
Biochemical systems generating oxygen-containing
free radicals O2

–•, HO• (RO•), and HO2
• (RO2

•) constantly
attract interest because of the important role of these
active species in biological systems [1-9]. Direct meas-
urement of free radical concentration in vitro (and espe-
cially in vivo) is usually very difficult [5, 8]. Therefore, the
initiation of free radical processes has been mainly stud-
ied with inhibitors, i.e., by an approach based on works of
Academician N. M. Emanuel and his followers in the

1950-1960s [10-13]. The use of inhibitors even in rela-
tively simple chemical systems is complicated by solva-
tion of radicals and molecules of the inhibitors themselves
[11]; the difficulties are increased further in quantitative
studies of the effects of inhibitor in biochemical systems
[1-9]. The need to determine quantitative characteristics
of radical initiation under natural conditions and the
requirement for a rapid screening of possible inhibitors
(antioxidants) in relatively simple reactions generating
active oxygen-containing radicals under mild conditions
(20-36°C, aqueous solutions) has stimulated many in vitro
studies on numerous pairs including H2O2 (ROOH) and
an iron-containing biocatalyst, where ROOH are organic
hydroperoxides or lipid hydroperoxides. The following
compounds have been used as biocatalysts: hemin [14-
16], its complexes with albumins (methemalbumins) [14-
16], MetMb [17, 18], MetHb [17-19], cytochrome P-
450-LM2 [17], microperoxidase [20], and iron-contain-
ing proteins (ferritin [21-23] and hemosiderin [24]).
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Abstract—Rates of free radical initiation were determined at 20°C in 10 mM phosphate buffer (pH 7.4) in the systems met-
myoglobin (methemoglobin)–H2O2 using 2,2′-azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid) as the diammonium salt
(ABTS). The catalytic activity of MetMb was 2-3-fold higher than that of MetHb. The process can be described by the
Michaelis–Menten equation, from which effective values of Km and Vmax were calculated. Comparative kinetic studies on the
inhibition of ABTS oxidation were carried out using Trolox, propylgallate (PG), polydisulfide of gallic acid (poly(DSG)),
polydisulfide of (2-amino-4-nitrophenol) (poly(ADSNP)), and its conjugate with human serum albumin
(HSA–poly(ADSNP)). The inhibitors were characterized by inhibition constants Ki and stoichiometric inhibition coeffi-
cients f (the number of radicals terminated by a single molecule of inhibitor). The minimum Ki and the maximum f values
were obtained for poly(DSG), and in the system of MetHb–H2O2–ABTS they were 0.08 µM and 27.5, respectively.
According to their antiradical activities, the inhibitors can be arranged as follows: poly(DSG) > poly(ADSNP) > PG >
Trolox. PG, poly(DSG), poly(ADSNP), and its conjugate with HSA are suggested as “calibrators”, i.e., inhibition standards
for evaluation of antioxidant status of biological fluids in possible test systems based on the free radical-generating pair
MetMb–H2O2 with ABTS as the acceptor of the active radicals.

Key words: metmyoglobin, methemoglobin, hydrogen peroxide, free radical initiation, inhibitors, Trolox, gallic acid poly-
disulfide, propylgallate, antioxidant status, inhibition constants, 2,2′-azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid)
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Aliphatic alcohols (methanol, ethanol) [17] and cer-
tain typical peroxidase substrates such as ABTS [17],
luminol or isoluminol [20, 25], TMB [14-16, 21-23], o-
phenylenediamine, and other aromatic amines [14-16,
21, 22] can be used as the acceptors of free radical gener-
ated in the above-listed systems. ABTS and TMB are
especially suitable because the colored products of their
oxidation have intense absorption bands in the visible
region which do not overlap with the absorption bands of
the biocatalysts and other possible components of the
reaction mixtures (e.g., inhibitors); this provides for reli-
able spectrophotometric monitoring of initial oxidation
rates of these acceptors [14-19, 21-23]. The use of luminol
(isoluminol) provides high accuracy in the evaluation of
initial oxidation rates by chemiluminescence [19, 20, 25].

Free radical generation in H2O2 (ROOH)–biocata-
lyst systems can be slowed with various inhibitors includ-
ing such natural inhibitors as ascorbic acid and α-toco-
pherol [7, 19] or its soluble analog 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) [18, 19],
mannitol, thiourea, α-naphthol [17], polyphenols [2,
26], and new generation antioxidants such as polydisul-
fides of substituted phenols [16, 23, 27, 28], urea,
thiourea, and biuret [23]. Inhibitors with different effi-
ciency compete for free radicals with radical acceptors
(ABTS, TMB, luminol, etc.) and decrease the rates of
acceptor expenditure, and this is used for testing the anti-
radical activities of antioxidants [15, 16, 19, 23, 26].

The inhibition of reactions in H2O2–biocatalyst–
radical acceptor systems is interesting also in connection
with the use of such systems in quantitative evaluation of
the functional state of antioxidant protection in the
human body, in particular, when methods are being devel-
oped for determination of the total antioxidative activity
of biological fluids, e.g., of blood plasma [18-20, 25].
Available methods for evaluation of antioxidant activity of
biological fluids are usually labor-consuming and difficult
to apply for mass scale laboratory use: to date a commer-
cial kit (Randox, Great Britain) for determination of total
antioxidant status of human blood remains the best solu-
tion of this problem [18]. In this case, the H2O2–MetMb–
ABTS system and Trolox as the antioxidant (the so-called
“calibrator”) are used, and this allows us to express the
total antioxidant activity of serum and other fluids as the
equivalent concentration of Trolox (the Trolox equivalent
is a compound quantity in moles which is equal in the
antiradical activity to 1 mole of Trolox) [18].

The development of methods for determination of
the total antioxidative activity of biological fluids based
on H2O2 (ROOH)–biocatalyst–radical acceptor systems
is associated with some problems and complications: first,
the rates of radical initiation in these systems should be
rather high and have a level required; second, the pres-
ence in the system of additional organic solvents
(dimethyl sulfoxide, dimethylformamide, ethanol, etc.) is
undesirable because of their high antiradical activities

[15]; third, the expenditure kinetics of radical acceptors
(ABTS, TMB, o-phenylenediamine, etc.) in the presence
of inhibitors are often characterized by an induction peri-
od (∆τ) [14-16, 18, 26]; therefore, it is necessary to
choose an approach for quantitative characterization of
the inhibitor effect by the ∆τ value or by a decrease in the
initial rate of the acceptor expenditure ∆vo; fourth,
depending on the specific features of the inhibitor, it can
differently interact with biocatalysts and other protein
components of the system resulting in dissimilarity of the
antiradical activity of the inhibitor [15, 16, 29]; fifth, all
components of the system should be well soluble in the
reaction medium and compatible to each another; sixth,
only such system is technologically promising that con-
sists of time-stable components with characteristics
reproducible during the oxidation (initial rate of acceptor
oxidation, direct relation of ∆τ values with inhibitor con-
centrations, etc.).

The purpose of this work was to compare the kinetic
characteristics of the catalytic the H2O2–metmyoglobin
(methemoglobin) systems using the radical acceptor
ABTS and polyphenol antioxidants such as propylgallate,
gallic acid polydisulfide, polydisulfide of (2-amino-4-
nitrophenol), and its conjugate with human serum albu-
min, and also to compare them with the widely used
inhibitor Trolox.

MATERIALS AND METHODS

Human serum albumin from Reanal (Hungary) was
used without additional purification; horse heart met-
myoglobin was from Sigma (USA). Methemoglobin was
isolated from cattle blood, lyophilized, and kindly pre-
sented to us by A. P. Vlasov (Institute of Bioorganic
Chemistry, National Academy of Sciences of Belarus,
Minsk). Diluted perhydrol (DIAplus, Russia) was used as
an oxidant and the diammonium salt of ABTS (Sigma)
was used as a radical acceptor.

Inhibitors. Trolox was from Aldrich (USA) and
propylgallate was from Reakhim (Russia). Poly(DSG)
with mean molecular weight ~1760 daltons and contain-
ing seven monomer units [HOOC-C6(OH)3-S-S-] was
synthesized as described earlier [27]. The UV spectrum of
poly(DSG) solution in distilled water was characterized
by two maxima with absorption coefficients ε215 and ε266

equal to 421 and 126 mM–1⋅cm–1, respectively. An aque-
ous solution of poly(DSG) (2.25 mM) was used; it was
stored at ~6°C. Poly(ADSNP) with mean molecular
weight of ~1400 daltons and containing ~7 monomer
units [HO-C6H3-(NO2)-NH-S-S-] was synthesized as
described earlier [28]. The UV spectrum of
poly(ADSNP) solution in distilled water was character-
ized by maxima with absorption coefficients ε220 and ε255

equal to 79 and 63 mM–1⋅cm–1, respectively.
Poly(ADSNP) solution (1.62 mM) in ethanol was used.
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Reagent concentrations were determined spec-
trophotometrically with a Specord M-40 spectropho-
tometer (Germany) using the absorption coefficients
presented below: ε230 = 72.4 M–1⋅cm–1 for H2O2 [30]; ε280 =
35 mM–1⋅cm–1 for HSA [31]; ε417 = 119 mM–1⋅cm–1 for
MetMb [32]; ε405 = 151 mM–1⋅cm–1 for MetHb [33]; ε340 =
36 mM–1⋅cm–1 for ABTS [34]; ε292 = 3.26 mM–1⋅cm–1

for Trolox [35].
Synthesis of HSA–poly(ADSNP) conjugate.

Poly(ADSNP) (355 µM) and HSA (7.1 µM) were dis-
solved in 5.0 mM bicarbonate buffer (pH 9.0) containing
31% ethanol, and the mixture was kept for two days at
~16°C. The conjugate resulting through thiol–disulfide
exchange was washed from the unbound polydisulfide
first with water–ethanol solution and then with distilled
water using a PAN-20 ultrafiltration membrane (MIFIL,
Minsk) with retention limit of 20-kD protein. The conju-
gate was stored in aqueous solution at ~6°C. The concen-
tration of poly(ADSNP) covalently bound to HSA was
calculated by the difference in light absorption of the
experimental and control specimens at 364 nm at the
absorption coefficient of poly(ADSNP) ε364 = 31.0 mM–1 ⋅
cm–1. The calculation showed that in the conjugates of
HSA there is, on average, ~1.5 polydisulfide molecules
per molecule of HSA.

Oxidation of ABTS with hydrogen peroxide with the
involvement of MetMb and MetHb in the absence and in
the presence of inhibitors was carried out at 20°C in
10 mM PB (pH 7.4). Concentrations of catalysts, ABTS,
H2O2, and of inhibitors are shown in the figure captions
and in the text. The oxidation of ABTS was initiated by
addition of biocatalyst to the medium and was followed
by increase in the absorption of the ABTS oxidation
product at 734 nm (Specord M-40). Note that the
absorption band of the ABTS oxidation product does not
overlap with absorption bands of transformation products
of the inhibitors used, i.e., in all cases the monitoring of
ABTS oxidation was correct. In the figures the initial
accumulation rates of the ABTS oxidation product are
expressed in relative units which are equal to the change
per second in the absorption of this product. The initial
rates of ABTS oxidation were calculated using the absorp-
tion coefficient of the oxidation product ε734 = 13.8 mM–1⋅
cm–1, which was 2.6-fold lower than the absorption coef-
ficient of the cation-radical (ABTS)+

•, ε340 = 36.0 mM–1⋅
cm–1 [34].

Quantitative characteristics of inhibitor efficiency.
The inhibitor efficiencies in the oxidation of ABTS
were compared by the inhibition constants Ki: to pro-
vide this, dependences of the inverse initial rate of the
inhibited reaction were plotted against the inhibitor
concentration (Dixon’s coordinates) only at one con-
centration of the substrate (250 µM), and the value of
the intercept [InH]* on the abscissa axis was deter-
mined. The [InH]* value is known to be related with Ki

by the Eq. (1) [36]:

[InH]* = Ki · ([S]/Km + 1).                      (1)

With knowledge of the ABTS concentration (250 µM)
and the Km value in the absence of the inhibitor (Table 1),
the Ki value was calculated from Eq. (1).

The inhibited oxidation of ABTS in each case was
characterized by the induction period ∆τ in seconds.
Stoichiometric coefficients f of inhibitors which describe
the number of radicals destroyed per inhibitor molecule
were calculated based on the theory of Emanuel et al. [10-
13]. According to this theory, at the constant rate of radi-
cal initiation vi and with linear chain breaking by the
inhibitor, the induction period is determined by Eq. (2)
provided that [InH] = 0:

∆τ = f · [InH]o/vi.                             (2)

From Eq. (2) the rate of radical initiation can be
evaluated with accuracy to the 1/f coefficient. At the sta-
tionary oxidation of substrate, the initial rate of the reac-
tion is close to the rate of radical initiation:

vo ≈ vi = f · (vi /f).                               (3)

On calculating the value of vi /f from Eq. (2), the value
of f can be obtained from Eq. (3) by measurement of vo, i.e.,
of the initial rate of ABTS oxidation in the absence of the
inhibitor. Higher f values correspond to stronger antioxidant
effect under specific conditions of a radical process.

RESULTS AND DISCUSSION

Kinetics of ABTS oxidation in H2O2–MetMb
(MetHb) systems. Dependences of the initial rate of
ABTS oxidation on initial concentrations of biocatalysts
are presented in Fig. 1 (curves 1 and 2). Within a certain
concentration range of both catalysts, a first-order reac-
tion is observed; however, at the MetMb (curve 1) con-
centration >3 µM the reaction accelerates, and its order
in [MetMb] becomes higher than the first. This is sug-
gested to be associated with increasing autooxidation of
the reduced myoglobin with molecular oxygen that will be
discussed later. In the presence of Trolox as the inhibitor,
the reaction remains first-order in the concentrations of
both biocatalysts (curves 3 and 4).

In the presence of Trolox, kinetic curves of accumu-
lation of ABTS oxidation products are characterized by
induction periods which strongly decrease with increase
in concentrations of both biocatalysts (curves 5 and 6).
Note, that after complete expenditure of Trolox, the ini-
tial rate of ABTS oxidation is lower that in its absence: in
the presence of 5 µM MetMb or MetHb vo values
decrease 1.1- and 1.5-fold, respectively, i.e., during the
catalysis the heme proteins are partially inactivated by
radicals generated during the decomposition of H2O2.
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Under comparable conditions, the catalytic activi-
ties of the heme proteins are significantly different:
MetMb is 2.7-fold more active than MetHb in the
absence of Trolox and 3.5-fold more active in its pres-
ence. It is likely that radicals cause a stronger destruction
of the protein in the case of degradation of four peroxide
complexes of oligomeric MetHb than in the case of
monomeric MetMb, and this results in a nonproductive
expenditure of H2O2 for destruction of the biocatalyst
itself specific for many heme proteins [4, 37].

Figure 2 shows dependences of the initial rate of
ABTS oxidation on its concentration during the reactions
with MetMb (curves 1 and 3) and MetHb (curves 2 and 4)
in the presence of Trolox (curves 3 and 4) and in its
absence (curves 1 and 2). Values of ∆τ strongly decrease
with increase in the concentration of ABTS (curves 5 and
6). The dependences in double reciprocal coordinates
have breaks, and the features of these dependences sug-
gest that two sites should exist for ABTS binding to both
MetMb (curves 1 and 3) and MetHb (curves 2 and 4).
From the data presented in Fig. 2, the pairs of Vmax and
Km values were determined for both biocatalysts: at
[ABTS]o > 90 µM, the two kinetic parameters are signifi-
cantly increased (Table 1). The presence of Trolox (4.38 µM)

does not change the character of 1/vo dependences on
1/[ABTS]o but increases Km and decreases Vmax; thus, dur-
ing ABTS oxidation with the involvement of both heme
proteins Trolox displayed a mixed-type effect that was
similar to effects of two other inhibitors, poly(DSG) and
poly(ADSNP) (Table 1). This type of inhibition is caused
by competition between the inhibitors and substrate for
active radicals and by interaction of the inhibitors with
the biocatalysts themselves that affects their activities:
e.g., a direct interaction of poly(DSG) with the proteins
was shown for catalase by CD spectroscopy [38] and for
HSA and BSA by fluorescence spectroscopy [29].

Figure 3 presents dependences of 1/vo on [H2O2]o

during the oxidation of ABTS (250 µM) with the involve-
ment of MetMb (curves 1 and 3) and MetHb (curves 2

1600

Fig. 1. Dependences of the initial rate of ABTS (150 µM) oxi-
dation with hydrogen peroxide (75 µM) and of the induction
periods ∆τ on initial concentrations of MetMb (1, 3, 5) and
MetHb (2, 4, 6) without the inhibitor (1, 2) and in the presence
of 4.38 µM Trolox (3, 4, 5, 6) in 10 mM PB (pH 7.4) at 20°C.
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Fig. 2. Dependences of the initial rate of ABTS oxidation with
hydrogen peroxide (75 µM) on the initial substrate concentra-
tion in double reciprocal coordinates and of the induction
periods ∆τ on [ABTS]o with the involvement of 5 µM MetMb
(1, 3, 5) and 5 µM MetHb (2, 4, 6) without the inhibitor (1, 2)
and in the presence of 4.38 µM Trolox (3-6) in 10 mM PB (pH
7.4) at 20°C.
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and 4) in the presence of Trolox (curves 3 and 4) and in its
absence (curves 1 and 2). In all cases, the dependences
are described by the Michaelis–Menten equation. The
values of Vmax and Km (Table 1) were calculated from the
data presented in Fig. 3. With increase in the H2O2 con-
centration, the ∆τ values decreased monotonically (Fig.
3, curves 5 and 6). Table 1 shows that Trolox, poly(DSG),
and poly(ADSNP) increase Km and change Vmax. Values of
Vmax for MetMb obtained from the 1/vo dependence on
1/[ABTS]o (1.06⋅10–7 M⋅sec–1) and from the 1/vo depend-
ence on 1/[H2O2]o (1.01⋅10–7 M⋅sec–1) were virtually the
same, whereas values of vo obtained for MetHb in two
experimental series were different (5.2⋅10–6 and 7.1⋅
10–6 M⋅sec–1) that was associated with a pronounced non-
productive expenditure of H2O2 during the oxidation with
the involvement of MetHb.

Thus, under comparable conditions MetMb and
MetHb clearly displayed pseudoperoxidase activity dur-
ing ABTS oxidation with hydrogen peroxide. The process
is formally described by the Michaelis–Menten equation:
the comparison of Vmax values in two experimental series
(Table 1) shows that the catalytic activity of MetMb is
1.5-2.0-fold higher than that of MetHb. Values of the cat-
alytic constants for MetMb and MetHb (0.021 and
0.0105 sec–1) rank significantly below these constants for
peroxidases [4] but are quite comparable to the catalytic
constants for ferritin during oxidation of aromatic amines
(0.18-3.33 sec–1) [22] and are of the same order as the
catalytic constants of o-phenylenediamine oxidation with
the involvement of hemin (0.013 sec–1) or of TMB oxida-
tion with the involvement of hemin or methemalbumin
(0.017 and 0.0116 sec–1) [16]. According to the catalytic
activities during the peroxidation of amines, biocatalysts

Substrate/antioxidant

ABTS 
< 90 µM
> 90 µM

ABTS + 4.38 µM Trolox
< 90 µM
> 90 µM

Н2О2
+ 10 µM Trolox
+ 0.5 µM poly(DSG)
+ 0.5 µM poly(ADSNP)

Vmax × 108, M ⋅ sec–1

2.04
5.25

0.96
4.58

7.10
—
—
—

Table 1. Kinetic characteristics of ABTS peroxidation with the involvement of 5 µM MetMb or MetHb in 10 mM
phosphate buffer (pH 7.4) at 20°C

Km, µM

69.9
322.6

31.3
357.1

167.0
—
—
—

Vmax × 108, M ⋅ sec–1

4.23
10.60

3.12
9.78

10.60
10.70

3.00
10.10

Km, µM

14.6
243.9

17.2
266.7

78.1
158.7

99.0
149.3

MetHbMetMb

From dependences of vo on [ABTS]o

From dependences of vo on [H2O2]o

Fig. 3. Dependences of the initial rate of ABTS (250 µM) oxi-
dation on the initial concentration of hydrogen peroxide in
double reciprocal coordinates and of the induction periods ∆τ
on [H2O2]o with the involvement of MetMb (1, 3, 5) and
MetHb (2, 4, 6) without the inhibitor (1, 2) and in the presence
of 4.38 µM Trolox (3-6) in 10 mM PB (pH 7.4) at 20°C.
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can be arranged as follows: peroxidases >> ferritin >
MetMb > MetHb ≈ methemalbumin > hemin.

Comparative characteristics of inhibiting effects of
Trolox and polyphenol antioxidants in MetMb (MetHb)–
H2O2–ABTS systems. Figure 4 presents dependences of

the inverse initial rate of ABTS oxidation with hydrogen
peroxide on increasing Trolox concentration (Dixon’s
coordinates [36]) with the involvement of MetMb (1) and
MetHb (2). The linear dependences are characterized by
fractures which reflect the binding of Trolox to proteins
by at least two sites, and this results in a dissimilarity of
the bound inhibitor with respect to free radicals and
affects values of the Trolox inhibition constants calculat-
ed by Eq. (1) (see “Materials and Methods”): as follows
from Table 2, the Ki value for Trolox is about twofold
lower in the case of MetHb than in the case of MetMb.
Afterwards, we determined and analyzed for all inhibitors
only Ki values which characterize the protein binding sites
with increased affinity for the inhibitor (up to the breaks
in the Dixon’s dependences).

Figure 4 (curves 3 and 4) presents dependences of
the induction periods ∆τ on the Trolox initial concentra-
tion for MetMb (3) and MetHb (4): in accordance with
the theory of the inhibitor method [10-13], up to certain
concentrations of Trolox a strict linear dependence of ∆τ
on [InH]o is observed. Therefore, the dependences (3, 4)
up to the Trolox concentration of 20 µM and Eqs. (2) and
(3) were used at first for calculation of vi/f values and then
the stoichiometric coefficients for the inhibitor were
obtained: ~0.83 (MetMb) and 1.7 (MetHb); i.e., in the
radical-initiating systems of MetMb (MetHb)–H2O2,
Trolox reacts with one or two radicals, which is specific
for many known inhibitors [39]. The difference in f in the
case of the two biocatalysts seems to be caused by the dif-
ferent location of the protein-bound Trolox relative to the
active center of free radical generation (the peroxide
complex of heme iron in the case of the two hemopro-
teins). Note a “jump-like” dependence of ∆τ on the
Trolox concentration in the case of MetMb (Fig. 4, curve
3) that is suggested to be associated with changes in the
state of the inhibitor itself with the increase in its concen-
tration because of micelle formation, though in this case
it is unclear why this dependence is smoothed for MetHb
(Fig. 4, curve 4).

Fig. 4. Dependences of the inverse initial rate of ABTS (250 µM)
oxidation with hydrogen peroxide (150 µM) and of the induc-
tion periods ∆τ on the concentration of Trolox with the
involvement of MetMb (1, 3) and MetHb (2, 4): 5 µM catalyst
in 10 mM PB (pH 7.4) at 20°C.
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Table 2. Quantitative parameters of ABTS oxidation with hydrogen peroxide with the involvement of MetMb and
MetHb (250 µM ABTS, Km values for MetMb and MetHb are 244 and 322 µM, respectively)

Ki, µМ

20.1
9.8

3.07
6.08

1.5

0.16
0.08

f

0.83
1.70

2.00
1.63

14.0

25.8
27.5

v0 × 108, M⋅sec–1

8.3
5.6

4.4
3.1

5.6

4.4
3.3

Biocatalyst

MetMb
MetHb

MetMb
MetHb

MetMb

MetMb
MetHb

Note: Values of Ki are calculated by Eq. (1); values of f are calculated using Eqs. (2) and (3).
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10.8
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0.15
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Dependences for propylgallate and polymer
inhibitors poly(DSG), poly(ADSNP), and its conjugate
HSA–poly(ADSNP) were obtained and processed simi-
larly.

Figure 5 (curve 1) presents in Dixon’s coordinates
the dependence for PG in the MetMb–H2O2 system; and
from this dependence the [InH]* value of 10.8 µM was
determined graphically, and then by the Eq. (1) the value
of Ki = 6.08 µM (Table 2) was obtained. The lower value
of Ki = 3.07 µM was obtained for PG in the MetMb–
H2O2 system. Figure 5 (curves 3 and 4) shows that in cer-
tain concentration ranges there is a linear correlation
between ∆τ and the increasing concentration of PG: from
the dependences 3 and 4 by Eqs. (2) and (3) values of vi/f
and f were calculated; these were 2.0 and 1.63 in the case
of MetMb and MetHb, respectively, which is specific for
many polyphenol inhibitors [39]. The relatively low value
of Ki for PG in the MetMb–H2O2 system seems to be
caused by the coordination of propylgallate with the
heme iron that prevents the MetMb complexing with per-

oxide and markedly decreases the rate of radical initia-
tion, i.e., in addition to the inhibitor competition with
substrate for active radicals there is another way for inhi-
bition of the ABTS oxidation that has mixed character
(Table 1).

Figure 6 presents in Dixon’s coordinates depen-
dences for the polymeric inhibitor poly(DSG) in the sys-
tems with MetMb (1) and MetHb (2): obviously, the
polymeric antioxidant, similarly to its monomeric analog
PG, bound to the protein by two sites that corresponded
to different concentrations of InH. From the data pre-
sented in Fig. 6 (curves 1 and 2) and Eq. (1), the Ki values
were found to be 0.16 and 0.08 µM for MetMb and
MetHb, respectively (Table 2), i.e., poly(DSG) is the
most active inhibitor with antiradical activity 122-125
times higher than the activity of Trolox (Table 2).

Figure 6 (curves 3 and 4) shows that at certain con-
centrations of the polymeric inhibitor, ∆τ has a linear cor-
relation with [InH]o. In accordance with the inhibitor
method theory, the vi/f values and coefficients f were cal-
culated for linear regions of the dependences 3, 4 (Table
2): the f values for poly(DSG) are many times higher than
the standard values (1-2), similarly to the case of another
polymeric inhibitor, poly(ADSNP); the effect of the lat-

Fig. 5. Dependence of the inverse initial rate of ABTS (250 µM)
oxidation with hydrogen peroxide (75 µM) and of the induc-
tion periods ∆τ on the initial concentration of propylgallate
with the involvement of MetMb (1, 3) and MetHb (2, 4): 5 µM
catalyst in 10 mM PB (pH 7.4) at 20°C.
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Fig. 6. Dependences of the inverse initial rate of ABTS (250 µM)
oxidation with hydrogen peroxide (75 µM) and of the induc-
tion periods ∆τ on the initial concentration of poly(DSG) with
the involvement of MetMb (1, 3) and MetHb (2, 4): 5 µM cat-
alyst in 10 mM PB (pH 7.4) at 20°C.
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ter is presented in the diagram in Fig. 7. On referring the
f values to the number of monomer units in polymeric
inhibitors, we obtain for the monomer unit of poly(DSG)
(n = 7) f equal to 3.7-3.9, and for the monomer unit of
poly(ADSNP) (n ≈ 7) f ≈ 2. Thus, the high antiradical
activity of poly(ADSNP) is explained by a simple additiv-
ity of the effects of its monomer units, whereas the anti-
radical effectiveness of poly(DSG) is significantly higher
than the summarized effect of propylgallate which is an
analog of its monomer units: on the calculation, f = 2 × 7 =
14, whereas the experimental value of f for poly(DSG) is
25.8-27.5 (Table 2), i.e., poly(DSG) demonstrates a so-
called “intramolecular” synergic effect that has been
shown by us for the radical-initiating system of ferritin-
H2O2 [23]. Based on the findings in the MetMb (MetHb)–
H2O2 systems (Table 2), the coefficient of intramolecular
synergism of poly(DSG) can be determined by compari-
son of the experimental and calculated f values (25.8-27.5
and 14.0, respectively): the resulting coefficient is 1.84-
1.96, i.e., about 2.

The high f value for polydisulfides of substituted phe-
nols can be caused, in particular, through the exchange
reaction between aminyl radicals and phenols that was
discovered by Emanuel and coworkers [40, 41]:

AmNH• + PhOH ↔ AmNH2 + PhO• .         (4)

If the reaction goes from the right to the left, a phe-
nol inhibitor is repeatedly regenerated during the oxida-
tion; if the reaction goes from the left to the right, an
amine component is regenerated. In the MetMb
(MetHb)–H2O2 systems, the regeneration of poly(DSG)
and PG is very likely to occur during the interaction of
the corresponding phenoxyls with ABTS through the
exchange reaction presented above.

It has been shown by special experiments that the
covalent binding of poly(ADSNP) with HSA about 2.6-
fold decreases the inhibiting effect of the polydisulfide:
the initial rate of ABTS oxidation in the MetMb–H2O2

system becomes half as high at the concentrations of
poly(ADSNP) 0.77 µM and of HSA–poly(ADSNP) 2.0 µM;
thus, HSA in the conjugate prevents the interaction of
MetMb with the inhibitor, and this decreases its antiradi-
cal activity. It is important that when HSA–
poly(ADSNP) is used as an inhibitor, the initial rate of
ABTS oxidation decreases, but the induction period ∆τ is
observed only at the conjugate concentration 5 µM and
more (Fig. 7, curve 3).

From the practical standpoint, it is important to
compare the ABTS oxidation in the MetMb (MetHb)–
H2O2 systems over a wide range of hydrogen peroxide
concentrations in the presence of Trolox and polyphenol
inhibitors. Such a comparison is presented in Figs. 8 and
9. Over the whole range of H2O2 concentrations the initial
reaction rates in the presence of 10 µM Trolox and 0.5 µM
poly(ADSNP) are comparable, whereas the initial rate of
the process inhibited with 0.5 µM poly(DSG) is much
lower (Fig. 8, curve 3). At comparable initial rates of
ABTS oxidation inhibited in the presence of Trolox and
poly(ADSNP), the ∆τ value is much lower in the pres-
ence of polydisulfide (compare the dependences b, 1 and
b, 2); thus, under comparable conditions, the use of
poly(ADSNP) in the possible test system for evaluation of
the antioxidant status of biological fluids is significantly
more advantageous than the use of Trolox: the polydisul-
fide concentration is 20-fold lower than that of Trolox,
and the ∆τ value is much lower, which can accelerate the
analytical procedures with ∆τ value used as a quantitative
parameter. Poly(DSG) is also better than Trolox: its con-
centration is 20-fold lower than that of Trolox and the ∆τ
value is significantly lower over the whole range of H2O2

concentrations.
Similar dependences for the MetHb–H2O2 system

are presented in Fig. 9: the general appearance of the
dependences resembles that of the dependences obtained
for the MetMb–H2O2 system, and the advantages of

Fig. 7. Dependences of the inverse initial rate of ABTS (250 µM)
oxidation with hydrogen peroxide (75 µM) and of the induc-
tion periods ∆τ on the initial concentrations of poly(ADSNP)
(1, 2) and of HSA–poly(ADSNP) (3) with the involvement of
5 µM MetMb; 10 mM PB (pH 7.4) at 20°C.
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poly(ADSNP) and poly(DSG) compared to Trolox are
quite evident.

Based on our experimental findings (Figs. 4-9, Table
2) and on previous results [14-16, 21-23], practical rec-
ommendations for designing possible test systems for
evaluation of total antioxidant status of biological fluids
are proposed.

1. The rates required for initiation of active free rad-
icals can be provided with the systems MetMb
(MetHb)–H2O2, methemalbumins–H2O2 (ROOH) [14-
16], hemin–H2O2 (ROOH) [14-16], and ferritin–H2O2

(ROOH) [21-23].
2. Water-soluble forms of ABTS as diammonium salt

or TMB as dihydrochloride are the best for use as radical
acceptors [14-16, 21-23] because the use of poorly solu-
ble ABTS and TMB requires the aqueous medium to
contain cosolvents (dimethyl sulfoxide, dimethylfor-
mamide, etc.), and this is undesirable because of their
ability to accept free radicals.

3. To be used for inhibitors and possible “calibrators”
for the test systems, PG, poly(DSG), or poly(ADSNP)
are the best. They can be used by plotting linear calibra-
tion dependences in the coordinates of ∆τ versus the
inhibitor concentration, as shown in Figs. 4 (3, 4), 5 (2,
4), 6 (3, 4), and 7 (2), and expressing the antioxidant
potential of the plasma (in µl) analyzed in molar equiva-
lents of the calibrator used.

4. Calibration dependences can be used in the coor-
dinates of 1/vo versus the inhibitor concentration (Figs. 4
(1, 2), 5 (1), 6 (1, 2), and 7 (1)), using HSA–
poly(ADSNP) conjugate as the antioxidant when induc-
tion periods are virtually absent (Fig. 7, 3). In this case,
the initial rates of the substrate (ABTS) expenditure are
compared, and this is promising for rapid testing of many
samples of blood serum and for automation of the whole
analytical procedure.

The authors are grateful to Yu. P. Losev (School of
Chemistry, Belorussian State University) for providing
gallic acid and 2-amino-4-nitrophenol polydisulfides and
to A. P. Vlasov for providing methemoglobin.

Fig. 8. Dependences of the initial rate of ABTS (250 µM) oxi-
dation on the initial concentration of hydrogen peroxide (a)
and of the induction periods ∆τ on [H2O2] (b) with the involve-
ment of 5 µM MetMb in the presence of 10 µM Trolox (1), 0.5 µM
poly(ADSNP) (2), and 0.5 µM poly(DSG) (3); 10 mM PB
(pH 7.4) at 20°C.
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Fig. 9. Dependences of the initial rate of ABTS (250 µM) oxi-
dation on the initial concentration of hydrogen peroxide (a)
and of the induction periods ∆τ on [H2O2]o (b) with the
involvement of 5 µM MetHb in the presence of 10 µM Trolox
(1), 0.5 µM poly(ADSNP) (2), and 0.5 µM poly(DSG) (3); 10 mM
PB (pH 7.4) at 20°C.
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