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Abstract: [Objective] Pseudomonas putida SJTE-1 can degradel7p-estradiol (E2) efficiently, but its degradation
mechanism is still unclear. Here we characterized a 173-hydroxysteroid dehydrogenase 2 (17p-HSD2) and one
AraC regulator responsible for oxidization and regulation of E2 biodegradation. [Methods] We detected the
transcription of 174-hsd2 and araC by reverse transcription and quantitative PCR. We overexpressed 178-HSD2
and AraC in Escherichia coli BL21(DE3) strain and purified them with metal-ion affinity chromatography. We
characterized the enzymatic properties of 173-HSD2 in vitro and detected the product with High Performance
Liquid Chromatography. We determined the binding capability and binding sites of AraC by electrophoretic
mobility shift assay and DNase | footprinting assay. [Results] Results showed the transcription of 178-HSD2 and
AraC were induced by E2. Multiple sequences alignment showed 173-HSD2 contained the conserved structure and
residues of short-chain dehydrogenase/reductase and B-hydroxysteroid dehydrogenase. 173-HSD2 oxidized E2 at
Cy7site using NAD" as cofactor, with 0.0802 mmol/L K, value and 56.26+0.02 umol/(min-mg) Vpmax value; over
97.4% of E2 was transformed into estrone in five minutes. AraC protein could directly bind to the specific sites in
the promoter region of 174-hsd2, which could be released by E2 or estrone. Overexpression of AraC repressed the
transcription of 178-hsd2 significantly. [Conclusion] 17B-HSD2 catalyzed the transformation of 17B-estraiol
efficiently and was regulated by AraC in P. putida SJTE-1. This work promoted the enzymatic mechanism and the
regulatory network studies about bacterial estrogen biodegradation.
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Environmental estrogens (EEs) are one of the natural estrogens include 173-estradiol (E2), estrone
most important environmental contaminants with (E1), and estriol (E3); 17p-estradiol exhibits the
great disorder effect and sex influence, and can highest estrogenic activities'®!. Bioremediation using
cause serious environment problemst:?. Typical microorganisms are considered as the efficient way
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to eliminate the EEs pollution because of its high
efficiency, low cost and little secondary
pollutiont3). Microorganisms can utilize estrogens
as carbon source and degrade them into
non-estrogenic compounds™. Series of estrogen-
degrading strains have been isolated from activated
sludge and farm composting, such as Sphingomonas
spp., Rhodococcus zopfii, Rhodococcus equi,
Nitrosomonas europaea and Pseudomonas spp..
Some fungi and algae were also found with the
estrogen-degrading capabilities®®™*.

In bacteria, 17p-estradiol oxidization was
considered as the first step for E2 biodegradation;
therefore, enzyme catalyzing this reaction is the key
enzyme for E2 transformation. In human,
hydroxysteroid dehydrogenases (HSDs) belonging to
the short-chain dehydrogenase/reductase (SDR)
family, catalyze the conversion of inactive/active
forms of estrogens by NAD(P)H-linked oxidization/
reduction of steroid molecules™. 3,178-HSD and
178-HSD in Comamonas testosterone have been
proved to catalyze the oxidoreduction at the Cj; site
of testosteroneand at C, site of 17B-estradiol®*34,
Several regulators (Repl and Rep2, HsdR, PhaR,
TetR, LuxR, and BRP protein) have been found to
participate in the degradation of testosterone in C.

testosteroni by regulating the expression of 3a-hsd
or 3,17p-hsd genes!™*°!. However, up to now, only a
few enzymes involved in the bacterial degradation
pathway of 17B-estradiol were identified; the
enzymatic characteristics and their regulation factors
were not very clear.

Pseudomonas putida SJTE-1 (CGMCC No.
6585) has been confirmed with efficient
estrogen-degrading capability; its whole genome
sequence and comparative proteomics have been
obtained and analyzed®?. In 17p-estradiol
environment, significant expression changes of
many proteins involved in carbon catabolism,
cellular  transportation and  transcriptional
regulation have been observed®®. In this work, a
novel 173-HSD (17B-HSD 2) was characterized
responsible for E2 oxidization in P. putida SJTE-1,
and one AraC regulator was identified to
participate in the regulation of E2 degradation in
this strain.

1 Materials and methods

1.1 Strains, chemicals and cultures

All strains and plasmids used in this work were
listed in Table 1. E. coli strains were cultured at

Table 1.  Strains and plasmids used in this study

Strains/Plasmids Descriptions Sources/References
Strains
P. putida SJITE-1 Estrogen-degradation strain, wild type [6]
E. coli DH5a F7 endAl hsdR17 (rK-mK-) gInv44 thi-1 recAl gyrA (NalR) relAl 4 Invitrogen

(laclZzYA-argF)U169 deoR (@80dlac4 (lacZ)M15)
E. coli BL21(DE3)  Protein allogeneic expression strains Novagen
Plasmids
pET28a Expression plasmid in E. coli , Km' Novagen
pET28a-hsd2 Plasmid pET28a inserted with 17-hsd2 gene at EcoR I/Nde I sites, Km' This study
pET28a-araC Plasmid pET28a inserted with araC gene at EcoR I/Nde | sites, Km' This study

pBSPPc-Gm Plasmid derived from pBR322 for gene replacement, Ap’, Gm' [21]

pBS-araC araC gene inserted into plasmid pBSPPc-Gm under the lac promoter, Ap', Gm' This study

pBS-eGFP egfp gene inserted into plasmid pBSPPc-Gm without promoter, Ap', Gm' This study

pBS-Ppsgr-eGFP egfp gene inserted into plasmid pBSPPc-Gm under the promoter of 174-hsd2 gene,  This study
Ap', Gm'

pBS-Ppsgp-hsd2 17p-hsd2 gene and its promoter inserted into plasmid pBSPPc-Gm, Ap', Gm' This study
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37 °C and P. putida SJTE-1 was cultured at 30 °C.
Luria-Bertani (LB) medium (tryptone 10.0 g, yeast
extract 5.0 g, NaCl 10.0 g/L, pH 7.0) and minimal
medium (MM) (K,HPO, 3.815 g, KH,PO, 0.5 g,
(NH,),HPO, 0.825 g, KNO3 1.2625 g, Na,S0O, 0.2 g,
CaCl, 0.02 g, FeCl; 0.002 g, MgCl, 0.02 g/L, pH
7.0) were used for strains culture. 17B-Estradiol,
estrone, estriol, 17a-ethinyl estradiol, testosterone,
phenanthrene (of HPLC grade, >98.5%) were
purchased from Sigma-Aldrich (St. Louis, MO,
USA). All other reagents were of analytical reagent
grade. Estrogenic compounds were dissolved in
dimethyl sulfoxide (DMSO) to form 10 mg/mL
solution as DMSO was not utilized by strains.

1.2 Standard DNA manipulation

Oligonucleotides used for PCR amplification,
reverse transcription (RT), quantitative PCR
(g-PCR), homologous recombination, plasmid
construction, electrophoretic mobility shift assay
(EMSA) and DNase | footprinting were synthesized
at Invitrogen Ltd. (Shanghai, China) and listed in
Table 2. Restriction  endonucleases  and
DNA-modifying enzymes were purchased from
TaKaRa Biocompany (Dalian, China). The PCR
products were recovered with the QIAquick gel
extraction kit (Qiagen, Shanghai, China). Plasmid

DNAs were isolated using the QIAprep Mini-spin
kit (Qiagen, Shanghai, China), and genomic DNA
was obtained using the QlAamp DNA minikit
(Qiagen, Shanghai, China). All the constructed
plasmids were confirmed by DNA sequencing
(Invitrogen, Shanghai, China). Other general
techniques for restriction endonuclease
manipulation,  agarose  gel electrophoresis,
SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and native PAGE were carried out with
standard protocols.

1.3 Multiple sequences alignment (MSA) and
homology modelling

Multiple sequences alignment of 17p-HSD
proteins and AraC proteins from P. putida SJTE-1
and other organisms were performed with Clustal W
software. The structure conformation of 173-HSD2
protein was constructed by homology-modelling
method achieved in SWISS-MODEL, with the
short-chain dehydrogenase/reductase (5jla.1.A) from
Homo sapiens as template.

1.4  Reverse transcription and quantitative
PCR (RT-gPCR)
The transcription profiles of target genes (17/-

hsd2 and araC) in P. putida SJTE-1 cultured with
different carbon sources were detected with

Table 2. Oligonucleotides used in this study

Primers Sequences (5'— 3') Usage

eGFP-F GGGGGGAAGCTTATGGTGAGCAAGGGCGAGGAG Primers for egfp gene amplification

eGFP-R GGGGGGGGATCCTTAGTACAGCTCGTCCATGCCGAGA

U176-F FAM-GGTGTTGTAATTGTTCTGTTCAGT Primers used to amplify the

U176-R GCTGCTCTCCAGAGCGTT promoter fragment of 174-hsd2
gene

Hsd2-F GGGGGGCATATGCACAACAACAAGATCCTTTCTC Primers used to amplify 17p-hsd2

Hsd2-R GGGGGGGAATTCTCATTGGCCTGCCCCCTC gene

AraC-F GGGGCATATGATGAACAAGATCCCCAATTACA Primers for araC gene

AraC-R GGGGGAATTCTTACTGGCCCTCCCGAAATC amplification

Hsd-Q-F GGCTGAAGAACTGGTTCGAG Primers for the g-PCR detection of

Hsd-Q-R CCAGGTCGAACTCTGTCACC 17p-hsd2 gene

AraC-Q-F TAGTACCCGCAAGCTGACCT Primers for the g-PCR detection of

AraC-Q-R CAACGGCAACACGTACAAAC araC gene

actamicro@im.ac.cn
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RT-gPCR. Strain SJTE-1 was cultured in the
minimal medium with 0.2% glucose, 10 mg/L or
20 mg/L different steroid compounds (17p-estradiol,
estrone, estriol, 17a-ethinyl estradiol, testosterone)
as sole carbon source to the mid-exponential phase;
and the total RNA was extracted using the Total
RNA Extraction Reagents (Vazyme, Nanjing, China)
according to the protocol. The yield of RNA was
estimated wusing a Nanodrop UV spectrometer
(Thermo Scientific, DE, USA). Reverse transcription
was achieved with 1 ug RNA and 20 ng random
primers using the PrimeScript Reverse Transcriptase
Kit (TaKaRa, Dalian, China). The quantitative PCR
was performed using the Premix Ex Taq and the
gene-specific primers (Table 2) in the IQTM 5
Multicolor Real-time PCR Detection System
(Bio-Rad, CA, USA). At the meanwhile, the
transcription profiles of target genes (17-hsd2 and
araC) in P. putida SJTE-1 transformed with
plasmids pBS-araC cultured with different carbon
sources were also detected. The strain was cultured
in MM meidium with 0.2% glucose or 20 mg/L E2
to the mid-exponential phase, and 0.1 mmol/L
isopropyl B-D-1-thiogalactopyranoside (IPTG) was
supplied. The RNA extraction and RT-gPCR
detection were performed as above. The relative fold
change in mRNA quantity was calculated using the
DDCt method. Five independent experiments were
performed for each RNA sample and the average
values with the standard errors were calculated.

15 Heterogeneous expression and affinity
purification of recombinant proteins

The recombinant 17p-HSD2/AraC proteins
were expressed and purified as described beforel??.
Plasmids pET28a-hsd2/pET28a-araC were
transformed into the competent E. coli BL21 (DE3)
cells. Single colony was inoculated in LB media
with 50 pg/mL kanamycin and cultured at 37 °C
overnight. The culture were transferred into fresh LB
with 50 pg/mL kanamycin and cultured to
ODgp=0.5. 0.1 mmol/L IPTG was added and cells

were induced at 37 °C for 3 h. Cells were harvested
and resuspended with ice-cold lysis buffer
[20 mmol/L Tris-HCI, 300 mmol/L NaCl, 5 mmol/L
imidazole, 5 mmol/L B-mercaptoethanol (B-ME),
1 mmol/L phenylmethanesulfonyl fluoride (PMSF),
10% glycerol, pH 7.9]. After sonication (300 W, 10 s/
10 s, 20 min), the supernatant was obtained and
loaded into affinity chromatography of Ni-NTA resin
(Bio-Rad, CA, USA) at 4 °C. After washed with
washing buffer (20 mmol/L Tris-HCI, 300 mmol/L
NaCl, 5 mmol/L B-ME, 10% glycerol, 1 mmol/L
PMSF, and 50 mmol/L imidazole pH 7.9), the
recombinant protein was eluted from the column
using elution buffer (20 mmol/L Tris-HCI,
300 mmol/L NaCl, 5 mmol/L B-ME, 10 % glycerol,
1 mmol/L PMSF, 200 mmol/L imidazole, pH 7.9).
All eluted solutions were analyzed by SDS-PAGE.
The eluted recombinant proteins were dialyzed and
stored in the storage buffer (20 mmol/L Tris-HClI,
50 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L DTT,
50% glycerol, pH 8.0) or 1x PBS buffer (Na,HPO,
1.42 g/L, KH,PO, 0.27 g/L KCI 0.2 g/L, NaCl
8.0 g/L, pH 7.4) at -80 °C. The concentration of
proteins was determined using a BCA protein assay
kit (TaKaRa, Dalian, China).

1.6 Enzymatic assay of 17-HSD2

The enzymatic activity of recombinant
17p3-HSD2 protein was measured by detecting the
yield of NADH at 355 nm (excitation) /460 nm
(emission)™).  The reaction system (20 pL)
contained 20 pmol/L NAD®, and different
concentrations of 17p-HSD2 protein and steroids
(0-0.5 pmol/L of 17B-HSD2, 0-0.5 pmol/L of
17pB-estradiol, estrone, estriol, 17a-ethinyl estradiol,
testosterone, phenanthrene) in reaction buffer
(20 mmol/L Tris-HCI, 25 mmol/L NaCl). The
samples without 173-HSD2 or steroids were used as
blank controls. The enzymatic parameters of
17B-HSD2 (Km, Vmax, Optimal pH and temperature)
were determined. Effect of metal ions (Mg*, Mn?*,
Cu®*, Ca*, zn**, and Ni®") was analyzed. One unit
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of enzyme activity is defined as the amount of
enzyme catalyzing the oxidation of 1 umol of E2 per
min under the above-indicated conditions at 25 °C.
All the experiments were repeated five times, and
results were the average values with standard errors.

1.7 High Performance Liquid Chromatography
(HPLC) detection of enzymatic products

The solutions of enzymatic reaction were
extracted with ethyl acetate, dried in the nitrogen
blowing apparatus, dissolved with acetonitrile, and
detected with HPLC system (Agilent 1260 Infinity
LC, US). The Agilent exclipse plus C18 column
(3.5 um, 4.6 mmx150 mm, Agilent, US) and Diode
Array Detector (DAD) detector were used with the
mobile phase of acetonitrile and water (1:1 V/V) at a
flow rate of 1 mL/min at 30 °C, and the UV
wavelengths of 280 nm and 315 nm. The quantities
of estrogens were calculated from their respective
peak areas by using a standard curve of individual
standards; the R values for the standard curves
were >0.99. Five independent experiments were
performed and results were calculated as average
values with standard errors.

1.8 Green fluorescent protein (GFP) fluorescence
assay

Plasmid pBS-Ppsg-eGFP  (Table 1) was
transformed into E. coli BL21(DE3) strain and the
recombinant strain was cultured in the minimal
medium with 0.2% glucose or 10 mg/L
17B-estradiol. The cells were collected at different
time points, and the fluorescence values of eGFP
were measured with excitation at 485 nm and
emission at 527 nm. Five independent experiments
were performed, and the average values with the
standard errors were calculated.

1.9 Electrophoretic mobility shift assay (EMSA)

The DNA fragments were amplified from the
upstream region of 17p-hsd2 gene with 5'-FAM
labeled primers (Table 2). The recombinant AraC
protein and DNA fragments were mixed in different
molecular ratios, and incubated in the binding buffer

actamicro@im.ac.cn

(20 mmol/L Tris-HCI, 50 mmol/L NaCl, 1 mmol/L
DTT, 0.1 mmol/L EDTA, pH 7.5) at 37 °C for
30 min. All the input DNA amounts were 4 pmol in
20 pL binding system. The reaction mixture was
analyzed with native PAGE, and the gel was
photographed in the Bio-Rad Imaging System
(Bio-Rad, CA, USA).

1.10 Detection of
protein-DNA interaction

estrogens effect on

The binding of AraC protein to the upstream
fragments of 17p-hsd2 gene was performed as
above. 17p-estradiol and estrone (50 pmol or 250
pmol) were supplied into the binding system and
DMSO was used as negative control. After 15 min
incubation at 37 °C, the mixture was analyzed with
native PAGE and the gel was photographed in
BioRad Imaging System (Bio-Rad, CA, US).

1.11 DNase I foot-printing assay

The 1.87 pg of DNA (the upstream fragments
of 17p-hsd2 gene) was bound with AraC protein at
25 °C for 30 min performed as above. Then 1.33 U
of DNase | was added into the binding mixture and
incubated at 25 °C for 1 min. The DNA fragment
without AraC protein addition was used as control.
The reaction products were extracted with phenol to
remove proteins and ethanol was added to
precipitate DNA. The mixture were analyzed with
native PAGE and displayed in the BioRad Imaging
System (Bio-Rad, CA, US).

2 Results

2.1 Sequence alignments and structure
conformation showed that 17g-HSD2 contained
the conserved structure of SDR

Based on the analysis of P. putida SJTE-1
genome sequence (CP015876.1), one gene
(A210_13000, 2861306..2862133) was predicted as
hsd gene and its encoding protein was probably an
HSD protein (ANI103512.1). Multiple sequences
alignment showed that its secondary structure
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contained the conserved Rossmann-fold of SDRs, a
central twisted parallel B-sheets consisting of 6-7
B-strands flanked by 3-4 o-helices from each side®!.
The amino acid sequences and the secondary

(A) VU — mnmvuw-o.-

P. putida SITE-1 17B-HSD NHNNKI LSQWLGLE
Rhodococeas sp. Pl \\15\;:
E. coli MG 1655

P. aeruginosa PAQO “”HLFD"
C. testoscsonl ATCC 11996

"g

structure of this protein were similar to those of
17B-HSDs from P. aeruginosa PAO1, Rhodococcus
sp. P14, C. testosteroni ATCC 11966, and E. coli
MG1655 (Figure 1-A). They all contained the two

VLLDRDLDKCRKLAATLG
WVADI DSTAGEAVI DCI R
I GTATSENGACAI SDYLG
i VSSRKI DGCCAVABAI T
Al NYLSNDEAARSTVCAC

N
| ST}

A LA
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gga v

. putida - - EHSAG E\saucm AS\"ECA SVLRPGA 110
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E coli MG1655 ANG. KGLMLNVTDRASI ESVLE 1 TRDNL ‘5
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Rhodococcas sp. P14 DTS VEDWRRVMAI BLDS VE YGM AGMLG. YFAA 160
E coli MGl653 RVKDEEWND! | ETRLSSVERLS wn \uck /GT VGNGGCANIAA. 156
B aerueinos Ermcarcum\ RGYYFMSI EGGKE NGVSPGEF QGI Jis V 166
C ICSIO%CSOFI[ ATCC 11996 DLGVADYCAGFDGAVGASFNVCRAVLPL RQRA INLVEGPVVAY 170
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P. putida SITE-1 17B-HSD GvsyL8R PLSMHADTQ\'ERRRSA.\ 230
Rhodococcas sp. P14 GVRGLSKV "E PLLTSGTT. . EFVDESLKSV 218
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Rhodococceas sp. P14 TSGGLYHRI TRELG 259
E coli MG]655 Y\f\ pnr.\c\munsmws 262
P. aeruginosa ‘ 235
G esinont RACE 11996 259
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Figures 1. Multiple sequences alignment of 173-HSDs. A: the 173-HSD2 from P. putida SJTE-1 (AN103512.1), P.
aeruginosa PAO1 (NP_250519.1), C. testosteroni ATCC 11996 (WP_003080542.1), Rhodococcus sp. P14
(WP_010595922.1), and E. coli MG1655 (WP_001499617.1) were aligned with Clustal W. Similar and conserved
amino acids were marked in colour. The secondary structure of a-helices and B-strands were indicated. B: structure
conformation result of 17p-HSD2 based on homology modelling was shown, with SDR (5jla.1.A) as the template.
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conserved motifs of SDR members, the N-terminal
Rossmann-fold Gly-X-X-X-Gly-X-Gly motif for
cofactor binding and the Tyr-X-X-X-Lys motif for
proton acceptance. The conserved triad motif of
HSD, Ser-Tyr-Lys (residues 152, 165, 169), was also
found in this protein. Serine at residue 152 probably
functioned as the active site, and the highly
conserved tyrosine (residue 165) may act as a proton
acceptor®. Structure modelling showed that this
protein exhibited 39.43% sequence similiarity to the
template, the SDR from Homo sapiens (5jla.1.A),
and its coverage was 89%. Their structures were
quite similar as the local quality estimate of this
HSD protein to the template was about 0.8 (Figure
1-B). Therefore, this protein was a 17p-HSD.

2.2 Protein ANI03512.1 could be induced by
17p-estradiol and was a 17p-HSD

The transcription levels of 173-hsd2 gene in P.
putida SJTE-1 cultured with different steroid
compounds as sole carbon sources were measured.
Results showed when 10 pg/mL or 20 pg/mL
17p-estradiol were used, the transcription of
17p-hsd2 increased about 3.6 or 4.8 folds compared
to that in the culture with glucose. Tetosterone could
also enhance the transcription of 17B-hsd2 gene
about 2.5 folds, while estrone and estriol only had a
little induction (Figure 2-A). 17a-ethinyl estradiol
and phenanthrene also exhibited a little inductive
activity (data not shown). The eGFP fluorescence
results showed that the expression of egfp under the
17B-hsd2 promoter showed an increase of about 1.7
folds after 3 h induction with E2, and an increase of
about 2.8 folds after 9 h induction (Figure 2-B).
This demonstrated that protein AN103512.1 could be
induced by steroidic compounds, especially by
17B-estradiol.

Then the enzymatic properties of protein
ANI03512.1 were studied. Its encoding gene was cloned
and expressed in E. coli BL21 (DE3), and the purified
protein exhibited 29.0 kDa with over 96% purity (Figure
3-A). The yield of recombinant protein was over
11 mg/L and the specific activity of the purified protein

actamicro@im.ac.cn

for E2 transformation was 25.28 U/mg. Enzymatic
assay showed that the recombinant protein used
NAD" but not NADP" as its reaction cofactor;
17B-Estradiol, testosterone and estradiol could be
oxidized effciently in vitro. Obvious substrate
preference for protein ANI03512.1 to 17B-estradiol
was observed with efficient transformation efficiency
(Table 3). The optimal reaction temperature was
37 °C and the optimal reaction pH was 9.0, similar
to other HSDs (Figure 3-B, 3-C)®!. Mg®* and Mn?*
could enhance the reaction efficiency, while Zn*
and Cu®" repressed the enzyme activity greatly
(Figure 3-D). The K, value of protein AN103512.1
for E2 was 0.0802+0.004 mmol/L and its V. Value
was 56.26£0.02 pmol/min-mg; its specificity
constant (ke./Km) for E2 was 28.267/s-mmol-L™*

(A)

10 pg/mL
=20 hE/mL.

ol | I l
0.0

' 17B-Estradion Estrone Estriol Testosterone
Steroids

oW AU o
o o o O O

Relative transcription levels

(B)

337 pBS-eGFP
3.0 pBS-P, -eGFP

) ]

25+

2.0

1.5 F

1.0+

05 F

00 3 6 9

t/h

Figure 2. The transcription and expression analysis
of 174-hsd2 gene under different conditions. A: The
transcription levels of 178-hsd2 gene in P. putida
SJTE-1 cultured with glucose or different steroid
compounds of 10 pg/mL for six hours were
determined. B: The fluorescence values of E. coli
BL21 (DE3) containing plasmid pBSPPC-Ppgg-eGFP
were determined by inducing with 20 ug/mL
17p-estradiol for different hours.

Relative fluorescence levels
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Figure 3. The purification and characterization of 17p-HSD2. A: SDS-PAGE detection of the recombinant
17B3-HSD2 protein. M: protein marker; Lane 1: cell lysis supernant before induction; Lane 2: cell lysis supernant
after induction; Lane 3: the supernant after sonication; Lane 4: the solution after column loading; Lane 5-8: the
eluted protein solutions. B: The relative enzyme activities of 173-HSD2 calculated with the NADH fluorescence
values produced by enzyme reaction at different temperatures. The NADH fluorescence values of enzyme reaction
at 25 °C was set 1.0. C: The relative enzyme activities of 17p-HSD2 calculated with the NADH fluorescence values
produced by enzyme reaction under different pH. The NADH fluorescence values produced by enzyme reaction at
pH 7.0 and 37 °C was set 1.0. D: The relative enzyme activities of 17p-HSD2 calculated with the NADH
fluorescence values produced by enzyme reaction supplied with different metal ions. The NADH fluorescence
values produced by enzyme reaction without divalent metal ion at pH 7.0 and 37 °C was set 1.0. All the reaction
mixture contained 0.2 umol/L of 17p-estradiol, 20 umol/L NAD", and 0.3 umol/L 17B-HSD2 in 1x reaction buffer
(20 mmol/L Tris-HCI, 25 mmol/L NaCl); the reaction volume was 20 pL and the reaction time was 5 min.

Table 3. The substrates spectrum of 178-HSD2
Substrates 17p-estradiol Estrone Estriol  17a-ethinyl estradiol — Testosterone phenanthrene
Fluorescence values of NADH 0.713 -0.08 0.127 -0.10 0.480 0.043

The reaction mixture (20 pL) contained 0.2 pmol/L of steroid compounds, 20 pmol/L NAD", and 0.3 umol/L 17B-HSD2 in 1x reaction
buffer (20 mmol/L Tris-HCI, 25 mmol/L NaCl) and the reaction was performed at 37 °C for 5 min.

(Table 4). Further HPLC analysis showed that estrone 2.3 AraC could bind to the speicific sites in the
was the oxidation product of 17p-estradiol catalyzed promoter region of 17p-hsd2 gene and repress
by protein ANI03512.1 and the transformation the expression of 17p-HSD2

efficiency was above 97.4% in five minutes (Figure 4). Genome analysis of P. putida SJITE-1 showed
Therefore, protein ANI03512.1 could be induced by that one araC gene (A210 12995, 2860257.
17B-estradiol and could oxidize 17B-estradiol into  2861129) encoding a potential regulator AraC
estrone in vitro efficiently. It was named as 17B-HSD2. (ANI106277.1) located in the upstream of 17p-hsd2

http://journals.im.ac.cn/actamicrocn



314

Xin Sun et al. | Acta Microbiologica Sinica, 2020, 60(2)

gene. RT-gPCR detection showed that this araC
gene could also be induced by 17p-estradiol,
dependent on the concentration of E2 (Figure 5-A).
To analyze the potential role of AraC to 17p-HSD2,
we detected the transcription levels of hsd2 gene in
P. putida SJTE-1 with plasmids pBS-araC. IPTG
induced the overexpression of AraC greatly, and then
the transcription of hsd2 gene was repressed
significantly. When E2 was used, the transcription of

hsd2 gene was induced and increased; while with
IPTG added, overexpressed AraC caused
transcriptional repression of hsd2 gene (Figure 5-B).
The repression extent of AraC to the transcription of
hsd2 gene decreased significantly in E2 environment
compared to that in glucose environment, even the
expression of AraC induced greatly with IPTG; this
implied that E2 could release the binding of AraC
and enhance the transcription of hsd2 gene. Multiple

Table 4. The enzymatic characteristics of 173-HSD2

Enzyme Km/(mmol/L)

Vmax/(umol/(min-mg))

Kead(/5) Kead Knn/[/S/(mmol/L)]

17B-HSD2 0.0802+0.004

56.26+0.02

2.267+0.07 28.267

The reaction mixture (20 pL) contained 0-0.5 umol/L of 17p-estradiol, 20 umol/L NAD®*, and 0-0.5 umol/L 17B-HSD2 in 1x reaction
buffer (20 mmol/L Tris-HCI, 25 mmol/L NaCl) and the reaction was performed at 37 °C for 5 min.
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Figure 4.

HPLC profiles of the reaction products catalyzed by 17B-HSD2. A: HPLC profile of 0.2 umol/L

17B-estradiol. B: HPLC profile of 0.2 umol/L estrone. C: HPLC profile of the products in 173-HSD2 oxidation
reaction with 0.2 umol/L of 17p-estradiol. The reaction mixture contained 0.2 umol/L of 17p-estradiol, 20 umol/L
NAD", and 0.3 umol/L 178-HSD2 in 1x reaction buffer (20 mmol/L Tris-HCI, 25 mmol/L NaCl) and the reaction
was performed at 37 °C for 5 min.
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sequences alignment showed that the secondary
structure of AraC protein in P. putida SJTE-1 was
similar to that of other AraC regulators, with the
conserved N-terminal HTH (helix-turn-helix) structure

and the variable C-terminal (Figure 5-C). These
indicated this AraC protein could be induced by
17B-estradiol and may participate in the 17p-estradiol
degradation via regulating the transcription of 17-hsd2.
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Figure 5.  Affinity purification and multiple sequences alignment of AraC protein. A: The transcription levels of
araC gene in P. putida SJTE-1 cultured with 17B-estradiol of 10 ug/mL or 20 ug/mL for different hours (3 h, 6 h, 9
h) were detected. The transcription levels of araC gene cultured with 0.2% glucose was set 1.0. B: The transcription
levels of 174-hsd2 gene and araC gene in P. putida SJTE-1 transformed with plamids pBS-araC cultured with
different carbon sources. 0.2% glucose or 20 ug/mL 17p-estradiol were supplied as carbon sources; 0.1 mmol/L
IPTG was used for inducer. The transcription levels of 175-hsd2 gene and araC gene cultured with 0.2% glucose
were set 1.0. C: Multiple sequences alignment of AraC proteins from P. putida SJTE-1 (ANI06277.1), P.
aeruginosa PAO1 (YP_008719734), E. coli MG1655 (NP_414606.1), Rhodococcus sp. P14 (WP_010595765.1)
and C. testosteroni ATCC 11996 (EHN63024.1) were performed with Clustal W. Similar or conserved amino acids
were marked with colour.
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The binding ability of AraC protein to the this AraC protein could directly bind to the 176 bp
upstream fragment of 17p-hsd2 gene was determined. upstream fragment of 17p-hsd2 gene at low
The recombinant AraC protein (30.5 kDa) was protein/DNA ratio, and the binding was in a
obtained by hetergenous expression and affinity concentration dependent mode (Figure 6-B).
purification (Figure 6-A). EMSA detection showed Addition of high-concentration 173-estradiol or
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Figure 6. EMSA assay and DNase I-footprinting detection of AraC protein binding to the promoter region of
17p8-hsd2. A: SDS-PAGE profiles of recombinant AraC protein. M: protein marker; lane 1: cell lysis supernant
before induction; lane 2: cell lysis supernant after induction; lane 3: the solution after column loading; lane 4: the
eluted protein solution. B: EMSA results of AraC protein to the 5'-FAM-labeled 176 bp fragment of 174-hsd2 gene
(17hsd2-P176). The input of 17hsd2-P176 fragments in each sample was 4 pmol. The band of free DNA fragments
were marked with black arrow and the conjunct DNA were marked with grey arrow. lane 1: the free labeled DNA;
lane 2: the labeled DNA mixed with BSA in the protein/DNA ratio of 10:1. lanes 3-5: the labeled DNA mixed with
AraC protein in the protein/DNA ratio from 9:1, 18:1, and 36:1. lane 6: 5% DMSO was added into the mixture of
AraC protein and labeled DNA in the protein/DNA ratio of 36:1. lane 7-8: the mixture of AraC protein and labeled
DNA (36:1) supplied with 1 uL E2 solution (dissoved in DMSO) with the final amount of 50 pmol or 250 pmol.
lane 9-10: the mixture of AraC protein and labeled DNA (36:1) supplied with 1 uL E1 solution (dissoved in
DMSO) with the final amount of 50 pmol or 250 pmol. C: The DNase | footprinting profile of AraC protein with
the fragment 17hsd2-P176. 1.33U of DNase | and 1.87 ug of labeled DNA were added into each lane. lane 1: the
free labeled DNA fragment treated with DNase I. lane 2—4: the mixutre of the labeled DNA and AraC protein in ratio of
0.5:1, 1.5:1 and 2.5:1 treated with DNase I. The potential binding regions was marked with black lines.
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estrone could release the binding of AraC protein
from the upstream fragment of 17B-hsd2 gene to
some extent; 17p-estradiol of low-concentration had
little influence on the AraC binding to DNA (Figure
6-B). Further DNase | foot printing assay showed
when AraC protein added, the regions close to its
transcription start site in the promoter of 174-hsd2
gene were covered, probably acting as the specific
sites for AraC protein binding (Figure 6-C). This
region was around 40 bp upstream of 174-hsd2 with
the sequence ATATGCXXGTTXCCCTGAXX,
similar to the conserved binding sites of AraC
regulator®. These results demonstrated that AraC
protein could directly bind to the specific sites in the
promoter region of 17f-hsd2 gene and repress its
expression; the substrate (E2) and the product (E1)
of 17p-HSD2 could release the binding of AraC and
facilitate the transcription of 174-hsd2 gene.
Biodegradation  with  microorganisms is
considered as efficient strategy to remediate the
pollution of environmental estrogens. HSDs were
considered as the key enzyme for 17p-estradiol
transformation in bacteria®***?". Although several
3,17B-HSDs were found to participate in the
oxidization at C,;-site of steroid compounds, the key
catalyzing enzyme of 17p-estradiol was not really
clear. The reason was that the reported 3,17B-HSDs
could not be induced by 17pB-estradiol, even the
oxidization of 17pB-estradiol could be achieved in
vitro!***5%8 " previous work showed that P. putida
SJTE-1 could degrade 17B-estradiol efficiently and
several  hydroxysteroid dehydrogenases were
induced in the culture with 17p-estradiol as carbon
source’®®. In this work, 17p-HSD2 in P. putida
SJTE-1 could oxidize 17B-estradiol into estrone
efficiently, whose enzymatic activity was higher
than or similar to those of the reported HSDs*?"),
The 17B-HSD2 could be sigificantly induced by
17B-estradiol and testosterone, and catalyzed the
transformation of two compounds. It implied
17B-HSD2 was probably the key enzyme for
estrogen transformation in P. putida SJTE-1 and

important for the estradiol degradation of this strain.

At the meanwhile, the regulators involved in
the biodegradation of 17p-estradiol in bacteria and
their regulation mechnisms were also unclear. PhaR,
TetR, LuxR, and BRP protein have been found to
regulate the 3,17B-HSD and influence testosterone
utilization in C. testosteroni*®°!, However, these
regulation was not obvious when 17p-estradiol used;
not only because 17B-estradiol was not utilized in C.
testosteroni as good as testosterone, but also because
this 3, 17p-hsd gene could not be efficiently induced
by 17B-estradiol™®?¥. In this work, AraC regulator
was proved to able to bind to the specific sites in the
promoter region of 174-hsd2 gene directly and
repress the transcription of 174-hsd2 gene. Estrogens
could induce the expression of AraC, and
overexpressed AraC could repress the transcription
of 174-hsd2 gene. The binding of AraC could be
released by high concentration of E2 and its
repression effect would be reduced to generate more
17B-HSD2 and facilitate the E2 biodegradation. The
potential binding region was found in the
araC-17p-hsd2 intergenic region, close to the
transcription start sites of 174-hsd2. The sequences
of the binding site were ATATGCXXGTTXCCCTG
AXX, similar to the conserved binding sites (ATATG
CXXGAAAXXXTCCTTA) of reported AraC
regulator®. Therefore, AraC protein regulated the
expression of 174-hsd2 gene in a negative mode in
P. putida SJTE-1. In a word, this work could
promote the estrogen degradation mechanism study
and the regulatory network analysis in bacteria.

References

[1] Katori Y, Ksu Y, Utsumi H. Estrogen-like effect and
cytotoxicity of chemical compounds. Water Science &
Technology, 2002, 46(11-12): 363-366.

[2] Yin GG, Kookana RS, Ru YJ. Occurrence and fate of hormone
steroids in the environment. Environment International, 2002,
28(6): 545-551.

[3] Luine VN. Estradiol and cognitive function: past, present and
future. Hormones and Behavior, 2014, 66(4): 602-618.

http://journals.im.ac.cn/actamicrocn



318 Xin Sun et al. | Acta Microbiologica Sinica, 2020, 60(2)
[4] Combalbert S, Hernandez-Raquet G. Occurrence, fate, and 203-211.

biodegradation of estrogens in sewage and manure. Applied [16] Li MT, Xiong GM, Maser E. A novel transcriptional repressor

Microbiology and Biotechnology, 2010, 86(6): 1671-1692. PhaR for the steroid-inducible expression of the
[5] Yu CP, Deeb RA, Chu KH. Microbial degradation of steroidal 3,17p-hydroxysteroid dehydrogenase gene in Comamonas

estrogens. Chemosphere, 2013, 91(9): 1225-1235. testosteroni ATCC11996. Chemico-Biological Interactions,
[6] Liang RB, Liu H, Tao F, et al. Genome sequence of 2013, 202(1/3): 116-125.

Pseudomonas putida strain SJTE-1, a bacterium capable of [17] Pan TY, Huang P, Xiong GM, Maser E. lIsolation and

degrading estrogens and persistent organic pollutants. Journal identification of a repressor TetR for 3,173-HSD expressional

of Bacteriology, 2012, 194(17): 4781-4782. regulation in Comamonas testosteroni. Chemico-Biological
[71 Shi JH, Fujisawa S, Nakai S, Hosomi M. Biodegradation of Interactions, 2015, 234: 205-212.

natural and synthetic estrogens by nitrifying activated sludge [18] Wu Y, Huang P, Xiong GM, Maser E. ldentification and

and ammonia-oxidizing bacterium Nitrosomonas europaea. isolation of a regulator protein for 3,173-HSD expressional

Water Research, 2004, 38(9): 2323-2330. regulation in Comamonas testosteroni. Chemico-Biological
[8] Yu CP, Roh H, Chu KH. 17p-Estradiol-degrading bacteria Interactions, 2015, 234: 197-204.

isolated from activated sludge. Environmental Science & [19] Ji Y, Pan TY, Zhang Y, Xiong GM, Yu YH. Functional

Technology, 2007, 41(2): 486-492. analysis of a novel repressor LuxR in Comamonas
[91 Hom-Diaz A, Llorca M, Rodriguez-Mozaz S, Vicent T, testosteroni. Chemico-Biological Interactions, 2017, 276:

Barcel6 D, Blanquez P. Microalgae cultivation on wastewater 113-120.

digestate: B-estradiol and 17a-ethynylestradiol degradation [20] Xu J, Zhang L, Hou JL, Wang XL, Liu H, Zheng DN, Liang

and transformation products identification. Journal of RB. iTRAQ-based quantitative proteomic analysis of the

Environmental Management, 2015, 155: 106-113. global response to 17f-estradiol in estrogen-degradation strain

[10] Tamagawa Y, Yamaki R, Hirai H, Kawai S, Nishida T. Pseudomonas putida SJITE-1. Scientific Reports, 2017, 7: 41682.
Removal of estrogenic activity of natural steroidal hormone [21] Xu YQ, Tao F, Ma CQ, Xu P. New constitutive vectors: useful
estrone by ligninolytic enzymes from white rot fungi. genetic engineering tools for biocatalysis. Applied and
Chemosphere, 2006, 65(1): 97-101. Environmental Microbiology, 2013, 79(8): 2836-2840.

[11] Yang J, Li WJ, Ng TB, Deng XZ, Lin J, Ye XY. Laccases: [22] Lu Z, Liang RB, Liu XP, Hou JL, Liu JH. RNase HIII from
production, expression regulation, and applications in Chlamydophila  pneumoniae  can  efficiently  cleave
pharmaceutical biodegradation. Frontiers in Microbiology, double-stranded DNA carrying a chimeric ribonucleotide in
2017, 8: 832. the presence of manganese. Molecular Microbiology, 2012,

[12] Chang YH, Wang YL, Lin JY, Chuang LY, Hwang CC. 83(5): 1080-1093.

Expression, purification, and characterization of a human [23] Kavanagh KL, Jornvall H, Persson B, Oppermann U.
recombinant 17B-hydroxysteroid dehydrogenase type 1 in Medium- and short-chain dehydrogenase/reductase gene and
Escherichia coli. Molecular Biotechnology, 2010, 44(2): protein families: the SDR superfamily: functional and
133-139. structural diversity within a family of metabolic and

[13] Yu YH, Liu CZ, Wang BX, Li YH, Zhang H. Characterization regulatory enzymes. Cellular and Molecular Life Sciences,
of  3,17p-hydroxysteroid  dehydrogenase in  Comamonas 2008, 65(24): 3895-3906.
testosteroni. Chemico-Biological Interactions, 2015, 234: 221-228. [24] Beck KR, Kaserer T, Schuster D, Odermatt A. Virtual

[14] Maser E, Xiong GM, Grimm C, Ficner R, Reuter K. screening applications in short-chain dehydrogenase/reductase
3o-Hydroxysteroid dehydrogenase/carbonyl reductase from research. The Journal of Steroid Biochemistry and Molecular
Comamonas testosteroni: biological significance, Biology, 2017, 171: 157-177.
three-dimensional ~ structure  and  gene  regulation. [25] Mythen SM, Devendran S, Méndez-Garcia C, Cann I, Ridlon
Chemico-Biological Interactions, 2001, 130-132: 707-722. JM. Targeted synthesis and characterization of a gene cluster

[15] Gong WJ, Xiong GM, Maser E. Oligomerization and negative encoding NAD(P)H-dependent 3a-, 3p-, and

autoregulation of the LysR-type transcriptional regulator
HsdR from Comamonas testosteroni. The Journal of Steroid
2012, 132(3/5):

Biochemistry and Molecular Biology,

actamicro@im.ac.cn

120-Hydroxysteroid
CAG:298, a gut metagenomic sequence. Applied and
Environmental Microbiology, 2018, 84(7): e02475-17.

dehydrogenases from  Eggerthella



MK | A4, 2020, 60(2) 319

[26] Gallegos MT, Schleif R, Bairoch A, Hofmann K, Ramos JL. HsdR  for  steroid-inducible  expression  of  the
Arac/XylS family of transcriptional regulators. Microbiology 3a-hydroxysteroid dehydrogenase/carbonyl reductase gene in
and Molecular Biology Reviews, 1997, 61(4): 393-410. Comamonas testosteroni. Applied and Environmental

[27] Ye XY, Wang H, Kan J, Li J, Huang TW, Xiong GM, Hu Z. A Microbiology, 2012, 78(4): 941-950.
novel 17B-hydroxysteroid dehydrogenase in Rhodococcus sp. [29] Hwang CC, Chang YH, Hsu CN, Hsu HH, Li CW, Pon HI.
P14  for transforming  17p-estradiol to  estrone. Mechanistic roles of Ser-114, Tyr-155, and Lys-159 in
Chemico-Biological Interactions, 2017, 276: 105-112. 3a-hydroxysteroid dehydrogenase/carbonyl reductase from

[28] Gong WJ, Xiong GM, Maser E. Identification and Comamonas testosteroni. The Journal of Biological
characterization of the LysR-type transcriptional regulator Chemistry, 2005, 280(5): 3522-3528.

4

mRIRERE SITE-1 AE L 17p-ME B89 17p-F2 LR SEE 2
K HEERIAIEEF AraC BIEE

W, ke, BrE, Bk

AR E R E SRS, RisE R amPh iR B, B 200240

ME: [ B ] BAMEE SITE-1 Al @alikib 17p-MfF —mE, (HEACHIALE AT . AR SCEREMBAE T
MR S SRR AR S AR 1B A 2 (17B-HSD2 ) i st N+ AraC. [ J7
B ] TATHE S FEOEE R PCR 40T T 17p-hsd2 Hl araC %% /K3 RATERHIFE BL21(DE3) bk
SRR T 17p-HSD2 Al AraC L[, A& JE B For MZMEai b As THEAE D ; ARSI RIE
T 17B-HSD2 [Pk, A S SORA G 4w 17 3515 @l i yiGE B #7411 DNase il | 23704t
5, WAV E TEAEN AraC IWZERRES SEA 0T, [ 455 ] 17B-HSD2 il AraC nl 4 17 — i
Sk HA P T SRR 17B-HSD2 & 45 6 Bl M S0 A I i (SDR) I B2 5 2 ot Sl 1) P <F 45 4
5k, ZMELL NAD I BI A T, 78 Cop fisS A L 178-F —Fs, H Ky {HR 0.082 mmol/L, Vs {H 4
56.26+0.02 pmol/(min-mg);5 min PN A 44k 97.4% L4 I A4 e — 8 5% SR F AraC 1] B 3454 17p-hsd2
SEIR 3h 7 XA S A 5 e s S MR T R B — 45, 3l 178-hsd2 JER B4 5% 5 133458 AraC [
AT 178-hsd2 AEE . [ 4518 1 BB SITE-1 Y 178-55 65 B M AU 2 mI st dl 17p- —mid Ak,
-2 BN SR 1 AraC (9 ELEERIE o A T A AT HE 0 200 17 1) E 22 R e i AL 5 R P I 2

KEER: 17P- RSN E NG 2, 17p-ME —EF, #5RIKNT AraC, WER, 2EYIREfR

(AL Fr%: KRuem)

HEWMH: EZKHRP-E4 (31570099, 31370152)

LR

“BIS1EE . Tel/lFax: +86-21-34204192; E-mail: icelike@sjtu.edu.cn
UrFS B HA: 2019-04-04; fE£[E HHR: 2019-04-29; M4 AR HHEA: 2020-01-19

http://journals.im.ac.cn/actamicrocn



