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Abstract The characterization of bacterial enzymatic
pathways of phenol metabolism is important to better
understand phenol biodegradation. Phenol hydroxylase is
the first enzyme involved in the oxidative metabolism of
phenol, followed by further degradation via either meta- or
ortho-pathways. In this study, the first known instance of
phenol degradation via the meta-pathway by a member of
the genus Acinetobacter (Acinetobacter sp. strain
AQSNOL 1) is reported. Phenol hydroxylase converts
phenol to catechol, which is then converted via the meta-
pathway to 2-hydroxymuconic semialdehyde by the cate-
chol 2,3-dioxygenase enzyme. Phenol hydroxylase extrac-
ted from strain AQ5NOL 1 was fully purified using DEAE-
Sepharose®, DEAE-Sephadex®, Q-Sepharose® and Zor-
bax® Bioseries GF-250 gel filtration and was demonstrated
by SDS-PAGE to have a molecular weight of 50 kDa. The

DX Siti Aglima Ahmad
aglima@upm.edu.my; aqlimaahmad@gmail.com

Department of Biochemistry, Faculty of Biotechnology and
Biomolecular Sciences, Universiti Putra Malaysia,
43400 Serdang, Selangor, Malaysia

Faculty of Medicine and Health Sciences, Universiti Sains
Islam Malaysia, 13th Floor, Menara B, Persiaran MPAJ,
Jalan Pandan Utama, Pandan Indah, 55100 Kuala Lumpur,
Malaysia

Faculty of Health Sciences, Universiti Kebangsaan Malaysia,
Jalan Raja Muda Abdul Aziz, 50300 Kuala Lumpur,
Malaysia

The School of Environmental Engineering, Universiti
Malaysia Perlis, Kompleks Pengajian Kejuruteraan Jejawi 3,
02600 Arau, Perlis, Malaysia

Biomolecular Science Program, School of Biology, Faculty
of Applied Sciences, Universiti Teknologi MARA,
40450 Shah Alam, Selangor, Malaysia

phenol hydroxylase was purified to about 210.51 fold. The
optimum pH and temperature for enzyme activities are
20 °C and 7-7.5, respectively. The apparent K, and V.«
values of phenol hydroxylase with phenol as the substrate
were 13.4 uM and 2.5 pmol min~' mg™', respectively.
The enzyme was stable at —20 °C for 36 days.

Keywords Purification - Characterization - Phenol
hydroxylase - Acinetobacter sp.

1 Introduction

Phenol and its derivatives are commonly found in the
aqueous environment, land and in the biosphere. They
have a wide number of applications in various industries,
and many of the industrial effluents with high phenol
level come from oil refineries, phenolic resin production,
plastic, pesticide, textile and coke oven industries
(Gonzalez et al. 2001; Hori et al. 2006). The environ-
mental-friendly technologies of bioremediation are
gaining an increasing prominence for their potential in
the safe remediation of phenolic compounds. Microor-
ganisms such as bacteria, fungi and yeast have evolved
various means of extracting essential nutrients from the
environment and can be used to degrade or treat phe-
nolic pollutants (Carvalho et al. 2009; Yotova et al.
2009; Chakraborty et al. 2010; Arif et al. 2013; Suhaila
et al. 2013; Norazah et al. 2015; Nawawi et al. 2016). In
previous works, Gram-negative bacteria which belong to
the genera Pseudomonas and Acinetobacter have shown
the ability to degrade phenolic compounds such as
phenol (Hannaford and Kuek 1999; Dong et al. 2008),
chlorophenol (Farrell and Quilty 2002; Hao et al. 2002),
pentachlorophenol (Cassidy et al. 1997; Sharma et al.
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2009), catechol (Briganti et al. 1997; Kagle and Hay
2006) and hydrocarbon (Salleh et al. 2003: Etoumi et al.
2008).

Bacteria have the ability to convert phenol into non-
toxic intermediates either anaerobically, via a single path-
way or aerobically, via ortho- or meta-pathway (Basha
et al. 2010). In aerobic metabolism, the first step for both
routes is the monohydroxylation of the aromatic ring’s
ortho position. Phenol hydroxylase (EC 1.14.13.7) is
responsible for converting phenol into catechol, which is
the initial and rate-limiting step in phenol degradation
pathways (van Schie and Young 2000; Tuan et al. 2011).
Next, catechol is further degraded by catechol dioxygenase
via meta- or ortho-cleavage pathways. Catechol 1,2-
dioxygenase (EC 1.13.11.1) metabolizes catechol to form
cis, cis-muconate by ortho-cleavage pathway. Catechol
2,3-dioxygenase (EC 1.13.11.2) metabolizes catechol to
form 2-hydroxymuconic semialdehyde by meta-cleavage
pathway (Basha et al. 2010). A number of phenol
hydroxylase have been purified from a wide variety of
microorganisms, such as Acinetobacter radioresistens
(Divari et al. 2003), Acinetobacter calcoacetius (Paller
et al. 1995), Acinetobacter sp. (Dong et al. 2008), Alcali-
genes faecalis (Zhu et al. 2008), Bacillus thermoglucosi-
dasius (Kirchner et al. 2003), Candida albicans (Tsai et al.
2005), Pseudomonas putida (Viggor et al. 2008), Pseu-
domonas sp. (Kagle and Hay 2006), Rhodococcus ery-
thropolis (Saa et al. 2009), Pseudomonas fluorescens
(Viggor et al. 2008) and Trametes versicolor (Ye-
mendzhiev et al. 2008).

Strain AQSNOL 1 Acinetobacter sp. has a high ability
to degrade phenol up to 1100 and 1900 mg L™ by free
and immobilised cells in gellan gum beads, respectively
(Ahmad et al. 2011, 2012). Moreover, this strain is able
to tolerate the presence of 100 ppm of pesticides such as
carbofuran, paraquat dichloride and atrazine that did not
cause any inhibition to the degradation of phenol (Ah-
mad et al. 2015). The present work is the first known
report of phenol degradation via the meta-pathway by a
member of the genus Acinetobacter and describes
purification and characterization of a new low molecular
weight phenol hydroxylase form Acinetobacter sp. strain
AQ5NOL 1.

2 Materials and methods

2.1 Microorganism and culture condition

The phenol-degrading Acinetobacter sp. strain AQSNOL 1
used in this study was isolated from the pesticide-polluted

site at Johor, Malaysia as described previously by Ahmad
et al. (2011). The bacterial strain was cultured in mineral
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salt medium (MSM) containing (g L™Y: K,HPO,, 04;
KH,PO,, 0.2; NaCl, 0.1; MgSO,, 0.1; MnSO4-H,0, 0.01;
Fe»(S04)-H0, 0.01; NaM00O,4-2H,0, 0.01; (NH,4),SO4, 0.4
at pH 7.5. The MSM was supplemented with 0.5 g L™
phenol as the carbon source.

2.2 Preparation of crude extracts

Acinetobacter sp. strain AQSNOL 1 culture was grown in
15 L of MSM containing 0.5 g L™" phenol at room tem-
perature. After 24 h of incubation time, the culture was
centrifuged at 10,000g for 10 min at 4 °C. Pellet was
suspended in 50 mM phosphate buffer, pH 7.5 containing
0.5 mM DTT and 0.1 mM PMSF as an anti-protease. The
cell suspension was sonicated at 4 °C for a total duration of
15 min using a Branson Sonifier 450. The suspension was
then ultracentrifuged for 90 min at 35,000 rpm or
105,000g at 4 °C.

2.3 Determination of phenol-degrading pathway

The strain AQSNOL 1 was incubated for different duration
of times (0, 12, 24, 36, 48, 60 and 72 h) before the crude
was extracted. The assay was carried out according to the
method developed by Zaki (2006). Catechol 2,3-dioxyge-
nase (EC 1.13.11.2) and catechol 1,2-dioxygenase (EC
1.13.11.1) were detected at 375 and 260 nm using vis/UV
spectrophotometer, respectively.

2.4 Purification of phenol hydroxylase

The purification procedure was carried out using 50 mM
phosphate buffer, pH 7.5 at 4 °C unless stated otherwise.
The clear supernatant (crude) obtained after ultracentrifu-
gation was directly applied onto three different continuous
ion exchange columns (dimensions in brackets): DEAE-
Sepharose® (8 x 1.6 cm), DEAE-Sephadex® (14 x 1.6
cm) and Q-Sepharose® (7 x 1.6 cm). The Q-Sepharose®
fractions with phenol hydroxylase activity were then ran
through a Zorbax® Bioseries GF-250 gel filtration
(2.50 x 0.94 cm) column which was connected to a HPLC
system. The enzyme was eluted at the flow rate of
1 mL min~" with 0.02 M sodium phosphate buffer (pH 7.5)
containing 0.2 M NaCl. Phenol hydroxylase (EC 1.14.13.7)
activity was assayed at room temperature based on the
oxidation of NADH at 340 nm with an extinction coefficient
for NADH of 6220 M~' cm™". Control experiment where
phenol was omitted as a substrate showed minimal NADH
oxidation activity. Protein was assayed using the Coomassie
dye-binding method (Bradford 1976) using crystalline BSA
as the standard. The absorbance readings were taken at
595 nm. In this study, SD2S-PAGE was used to characterize
the proteins from each purification step.
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2.5 Phenol hydroxylase kinetic studies

In this enzyme kinetic study, phenol was used as a sub-
strate. The K, and V. values were analyzed using
Graphpad Prism™ version 4.0 software. The temperatures
and pH were varied accordingly in the optimization
experiments: temperature range of 5-40 °C and pH range
of 6.0-9.0 in 50 mM citrate, phosphate and tris—HCI buf-
fers, respectively.

2.6 Temperature stability

Extracted phenol hydroxylase was incubated at —20, 4, 0
and room temperature (23 °C). Samples (100 pL) were
assayed every 24 h for 40 days. Boiled enzyme extract
served as control.

2.7 Statistical analysis

The data obtained were analyzed statistically using one-
way ANOVA. p < 0.05 is deemed statistically significant.
3 Results and discussion

3.1 Phenol-degrading pathway determination

From the results obtained (Fig. 1), Acinetobacter sp. Strain
AQS5SNOL 1 metabolised phenol via the meta-pathways. At
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Fig. 1 Metabolism of phenol-degrading pathways by Acinetobacter
sp. strain AQSNOL 1. The pathways were detected using crude
extract. The phenol degradation (solid circles) was determined at
500 nm, meta-pathways (solid squares) at 375 nm and ortho-
pathways (solid triangles) at 260

zero time, catechol 2,3-dioxygenase (375 nm) and catechol
1,2-dioxygenase (260 nm) activities were not detected.
When Acinetobacter sp. strain AQS5NOL 1 started to
degrade phenol, catechol 2,3-dioxygenase activity was
detected. When phenol hydroxylase started converting
phenol to catechol, catechol 2,3-dioxygenase simultane-
ously converted catechol to 2-hydroxymuconic semialde-
hyde. Then, after the phenol was completely degraded, the
absorbance of catechol 2,3-dioxygenase decreased slowly.
The activity of catechol 2,3-dioxygenase had decreased
because some of the catechol had been converted to
2-hydroxymuconic semialdehyde. In the meta-pathway, the
subsequent metabolism of catechol yields 2-hydroxymu-
conic semialdehyde. Further metabolisms via the meta-
pathway lead to the compounds acetaldehyde, pyruvic acid,
acetyl-CoA and succinate that may enter the Krebs cycle
(Veenagayathri and Vasudevan 2011). Acinetobacter sp.
strain AQSNOL 1 is the first isolate from the genus
Acinetobacter to metabolize phenol via the meta-pathway.
Previous studies have shown that most of the Acinetobacter
metabolized phenol via ortho-pathway such as Acineto-
bacter calcoacetius (Paller et al. 1995), Acinetobacter
radioresistens (Briganti et al. 1997), Acinetobacter sp.
strain W-17, RD12, DF4, and PD4 (El-Haleem et al. 2003;
Wang et al. 2007; Zaki 2006; Dong et al. 2008). In some
cases, both pathways can be used to degrade phenol; for
example, Bacillus stearothermophilus 1C3 (Adams and
Ribbons 1998) and Alcaligenes eutrophus JMP 134 (Muller
and Babel 1996), which can degrade phenol in both meta-
and the ortho-pathways. In terms of biodegradation effi-
ciency, phenol degradation by the meta-pathway is higher
in efficiency than through the ortho-pathway (Yang and
Lee 2007). The meta-pathway is strongly induced and
favors high phenol concentrations that will give an
advantage for the bacterial survival (Jiang et al. 2006).
Anabolic and catabolic regulations via the meta-pathway
produce energy for synthesis of proteins and enzyme. At
higher phenol concentrations, the microbial population
towards the metabolic pathway, which can cope with
energy demand related to non-growth related activities, are
needed to counter the inhibition of cellular activity. Some
of this non-growth related energy is also used to maintain
cell membrane integrity and active transport of substrates
into the cell. This energy requirement is expected to be
relatively high due to the higher phenol concentration
(Jiang et al. 2004, 2006). In this study, it is shown that
Acinetobacter sp. strain AQSNOL 1 metabolized phenol
using the meta-pathway.

3.2 Phenol hydroxylase purification

The phenol hydroxylase was found to be present in the
soluble fraction of the crude cells extract of Acinetobacter
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sp. strain AQSNOL 1. The elution profiles of the DEAE-
Sepharose®, DEAE-Sephadex®, Q-Sepharose® and Zor-
bax® Bioseries GF-250 gel filtration columns are shown in
Figs. 2, 3, 4, and 5, respectively. Elution using a linear
gradient produced a sharp peak with high phenol

hydroxylase activity at the NaCl concentrations from 0.36
to 0.51 M, 0.51 to 0.6 M, and 0.50 to 0.53 M for DEAE-
Sepharose®, DEAE-Sephadex® and  Q-Sepharose®
(Figs. 2, 3 and 4), respectively. A single activity peak with

the retention time of 10 min was obtained on the Zorbax
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Fig. 4 Elution profile of phenol 9 170 - 1.00
hydroxylase activity (dotted
line), protein (dashed line) and
gradient of 1 M NaCl (solid
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Table 1 Phenol hydroxylase purification table

Total activity (U)

Specific activity (U/mg protein) Purification fold

0.00613 1
0.01502 2.4505
0.02388 3.8958
0.03908 6.3761
1.29032 210.5129

Step Volume (mL) Protein (mg)
Crude 10 132,125 809.850
DEAE-Sepharose® 5 5440.625 81.720
DEAE-Sephadex® 15 1468.125 35.057
Q-Sepharose® 1 650 25.403
Gel filtration 0.05 1.875 2419
M S 4 3 2 1

209.998 _

117,068 ———

97834 ————

55.145

37.491

29.005

S .

Fig. 6 SDS polyacrylamide gel analysis of purified phenol hydrox-
ylase. Lane M molecular mass marker in dalton (Prestained SDS-
PAGE Standards Broad Range); lane [ crude extract of phenol
hydroxylase after ultracentrifugation; 2 purified phenol hydroxylase
after anion exchange chromatography (DEAE-Sepharose®); 3 purified
phenol hydroxylase after anion exchange chromatography (DEAE-
Sephadex®); 4 purified phenol hydroxylase after gel filtration. 5
purified phenol hydroxylase after anion exchange chromatography
Q-Sepharose®
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0.8

0.6 +

0.4
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(units/ mg enzyme)

0.2
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Phenol (um)

Fig. 7 Michaelis—Menten plot with phenol as a substrate
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environmental conditions, which resulted in low enzyme
yields after each chromatographic step. The purification
fold increased when gel filtration step was employed. The
purification fold increased as the purification progressed,
with the highest purification occurring after the gel filtra-
tion chromatography. Only one band was visualized on the
gel filtration fraction at 50 kDa using the SDS-PAGE
(Fig. 6). This suggests that the enzyme was purified to
homogeneity, and indicates that the enzyme is a monomer.
In a previous report, phenol hydroxylase from Acineto-
bacter radioresistens S13 that is purified using anion
exchange De52-cellulose (2.6 x 20 cm), Q-Sepharose FF
(Pharmacia) (1.3 x 26 cm) and Phenyl-Sepharose 6FF
(Pharmacia) (1.3 x 13 cm) column is shown to be a dimer
of 206 kDa in size.

3.3 Phenol hydroxylase kinetic studies

In this study, the K, and V., values of the extracted
phenol hydroxylase with phenol substrate have been
determined using a Michaelis—Menten plot (Fig. 7). The
correlation coefficient of 0.956 for the Michaelis—Menten
plot suggested a good fit for the model. The Michaelis—
Menten plot shows the K, and V., to be 13.4 uM and
2.5 pmol min~' mg™', respectively. A previous study
showed that the K, of phenol hydroxylase from Pseu-
domonas fluorescens B PC18 and Pseudomonas mendcina
PCl1 is 140 and 17 pM, respectively (Viggor et al. 2008).
Thus, our results show that phenol hydroxylase from
Acinetobacter sp. strain AQ5SNOL 1 has a slightly higher
catalytic efficiency than P. fluorescens B PC18 and P.
mendcina PC1.

The extracted phenol hydroxylase exhibited optimum
activity between the temperature range of 15-25 °C with
the maximum activity occurring at 20 °C (Fig. 8). Phenol
hydroxylase from the local Acinetobacter sp. strain
AQS5NOL 1 is a mesophilic enzyme because it has the
capacity to function at moderate temperatures. In Malaysia,
the annual average temperature is between 25 and 28 °C in
the lowlands, while the mean minimum temperature sel-
dom falls below 22 °C. From the result obtained, phenol
hydroxylase from the local Acinetobacter sp. strain
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Fig. 8 Effect of temperature on phenol hydroxylase activity
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Fig. 9 Effects of different pH and buffers (solid circles) citrate,
(solid squares) phosphate and (solid triangles) Tris—HC] on phenol
hydroxylase activity

AQSNOL 1 is suitable for bioremediation in Malaysia.
Previous study showed that the optimum temperatures for
phenol hydroxylase (crude extracts) from Rhodococcus sp.
P1, Pseudomonas sp. CF600, Acinetobacter radioresistens
S13 are 20, 22 and 24 °C, respectively (Straube 1987,
Kagle and Hay 2006; Divari et al. 2003).

The effect of pH on phenol hydroxylase activity shows a
typical bell-shaped profile (Fig. 9). Phenol hydroxylase
from Acinetobacter sp. strain AQSNOL 1 had an optimum
pH of from 6.5 to 7.5 using phosphate buffer and from pH

—_
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Residual Activity (%)

N
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Fig. 10 Effect of prolonged pre-incubation temperatures on phenol
hydroxylase. The enzyme was pre-incubated at the required temper-
atures (solid squares) 23 °C, (solid triangles) 4 °C, (solid circles)
0 °C and (solid diamonds) —20 °C

7-7.5 using Tris—HCI buffer (p < 0.05). Scopes (1998)
reported that pH 7.5 for enzyme activity is common for
most enzymes since this is the physiological pH. Report
from previous studies shows that phenol hydroxylases from
Pseudomonas sp. CF600 and Acinetobacter radioresistens
S13 show optimum pH of 7.4 and 7.5, respectively (Kagle
and Hay 2006; Divari et al. 2003).

3.4 Temperature stability

Figure 10 shows that phenol hydroxylase from Acineto-
bacter sp. strain AQ5SNOL 1 was stable at —20 °C for
36 days (p < 0.05). At 4 and 23 °C, phenol hydroxylase
activity was reduced by 90 and 100 %, respectively, in just
1 day. The instability of enzymes at room temperature
(23 °C) is caused by several factors including tertiary and
quaternary protein denaturation through thermal vibrations
leading to loss of cofactors, accelerated activity of bacterial
and contaminating protease (from handling) at higher
temperatures, and accelerated oxidation of sulfhydryl
groups at higher temperatures (Scopes 1998). These
denaturing reactions have standard free energies of acti-
vation such that, above a critical temperature, there is a
rapid rate of loss of activity (Scopes 1998).

4 Conclusions

Acinetobacter sp. strain AQ5NOL 1 degrades phenol at
high concentration and the elucidation of its phenol
degradation pathway and purification of the phenol-de-
grading enzyme will help in further studies for under-
standing its degradation mechanism and future
optimization of phenol degradation. This study is the first
to report phenol degradation via the meta-pathway by a
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member of the genus Acinetobacter. The purification of
phenol hydroxylase from this bacterium indicates its
unique monomeric property of the enzyme. Characteriza-
tion and stability studies have shed some light on the
enzyme properties. Our current study includes the cloning
of the phenol-degrading gene and sequencing of the
enzyme.
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