have the following:

d[CI]
dt

= (k1[E] × [H2O2]) − (ki[CI][H2O2]) (B2)

d[CI]
dt

= 0 ⇒ [CI] =
(

k1[E]
(ki)

)
(B3)

d[CII]
dt

= (k2[CI] × [AH]) − (k3[CII] × [AH]) (B4)

d[CII]
dt

= 0 ⇒
(

k2

(
k1[E]

ki

)
[AH]

)
− (k3[CII] × [AH]) = 0

[CII] = k2

(
k1[E]

(ki)/k3

)
=

(
k1k2[E]

k3ki

) (B5)

The rate of depletion of AH is (see Scheme 1):

−d[AH]
dt

= (k2[CI] × [AH]) + (k3[CII] × [AH]) (B6)

−d[AH]
dt

=
{

k2

(
k1[E]

ki

)
[AH]

}
+

{
k3

(
k1k2[E]

k3ki

)
[AH]

}

−d[AH]
dt

=
{

k2

(
k1[E]

ki

)
[AH]

}
+

{(
k1k2[E]

ki

)
[AH]

} (B7)

−d[AH]
dt

=
{

k2

(
k1

ki

)
+

(
k1k2

ki

)}
[E] × [AH]

−d[AH]
dt

=
{

k2

(
k1

ki

)
+

(
k1k2

ki

)}
[E] × [AH]

(B8)

−d[AH]
dt

= 2
(

k1k2

ki

)
[E][AH] (B9)

= 2
(

k1k2

ki

)
[E] (B10)
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