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Abstract

Biodesulfurization helps in removal of sulfur from organosulfur present in petroleum fractions. All microorganisms
isolated to date harbor a desulfurization operon consisting of three genes dszA, -8 and -C which encode for monooxy-
genases (DszA & C) and desulfinase (DszB). Most of the studies have been carried out using dibenzothiophene as the
model organosulfur compound, which is converted into 2 hydroxybiphenyl by a 4S pathway which maintains the cal-
orific value of fuel. There are few studies reported on the regulation of this operon. However, there are no reports on
the proteins which can enhance the activity of the operon. In the present study, we used in vitro and in vivo methods
to identify a novel TetR family transcriptional regulator from Gordonia sp. IITR100 which functions as an activator of the
dsz operon. Activation by TetR family regulator resulted in enhanced levels of desulfurization enzymes in Gordonia sp.
IITR100. Activation was observed only when the 385 bp full length promoter was used. Upstream sequences between
— 385 and — 315 were found to be responsible for activation. We provide evidence that the TetR family transcription
regulator serves as an activator in other biodesulfurizing microorganisms such as Rhodococcus erythropolis IGTS8 and

heterologous host Escherichia coli. This is the first report on the isolation of a possible transcriptional regulator that
activates the desulfurization operon resulting in improved biodesulfurization.
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Introduction

Biodesulfurization is a process for removal of sulfur from
organosulfur compounds present in petroleum frac-
tions. Several biodesulfurizing microorganisms have
been isolated to date from different parts of the world.
All have been shown to contain desulfurization genes in
the form of an operon in the order dszA, -B and -C. The
genes dszA and dszC code for monooxygenases and dszB
encodes a desulfinase. Thus, Dibenzothiophene (DBT)
is converted into dibenzothiophene sulfone (DBT sul-
fone) by the enzyme DszC. DBT sulfone is converted into
2-hydroxybiphenyl sulfinic acid by the enzyme DszA,
which in turn is converted into 2 hydroxybiphenyl and
sulfite by DszB. There is an unlinked dszD gene present
which encodes for a FMN oxidoreductase. DszD enzyme

*Correspondence: preeti@dbeb.iitd.ac.in; preetisrivastava@hotmail.com
Department of Biochemical Engineering & Biotechnology, Indian Institute
of Technology Delhi, New Delhi, India

@ Springer Open

and indicate if changes were made.

supplies FMNH, to the flavin dependent biodesulfuriza-
tion enzymes, DszA and DszC (Mohebali and Ball 2016).
The dsz genes present in different microorganisms show
60-90% similarity (Denis-Larose et al. 1997; Oldfield
et al. 1998). The genes are present in an operon under the
control of a promoter. The dsz promoter is repressed in
the presence of inorganic sulfur such as sodium sulfate
and is active in presence of organosulfurs such as DBT
(Li et al. 1996). According to another study by Li et al.
(2008), the levels of transcription and translation of the
operon genes decreased according to their position in the
operon. The overlap of the genes dszA with dszB further
contribute to a decrease in the expression of DszB. Li and
coworkers rearranged the position of the operon genes to
get an increased level of the DszB which resulted in an
increase in biodesulfurization activity. While a significant
number of desulfurizing microorganisms have been iso-
lated, detailed regulatory mechanism of the dsz operon is
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unknown. Li et al. (1996) demonstrated a gel shift when
dsz promoter was incubated with crude extract of a bio-
desulfurizing bacterium R. erythropolis. Deletion analy-
sis of the dsz promoter of R. erythropolis showed that
multiple transcription factors, activators and repressors,
likely interact with the upstream region of the dsz operon
but the identity of the proteins and the conditions under
which they bind were not determined in the study (Li
et al. 1996).

In the present study, we used an in vitro pull-down
assay to identify the proteins that bind to the dsz pro-
moter from a biodesulfurizing bacterium Gordonia sp.
IITR100. The genes encoding the putative transcrip-
tion factors were cloned and expressed in a heterolo-
gous host, Escherichia coli. Our findings suggest that a
regulatory protein belonging to TetR family (Protein ID:
WP_010840674.1) when supplied in trans (in subopti-
mal concentration) activates the operon and results in
enhanced biodesulfurization activity in E. coli, R. erythro-
polis IGTS8 and Gordonia sp. IITR100.

Materials and methods

Bacterial strains and plasmids

The bacterial strains and plasmids used in the present
study are presented in Table 1.

Media and growth conditions

Gordonia sp. IITR100 (Jaishankar et al. 2017) was cul-
tured in minimal media containing different sulfur
sources. The composition of minimal salt medium per
litre was: Na,HPO, (2.0 g), KH,PO, (1.0 g), ammonium
oxalate (4.25 g), MgCl, (0.4 g) and sucrose (50 mM).
Trace elements composition for 1 L was: KI (0.05 g),
LiCl (0.05 g), MnCl,-4H,0 (0.8 g), H;BO, (0.5 g), ZnCl,
(0.1 g), CoCl,-6H,0 (0.1 g), NiCl,-6H,0 (0.1 g), BaCl,
(0.05 g), (NH,), Mo,0,,2H,0 (0.05 g), SnCl,-2H,0
(0.5 g), Al (OH); (0.1 g). The sulfur source used was
3 mM sodium sulfate or DBT (0.1 mM) (Konishi et al.
1997). Single colony was inoculated in 200 ml medium
and incubated at 30 °C and 180 rpm for about 7 days.

For cloning and expression studies, E. coli was grown in
LB medium at 37 °C. For the Gibbs assay, and luciferase
assay, E. coli was grown in M9 medium containing DBT
as the sulfur source. The composition of M9 medium per
litre was: Na,HPO, (6.0 g), KH,PO, (3.0 g), ammonium
chloride (1 g), NaCl (1 g), MgCl, (1 mM), CaCl, (1 mM)
and glucose (0.4%) (Thakur et al. 2010).

The antibiotics used in the media were kanamycin
(50 pg/ml), ampicillin (100 pg/ml), chloramphenicol
(25 pg/ml), spectinomycin (40 pg/ml) and tetracycline
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(12.5 pg/ml) and were added as per the requirement. All
the chemicals used were of molecular grade.

Preparation of cell extract

Cells from both the cultures (200 ml) (Gordonia cells
grown on minimal media containing sodium sulfate or
DBT as sulfur source) were harvested at 1100xg for
10 min at 4 °C. The supernatant was discarded and the
pellet was resuspended in 4 ml sonication buffer which
consisted of 20 mM Tris—Cl, 150 mM NacCl, 0.1 mM
PMSEF, 1 mM DTT, 0.1 mM EDTA and 10% glycerol,
pH 7.5. Sonication was performed on Q125 sonicator
(Qsonica sonicators, USA) by giving 20 s pulse on and
30 s pulse off for 10 min at an amplitude of 50%. After
sonication, the cellular debris was removed by centrifu-
gation at 12,900x g for 20 min at 4 °C. The supernatant
was collected in a clean microcentrifuge tube and used
for further experiments.

Pull down assay

To isolate the protein(s) binding to the DNA of our
interest, pull down assay was performed. The dsz pro-
moter region was amplified by PCR using primer PS18
and 5’ biotin labeled PS19 primer (Table 2). The bioti-
nylated promoter was attached to streptavidin resins
by incubating both for 10 min in binding buffer (12%
glycerol, 12 mM HEPES, 4 mM Tris—Cl, 60 mM KClI,
1 mM EDTA and 1 mM DTT, pH 7.9). To this complex,
crude protein extract of the bacteria was added and was
incubated for 30 min with continuous rotation in a cold
room. The unbound proteins were removed by washing
with binding buffer and the bound proteins were eluted
with elution buffer (12% glycerol, 20 mM Tris—Cl, 1 M
KCl, 5 mM MgCl,, 1 mM EDTA, 1 mM DTT, 20 pg/ml
BSA, pH 5.8). The pull-down assay was also performed
using streptavidin coated dynabeads. In this assay, the
biotinylated promoter was attached to streptavidin
dynabeads. To this complex, the crude protein extract
was passed and the elution fractions were collected by
placing the microcentrifuge tube containing the reac-
tion mixture in a magnetic rack.

The eluates from the pull down assays were run on
12% SDS-PAGE gel with 5% stacking gel (Laemmli
1970). The gel was stained with coomassie brilliant blue
and the different bands observed in the eluted fractions
were cut and in-gel digested with trypsin following
the protocol described by Bruker Daltonics, Bremen,
Germany adapted from Shevchenko et al. (1996). The
digested peptides were dried in a speed vac and the
samples were analyzed by MS/MS on ABI Sciex 5800
TOEF/TOF system, USA.
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Table 1 Strains and plasmids used in this study
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Strains or plasmid Relevant features Source
E. coli DH5a Cloning strain Invitrogen
BL 21(DE3)pLysS Expression strain Invitrogen

Gordonia sp. IITR100  Completely sequenced, 5.6 Mb

MCC No. 2877 (Singh and Srivastava 2013)

pET26b Expression vector, 5.3 kb, Kan®, pPBR322 ori, T7 promoter Novagen, USA
pET29a Expression vector, 5.3 kb, Kan®, pBR322 ori, T7 promoter Novagen, USA
PACYC184 Promoterless plasmid, 4.2 kb, CmF, Tet® p15A ori
pRSG43 Kan® 5.2 kb, contains pRC4 replicon Gifted by Dr. Shavandi (Yamamoto et al. 2011)
pHYBP109 AmpF, contains luxAB genes Gifted by Dr. Victor De Lorenzo
pTACG Expression vector,9.2 kb, Kan®, tac promoter and dsz operon This study
pNG Kan®, 5.6 kb, dsz promoter cloned between Ndel and Bglll restriction sites. This study
pPM1 Kan® 5.94 kb, TetR family gene cloned between Ndel and Hindlll restriction sites in  This study
pET29a vector
pPM2 Kan®6 kb, DBRR gene cloned between Ndel and Hindlll restriction sites in pET29a  This study
vector
pPM3 Kan® 5.92 kb, LuxR gene cloned between Ndel and Hindlll restriction sites in This study
pET29a vector
pPM4 Kan® 5.59 kb, XRE gene cloned between Ndel and Hindlll restriction sites in Murarka and Srivastava (2018)
pET29a vector
pPM6 Kan® 6.7 kb, Fis gene cloned between Ndel and Hindlll restriction sites in pET29a  This study
vector
pPM7 Cm® 6.68 kb, TetR family gene along with T7 promoter cloned in pACYC184 vec-  This study
tor
pPM8 Kan® 6.08 kb, TetR family gene cloned between Ndel and Hindlll in pTAC vector This study
pPM9 Kan® 8.81 kb, shuttle vector between E. coli and Gordonia/Rhodococcus contain-  This study
ing the gene for the TetR family protein
pTBI1 pET-26b containing3.7 kb dsz operon fragment cloned downstream of 385 bp dsz  This study
promoter, Kan®
pTB2 pTB1 containing pSC101 ori cloned between the sites Sspl and EcoRV, Spec® This study
pTB3 pTB1 containing 385 bp dsz promoter fragment cloned between the sites for Ndel  This study
and Fspl, Kan®
pTB4 pTB1 containing 315 bp dsz promoter fragment cloned between the sites for Ndel  This study
and Fspl, Kan®
pTB5 pTB1 containing 239 bp dsz promoter fragment cloned between the sites for Ndel  This study
and Fspl, Kan®
pTB6 pTB1 containing 151 bp dsz promoter fragment cloned between the sites for Ndel  This study
and Fspl, Kan®
pTB7 pTB1 containing 63 bp dsz promoter fragment This study
cloned between the sites for Ndel and Fsp, Kan®
pPS17 11,309 bp, Spec” Srivastava et al. (2006)

Cloning and expression of proteins identified in pull

down assay in pET29a vector

All recombinant DNA methods were performed fol-
lowing the protocols from Sambrook and Russel
(2001). Plasmid pET29a was used to clone gene encod-
ing for different proteins under the control of T7 pro-
moter. The gene for the protein was PCR amplified
from genomic DNA of Gordonia sp. IITR100 with the
primers containing restriction sites for Ndel and Hin-
dlll. Genomic DNA from Gordonia sp. IITR100 was

prepared following the protocol by Singh et al. (2016).
The amplified PCR product and vector was digested
with the same enzymes and the clone was confirmed
by insert release (plasmids pPM1-pPM6). The recom-
binant plasmid was transformed to different expression
strains to overexpress the protein of interest. The con-
structed plasmid was also transformed along with plas-
mids pTB2 and pHYBP109 in BL 21 (DE3) plysS cells
to develop a three-plasmid system which was used for
luciferase assay.
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Table 2 List of primers used in the study (restriction sites italicized)

Primer Name Resulted fragment

Sequence (5'—3’)

GAA-F DszA

GAA-R DszA

PS-18 Pdsz F

PS-19 Pdsz R

TB1 385 bp Pdsz
TB2 315 bp Pdsz
TB3 239 bp Pdsz
TB4 151 bp Pdsz
TB5 63 bp Pdsz
PS18 EcoRV 385 bp Pdsz
TetR-F 681 bp TetR F
TetR-R 681 bp TetR R
DBRR-F 687 bp DBRR F
DBRR-R 687 bp DBRR R
LuxR-F 684 bp LuxR F
LuxR-R 684 bp LUxR R
Fis-F 1467 bp Fis F
Fis-R 1467 bp Fis R
gPCR-dszB 116 bp dszB F
gPCR-dszB 116 bp dszBR
qPCR-dszC 94 bp dszCF
gPCR-dszC 94 bp dszCR

GGAATTCCATATGGCTCAACGGCAACAACTGCATCTGGCG GTTTC
CCGCTCGAGGTGTGTCGAGGTGTGTCGAGGATGCCGGTA TCAAGTTCTGAACCGG
GAGCAGATCTGGCCATGATCGACCGCCTCGTCCATCACGC
CAGTCATATGCGCGTATGTGTCCTCTAACCGTAAATAGCG
GATCGATCTCGCGGCCATGATCGACCGCCTCG
GATCGAGTCTACCGAGACCTGGGCCGCGTCC
GATCGAGTCTGTCAACTTTCAACCGCCGAAAAGGGGTGAGATTTCAGCC
GATCGAGTCTCCACCGTTAATCTGACAGTCCCGCCCGAACTGCTG
GATCGAGTCTGGGGTGACACTTCTTGGCGACACGAAGCACTCC
GAGCGATATCGGCCATGATCGACCGCCTCGTCCATCACGC
CTAGCATATGTTGTCACCACGAGGCCAGAC
CTAGAAGCTTGCGCGGCAGGATGCCGTCGAG
CTAGCATATGATGAGCACGGACAAGACACGCGTCC
CTAGAAGCTTTCACGGCGCCCCGCGAACGAACCGG
CTAGCATATGGTGCCGATCACCGTAGTCATCGCAG
CTAGAAGCTTTCACTTGATGCCGTTCTCGTAGGCG
CTAGCATATGATGGCACGACCCCGGAAGCCTGAAGACCCA
CTAGAAGCTTATCCAGACGCGTGGCGATGTATCGGGAGTA
GCGTCTACTCGGCATCAC

CCGAAGCCGACACTCCTATT

GCCTTCATTGTCGCCTTCAT

GCGCGATCCCTAAATAGACG

Cloning of the TetR family protein into pTAC (pP0S29)

and pACYC184 vector

The gene for the TetR family of transcriptional regula-
tor was also cloned under tac promoter between the
restriction sites Ndel and HindlIll in plasmid pTACG
(pPOS29). The constructed plasmid was named pPMS8.
Clone was confirmed by insert release and overexpres-
sion was checked in BL21 (DE3) pLysS after induction
with 1 mM IPTG. The plasmid was used to make a
shuttle vector for the expression of gene encoding for
the TetR family protein.

The TetR family protein was also cloned in pACYC184
vector along with T7 promoter from pET29a. For this
purpose, pACYC184 plasmid was digested with restric-
tion enzymes Nrul and EcoRV. The large 3458 bp frag-
ment was gel eluted. Plasmid pPM1 was digested with
enzymes Fspl and Sspl. Fragment of size 3164 bp was
gel eluted. Both the eluted fragments were ligated,
transformed in DH5a cells and colonies screened by
colony PCR. Recombinant plasmid of 6.68 kb was con-
firmed by release of insert. The plasmid constructed
was named pPM7. The constructed plasmid was used
along with plasmids pTB2 and pHYBP109 to transform
BL 21 (DE3) plysS cells. The transformants obtained
were used for luciferase assay.

Construction of shuttle vector

A shuttle vector for expression of the TetR family gene
in E. coli and Gram-positive bacteria (Gordonia and
Rhodococcus) was constructed. For this, the pRC4 repli-
con was obtained by digesting pRSG43 plasmid (Yama-
moto et al. 2011) with restriction enzymes PstI and
Fspl. The large fragment of size ~5 kb was gel eluted.
The gene encoding for the TetR family protein along
with tac promoter was obtained by digesting plasmid
pPM8 with restriction enzymes EcoRV and Fspl. The
large fragment of size ~4462 bp was gel eluted. The
eluted fragments were ligated to generate a construct
of size ~9 kb (pPM9) which can replicate in both E.
coli and members of Actinobacteria (Gordonia and
R. erythropolis IGTS8). The plasmid was used for the
expression of the TetR family protein in Gordonia and
R. erythropolis IGTSS.

Electrocompetent cells of Gordonia sp. IITR100 were
prepared by following the protocol by Singh and Sriv-
astava (2013). To prepare the competent cells of R.
erythropolis IGTSS, single colony of the bacterium was
inoculated in 100 ml LB medium and allowed to grow at
30 °C until its ODg, reached 0.5. Cells were harvested by
centrifugation at 1100xg for 10 min followed by washing
with ice cold 10% glycerol twice. Finally, the cells were
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resuspended in 1 ml 10% glycerol and the aliquots of
100 pl were stored in — 80 °C until further use.

Construction of plasmids pTB1 and pTB2

Plasmid pNG contains the native dsz promoter cloned
between recognition sites for Ndel and Bg/Il in pET-
26b. This plasmid was digested with Ndel and HindIIlL.
The fragment of about 5.5 kb was gel purified. Plasmid
pTACG contains dsz operon cloned between recogni-
tion sites for Ndel and HindlIl downstream to the tac
promoter. Plasmid pTACG was digested with Ndel and
HindlIll and the fragment of ~ 3.7 kb was gel eluted. The
purified vector and insert were ligated and transformed
into E. coli DH5a competent cells. Colony PCR was per-
formed using primers GAA-F and GAA-R (gene specific
primers of dszA gene). Clones were further confirmed by
performing colony PCR using PS-18 and PS-19 primers
(gene specific primers of native dsz promoter). Positive
clones were further confirmed by restriction mapping.
The plasmid constructed was named pTB1.

The pBR322 ori in pTB1 was replaced with pSC101 ori
to get the plasmid pTB2. For this purpose, plasmid pTB1
containing the pBR322 ori was isolated and digested with
Sspl and EcoRV. The fragment of approx. 6.4 kb was gel
purified. Plasmid pPS17 containing the pSC101 ori was
isolated and digested with Sspl. The fragment of about
5.09 kb was gel eluted. The gel purified vector and insert
were ligated and transformed into E. coli DH5a com-
petent cells. Clone was confirmed by colony PCR and
restriction digestion. The constructed plasmid was used
as a source of the dsz operon for desulfurization studies
in E. coli.

Construction of deletion mutants

For making the 5’ deletions in the full-length promoter,
PCR was performed using pIT'B1 as template and forward
primer (TB1-TB5) and PS-19 as the reverse primer. The
amplicons obtained were of sizes 385 bp, 315 bp, 239 bp,
151 bp and 63 bp. The resection of the promoter (done by
PCR) was in the distal to proximal direction. The ampli-
cons were digested with Ndel and purified using PCR
purification kit (Qiagen, Germany).

Plasmid pTB1 was digested with Ndel and Fspl and
a fragment of ~7061 bp was gel eluted. Each of the
digested PCR products was cloned into digested plasmid
pTB1, generating constructs pTB3—-pTB8.

Gibbs assay

The desulfurization activity was monitored using the
Gibbs assay. In Gibbs assay, the amount of 2HBP pro-
duced is determined which is the end product of the des-
ulfurization by 4S pathway. E. coli cells harboring pTB2
plasmid and pPM1 plasmid were grown in M9 medium
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containing DBT as the sulfur source until ODgy, ~0.5.
The culture was induced with IPTG and samples were
collected at different time intervals. The pH of 1 ml of
culture was adjusted to 8 with 10% (w/v) sodium carbon-
ate and 10 pl of Gibbs reagent (1% 2,6 Dichloroquinone-
4-chloroimide in ethanol) was added. The mixture was
incubated at 30 °C for 30 min in dark. The cell suspension
was centrifuged at 8960xg for 2 min to remove the cells
and the absorbance of the supernatant was determined
at ODy,. Similarly, a culture with uninduced TetR fam-
ily protein was prepared. As a control experiment E. coli
cells harboring pTB2 plasmid was used (Konishi et al.
1997).

Luciferase assay
Luciferase assay was performed using luciferase assay kit
from Agilent Tech, USA. Briefly, E. coli cells harboring
plasmids pHYBP109, pTB2 and pPM7 were grown in M9
medium containing DBT as the sulfur source until OD,
~ 1. In another set of experiment, the cells containing the
above three plasmids were grown in the same medium
and induced with 0.2 mM IPTG when the ODg,, ~0.5.
The cells were harvested by centrifugation at 8960x g for
2 min and were then resuspended in resuspension buffer
(50 mM glucose, 25 mM Tris HCI (pH 8) and 10 mM
EDTA (pH 8). To this 3 ul lysozyme (from 45 mg/ml
stock) and 1 pl RNase (from 10 mg/ml stock) was added
and incubated at 37 °C for 1 h. PMSF (final concentration
1 mM) was added to the above culture and incubated in
ice for 30 min. The cell lysate was centrifuged at 8960 xg
for 10 min and the supernatant was collected in a fresh
tube. Supernatant (70 pl) was mixed with 30 pl of lucif-
erase substrate assay buffer mix and immediately put in
luminometer. The light produced from the reaction ~2 s
after adding the supernatant was measured for 10 s and
the final value in RLU/s was recorded. The delay time for
all the samples was kept same.

Similar protocol was followed for luciferase assay with
other cloned proteins.

RT-PCR

To determine the effect of TetR family protein on the dsz
operon at transcript level, RT-PCR was performed. E. coli
cells harboring plasmids pTB2 and pPM1 were grown in
M9 medium containing DBT as the sulfur source until
ODygy, ~0.5. The culture was induced with IPTG (final
concentration 0.2 mM) and was allowed to grow until
its ODgy, ~ 1. Total RNA was isolated from these cells
using Gsure bacterial RNA isolation kit (GCC Biotech,
India) according to manufacturer’s protocol. About 1 pg
of the isolated RNA was converted to cDNA using cDNA
synthesis kit (Thermo Fischer scientific, USA). RT-PCR
reaction was set up using the above prepared cDNA as
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a template and primers for intragenic region of dszB and
dszC (Table 2). Fold change in the expression of dsz genes
was calculated by double delta C; method. As a control
experiment E. coli cells harboring pTB2 plasmid was
used.

Similar protocol was followed to isolate RNA from
Gordonia grown in media containing DBT and sodium
sulfate as the sole sulfur source respectively. RT-PCR
reaction was set up using the above prepared cDNA as
a template and primers for intragenic region of the TetR
family protein (Table 2). Fold change in the expression of
the TetR family gene was calculated by double delta C;
method.

Results

Isolation and cloning of Pdsz binding proteins

To isolate the protein(s) that bind to dsz promoter
(385 bp) from Gordonia sp. IITR100, pull down assay
was performed using crude cell extracts. Since the pro-
moter is repressed in the presence of inorganic sulfur
and is turned on in the presence of organosulfur (Fig. 1a),
two different cell extracts of the bacterium Gordonia sp.
IITR100 were used; one was prepared by growing the
cells in an organosulfur compound, (DBT) and the other
in sodium sulfate. About 13 bands were detected in the
elution lane on an SDS PAGE when extract from sodium
sulfate grown cells was used (Fig. 1b). DNA binding pro-
teins usually contain helix turn helix (HTH) motif. Thus,
a number of transcription regulators containing HTH
motif were identified in these bands. They belonged to
WhiA and TetR family of transcription regulators. About
10 bands were detected when extract from DBT grown
cells was used. A DNA binding response regulator and an
uncharacterized transcription regulator were detected in
eluted samples from DBT grown cell extract.

To eliminate non-specific DNA binding proteins, a
control experiment was setup with kanamycin promoter.
The proteins identified are listed in bold in Fig. 1c.

A common list of possible regulatory proteins was pre-
pared which was largely based on the following consider-
ations: (1) DNA binding proteins generally contain a helix
turn helix motif; (2) The proteins were classified based
on the type of transcription factor family and associ-
ated function, thus protein families known for regulating
catabolic genes were selected e.g. TetR family over other
protein families; (3) The proteins which were detected in
both in vitro and in vivo assays (Murarka and Srivastava
2018) were also selected (e.g. TetR family protein was
detected in in vivo assay also); (4) The genes encoding for
regulatory proteins as observed in literature are usually
present near the operon, since the genome sequence of
Gordonia sp. IITR100 was determined recently, a tran-
scription regulator, belonging to the Fis family, which
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were detected approximately 5-6 kb upstream of the
operon was also selected.

Considering all the above factors, five genes encod-
ing for the various DNA binding proteins were selected
for cloning. These proteins belonged to different fami-
lies of transcriptional regulators which are TetR fam-
ily (Protein ID: WP_010840674.1), LuxR (protein ID:
WP_078114038.1, DNA binding response regulator (pro-
tein ID: WP_078111994.1), XRE family protein (protein
ID: WP_078114162.1) and Fis family of protein (protein
ID: WP_078112001.1). The genes were cloned in an E.
coli plasmid pET29a. Maximum protein expression was
found in BL21(DE3) pLysS after 5 h of induction with
1 mM IPTG. A representative gel showing expression of
the TetR family protein is shown in Additional file 1: Fig-
ure S1A. Also, it was observed that considerable amount
of protein was present in soluble fraction after the opti-
mum induction time (Additional file 1: Figure S1B). For
further confirmation, the induced band was cut and the
protein was identified by Peptide mass finger printing
(PMF). PMF for TetR family transcriptional regulator is
shown in Additional file 1: Figure S2.

Biodesulfurization activity in the presence of transcription
regulators

In order to determine the effect of expression of these
proteins on the dsz promoter which directs the expres-
sion of biodesulfurization genes, a heterologous host E.
coli was used and a two-plasmid system was constructed
consisting of pTB2 carrying the native dsz operon and
the other plasmid containing the gene encoding for a
possible transcription factor chosen above. Formation
of 2 hydroxybiphenyl (Additional file 1: Figure S3A) was
detected by Gibbs assay at various time points.

The results revealed that biodesulfurization activi-
ties were enhanced only in case of plasmid pPM1 which
contained a gene encoding for TetR family transcription
regulator containing helix turn helix motif. It is notewor-
thy to mention that the biodesulfurization activities were
higher even in uninduced cells expressing the TetR fam-
ily transcription regulator suggesting that the protein is
required at a very low concentration to activate expres-
sion of the dsz operon (Additional file 1: Figure S3B).

In order to determine the intracellular 2-hydroxybi-
phenyl (2-HBP) which should be directly proportional to
the levels of the desulfurization enzymes, a third plasmid
pHYBP109 was introduced. In the plasmid pHYBP109,
the [uxAB reporter gene coding for bioluminescent
bacterial luciferase, is placed under the control of hbpc
promoter (PhbpC). PhbpC is activated in response to
2-HBP, thus the lux transcript fused to PhbpC is upreg-
ulated in parallel to the concentration of 2-HBP. In the
three-plasmid-containing system, 2-HBP is produced by
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Fig. 1 a Graph showing the effect of inorganic sulfate on desulfurization activity of bacterium. Black bars represent growth and gray bars represent
activity of the bacterium, Gordonia sp. IITR100. b A 12% SDS-PAGE gel showing the different fractions in pull down assay with sodium sulfate extract.
Lane 1: broad range protein marker lane 2: crude extract, lane 3: flow through from column, lane 4-6: elution fractions. c A table showing the

major protein identified corresponding to each band. The proteins marked in bold were common to proteins obtained in pull down assay using
kanamycin promoter (control)
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Fig. 2 Biodesulfurization activity in £. coli BL21(DE3) pLysS when cloned proteins is supplied in trans via plasmid as demonstrated by luciferase
assay. a Schematic diagram of the assay; b Graph showing that there is no increase in activity of the dsz operon, rather they are slightly reduced. The
grey bar indicates the uninduced sample and the black bar indicates the luminometer reading when the cells are induced with 0.2 mM IPTG. The
experiment was performed at ODgy,~ 1 in triplicates

the recombinant E. coli host carrying the plasmid pTB2
containing the dsz operon. Here, the three-plasmid sys-
tem was used to determine increase in luciferase activ-
ity which in turn is due to increase in 2-HBP levels as
a result of the activation of dsz operon by TetR fam-
ily transcription regulator (Fig. 2a) (Jaspers et al. 2000).
Luciferase assay was performed with cloned proteins
such as Fis, DNA binding response regulator and LuxR.
Another transcription regulator belonging to XRE fam-
ily was also used (Murarka and Srivastava 2018). XRE
family transcription regulator was detected by an in vivo

based assay and has been shown to bind to the dsz pro-
moter (Murarka and Srivastava 2018) (Fig. 2b). None of
these proteins resulted in increased biodesulfurization
activity. Therefore, further experiments were performed
with the TetR family protein. As another control, plas-
mid pHYBP109 was used along with plasmid expressing
TetR family protein. These cells were not able to grow in
DBT as sole sulfur source because of the absence of pTB2
which contains the dsz operon.

With only pTB2 and plasmid pHYBP109, the luciferase
activities in recombinant E. coli were about 200 RLU/s.
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Luciferase activity was measured when the TetR family
protein was induced with various IPTG concentrations
(0.2 mM, 0.3 mM, 0.5 mM and 1 mM IPTG). Expres-
sion of the TetR family protein was determined at these
various inducer concentrations (Additional file 1: Fig-
ure S4). The maximum activity was observed when TetR
family protein was induced with 0.2 mM IPTG (Fig. 3a).
At this inducer concentration, the luciferase activities
increased up to 3000 RLU/s (15-fold increase). Further,

the luciferase activities were compared in uninduced cells
and induced with 0.2 mM IPTG and the effect on growth
was monitored (Fig. 3b). These results clearly indicate
that the TetR family protein is involved in transcriptional
activation of the dsz operon. In the presence of the TetR
family protein (induced to IPTG concentration 0.2 mM),
the growth of the cell is not affected (Fig. 3b). Similar to
the results of Gibbs assay, it is noteworthy to mention
that the biodesulfurization activities were higher (up to



Murarka et al. AMB Expr (2019) 9:71

700 RLU/s) even in uninduced cells expressing the TetR
family transcription regulator.

Expression of dsz genes in E. coli in the presence of TetR
family protein

To further validate the effect of TetR family protein on
the dsz operon, changes at transcript level of the dsz
operon genes was studied by RT-PCR. RNA was isolated
from E. coli cells containing pTB2 plasmid and pPM1,
c¢DNA was prepared and C; values were determined by
RT-PCR. On calculation of fold change by double delta
C; method, a sixfold increase in the level of dszB and
dszC genes was found in presence of TetR family protein.
As a validation of RT-PCR data, gyrase gene was used. C
value of gyrase gene was found to be constant both in the
presence and absence of TetR family protein (Fig. 4).

Biodesulfurization activities in recombinant Gordonia

and Rhodococcus erythropolis IGTS8

Gordonia sp. IITR100 harboring the shuttle plas-
mid pPM9 which expresses the TetR family regula-
tor showed enhanced desulfurization activities. The
activity was maximum when TetR family transcription
regulator was induced with 0.2 mM IPTG. About 3.6-
fold increase in desulfurization activity was observed
when cells of same ODg,,~ 1 were compared (Fig. 5a,
b). Similar to the results in E. coli, an increase in bio-
desulfurization activity was observed in uninduced
condition when the protein is supplied through plas-
mid containing low copy number pRC4 replicon
(Hashimoto et al. 1992). Increased formation of blue
colored metabolite was clearly visible in case of unin-
duced cells and induced with 0.2 mM IPTG (Fig. 5). To

@pTB2
7 7 mpTB2+TetR family
6 protein
& 5
g
5
= 37
£ 2
1 4
0 i
Housekeeping dszB dszC
Genes
Fig. 4 Graph representing an increase in expression of dsz genes
(dszB and dszC) in presence of TetR family protein through RT-PCR.
The experiment was performed in triplicates and repeated twice
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determine the effect of the TetR family protein expres-
sion on growth, wild type Gordonia harboring empty
vector and Gordonia harboring vector expressing the
TetR family regulator were used. No effect on growth
was observed when uninduced cells or induced with
0.2 mM IPTG were used (Fig. 5).

To determine whether the TetR family transcription
regulator serves as an activator of desulfurization operon
in other biodesulfurizing bacteria, Rhodococcus erythro-
polis IGTS8 was used. R. erythropolis containing plasmid
pPM9 showed enhanced biodesulfurization as compared
to wild type cells (Fig. 6). About 2.6-fold increase in bio-
desulfurization activity was observed in cells containing
TetR family protein expression plasmid induced with
0.2 mM IPTG suggesting that the mechanism of activa-
tion is conserved across various genera.

Enhanced levels of Dsz enzymes in recombinant Gordonia
In order to confirm that the enhanced desulfurization
activities are attributed to the enhanced Dsz protein lev-
els, Gordonia cell extract from wild type cells, uninduced
and induced with 0.2 mM IPTG was prepared and run on
an SDS PAGE. It was found that the Dsz protein levels
increased in cells expressing TetR family transcriptional
regulator (Fig. 7a). Two of the bands were identified as
DszA and DszC proteins by Peptide mass fingerprinting.
Two more bands corresponding to molecular weights
41 kDa and 48 kDa were also induced. They were iden-
tified as glutamate dehydrogenase and elongation factor
respectively. Two sets of control were used for this exper-
iment. In the first, IPTG was added to the wild type Gor-
donia cells when grown in media containing DBT at day
0 and in another set, IPTG was added to the wild type
Gordonia cells when grown in media containing DBT
when ODgy,~0.5. No expression of the Dsz enzymes
were found in these conditions (Fig. 7b).

The preceding work was carried out using full-length
385 bp dsz promoter. In order to determine a minimum
region required for activation by the TetR family tran-
scription factor, deletion analysis of the dsz promoter
region was conducted.

Identification of the minimal promoter and determination
of region required for activation
For determination of minimal promoter, the same two-
plasmid system was used as described above which can
detect the amount of DBT being converted to 2-HBP
in vivo. This was based on the plasmid pHYBP109 which
was used as the reporter plasmid and plasmid pTB1 or
pT'B2, which contains the dsz operon.

Deletions of the promoter-regulatory fragment were
made (Fig. 8a) in order to localize the minimal promoter
and in an attempt to delete the regulatory regions while
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maintaining promoter activity. E. coli cells lacking any
plasmid was used as negative control and it gave lucif-
erase activity of 34 RLU/s. While E. coli cells harbor-
ing both pHYBP109 & pTB2 (full length promoter) was
used as positive control and gave luciferase activity of
around 200 RLU/s and E. coli cells harboring pHYBP109
alone gave luciferase activity of 89 RLU/s when cells

were grown in the presence of DBT. With the increasing
size of the deletions, there appeared to be complete loss
of activity with the 63 bp deletion (Fig. 8b). The results
suggest that the promoter must be located in the 151 bp
region, as deletion beyond this eliminated promoter
activity. To determine the region required for activation
of the dsz operon in the presence of TetR family protein,
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these deletion constructs were used and a three-plasmid
system was constructed. The TetR family gene was sup-
plied in trans via plasmid pPM?7. The three-plasmid sys-
tem consisted of pHYBP109 (pBR322 ori), pTB2 (pSC101
ori) and pPM7 (p15A ori). It was found that the luciferase
activities were about 200 RLU/s in control and 703 RLU/S
in cells expressing TetR family protein without induc-
tion. The activities increased by approximately 15-fold
in induced cells and 3.5-fold in uninduced cells. How-
ever, when pTB4 (315 bp), pTB5 (239 bp), pTB6 (151 bp),
pTB7 (63 bp) were used along with TetR family protein
expression plasmid, no such activation was observed in
the absence of IPTG (Fig. 8b). The results suggest that the
region between — 385 bp and — 315 bp contains a site for
activation of the desulfurization operon.

Discussion

For the isolation of promoter binding proteins, a num-
ber of methods have been reported. We used pull-down
assay for the isolation of proteins. In the pull down assay
the biotinylated dsz promoter is attached to the strepta-
vidin resins packed in a column. Crude protein extract is
passed through the column so that the proteins are bound
to the dsz promoter. After washing, the bound proteins
are eluted and run on a 12% SDS PAGE gel. The obtained
bands were further processed and identified by MALDI-
ToF. Pull down assay has been previously reported for

the isolation of DNA binding proteins (Stefanovic et al.
2003). The proteins were identified by MALDI-ToF. The
proteins isolated were compared with those identified by
an in vivo based method (Murarka and Srivastava 2018).

It is known that the proteins interacting with the pro-
moter DNA may have a direct or indirect role in increas-
ing or decreasing the transcription of genes downstream
to the promoter (Ptashne and Gann 1997; Ren et al.
2000). The genes encoding for the putative transcription
factors which were obtained by both the methods were
cloned and supplied in trans to a plasmid containing dsz
operon. This included the TetR family protein, LuxR,
DNA binding response regulator, XRE family and Fis
family proteins.

The TetR family of transcriptional regulator is one of
the largest and most studied groups of one component
transcriptional regulators. The name is derived from the
function of the first member of family, tetracycline resist-
ance (Ramos et al. 2005b). All members of this family
contain a DNA binding motif and are known to have an
a-helical structure. These family of proteins may act as
repressor, activator or both. LuxR regulators are another
large group of transcriptional regulators. Study of a LuxR
family regulator from Vibrio harveyi revealed that the
protein can serve as both activator and repressor. Moreo-
ver, the binding site of the regulator was found to be dif-
ferent when serving as an activator or as a repressor. The
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Fig.7 a A 12% SDS-PAGE gel showing expression of Dsz proteins (DszA ~ 52 kDa, DszC ~45 kDa) in presence of the TetR family protein when the
cells are grown in DBT containing medium. Lane1: marker, lane2: Wild type Gordonia (sonicated supernatant), lane3: Gordonia transformed with the
TetR family protein uninduced (sonicated supernatant), lane4: Gordonia transformed with the TetR family protein induced (sonicated supernatant).
The proteins were identified by MALDI-ToF. b A 12% SDS-PAGE gel showing the expression of Dsz proteins when cells are grown in DBT containing
medium. Lane1: marker, lane2: Wild type Gordonia (sonicated supernatant) when induced with IPTG at Day 0, lane 3: Wild type Gordonia (sonicated
supernatant) when induced at ODg, is 0.5. Induction of the dsz enzymes are not observed in absence of the TetR family protein

regulator has a capability of binding to different sites in
a promoter to differentially regulate gene expression
(Van Kessel et al. 2013). The XRE family of transcrip-
tion regulators is also reported in regulating the induc-
ible expression by aromatic compounds and phenolic
antioxidants (Ibarra et al. 2013). XRE family is similar to
Cro proteins and clI repressor of bacteriophage lambda.
The DNA binding response regulators are mostly part of
two component system where a receiver domain senses
the change in the environment and passes the informa-
tion to the respective transcription regulator to activate/
repress a particular pathway (Gao et al. 2007). The Fis
family of proteins also known as factor of inversion was
first known for their involvement in site specific recombi-
nation. However, later it was reported that this family of
proteins are transcriptional regulators involved in regu-
lation of many genes (Flatten and Skarstad 2013). These
genes are mostly associated with growth and pathways
for utilization of alternate carbon and nitrogen sources
(Lv et al. 2018).

Our results reveal that a protein belonging to TetR fam-
ily when supplied in trans resulted in higher desulfuriza-
tion activity. None of the other transcription regulators

resulted in activation of the operon, instead a decrease in
activity was observed. This led us to hypothesize that the
TetR family protein is serving as an activator. TetR fam-
ily of proteins are usually known to repress the transcrip-
tion of genes (Agari et al. 2012), however there are some
reports where it has been shown to serve as an activator
(Ramos et al. 2005a) or perform a dual role of both acti-
vator and repressor (Cuthbertson and Nodwell 2013).
LuxR has been shown to function as an activator for lux
operon and other quorum sensing genes (Pompeani et al.
2008). DhaS activates dha operon (Christen et al. 2006).
Another TetR family transcriptional activator DnrO has
been shown to activate dnrN (Otten et al. 1995). AtrA of
Streptomyces griseus (Hirano et al. 2008), PsrA of Pseu-
domonas syringae (Chatterjee et al. 2007), CcrR of Meth-
ylobacterium extorquens AM1 (Hu and Lidstrom 2012),
SczA of Streptococcus pneumonia (Martin et al. 2017) are
few other TetR family transcriptional regulators which
serve as activators.

RutR exerts both positive and negative effects on pro-
moter activity (Nguyen Le Minh et al. 2010). In general,
the different members of the TetR family proteins are
involved in the regulation of various genes of catabolic
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pathways, co-factor metabolism, lipid metabolism, amino Since transcription regulators are known to be
acid metabolism, nitrogen metabolism, carbon metabo- required in small amounts for regulation (Balleza et al.
lism, cell signaling, osmotic stress and many more. 2009), sub optimal inducer concentrations were used
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in the study. We provide evidence that the TetR fam-
ily transcription regulator serves as an activator of the
desulfurization operon not only in heterologous host E.
coli but also in Gordonia sp. IITR100 and R. erythropo-
lis IGTSS8. TetR family is the third most abundant fam-
ily of regulators reported in bacteria (Yu et al. 2010). In
Gordonia, there are 102 TetR family regulators (Jais-
hankar et al. 2017). Thus, the in vitro pull-down assay
and in vivo assays were helpful in the identification of
the TetR family transcription regulator that activates
the desulfurization operon.

Minimal promoter was identified. Our results on
identification of minimal promoter were in agreement
with that of Shavandi et al. (2010). When the plasmid
containing different promoter deletions was trans-
formed with TetR family protein expression plasmid,
enhanced luciferase activities were observed only when
the full-length promoter was used suggesting that the
site for activation lies between the — 385 and — 315 bp
region.

Such a binding to the upstream region of promoter
has been observed in cases of other TetR family protein
activated promoters also. For example, in case of CcrR,
a TetR family regulator, activation region was found in
the upstream region of the promoter between positions
—334 to —321 in Methylobacterium extorquens AM1
(Hu and Lidstrom 2012). Thus, such long-distance activa-
tion by TetR family regulators is not uncommon. CcrR is
a TetR family protein that activates the expression of cro-
tonyl CoA reductase/carboxylase. Crotonyl CoA reduc-
tase/carboxylase is an enzyme of the ethylmalonyl CoA
pathway.

Here, we provide experimental evidence that the pro-
tein regulates the expression of desulfurization genes.
It is based on the following observations: (1) TetR fam-
ily protein activates the operon at sub optimal inducer
concentrations (demonstrated by Gibbs assay, luciferase
assay, RT-PCR and SDS-PAGE); (2) TetR family protein
was detected by pull down assay when sodium sulfate
extract was used suggesting that it binds to the dsz pro-
moter when operon is repressed (in sodium sulfate); (3)
TetR family protein was not detected in pull down assay
when DBT extract was used. At present, it is not clear
whether TetR family protein serves as an activator alone
or it functions together with other proteins.

This is the first report on the identification of proteins
that binds and activates the dsz promoter. A protein
belonging to TetR transcription regulator family was iso-
lated which was found to regulate the operon. It serves as
an activator of operon at suboptimal inducer concentra-
tions as observed in Gordonia sp. IITR100 and R. eryth-
ropolis IGTS8 resulting in improved biodesulfurization.
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Additional file

Additional file 1: Figure S1. 12% SDS-PAGE gel showing overexpression
of TetR family protein. A) Expression in different expression strains. Lane1:
marker, lane2: uninduced sample (BL21(DE3)), lane3: induced sample
(BL21(DE3)), lane4: uninduced sample (Codon Plus), lane5: induced
sample (Codon Plus), lane6: uninduced sample (BL21(DE3) pLysS), lane7:
induced sample (BL21(DE3) pLysS). B) Expression of protein in BL21 DE3
plyssS at different time intervals. Lane1: marker, lane2: uninduced sample,
lane3: 3 h induction sample (pellet), lane4: 3 h induction sample (super-
natant), lane5: 5 h induction sample (pellet), lane6: 5 h induction sample
(supernatant), lane7: 7 h induction sample (pellet), lane8: 7 h induction
sample (supernatant), lane9: overnight induction sample (pellet), lane10:
overnight induction sample (supernatant). Figure S2. Peptide fragments
identified by MALDI and its similarity with the TetR family transcription
regulator in Gordonia. Figure S3. Biodesulfurization activity in E. coli
when TetR family protein is supplied in trans via plasmid demonstrated
by Gibbs assay. Graph showing production of 2 HBP in cells containing
pTB2 (dsz operon) and pTB2 +TetR induced with IPTG. The experiment
was performed in triplicates. Figure S4. A 12% SDS-PAGE gel showing the
expression of the TetR family protein when induced with different inducer
concentrations. Lane1: marker, lane2: E. coli cells with uninduced TetR fam-
ily protein, lane3-6: E. coli cells with induced TetR family protein (0.2 mM,
0.5 mM, T mM and 2 mM IPTG concentration).
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