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Abstract In anhydrous organic solvents, the complexes
formed between AQT (dodecylbenzene sulfuric acid sodium
szlt) end hemoproteins, such as hemoglobin, myoglobin, or
cvtochrome ¢, displayed remarkably higher activity than the
temonrotein powders to oxidize dibenzothiophene, a model
compound of organic sulfurs contained in fossil fuels. In
slight'y hydrophobic organic solvents, such as ethyl acetate
«1d batyl acetate, dibenzothiophene was completely oxidized
catalytically by the cytochrome ¢-AOT complex with cumene
hvdreperoxide (o,0-dimethylbenzyl hydroperoxide) as an
o<idant. In highly hydrophobic organic solvents, such as decane
and hexadecane, however, the activity of the cytochrome c-
AOT complex decreased, presumably due to the aggregation
07 the hemoprotein-AOT complex in these solvents.
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Development of enzymatic catalysis in organic solvents made
rany unconventional biocatalytic processes feasible [22].
T'he »olyester synthesis by lipases {5], the polymerization
¢f various phenols by peroxidases {17, 20}, and peptide
cyntesis by proteases [13] are such examples. Desulfurization
¢ f organic sulfur compounds by enzymatic oxidation in organic
solvents also draws much interest for environmental purposes,
since fossil fuels contain various organic sulfur compounds
which are considered as major air pollutants causing acid
rain problems. Among various organic sulfur compounds
contiined in fossil fuels, sulfides and thiols are readily
removed by the currently employed hydrodesulfurization
proczsses [1]. However, aromatic sulfur compounds of
“hiophenes which constitute major sulfur fractions of heavy
nils are not easily removed by hydrodesulfurization processes.
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An alternative desulfurization process for the removal of
thiophenes, especially dibenzothiophene, which is widely
accepted as a model compound for thiophenes present in
heavy oil, is microbial desulfurization using microbes which
oxidize aromatic compounds [8, 14] or sulfonated aromatic
compounds [6, 11, 18]. Microbial desulfurization methods,
however, require the use of a large amount of water during
the desulfurization process to support microbial activity.
This aspect of microbial desulfurization becomes a potential
drawback in the commercialization of the process.

Peroxidases and hemoproteins are known to oxidize various
aromatic compounds [4], especially dibenzothiophene to
dibenzothiophene-sulfone via dibenzothiophene-sulfoxide (8,
19, 21]. In order to increase the solubility of dibenzothiophene,
water-miscible solvents were added into the aqueous
solutions containing peroxidases or hemoproteins. Usually,
aqueous buffers containing 25% (v/v) of a polar organic
solvent were employed to almost completely oxidize
dibenzothiophene [8, 19]. When the content of organic
solvents was increased, the degree of the oxidation
of dibenzothiophene was decreased significantly. Using
hemoglobin as a biocatalyst in nearly anhydrous organic
solvents containing 1% v/v of an aqueous buffer, less than
40% of dibenzothiophene was oxidized in polar organic
solvents (1,2-propanediol, for example), while no oxidation
occurred in nonpolar organic solvents (ethyl acetate, for
example) [8]. Since fossil fuels resemble nonpolar organic
solvents, such as hexadecane, in their physical properties,
development of enzymatic method to oxidize dibenzothiophene
in nonpolar organic solvents is crucial for the development
of biocatalytic desulfurization of fossil fuels. One simple
and efficient method to enhance the activity of enzymes
in nonpolar organic solvents is to use enzyme-surfactant
complexes (2, 6, 12, 14, 15]. In this work, we employed
surfactant-hemoprotein complexes to oxidize dibenzothiophene
dissolved in nearly anhydrous nonpolar organic solvents of
different hydrophobicity.
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MATERIALS AND METHODS

Materials

Hemoglobin (bovine), myoglobin (horse heart), and cytochrome
¢ (horse heart) were purchased from Sigma Chemical Co.
Dibenzothiophene and dibenzothiophene-sulfone were from
Aldrich Chemical Co. All organic solvents were of HPLC
grade and dried over molecular sieves before use. H,0,
(30% solution), cumene hydroperoxide (80% solution), and
t-butyl hydroperoxide (70% solution) were from Sigma.

HPLC Analysis

Oxidation of dibenzothiophene in n-octane was analyzed
using a high performance liquid chromatograph (HPLC)
equipped with a Waters uBondapak C,, column (3.9x300
mm) and a UV-visible detector. Dibenzothiophene and its
oxidation products were detected at 232 nm. The mobile
phase was an acetonitrile-water mixture (20:80, v/v) at a
flow rate of 0.8 ml/min.

GC Analysis

Oxidation of dibenzothiophene in highly nonpolar organic
solvents was analyzed, using a Hewlett-Packard gas
chromatograph (HP 5890 model) equipped with a flame
photometry detector. Reaction samples for analysis were
centrifuged to remove any solids dispersed in organic
solvents, and 1 pl of the supernatant was injected into a
HP-5 capillary column (10 mx0.53 mm). Nitrogen was
used as a carrier gas. The temperatures of the injector and
the detector were 250°C and 200°C, respectively. The column
temperature was 120°C for initial 2 min, then increased to
300°C at a rate of 10°C/min.

Preparation of Hemoprotein-Surfactant Complexes

Hemoprotein-surfactant complexes were prepared according
to the method described by Fishman ez al. [2]. In a 40 ml
0.05M sodium acetate buffer, pH 6.0, 30 mg of each
hemoprotein was dissolved, and the mixture was stirred for
20 min at 4°C. A solution containing 0.088 mmol of a
surfactant in 1 ml warm ethanol was added dropwise to the
enzyme solution. After mixing for 20 min, the dispersion
was sonicated for 10 min. The enzyme-surfactant mixture
was further stirred for 3 h, and then stored overnight at 4°C
without stirring. The hemoprotein-surfactant precipitates
formed were collected by centrifugation, and then lyophilized.

RESULTS AND DISCUSSION

Oxidation of Dibenzothiophene in Anhydrous n-Octane
by Hemoprotein-Surfactant Complexes

We chose three hemoproteins, such as hemoglobin,
myoglobin, and cytochrome c, for this study, based on
the previous results by Klyachko and Klibanov [8] that

Table 1. Percent oxidation of dibenzothiophene by different
peroxides catalyzed by cytochrome c-AOT complex in anhydrous
n-octane.

Peroxide Reaction period Percent removal
H,0, 4h 8.5
t-Butyl hydroperoxide 4h 14.9
Cumene hydroperoxide 4h 26.3
H,0, 15h 11.8
t-Butyl hydroperoxide 15h 21.0
Cumene hydroperoxide 15h 61.0

Experimental conditions: Reaction mixtures containing 5 mg cytochrome
c-AOT complex, 0.15 mM dibenzothiophene, and 1 mM each peroxide in
I ml anhydrous n-octane were incubated at 30°C with shaking at 150 rpm.
Dibenzothiophene concentration was analyzed by HPLC.

these hemoproteins can catalyze complete oxidation of
dibenzothiophene with H,O, in an aqueous buffer containing
25% (v/v) water-miscible organic solvents. Therefore,
we examined the formation of the complexes between
hemoproteins and various surfactants. Among many surfactants
tested, including tween 20, tween 80, steric acid, polypropylene
glycol, Triton X-114, and AOT, only AOT formed light
brownish complexes with hemoproteins. Therefore, we
employed hemoprotein-AOT complexes for our further
study. When measured by both the spectrophotometric method
at 410 nm, the maximum wavelength of hemoproteins, and
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Fig. 1. Effect of the amount of hemoprotein-AOT complexes
on the oxidation of dibenzothiophene by cumene hydroperoxide
in n-octane.

Hemoproteins used to form complexes with AOT were hemoglobin (@),
myoblogin (A ), and cytochrome ¢ (). Reaction conditions: A solution
containing (.15 mM dibenzothiophene, | mM cumene hydroperoxide, and
a different amount of each hemoprotein-AOT complex in 1 ml n-octane
was incubated for 15 h at 30°C with shaking at 150 rpm.
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by the micro-biuret method [3], nearly 100% of the initial
aroun: of each hemoprotein was recovered in the
he: noprotein-surfactant complexes.

1-Qctane, which has a medium hydrophobicity among
the nonpolar organic solvents considered in this study, was
selzcted as a reaction medium for the initial study to
compare the oxidation power of the three peroxides, H,0,,
t-=utyl hydroperoxide and cumene hydroperoxide, in the
ox daton of dibenzothiophene with cytochrome ¢-AOT
conplex as a catalyst. Results summarized in Table 1 show
thet cumene hydroperoxide was the most efficient oxidant to
o dize dibenzothiophene, followed by #-butyl hydroperoxide.
H,J,, which is a representative oxidant used with peroxidases
ir aquzous media, poorly oxidized dibenzothiophene in n-
o::ane. The oxidizing activity of cumene hydroperoxide
and rbutyl hydroperoxide being higher than H,0, is
p-2surably due to the enhanced solubility of these two
hydroperoxides in n-octane. In fact, cumene hydroperoxide
sassesses the most nonpolar substituents among the three
2:roxides. At maximum, almost 61% of the initial amount
of dibenzothiophene was oxidized by cumene hydroperoxide
cataly zed by the cytochrome ¢-AOT complex in 15 h.

Figure 1 shows the effect of the amount of each hemoprotein-
AT complex on the oxidation of dibenzothiophene by
c.mene hydroperoxide in n-octane. Cytochrome c-AOT
complex was the most efficient among the three hemoproteins
employed. The oxidation of dibenzothiophene was increased
as the amount of hemoprotein-AOT increased up to 10 mg/

DBT
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— — 5 mg Cytochrome ¢
— —- 10 mg Cytochrome ¢
—-— 20 mg Cytochrome ¢

DBT-sulfone

Time (min)

IFig. 2. HPLC chromatographs of the reaction mixtures after the

o<ida‘ion of dibenzothiophene for 15 h with different amount of

¢'tochrome c-AOT complex in n-octane.

R:zaction conditions: A solution containing 0.15 mM dibenzothiophene,
mM cumene hydroperoxide, and a different amount of cytochrome c-

AOT :omplex in 1 ml n-octane was incubated for 15h at 30°C with

«l akiny at 150 rpm.

ml and was not further increased, although the amount of
hemoprotein-AOT complex increased further to 20 mg/ml.
Figure 2 shows the examples of HPLC chromatographs of
the reaction mixtures after the oxidation of dibenzothiophene
with different amounts of cytochrome ¢-AOT complex for
15 h in n-octane. Dibenzothiophene-sulfone was detected
as the major oxidation product of dibenzothiophene, while
no significant production of the oxidation intermediate,
dibenzothiophene-sulfoxide, was detected. From these results
from the initial study, we selected cumene hydroperoxide
and cytochrome ¢c-AOT complex for further study as the
most efficient catalytic system.

Oxidation of Dibenzothiophene by Cytochrome c-AOT
Complex in Various Nonpolar Organic Solvents

Solvent hydrophobicity can be represented by log P
values, which are the logarithm of the partition coefficient
of a solvent in an octanol-water two-phase system as
defined by Laane et al. [10]. More hydrophobic solvents have
larger log P values. We investigated the catalytic activity of
cytochrome c-AOT complex in various anhydrous organic
solvents of different hydrophobicity. The log P values of
the solvents used in this study varied from 0.68 (ethyl
acetate) to 8.8 (hexadecane). As summarized in Table 2, the
oxidation of dibenzothiophene by cumene hydroperoxide
catalyzed by cytochrome c-AOT complex decreased as
solvent hydrophobicity increased. In ethyl acetate (log P=
0.68) and butyl acetate (log P=1.7), which are the least
hydrophobic organic solvents examined in this work, the
initial amount of dibenzothiophene was completely oxidized
with cumene hydroperoxide. This result is quite in contrast
with the result by Klyachko and Klibanov [8] in which no
oxidation of dibenzothiophene was found with hemoglobin
powder in anhydrous ethyl acetate. Therefore, we could
conclude that the surfactant activated hemoproteins in
organic solvents. In hexadecane (log P=8.8), the most

Table 2. Percent oxidation of dibenzothiophene by cumene
hydroperoxide catalyzed by cytochrome c-AOT complex and the
native cytochrome ¢ powder, respectively, in various anhydrous
organic solvents.

Cyochrome Cytochrome
Solvent Log P c-AC};T complex Zpowder
Ethyl acetate 0.68 100.0 1.7
Butyl acetate 1.7 100.0 0.5
Octanol 2.9 84.8 2.9
n-Octane 4.5 55.5 4.0
Decane 5.6 57.2 3.1
Hexadecane 8.8 21.3 3.6

Reaction mixtures containing 20 mg cytochrome c-AOT complex,
0.15 mM dibenzothiophene, and 1 mM cumene hydroperoxide in 1 ml
each anhydrous organic solvent were incubated at 30°C with shaking at
150 rpm. Dibenzothiophene concentration was analyzed by GC. Solvent
log P values were obtained from Laane et al. [10].
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nonpolar organic solvent used in the present study, however,
only 21% of dibenzothiophene was oxidized in 15 h. The
decreased oxidation of dibenzothiophene in solvents of
higher log P values seems to be due to the aggregation of
the hemoprotein-AOT complex in those solvents. In ethyl
acetate, the hemoprotein-AOT complex was observed to
be finely dispersed. Since hexadecane is recognized as a
model solvent to represent diesel oil, the decreased oxidation
of dibenzothiophene by cytochrome ¢-AOT complex in
hexadecane indicates that further study is necessary to
enhance the activity of hemoprotein-surfactant complexes
in highly hydrophobic organic solvents to make enzymatic
desulfurization feasible.
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