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Abstract

Objective To investigate the conversion of carbazole
into 2’-aminobiphenyl-2,3-diol using carbazole dioxy-
genase (CARDO) that is a multicomponent enzyme
consisting of homotrimeric terminal oxygenases
(CarAa), a ferredoxin (CarAc) and a ferredoxin
reductase (CarAd) unit, encoded by the carAa, carAc
and carAd genes, respectively.

Results The enzyme subunits containing a GST tag
were expressed independently in E. coli. The
expressed proteins were purified by one-step immo-
bilized affinity chromatography and three purified
proteins could reconstitute the CARDO activity
in vitro and showed activity against carbazole as well
as against wide range of polyaromatic compounds.
Conclusion This method provides an efficient way to
obtain an active carbazole dioxygenase with high
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yield, high purity and with activity against a wide
range of polyaromatic compounds.
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Introduction

Combustion of fuel rich in sulfur, nitrogen and
polycyclic compounds leads to environmental problems
like acid rain, particulate matter formation, greenhouse
effect and destruction of ozone layer (Gaffney and
Marley 2009). Catalysts are used to remove these
compounds from refinery feedstocks. However, pol-
yaromatic compounds, such as carbazole (CAR), fluo-
rene, pyrene, phenanthrene etc., are highly recalcitrant
to chemical attack (Shong 1999). The combustion of
these compounds not only leads to environmental
pollution but also affects the efficiency of the fuel
(Song and Ma 2003). Biorefining is an alternative
technology for the removal of these contaminants. The
mechanism of aerobic degradation of polyaromatic
compounds involves the incorporation of O, into one of
the aromatic rings by the respective enzymes, leading to
the formation of a dihydrodiol. The latter undergoes a
number of further degradative steps and can be metab-
olized by number of enzymes. The specificity of the
enzyme for a particular substrate is the major bottleneck
in the commercialization of biorefining.

@ Springer


http://dx.doi.org/10.1007/s10529-015-1876-3
http://crossmark.crossref.org/dialog/?doi=10.1007/s10529-015-1876-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10529-015-1876-3&amp;domain=pdf

1946

Biotechnol Lett (2015) 37:1945-1952

Carbazole dioxygenase (CARDO) has a unique
ability to catalyze diverse oxygenation reactions with
a broad substrate range (Nojiri et al. 2005). Apart from
carbazole, CARDO also can catalyze the dioxygena-
tion of compounds like dibenzofuran (DBF), fluorene,
naphthalene, and biphenyl. It also catalyzes the
monooxygenation of methylene carbon atoms and
the sulfoxidation of sulfides (Nojiri 2012). The ability
of CARDO to catalyze the oxygenation of diverse
aromatic ring compounds, in addition to carbazole,
makes it a suitable candidate for biorefining of fuel. A
variety of bacteria, such as Arthrobacter, Burkholde-
ria, Janthinobacterium, Klebsiella etc., can degrade
carbazole (Leon and Kumar 2005). Degradation of
carbazole is a three step process. The first step is
catalyzed by carbazole-1,9a-dioxygenase (CARDO;
encoded by carAaAcAd genes) and results in the
formation of 2’-aminobiphenyl-2,3-diol. This product
is further cleaved by meta-cleavage and a hydrolase to
give anthranilic acid. CARDO is a multicomponent
enzyme consisting of homotrimeric terminal oxyge-
nases (44-kDa), a ferredoxin (13-kDa) and a ferre-
doxin reductase (37-kDa) unit, encoded by the carAa,
carAc and carAd genes respectively (Kilbane 2006).

Considering the potential of CARDO, it is imper-
ative to validate these findings using purified protein
before designing a suitable biocatalyst for biorefining.
This is the first report of the expression and purifica-
tion of CARDO components (CarAa, CarAc and
CarAd) in Escherichia coli using pGEX-4T3 vector.
The purified protein was further used to validate the
substrate range of CARDO.

Material and methods
Bacterial strains, plasmids and reagents

Pseudomonas sp. GBS.5 (16S rRNA sequence Gene
Bank accession number JX193073) was isolated in our
laboratory (Singh et al. 2013a, b). Cloning vector,
ZeroBlunt, was purchased from Invitrogen. Expres-
sion vector pGEX-4T3 was from GE life Sciences.
E. coli DH5a and E. coli BL21 (DE3) were stored in
the laboratory.

CAR (96 % purity) was purchased from Acros
Organics (New Jersey, USA). Other polyaromatic
hydrocarbons (>98 % purity) [naphthalene, phenan-
threne, biphenyl, DBF, dibenzothiophene (DBT),
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fluorene, fluoranthene and pyrene] were obtained
from Sigma Aldrich. Organic solvents and other
chemicals were of analytical grade from Qualigen
(Mumbai, India) and Merck.

Construction of expression plasmid

The CarAa, CarAc and CarAd genes were amplified
by PCR from Pseudomonas sp. strain GBS.5. They
were cloned and expressed in E.coli BL-21 (DE3)
using the pGEX4T-3 plasmid. The forward primers
were designed to contain the BamHI1 site and the
reverse primers contained EcoR1 site (Supplementary
Table 1). PCR consisted of initial denaturation of
94 °C for 10 min, then 30 cycles of 0.5 min denatu-
ration (94 °C), 30 s annealing at 62 °C. The extension
was for 1.5 min, 30 s and 1.5 min (72 °C) for carAa,
carAc and carAd, respectively, followed by a final
extension for 10 min (72 °C). The reaction mixture
was then stored at 4 °C until further use. CarAaAcAd
were cloned together in E. coli (BL21) using pGEX-
4T3 vector as mentioned in Singh et al. (2013a).

Expression and purification of subunits
of carbazole dioxygenase

Escherichia coli cells harboring expression vector
cloned with carAa, CarAc and carAd gene were
cultivated in LB containing ampicillin (100 pg/ml).
CarAa, CarAc and CarAd were expressed in soluble
form at 25 °C, 0.2 mM IPTG (4 h), 37 °C, 0.5 mM
IPTG (4 h) and 16 °C, 0.5 mM IPTG (12 h) respec-
tively. Cells with an empty vector were used as
negative control. The pellets from the sample were
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Fig. 1 Expression of carAa, carAc and carAd protein. Lane M:
protein size marker ladder with bands of 97, 66, 43, 29 and
20 kDa (from top to bottom); lane Unl, Inl, Soll: uninduced,
insoluble and soluble sample of carAa protein; lane Un2, In2,
Sol2: uninduced, insoluble and soluble sample of carAc protein:
lane Un3, In3, Sol3: uninduced, insoluble and soluble sample of
carAd protein
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Fig. 2 Purification of
different subunits of
carbazole dioxygenase

a CarAa, b CarAc and

¢ CarAd. Lane M: protein
marker with bands 43, 66 and
99 kDa band lane L1: flow-
through, lane W1, W2: wash
fractions of the carAa, carAc
and carAd protein
respectively, lane E1, E2:
elutes of the carAa, carAc
and carAd protein
respectively
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resuspended in the appropriate buffer and disrupted by
sonication.

Carbazole degradation test

The functionality of CARDO (CarAa, CarAc and
CarAd) was determined by the degradation of pol-
yaromatic compound at 500 mg/l using purified
protein. The standard reaction mix (500 pl) contained
100 mM potassium phosphate buffer (pH 7.0),
0.25 mg polyaromatic compound, 3 mM NADH,
10 mM FMN and each enzyme at 60 pg/ml. The
reaction was performed with reciprocal shaking at
30 °C and stopped after 6 h by addition of 0.05 ml
1 M HCI. The samples were collected before and after
the reaction and analysed.

The amount of aromatic compound present was
determined using GC fitted with 30 m TR-5 (fused
5 % phenyl methylpolysiloxane) capillary column. N,
was used as carrier gas at 1.5 ml/min. Injector and
detector were at 270 and 280 °C, respectively. The
column was initially at 200 °C and increased to
280 °C at 4 °C/min.

Results and discussion

CARDO is a multicomponent protein consisting of
terminal catalytic oxygenase (CarAa), ferredoxin

-
M P L W1 W2 ElE2
(c)

(CarAc), and ferredoxin reductase (CarAd) unit. It is
aunique oxygenase with the capability of oxygenation
of wide range of polyaromatic compounds in addition
to carbazole (Nojiri 2012). There are no reports,
however, regarding the degradation of diverse com-
pounds using a purified protein. Nam et al. (2002) and
Larentis et al. (2011) reported the overexpression of
CARDOin E. coli from Pseudomonas cells. Nam et al.
(2002) expressed the components in pET vector with a
C-terminal His-tag and concluded that all three
purified protein could reconstitute the CARDO activ-
ity in vitro. Furthermore, they also showed that in
addition to the catalytic unit (CarAa), ferrodoxin
encoded by CarAc is indispensable for catalytic
activity. However, ferrodoxin reductase encoded by
CarAd could be replaced by some unrelated reductase.
Larentis et al. (2011) expressed CARDO using
pDEST vector in E. coli but the major objective of
this study was to study the influence of induction
condition and validation of statistical model on the
expression of CARDO. Nam et al. (2002) reported
the amount of purified CarAa protein as 1.7 mg from
2 1 LB medium whereas in our case we were obtained
3 mg purified CarAa protein from 500 ml LB
medium. Thus GST purification helps in providing
better yield as compared to His-tag purification.
Moreover, both the groups reported the functionality
of the enzyme using only the degradation of
carbazole.
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Fig. 3 GC spectra of various aromatic compounds before and after incubation for 6 h with purified enzymes. a Carbazole,
b dibenzothiophene, ¢ anthracene, d fluoranthene, e fluorene, f phenanthrene, g pyrene
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Fig. 3 continued

The ability of microorganisms harboring the
CARDO gene to utilize wide range of compounds
makes it a suitable candidate for biorefining industry.
The major objective of the present study was to assess
the substrate range of CARDO using purified enzyme
and thus evaluate the potential of this enzyme for
biorefining of fuel. CarAa, CarAc and CarAd genes
were amplified from Pseudomonas GBS.5 using
primers mentioned in Supplementary Table 1. They
were expressed independently in E. coli (BL-21) using
pGEX-4T3 vector with a N-terminal GST tag. The

induction conditions were optimized and the proteins
were expressed in soluble form with 0.5 mM IPTG at
37 °C (4 h), for CarAa and CarAc and at 16 °C (12 h)
for CarAd (Fig. 1). Proteins were purified using
glutathione beads and single bands were obtained
(Fig. 2) for all the three proteins. There are two
important prerequisite for a potential biorefining
catalyst. Firstly, it should have the ability to utilize
aromatic compounds and secondly it should not affect
aliphatic compounds. Thus, the purified protein was
used to check the substrate range of dioxygenase

@ Springer



1950

Biotechnol Lett (2015) 37:1945-1952

. 951 t | 19.52
132.0 132.0¢
98.5 98.5
64.9 64.9
324 324
21 - AL p— | 7]._--;,*: - - - - - - =
0.0 3.37 6.74 (min) 10.12 13.40 " 00 3.37 6.74 (min) 10.12  13.40
B (a) Pentadecane 6h
L]
1 12.23 112.23
206.8 1 206.8 1
153.79 153.7+
100.5 4 100.5 |
6.26 16.24
47.44 L 474}
S — 53¢ - - be - - 4 . -
0.0 3.93 7.87 (min) 11.90 15.74 0.0 3.93 7.87 (min) 11.90 15.74
Oh
(b) Hexadecane o
.
40.89 | 8.29 H 8.1
159.5 1
31.69+ .
22.56 4 78.5 1
133914 7 380! 7.4
423 b g e mn— A ——— s e ———————
0.0 2.78 5.56 (min) 8.35 11.13 0.0 278 5.56 (min) 8.35 11.13
Oh 6h

(c) Heptadecane

Fig. 4 GC spectra of various aliphatic compounds before and after incubation for 6 h with purified enzymes. a Pentadecane,
b hexadecane, ¢ heptadecane, d octadecane, e nonadecane, f docosane

enzyme. Substrates were chosen that represent the
major aromatic compounds present in diesel: car-
bazole, DBT, anthracene, phenanthrene, fluorene,
fluoranthene and pyrene. The purified protein showed
a wide range of PAHs degradation, similar to the
parental strain GBS.5. GC spectra (Fig. 3) depicts the
decrease in the concentration of carbazole, DBT,
anthracene and fluroanthene along with the formation
of metabolites whereas no metabolite was detected
during the degradation of fluorene, pyrene or phenan-
threne. Nojiri (2012) has reported that CARDO
catalyzes the degradation of carbazole and DBT
resulting in the formation of 2-aminobiphenyl and
DBT sulfone, respectively. Thus the additional peaks
obtained by GC at RT 3.8 min and RT 4.3 min must

@ Springer

correspond to these compounds. Metabolites formed
during catalysis of other polyaromatic compounds
have not been reported so far. However, a decrease in
concentration and the additional peak confirm that
CARDO has the capability of utilizing all these
polyaromatic compounds. Oxygenases play a key role
in degradation of polyaromatic compounds as it
catalyzes the first step resulting in the oxygenation
of polycyclic compounds and make the compounds
susceptible to further degradation via wide range of
biological and chemical catalyst.

The second prerequisite for a biorefining catalyst is
that it should not affect the calorific value of fuel oil.
Aliphatic hydrocarbons are the major contributors to
fuel value since they account for approximately
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Fig. 4 continued

66-69 % of the total carbon content of the diesel. Since
CARDO has monooxygenation ability, it is crucial to
check its effect on aliphatic hydrocarbons present in
fuel oil (Ramirez-Corridores and Borole 2007). Fig-
ure 4 shows the GC spectra of various aliphatic
compounds: pentadecane, hexadecane, heptadecane,
octadecane, nonadecane and docosane. Neither
decrease in alkane concentrations nor any extra peak
corresponding to metabolite was observed. This con-
firmed that CARDO does not degrade alkanes.

The recombinant biocatalyst showed a wide range
of PAHs degradation while did not degrade alkanes
which are the prerequisites for a biocatalyst for
petroleum refining. Thus, a biocatalyst harboring the

carAaAcAd gene cluster of Pseudomonas sp. strain
GBS.5 would be a suitable candidate for biorefining.

Conclusion

Biorefining holds a possible solution to the challenges
associated with the present chemical refining indus-
tries. The ability of the protein encoded by CARDO
gene of GBS.5 to utilize wide range of aromatic
compounds and not aliphatic compounds contributes
to the identification of suitable candidate for dearom-
atization. This study also reports for the first time a
one-step process for the purification of CARDO.
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