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Abstract

The hydrogen peroxide (H,0,) and cytochrome c-dependent oxidation of o-phenylenediamine (0-PD)} was investigated
by spectrophotometry and electrochemistry. The results indicated that o-PD underwent facile catalytic oxidation in the
presence of cytochrome ¢, and that the degradation of cytochrome ¢ by hydrogen peroxide can also be partly prevented in
the presence of o-PD. The hydroxyl radical scavengers (mannitol and sodium benzoate) and oxo-heme species scavenger
(uric acid) do not inhibit the oxidation, which implies that the hydroxylation of o-PD may not be involved in its oxidation.
Combining with the results of the mass spectrum, elemental analysis, nuclear magnetic resonance and Fourier transform
infrared spectrum of the isolated product, a conceivable structure of the product was suggested. © 1998 Elsevier Science

B.V.
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1. Introduction

Hemoproteins are widespread in nature and
have many crucial biological roles. All hemo-
proteins have iron protoporphyrin IX or one of
its derivatives (heme) as their prosthetic group,
though their functions and reactivities vary
widely. The three main functions of hemo-
proteins are the transport and storage of oxygen
(hemoglobin and myoglobin, respectively), the
transport of electrons (e.g., cytochrome ¢ and
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cytochrome bs), and the oxidation of substrates
(e.g., horseradish peroxidase (HRP), cy-
tochrome P-450) [1].

The variety of functions of hemoproteins
stems from differences in the way the apopro-
tein interacts with the heme and with potential
substrates. The mechanisms by which the
apoprotein controls the intrinsic reactivity of the
heme are of both theoretical and practical inter-
est, so do the mechanisms by which the apopro-
tein interacts with substrates.

HRP catalyzes the H,O,-dependent oxidation
and polymerization of substrates. o-phenylen-
ediamine (0-PD) is a general substrate for the
enzymatic reaction about HRP. In a study of
HRP activity with H,O, and 0-PD as the sub-
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strate, Gallati and Brodbeck [2] assumed that
the 2,2'-diaminoazobenzene was the resulting
product. Furthermore, Tarcha et al. [3] reported
that the product of the oxidation of o0-PD by
H,0,, catalyzed by HRP, was 2,3-di-
aminophenazine. There are conflicting results
on the reaction products from the oxidation of
o-PD.

Recently it has been reported that cy-
tochrome ¢ catalyzes the oxidation of various
electron donors in the presence of H,O,, n-
cluding 2,2'-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid), 4-aminoantipyrine, and luminol
[4], o-methoxyphenol [1], lipid [5], as well as
N, N-dimethylaniline [6]. These oxidative reac-
tivities are so-called peroxidase activities. Con-
sidering the fact that cytochrome ¢ displays the
peroxidase activities, we put our attention (o
utilizing cytochrome ¢ to catalyze the H,O,-de-
pendent oxidation of o-PD. The result indicates
that o-PD is converted to one trimer with ca.
100% selectivity.

2. Experimental
2.1. Materials

Cytochrome ¢ (horse heart) from Sigma was
used without further purification. H,0, (30%)
trom Beijing Chemicals was quantitied by the
titration method using KMnO, and by spectro-
photometer with an absorption coefticient of
436 M™! ecm™! at 240 nm [7.,8]. 45.45-di-
thiodipyridine (PySSPy) was obtained from
Nakaral Chemicals. o-Phenylenediamine, man-
nitol, sodium benzoate and uric acid were of
analytical grade. All reagents used were of the
highest grade commercially available. All solu-
tions were prepared in 0.1 M phosphate buffer
{pH 6.8) and purged with high purity argon. All
experiments were carried out at room tempera-
ture (18 £ 1°C).

2.2, Instrument

UV-vis spectrometric studies were carried
out with a Tracor Northern TN-6500 rapid scan

spectrophotometer (Middleton, WI) using 1 cm
light path quartz cuvette. Electrochemical exper-
iments were performed using a PARC model
173 potentiosat and a model 175 universal pro-
grammer (EG and G PARC, Princeton, MA,
USA). Cyclic voltammograms (CVs) were
recorded on a Gould 60000 recorder. The elec-
trochemical cell was a three-electrode system,
the PySSPy modified gold electrode was used
as a working electrode for protecting cy-
tochrome ¢ denaturation on the electrode [9], a
platinum foil as an auxiliary electrode, and an
Ag/AgCl (saturated KCl) as a reference elec-
trode. The potential of this reference electrode
is +200 mV versus the standard hydrogen elec-
trode (SHE). All potentials are stated versus an
Ag/AgCl electrode. Analysis of the samples
was performed on a Gilson gradient HPLC sys-
tem (Gilson Medical Electronics) consisting of
dual pumps and a Gilson 117 UV detector at
254 nm. The column used was a reverse-phase
C,; column (4.0 mm X200 mm id, 7 pm
particle size) at a flow rate of 0.5 ml/min. The
mobile phase was 50% methanol and 50% wa-
ter. The mass spectrum was run on a LDI
1700-MALDI-TOF-MS. A BIO-RAD FTS-7
model fourier transform IR (FTIR) spectrometer
was used to record FTIR spectra, and a KBr
pellet was used as a window. Nuclear magnetic
resonance (NMR) spectra were run on a Varian
Unity-400 Mhz spectrometer. spectra were ob-
tained at room temperature from solutions of
samples in methanol using tetramethylsilane as
an internal standard.

3. Results and discussion

3.1. UV—-vis spectrometric and electrochemical
measurement of H,O,-dependent oxidation of
0-PD catalyzed by cytochrome ¢

The spectrum of the mixture solution of 9.6
pM ferricytochrome ¢ and 0.417 mM o-PD
exhibited that ferricytochrome ¢ was reduced
by o-PD (Fig. 1A). The characteristic absorp-
tion bands of the reduced cytochrome ¢ were
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obtained at 550, 520 and 414 nm. The magni-
tude of reduction of cytochrome ¢ increased
with concentration of o-PD. The results were
similar to those of catechol [10].

After adding 4.0 mM H,O, into the bulk
solution containing ¢-PD and cytochrome ¢ and
incubating for 2 min, a new absorption band
appeared around 470 nm. Meanwhile cy-
tochrome ¢ was oxidized by H,O, to exhibit
the characteristic absorption bands of ferricy-
tochrome ¢ at 330 nm (shown in Fig. 1B). After
the above solution was incubated for 10 min,
the absorption peak around 470 nm increased
obviously (shown in Fig. 1C). As the final
concentration of H,O, was increased to 0.0138
M, the absorption band around 470 nm increas-
ing rapidly (shown in Fig. 1D). In this time, the
absorption bands of cytochrome ¢ at 530 nm
were stll observable, the soret band of cy-
tochrome ¢ overlapped with the new absorption
band at & maximum of 470 nm. It has been
known that cytochrome ¢ can be degraded by
H,O, and hydroperoxides, with irreversible
spectral changes [11] and that a rapid bleaching
reaction occurred immediately atter mixing cy-
tochrome ¢ with H,0, [12]. The above results
exhibited that the degradation of cytochrome ¢
might be partly prevented in the presence of
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Fig. |. UV-visible spectra for the H,0,-dependent oxidation ot
o-phenylenediamune catalyzed by cytochrome ¢. (A} Reaction
mixture contained 9.6 wM cytochrome ¢ and 0.417 mM o-phen-
ylenediamine in 0.1 M phosphate bufter (pH 6.8). (B) Adding 4.0
mM H,0, inio the (A) solution and mcubating for 2 min. (C)
Incubating tor 10 min. (D) The final concentration of H,0O,,
0.018 M. incubaung for 5 min.
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Fig. 2. Cyclic voltamimograms for the oxidaton ot ¢-phenylen-
ediamine. The working electrode was 45.45-dithiodipyridine
moditied electrode. The potential scan rate was 100 mV /s, All
solutions contained 0.1 M phosphate buffer (pH 6.8). (A) 0.417
mM o-phenylenediamine with 9.6 wM cytochrome ¢ and 4.0 mM
H-0,; (B) 0.417 mM o-phenylenediamine. The potential was
suceessively swept.

o-PD and its oxidation product. In the absence
of cytochrome ¢, the compared experiment for
H,0,-dependent oxidation of o-PD did not ex-
hibit the absorption band around 470 nm. The
results suggested that cytochrome c¢ catalyzed
the H,O,-dependent oxidation of o-PD, and
that a stable product absorbing at 470 nm accu-
mulated.

The H,O,-dependent oxidation of o-PD cat-
alyzed by cytochrome ¢, was measured by using
CV, as shown in Fig. 2A. No obvious CV peak
can be observed. It had been widely accepted
that the PySSPy modified gold electrode had the
most effective promotion for cytochrome ¢ in
solution, and showing a reversible one-electron
transfer process of the native protein [9]. Since
no observable redox peak current was obtained
in the range of the applied potential (Fig. 2A), it
is possible that the PySSPy moditied gold elec-
trode surface was changed in the experimental
condition. The CV of o-PD alone showed an
irreversible anodic peak at about +0.5 V, and
on successive scans the peak current dropped
significantly with each scan until ultimately no
current flowed (shown in Fig. 2B). This indi-
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cated that a self-insulating electropolymeriza-
tion film to form on electrode surface [13]. In
neutral solution, the study on the polymer struc-
ture has seldom been reported. Because cy-
tochrome ¢ catalyzed the H,O,-dependent oxi-
dation of 0-PD, 0-PD and the product covered
or adsorbed on the electrode surface and may
further polymerize to insulate the electrode. Thus
Fig. 2A exhibited a nonconducting film charac-
teristic.

3.2. Effect of scavengers of the active oxygen on
H,0,-dependent oxidation of o-PD

Cytochrome ¢ and other hemoproteins react
with H,0, to form a species as a hydroxyl
radical or an oxo-heme complex (Fe**=0)
[4,14,15]. To estimate if active oxygen species
participating in H,O,-dependent oxidation of
0-PD, a variety of scavengers had been added
into the o-PD-cytochrome c¢-H,0, system.
The hydroxyl radical scavengers [14], mannitol
and sodium benzoate at an excess concentration
(0.1 M) seldom effected the oxidation of o0-PD.
Since UV-visible spectra did not significantly
change. Uric acid was an excellent scavenger of
the oxo-heme species [14]. But no inhibition by
uric acid ruled out the possibility of the oxo-
heme species to be the oxidative agent also.

In general, cytochrome c¢ can interact with
H,0,, giving rise to hydroxyl radicals [11].
When cytochrome ¢ reacted with H,0, it was
proposed that a bound hydroxyl radical [11,14]
formed by a site-specific reaction at the heme or
activation of cytochrome ¢ by H,0, to a cata-
lytically active species, a high oxidation state of
an oxo-heme complex [14], mediated the hy-
droxylation of substrates. In these cases, the
hemoprotein was degraded and bleached by
H,0, with the apparent disappearance of the
characteristic absorption bands for heme in the
protein, which suggested that iron ions released
or mobilized from the protein reacted with H,O,
to form the reactive species (OH ', Fe**—~OH " or
Fe** =0) [11,12,14]. But the absorption spectra
in Fig. 1 of the reaction mixtures indicated

incomplete destruction of heme. Spectrophoto-
metric results also showed that H,O, can not
significantly oxidize o-PD in the absence of
cytochrome ¢. While cytochrome ¢ reduction
observed with o-PD suggested an out-sphere
mechanism similar to catechol [10], with the
heme edges as the most likely site for electron
donation. Thus, in the o-PD—cytochrome c-
H,0, system, it was possible that H,O, can
oxidize 0-PD located at the heme edges. Fur-
thermore, o-PD and its oxidized species may
partly prevent from degradation of cytochrome
c. In addition, it may be considered in which
H,0,-dependent oxidation of o-PD did not in-
volve the hydroxylation of o-PD, i.e. the oxy-
gen element was not involved in the product of
0-PD oxidation.

3.3. Preparation of the product of H,0,-depen-
dent oxidation of o-PD

For the purpose of identifying the structure of
the product, preparative incubations of 50 ml
contained 0.1 M potassium phosphate (pH 6.8),
0-PD (2.0 g, 11 mmol), and H,0, (2.0 ml,
30%) in a round-bottom flask equipped with a
magnetic stirrer. The flask was chilled in an ice
bath to approximately 10°C and cytochrome ¢
(20 mg), dissolved in distilled water (1.0 ml),
was added. After 15 min the ice bath was
removed and the reaction was allowed to con-
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Fig. 3. UV-visible spectrum for the isolated product of H,O,-de-
pendent oxidation of o-phenylenediamine. The solution contained
0.11 mM of the isolated product in 0.1 M phosphate buffer (pH
6.8).
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tinue for 20 h. The precipitate which had formed
was isolated by filtration and recrystallized from
dioxane /benzene giving the pure product (0.5
g, yield 25%). Fig. 3 shows the visible spectrum
of the isolated product in 0.1 M phosphate
buffer (pH 6.8). An absorption band with a
maximum at 470 nm can be observed, which is
consistent with that in Fig. 1.

3.4. HPLC analysis

Fig. 4 shows the HPLC separation of UV-ab-
sorbing o0-PD metabolites from H,O, and cy-
tochrome c-catalyzed reaction mixtures. Under
the conditions used in these experiments, the
retention times of o-PD (I) and the product (II)
were approximately 6.82 and 12.96 min, respec-
tively. These elution patterns of the compounds
correspond exactly with the retention times of
0-PD and the above isolated product injected as

Retention time / min.

Fig. 4. (A) Chromatogram obtained from the incubation of 0.417
mM o-phenylenediamine with 4.0 mM H,0, and 9.6 uM cy-
tochrome ¢; (B) for o-phenylenediamine; (C) for the isolated
product of o-phenylenediamine.
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Fig. 5. Mass spectrum of the isolated product of o-phenylen-
ediamine.

methanol solutions. The HPLC analysis of the
resulting product solution shows the presence of
the peak (II) as the only product.

3.5. Structure characterization of the isolated
product

Mass spectrometry (MS) was used for molec-
ular weight determination of the isolated prod-
uct. As shown in Fig. 5, MS analysis of the
isolated product indicated molecular ion consis-
tent with the formation of one trimer (M, 318.2).
Elemental analysis suggested a molecular for-
mula, C, H N, (Calc.: C, 67.92; H, 5.66; N,
26.42%. Found: C, 67.75; H, 5.54; N, 26.31%.),
which corresponds to a possible molecular for-
mula, C,;H (N¢. In previous studies, the results
obtained by Tarcha et al. [3] indicated that the
product of the oxidation of o-PD by H,O,,
catalyzed by HRP, was 2,3-diaminophenazine,
which corresponds to a formula C,,H, N, (M,
210). While Gallati and Brodbeck [2] assumed
that 2,2'-diaminoazobenzene was the resulting
product, which corresponds to a formula
C,H,,N, (M, 212). These previous reports
indicated the oxidation product is consistent
with the formation of a dimer. But these dimers
were absent from Fig. 5 and H,O, and cy-
tochrome c-catalyzed oxidation of o-PD was
obviously different from that of the HRP.

The FTIR absorption spectrum of a KBr pel-
let of the isolated product is shown in Fig. 6,
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Fig. 6. FTIR absorption spectra of (A) o-phenylenediamine, (B)
the isolated product.

together with the spectrum of o-PD. These
spectral data are summarized in Table 1. The
absorption peaks at ca. 3000 and 1450-1620
cm ™!, which are common to the isolated prod-
uct and o0-PD, are characteristics of the stretch-
ing vibration modes of the C-H and C=C
bonds, respectively, of the aromatic nuclei
[16,17]. The absorption peaks due to the N-H
stretching vibrations [17] of the amino groups of
the isolated product and o-PD were observed at
3320-3450 cm™', which two absorption peaks

Table 1

L
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140 130 120 110
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Fig. 7. Carbon-13 spectrum of the isolaied product of ¢-phenylen-
ediamine.

corresponding to the N—H stretching vibrations
of the amino groups, forming hydrogen bonds
[16,17], of the isolated product were observed at
3290 and 3192 cm~'. The absorption peaks
ascribable to the stretching vibrations of C-N
bonds were observed at 1220-1370 cm™'
[16,17]. Several absorption peaks, which arise
from the C-H out-of-plane bending modes
[16,17], were observed for all the samples exam-
ined. For the isolated product, the peaks at 750,
870 and 927 cm ™' can be considered to corre-
spond to 1,2-disubstituted and 1,2,34-tera-
substituted benzene structures [16,17].
Carbon-13 and proton NMR spectra of the
isolated product are consistent with the more
symmetrical structure. Fig. 7 shows the carbon-
13 spectrum, which identifies the two methine
carbons of the aromatic ring (121.048 and
118.029 ppm) and the four quaternary carbons
of the aromatic ring (136.502, 136.228, 128.793
and 128.353 ppm). The distortionless enhance-
ment by polarization transfer (DEPT) pulse se-

FTIR absorption spectra of the isolated product and o-phenylenediamine (fundamental vibrations)

Compound  Vibration mode
v(N-H) *em™!  »(C-H)Pem™' v (C=C)"cm v(C-N)'em™ v (C-H)%ecm™' v (C-H)¢ cem™!
o-PD 3450, 3326 3050 1619, 1599, 1363, 1280, 1188, 1166, 849, 769,
1513, 1469 1255, 1241 1095, 1040 755, 741
Product 3383, 3361, 3070 1630, 1591, 1273, 1248, 1155, 1117, 927, 870,
3290, 3192 1500, 1458 1225 1057, 1031 821, 750

“ Stretching vibration of the N—H bonds.

b Stretching vibration of the C—~H and C=C bonds.
¢ Stretching vibration of the C—N bonds.

d Bending vibration of the C—H bonds.

¢ Out-of-plane bending modes of the C—H bonds.
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Fig. 8. Proton spectrum of the isolated product of o-phenylen-
ediamine.

quence [18] confirms the two methine carbons.
The aromatic proton NMR spectrum of the iso-
lated product is shown in Fig. 8. The protons
with resonances at 6.682 and 6.782 ppm are
shown by proton—proton spin coupling con-
stants to be ortho to one another (J = 6.12 Hz)
[19].

Considering the results of MS, NMR, FTIR,
elemental analysis and chemical scavengers, a
product structure such as Scheme 1 is conceiv-
able. This product is named 1,2,5,6-tetra-amino-
9,10-(1',2’-di-aminobenzo-)phenanthrene (o-PD
trimer).

In conclusion, cytochrome ¢ catalyzed the
H,0O,-dependent oxidation of polymerization of
0-PD. A 0-PD trimer was isolated from reaction
mixtures. HPLC analysis of the isolated product
indicated that 0-PD was converted to the trimer
with ca. 100% selectivity. The chemical struc-
ture was determined by a combination of MS,
NMR, FTIR and Chemical scavengers. Obvi-
ously, the trimer is different from that of HRP
and H,O,-dependent oxidation of o-PD. To
gain better understanding of enzymatic oxida-
tion mechanisms, we are extending these studies
to elucidate the nature of the complexes be-

JHN

Scheme 1.

tween cytochrome ¢ and o-PD or other similar
substrates.
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