SABP

BIOCHIMICA
POLONICA

Vol. 58, No 3/2011
421-426

on-line at: www.actabp.pl

Regular paper

Modulation of FAD-dependent monooxygenase activity from
aromatic compounds-degrading Stenotrophomonas maltophilia

strain KB2

Danuta Wojcieszynska, Izabela Gren, Katarzyna Hupert-Kocurek and Urszula Guzik™

Department of Biochemistry, University of Silesia in Katowice, Katowice, Poland

The purpose of this study was purification and charac-
terization of phenol monooxygenase from Stenotropho-
monas maltophilia strain KB2, enzyme that catabolises
phenol and its derivatives through the initial hydroxyla-
tion to catechols. The enzyme requires NADH and FAD
as a cofactors for activity, catalyses hydroxylation of a
wide range of monocyclic phenols, aromatic acids and
dihydroxylated derivatives of benzene except for cate-
chol. High activity of this monooxygenase was observed
in cell extract of strain KB2 grown on phenol, 2-meth-
ylphenol, 3-metylphenol or 4-methylphenol. lonic sur-
factants as well as cytochrome P450 inhibitors or 1,4-di-
oxane, acetone and n-butyl acetate inhibited the en-
zyme activity, while non-ionic surfactants, chloroethane,
ethylbenzene, ethyl acetate, cyclohexane, and benzene
enhanced it. These results indicate that the phenol mo-
nooxygenase from Stenotrophomonas maltophilia strain
KB2 holds great potential for bioremediation.
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INTRODUCTION

Phenols are widely distributed environmental pollut-
ants generating strong interest in their bioremediation.
Numerous bacterial strains are capable of mineralizing
aromatic compounds. The wide range of substrates that
can be transformed by microorganisms makes them a
powerful tool for the bioremediation of environmentally
harmful substances. Degradation of phenolic derivatives
by aerobic bacteria generally proceeds by series of oxy-
genations. The initial step in the bacterial degradation
of these compounds is the conversion of aromatic sub-
strates into dihydroxylated intermediates by the action of
monooxygenases. The next step is catalysed by dioxyge-
nases that cleave the carbon—carbon bond and open the
ring. The product of the ring cleavage is finally trans-
formed into intermediates that can enter the citrate cycle
(Cafaro et al., 2004; Murray et al., 2007; Arora et al., 2010,
Dresen et al., 2010; Fujieda ¢t al, 2010; Plazmino et al.,
2010).

Aromatic monooxygenases catalysing hydroxylation of
aromatic compounds are divided into two groups: acti-
vated-ring and nonactivated-ring ones. The active sites
of these enzymes usually contain FAD as a prosthetic
group and a dinuclear iron centre in which two iron at-
oms are bridged by an oxygen atom (Fe-O-Fe) (Divari

et al., 2003; Murray ef al, 2007). They activate molecular
oxygen though the formation of a reactive flavin (hydro)
peroxide which attacks the substrate by an electrophilic
mechanism (Moonen ¢ al, 2002; Arora et al, 2010,
Dresen ¢t al, 2010; Plazmino e# al., 2010).

In this paper, we describe the purification and charac-
terization of a novel NADH-dependent, FAD-containing
monooxygenase from  Stenotrophomonas maltophilia strain
KB2, an interesting model for studying catabolism of
phenols because of its unique ability to transform a wide
range of these compounds compared with other similar
microorganisms (Guzik e al, 2009; Gren et al, 2010).
This study includes determination of the substrate speci-
ficity and catalytic properties of the enzyme. As in the
environment compounds that inhibit monooxygenase ac-
tivity are frequently present together with the substrates,
effect of various surfactants, organic solvents, and cyto-
chrome P450 inhibitors on the enzyme activity is also
presented.

EXPERIMENTAL PROCEDURES

Media and culture conditions. Stenotrophomonas mal-
tophilia KB2 (NCBI accession number DQ230920) is a
Gram-negative, aromatic compound-degrading bacte-
rium isolated from activated sludge of a sewage treat-
ment plant in Bytom—Miechowice in Poland as described
previously (Guzik ez al, 2009). Strain KB2 was induced
in mineral salts medium (MSM) as described previously
(Wojcieszynska e al, 2011) in the presence of 10 mM
phenol. Cultures were incubated at 30°C and agitated at
130 rpm.

Preparation of enzyme. Cells were harvested in the
late exponential growth phase and centrifuged at 5000 X g
for 15 min at 4°C. The cells were washed with 50 mM
phosphate buffer, pH 7.0, and resuspended in the same
buffer. Cell suspension was sonicated 6 times for 15 s
and centrifuged at 9500 X g for 20 min at 4°C. The su-
pernatant was ultracentrifuged at 150000 X g for 1.5 h at
4°C. The pellet, containing membrane-associated pro-
teins, was resuspended in 40 mM phosphate buffer and
used for enzyme assays or for further purification. Nu-
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cleic acids were removed by centrifugation at 9500 X g
for 10 min after additon of 0.05 g/100 ml protamine
sulphate. Obtained supernatant was fractionated with
ammonium sulphate. Solid (NH,),SO, was added to the
extract to 20% saturation with constant stirring. After
30 min the precipitate was removed by centrifugation at
9500 %X g for 10 min. The supernatant was loaded onto
Desalt Spin Columns equilibrated previously with 40
mM phosphate buffer. The elution was obtained with
the same buffer. The cluate was loaded onto a column
Sephadex G-100 (1.6 cm X 82 cm) equilibrated with 40
mM phosphate buffer, pH 7.2. Elution was carried out
with the same buffer at a flow rate of 1 ml/min and 2.5-
ml fractions were collected.

Molecular mass determination. The value of the
monooxygenase was determined by size exclusion chro-
matography on Sephadex G-100 in 50 mM phosphate
buffer, pH 7.0, at 4°C. Elution volumes were deter-
mined by OD,,, measurements and, in the case of the
monooxygenase, by enzyme activity. The molecular mass
markers used as standards were as follows: ferritin (440
kDa), catalase (232 kDa), lactate dehydrogenase (140
kDa), bovine serum albumin (67 kDa), and trypsin (24
kDa).

Enzyme assays. The monooxygenase activity was de-
termined spectrophotometrically by measuring NADH
oxidation (g;,,=6220-M-! cm™') in 40 mM phosphate
buffer (pH 7.0) containing 44 uM FAD, 4 mM NADH
and 10 mM phenol derivative. One unit of enzyme ac-
tivity was defined as the amount of NADH (umol) the
enzyme oxidized in the presence of substrate per minute
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at 30°C (Divari et al, 2003). Protein concentration of
all examined fractions was determined by the Bradford
method (Bradford, 1970).

The reductase activity of monooxygenase was assayed
spectrophotometrically at 30°C by monitoring the re-
duction of cytochrome ¢ at 550 nm or dichloropheno-
lindophenol and nitroblue tetrazolium at 600 nm with a
CECIL UV-Vis spectrophotometer (Cafaro ez al, 2004).
FAD reduction was measured in 40 mM phosphate
buffer (pH 7.2) containing 40 pM FAD, 1 mM NADH,
and various amounts of protein at 30°C under anaerobic
conditions. Anaerobic conditions were achieved by intro-
ducing the reaction mixture into a gastight cuvette inside
an anacrobic glove box filled with nitrogen (Xun, 1990).

pH and temperature optima of monooxygenase.
The effect of pH on the enzyme activity was deter-
mined by measuring the activity at 30°C over the pH
range of 4.0 to 14.0 using the following buffers: 0.05 M
phosphate/citrate (pH 4.0 to 4.5), 0.05 M Sétensen (pH
5.0), 0.05 M phosphate (pH 5.7 to 8.0), 0.05 glycine (pH
10.0), 0.05 Britton-Robinson (pH 11.00 to 12.00), and
0.05 ammonia/sodium hydroxide (pH 13.00-14.00).

The optimum temperature was determined by assaying
the enzyme activity at various temperatures (5 to 40°C)
in 50 mM phosphate buffer (pH 7.0). The enzyme and
substrate solutions were pre-incubated, mixed, and the en-
zymatic reaction was followed at the same temperature.

Substrate specificity and kinetic studies. The cata-
Iytic parameters (Michaelis-Menten constant, K_, and
maximum velocity, 17, were calculated by measuring
initial linear rates of the enzymatic reaction after the
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Figure 1. Effect of various factors on phenol monooxygenase activity in Stenotrophomonas maltophilia KB2 cell extract
(A) pH; (B) temperature; and (C, D) substrate concentration. Data points represent average of three independent experiments.
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Table 1. Purification of phenol monooxygenase

Fraction Total activity Total protein Specific activity Purification Yield
(V) (mg) (U/mg protein) (fold) (%)
F1- cell extract 19.05 4.35 4.38+1.09 1.00 100
F2- centrifuge (1718 g) fraction 34.49 0.94 36.69+3.56 8.4 181
F3- ultracentrifuge (150000 % g) fraction 16.85 0.36 46.82+5.26 11.0 88
F4- protamine sulphate treatment 25.30 0.45 56.23+0.00 13.0 133
F5- ammonium sulphate fraction 29.09 0.19 153.13+25.41 35.00 153
F6- desalt spin column fraction 747 0.05 149.50+34.53 34.13 39
F7'-peak 159 (Sephadex G-100 column) 2.29 0.02 114.43+0.00 26.13 12

addition of different concentrations of phenol ranging
from 0 to 20 pM at 30°C. Three independent measure-
ments were carried out for each substrate concentration.
K, and 17, were calculated from Hanes-Wolf equation.

The enzyme activity towards various substituted aro-
matic compounds was evaluated by incubating the en-
zyme with the respective aromatic substrate for 3 min
and assaying the enzyme activity. The following sub-
strates were assayed: aromatic acids: benzoic, protocate-
chuic, salicylic, 4-hydroxybenzoic, phthalic, cinnamic,
2-chlorophenylacetic, gallic, vanillic, and syringic acid;
dihydroxy-substituted ~derivatives: hyroquinone, resor-
cinol and catechol; and a methyl derivative of catechol,
guaiacol; derivatives of phenol: 2-chlorophenol (2-CP),
3-chlorophenol (3-CP), 4-chlorophenol (4-CP), 2-ami-
nophenol (2-AP), 3-aminophenol (3-AP), 4-aminophe-
nol (4-AP), 2-nitrophenol (2-NP), 3-nitrophenol (3-NP),
4-nitrophenol (4-NP), 2-methylphenol (2-MP), 3-meth-
ylphenol (3-MP), and 4-methylphenol (4-MP). All those
substrates were used at 10 mM.

Effect of surfactants, organic solvents, and cyto-
chrome P450 inhibitors on enzyme activity. The ef-
fect of various surfactants, organic solvents as well as
cytochrome P450 inhibitors on the enzyme activity was
evaluated by incubating the enzyme with the respective
agent for 3 min and then assaying the residual enzyme
activity with phenol as a substrate. The nonionic and
ionic surfactants studied were: Triton X-100, Tween 20,
oleic acid, stearic acid and sulphanilic acid. From among
organic solvents, chloroethane, xylene, ethylbenzene,
1,4-dioxane, acetone, n-butyl acetate, ethyl acetate, cy-
clohexane and benzene were examined. As inhibitors of
cytochrome P450, menadione, B-naphthoflavone as well
as sodium azide were tested.

RESULTS AND DISCUSSION

Bacterial-derived enzymatic systems are of growing
importance because of their potential use in bioremedia-
tion. Understanding the biochemical and structural prop-
erties of enzymes of degradation pathways is essential
for their future potential applications. In this paper, we
describe the purification and biochemical characterization
of a novel NADH-dependent, FAD-containing phenol
monooxygenase isolated from cultures of S. wmaltophilia
KB2 induced by phenol.

In order to localise the monooxygenase activity in
S. maltophilia KB2, the hydroxylation activity of the en-

Table 2. Substrate specificity of phenol monooxygenase

Substrate Activity, %
Phenol 100.00
Benzoate 74.36+2.10
Salicylate 136.72+5.60
4-Hydroxybenzoate 128.38+7.52
Phthalic acid 87.02+6.10
Cinnamic acid 131.54+9.29
Chlorophenoxyacetic acid 137.95+5.88
Gallate 100.47 +14.10
Vanilic acid 5.81+0.76
Syryngic acid 4.12+0.84
Protocatechuate 74.36+2.10
Hydroquinone 98.75+£15.16
Guaiacol 62.59+14.64
Resorcinol 74.63+4.25
Catechol 0.00+0.00
2-CP 34.00

3-CP 22.03

4-CP 41.24

2-NP 3333

3-NP 18.79

4-NP 43.36

2-MP 39.83

3-MP 28.95

4-MP 71.61

2-AP 3545

3-AP 37.57

4-AP 47.74
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Table 3. Effect of various surfactants on phenol monooxygenase
activity

Compound Concentration (mM)  Relative activity (%)
None 100
Triton X-100 1 26.88+4.90
2 37.29+0.00
5 3848+1.23
10 406.64+0.00
Tween 20 1 104.69+16.81
2 230.99+20.50
5 163.28+18.76
10 158.81+£1.50
Oleic acid 1 0.00+4.61
2 9.59+2.90
5 0.00+0.00
10 0.00+0.00
Stearic acid 1 71.45+19.54
2 0.00£0.00
5 0.00£0.00
10 0.00£0.00
Sulphanilic acid 1 74.25+0.65
2 66.19+1.99
5 57.77+8.49
10 7.88£3.59

zyme towards phenols was tested in two fractions of
crude extracts of bacterial cells obtained after ultracen-
trifugation at 150000Xg the supernatant containing
soluble proteins and the pellet of membrane-associated
proteins. Monooxygenase activity was detected only
in the pellet fraction. In contrast to phenol hydroxy-
lase from _Acinetobacter radioresistens (Divarti et al., 2003)
and 2,4-dichlorophenol hydroxylase from _Acnetobacter
sp. (Beadle & Smith, 1982), the monooxygenase from
S. maltophilia KB2 seems to be an insoluble membrane
protein.

The purification procedure described in the Experi-
mental Procedures section enriched the monooxygenase
approximately 34-fold (Table 1). The active fraction (114
U/mg protein) obtained from Sephadex G-100 had a re-
tention time of 152 min. The molecular mass of the pu-
rified monooxygenase was estimated to be 34 kDa by gel
filtration. The low molecular mass of the enzyme sug-
gested its monomeric structure, as reported previously
for other hydroxylases (Batie ¢f a/, 1987; Xun 1996), but
in contrast with many monooxygenases that form dim-
ers and tetramers of high mass (up to 240 kDa) (Beadle
& Smith, 1982). The effect of temperature and pH on
the phenol monooxygenase activity from KB2 strain was
determined in cell extracts. The highest activity of the
enzyme was observed at pH 7.2 (Fig. 1A). Moonen et
al. (2002) described a hydroxylase from a Flavobacterium

strain which was optimally active around pH 8.3, and
the most stable around pH 7.0, as at pH above 7.5 the
enzyme easily lost the FAD molecule.

The monooxygenase from KB2 strain was rather sen-
sitive to thermal inactivation and can be categorised as a
mesophilic protein. The optimal temperature for phenol
oxidation was 30°C. Above 35°C thermoinactivation of
the enzyme was observed (Fig. 1B). Similar results were
found for 4-monooxygenase from Burkholderia cepacia AC
1100 strain and hydroquinone hydroxylase from Candida
parapsilosis CBS604. The optimal temperature for those
enzymes was 35°C and 37°C, respectively (Xun, 1996;
Eppink ez al, 2000).

The phenol oxidation by the monooxygenase from
KB2 displays typical Michaelis—Menten kinetics. The K
and 17 values were 1.62 pM and 6.39 pM/min, respec-
tively (Fig. 1C, D). FAD was found to accelerate the re-
action. It was also found that the presence of NADPH
instead of NADH reduced significantly the monooxy-
genase activity, in contrast to the effect observed for
chlorophenol 4-monooxygenase from Burkholderia cepacia
AC1100 Xun, 1996) and 2,4-dichlorophenol hydroxylase
from Acinetobacter sp. (Beadle & Smith 1982). A similar
effect of NADH on xylene monooxygenase from Psex-
domonas putida mt-2 was observed by Shaw and Haraya-
ma (1992). Studies on 4-hydroxybenzoate-3-hydroxylase
have provided some insight into the mode of the coen-
zyme recognition (Eswaramoorthy e/ al, 2006). They
postulate significant role of Arg-44, His-162 and Arg-269
in the interaction of the enzyme with NADPH. Arg-44
was involved in binding the adenosyl moiety and His-
162 and Arg-269 in binding the pyrophosphate moiety
of NADPH while the acidic group of (Asp/Glu) was re-
quited for the recognition of the 2-OH group of NADH
(Moonen ez al,, 2002; Eswaramoorthy e# al, 20006).

Flavoprotein monooxygenases that are active with
phenolic compounds usually contain FAD as a prosthet-
ic group. They activate molecular oxygen through the
formation of a reactive flavin (hydro)peroxide which at-
tacks the substrate by an electrophilic mechanism (Moo-
nen et al, 2002; Kirchner et al, 2003; Eswaramoorthy ez
al., 2006; Dresen et al, 2010). Phenol monooxygenases
generate reduced flavine at the expense of NAD(P)H
and next transfer electrons to the iron ions (Shaw &
Harayama, 1992; Moonen e/ al, 2002). The FAD reduc-
tion by the studied enzyme was estimated to be 10 U/
mg of purified enzyme and indicated that FAD was the
prosthetic group of this monooxygenase.

The monooxygenase from KB2 strain was also test-
ed for its ability to reduce several artificial electron ac-
ceptor such as cytochrome ¢ nitrotetrazolium blue and
2,6-dichlorophenolindophenol, and was found to reduce
only cytochrome ¢ The specific activity of the enzyme
toward cytochrome ¢ was 7.55 U/mg of purified en-
zyme. The reaction catalysed by the phenol monooxy-
genase of KB2 strain is typical for a monooxygenase
with an external electron donor such as 2,4-dichloroph-
enol monooxygenase or xylene monooxygenase (Beadle
& Smith, 1982; Shaw & Harayama, 1992; Kirchner ez
al., 2003; Eswaramoorthy ez al, 2006; Arora et al, 2010;
Plazmino e# al.,, 2010).

Many monooxygenases have narrow substrate spe-
cificities and regioselectivities, such as 3-hydroxyphe-
nylacetate 6-hydroxylase from Flavobacterium. Besides
3-hydroxyphenylacetate, which was converted to 2,5-di-
hydroxyphenylacetate, the only alternative substrate was
3,4-dihydroxyphenylacetate (Moonen e al, 2002). Be-
cause monooxygenases are not only used in the biocata-
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Table 4. Effect of various organic solvents on phenol monooxy-
genase activity

Compound Concentration (mM)  Relative activity (%)
None 100
Chloroethane 1 140.69+23.11
2 218.79+0.70
3 574.93+£49.41
Xylene 1 131.98+7.29
2 109.22+7.69
3 106.55+5.70
Ethylbenzene 1 133.17+£1.17
2 138.01+1.04
3 138.19+7.09
1,4-Dioxane 1 138.11+9.27
2 33.21+1.56
3 5.15+£0.99
Acetone 1 162.22+8.28
2 81.56+1.60
3 11.45+0.22
n-Butyl acetate 1 273.98+43.94
2 283.15+£6.30
3 57.98+1.21
Ethyl acetate 1 422.63+31.23
2 438.55+73.40
Cyclohexane 0.1 46.82+4.67
0.2 132.51+£15.38
0.3 283.79+27.87
0.4 331.29+£1.25
Benzene 1 122.23+6.77
2 141.77+18.16
3 119.37+5.16
4 154.61+27.61

Iytic production of fine chemicals, pharmaceuticals and
food ingredients but also are of interest for bioremedia-
tion, we sought for an enzyme which would metabolize
a wide range of benzene derivatives, causing sometimes
serious local contamination of the environment.

By measuring NADH oxidation in the presence of
different aromatic compounds, the substrate specificity
of the monooxygenase was tested. As shown in Table 2,
the monooxygenase from S. maltophilia KB2 acted on a
broad range of substrates, including methylated phenols,
aromatic acids and their dihydroxylated derivatives. The
enzyme showed preferences for hydroxylation of phe-
nols with a substituent in the para-position such as 4-CP,

4-AP, 4-NP and 4-MP, which suggests that the para-po-
sition enabled orfo-hydroxylation without a simultaneous
removal of the substituent group. During the enzymatic
conversion of dihydroxybenzenes we observed that cat-
echol was a poor substrate of the enzyme (Table 2). As
catechol is usually formed during phenol hydroxylation,
the enzyme catalysing this reaction probably has a regu-
latory site responsible for inhibition of the enzyme in the
presence of excess product. Results in Table 2 obtained
for meta-substituted phenols indicate low affinity of en-
zyme active site for these substrates. We assumed that
substituents in the mefa-position might comprise a steric
hindrance for the monooxygenase activity. The monoox-
ygenase from KB2 strain metabolised all aromatic acids
used in this study (Table 2), albeit vanilic and syryngic
acids only poor. That was probably caused by the pres-
ence of the methoxy group in their structure (Ueng ef
al., 2000).

Most of the surfactants studied here affected the en-
zyme activity at all concentrations tested (Table 3). At
lower concentrations of Triton X-100 there was a de-
crease in enzyme activity, whereas high concentration (10
mM) of this surfactant enhanced the activity of the en-
zyme. Tween 20 did not affect the enzyme activity at its
lowest concentration, whereas enhanced activity of the
monooxygenase was observed at higher concentrations
of this surfactant. Different results were obtained by
Lattard et al. (2002) and Myasoedova et al. (2007), who
did not observe an effect of nonionic detergents on
monooxygenase activity. The increase in activity in the
presence of surfactants may be attributed to increased
substrate accessibility of the enzyme (Chellappan et al,
2010). In the presence of oleic, stearic and sulphanilic
acids the monooxygenase activity decreased significantly.
The inhibition of the enzyme at higher concentrations
of ionic surfactants may be due to a combined effect of
factors such as reduction in the hydrophobic interactions
that play a crucial role in holding together the protein
structure and direct interactions with the cell membrane.

Organic solvents affect enzyme activity 2 interac-
tions with water, enzyme, substrate and product. It is
well documented that hydrophobic solvents are usually
better than hydrophilic ones, as the latter have a greater
tendency to strip tightly bound water from the enzyme
molecule (Shuster & Fishman, 2009). In our studies pro-
nounced stimulatory effects of chloroethane, ethylben-
zene, ethyl acetate, cyclohexane and benzene on mono-
oxygenase activity were observed (Table 4). The enzyme
activity was slightly stimulated in the presence of ethyl-
benzene. Xylene had almost no effect, while 1,4-diox-
ane, acetone, and n-butyl acetate inhibited the enzyme
(Table 4).

Multicomponent monooxygenases usually consist of
three protein components: a hydroxylase, a cofactor-
less regulatory protein, and a FAD-containing reductase.
However, there is also a large group of P450-containing
monooxygenases where P450 acts as the terminal oxi-
dase (Degtyarenko, 1995; Sazinsky & Lippard, 2006). In
our studies menadione, B-naphthoflavone and sodium
azide were used as specific cytochrome P450 inhibitors.
The concentrations of the inhibitors and percentage inhi-
bition of hydroxylation are shown in Table 5. The partial
or complete inhibition of the enzyme activity observed
with menadione and -naphthoflavone clearly showed
that the activity of monooxygenase of KB2 strain de-
pends on cytochrome P450. We observed increased ac-
tivity at the lowest concentration of menadion, but this
effect is difficult to explain. Sodium azide slightly in-
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Table 5. Effect of cytochrome P450 inhibitors on phenol mo-
nooxygenase activity

Compound Concentration (mM)  Relative activity (%)
None 100
Menadione 1 260.69+10.23
2 19.35+4.21
3 0.00+0.00
4 0.00+0.00
5 6.33+£0.42
-Naphthoflavone 0.5 0.00+0.00
1 0.00+£0.00
2 0.00+0.00
Sodium azide 1 105.82+3.24
2 113.1£11.79
5 118.1+£8.28
10 88.31+43.84

hibited the enzyme activity (Table 5) even though this
heme ligand is generally regarded as a P450 inhibitor
(Matsunaga e/ al, 1998). The mechanism of inhibitor
action may involve their conversion into reactive inter-
mediates which covalently bind to the active site of the
enzyme blocking its interaction with the substrate (Be-
liaev ¢t al., 2009). In our work we have shown that phe-
nol monooxygenase from S. maltophilia KB2 is a typical
flavoprotein monooxygenase that catalyses hydroxylation
of a wide range of monocyclic phenols. Because of the
high efficiency of substrate hydroxylation, the enzyme is
an attractive candidate for bioremediation and biotech-
nological application. The results presented in this paper
are a good starting point for further studies on the phys-
icochemical properties of this enzyme and the structural
features which determine its substrate specificity.
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