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is- and trans-regulatory elements of 3�-hydroxysteroid dehydrogenase/carbonyl
eductase as biosensor system for steroid determination in the environment

uangming Xiong, Yijing Luo, Saihong Jin, Edmund Maser ∗

nstitute of Toxicology and Pharmacology for Natural Scientists, University Medical School Schleswig-Holstein, Campus Kiel, Brunswikerstr. 10, D-24105 Kiel, Germany

r t i c l e i n f o

rticle history:
vailable online 19 October 2008

eywords:
omamonas testosteroni
�-Hydroxysteroid
ehydrogenase/carbonyl reductase
iosensor
teroid determination

a b s t r a c t

3�-Hydroxysteroid dehydrogenase/carbonyl reductase from Comamonas testosteroni is a key enzyme in
the degradation of steroids in the environment. The encoding gene, hsdA, is expressed only at very low
levels in the absence of steroids, but undergoes a several fold induction in the presence of steroid sub-
strates. In previous investigations, we have elucidated the mechanism of hsdA regulation that involves
several activators and repressors. In the present study, the hsdA gene was replaced by the green fluores-
cent protein (GFP) gene which was inserted downstream from the hsdA regulatory region. By homologous
integration into the chromosomal DNA, the C. testosteroni mutant strain CT-GFP5-1 was generated and
used as fluorescence based biosensor system for steroid determination. With this cell-based system we
could determine testosterone in a range between 57 and 450 ng/ml, estradiol between 1.6 and 12.8 ng/ml,
and cholesterol between 19.3 and 154.4 ng/nl. Interestingly, the sensitivity of this bioassay could be further
increased by using only the cytosol of the mutant. With the resulting cell-free system we could determine
testosterone in a range between 28 and 219 pg/ml, estradiol between 0.029 and 0.430 fg/ml, and choles-

terol between 9.7 and 77.2 fg/ml. The recovery ratio of the extraction was around 95% and the maximum
fluorescence signals were obtained as early as after 30 min. Limitations of the established steroid biosensor
system were quenching at higher steroid concentrations and the relatively high background of fluores-
cence, which are currently being improved in our lab. Combined, by exploiting the regulatory region of
the gene hsdA that codes for the enzyme 3�-hydroxysteroid dehydrogenase/carbonyl reductase we have
constructed a mutant C. testosteroni strain that can be used as a sensitive biosensor system for steroid
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. Introduction

Natural (e.g., estradiol, testosterone) and synthetic (e.g.,
thinylestradiol) hormones are constantly excreted into the envi-
onment from human and animal sources. In the 1990s, some
ndings suggested that hormonally active agents may cause
dverse health effects in humans and wild life [1]. Estrogens and
ther steroids were detected in seawater, lakes and rivers in dif-
erent areas [2–4]. For example, steroidal estrogens have especially
een shown to be the main contributors to the estrogenic activity
bserved in aquatic systems contaminated with sewage treat-
ent work effluents. Moreover, estrogens and testosterone were
bserved in drinking water [3].
Although the occurrence of steroid hormones in the environ-

ent has received a great deal of attention, there is still lack of exact
ata on their concentrations, because of the expensive and complex

∗ Corresponding author. Tel.: +49 431 597 3540; fax: +49 431 597 3558.
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etermination methods currently applied. Therefore, new methods
or steroid detection and quantification are urgently needed that
re cheap, easy to perform, and are sensitive enough to detect even
owest concentrations in the environment.

Comamonas testosteroni is a Gram-negative bacterium found in
oil and water [5], but has also been found in humans [6]. This bac-
erium is able to grow on steroids or aromatic hydrocarbons as sole
arbon and energy source and may therefore play an important role
n the biodegradation of these compounds in the environment [7].

e have shown in earlier investigations that 3�-hydroxysteroid
ehydrogenase/carbonyl reductase (3�-HSD/CR) is a key enzyme

n the degradation of these complex ring structures by C. testos-
eroni [8–10]. The enzyme catalyzes the interconversion of hydroxy-
nd oxo-groups at position 3 of the steroid ring structure. Interest-
ngly, 3�-HSD/CR is expressed only at very low and basal levels

n the absence of steroids, but can undergo a several fold induced
xpression in the presence of steroids like testosterone [8,10,11].

Previously, we elucidated the complex regulation of the 3�-
SD/CR gene (hsdA) from C. testosteroni and identified a variety
f cis- and trans-regulating elements for hsdA expression [12–14].

http://www.sciencedirect.com/science/journal/00092797
http://www.elsevier.com/locate/chembioint
mailto:maser@toxi.uni-kiel.de
dx.doi.org/10.1016/j.cbi.2008.10.012
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Fig. 1. Two step PCR to generate the steroid reporter construct. A 468 bp DNA
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n the present work, we replaced hsdA within the C. testosteroni
hromosomal DNA by the gene coding for the green fluorescent
rotein (GFP). In the resulting mutant, GFP was under transcrip-
ional control by the hsdA upstream regulatory region, including the
is-acting promoter and operator sequences, and the correspond-
ng trans-acting factors. Both the mutant cells as well as the cytosol
hereof were used as new and sensitive fluorescence based biosen-
or systems for the determination and quantification of steroids like
estosterone, estradiol and cholesterol.

. Materials and methods

.1. Bacterial strains and plasmids

Host strains Escherichia coli (E. coli) HB101 (Promega) and C.
estosteroni ATCC 11996 (Deutsche Sammlung für Mikroorganis-

en) were used for cloning and gene expression. Cloning of PCR
ragments was carried out in pCR2.1-TOPO (Invitrogen).

.2. Growth media and growth conditions

Bacterial cells were grown in a shaker (180 rpm) in Standard I
utrient broth medium (Merck, Darmstadt) or LB medium at 37 ◦C

E. coli) or 27 ◦C (C. testosteroni). Growth media contained 60 �g/ml
mpicillin and 30 �g/ml kanamycin.

.3. Restriction enzymes and other reagents

Restriction enzymes were obtained from Boehringer Mannheim,
iolabs, MBI and Amersham, and used according to the manu-

acturers’ instructions. Ampicillin and kanamycin were from AGS,
eidelberg. Recombinant DNA work was carried out following stan-
ard techniques according to Sambrook and Russel [15].

.4. Generation of the steroid reporter plasmid

The reporter plasmid for steroid detection was prepared by two
tep PCR (Fig. 1) and subcloning the resulting fragment into plas-
id pCR2.1-Topo (Fig. 2). In brief, a 5.257 kb EcoRI fragment of C.

estosteroni chromosomal DNA was cloned into pUC18 to yield p6
not shown) [14]. Plasmid p6 contained the entire region for 3�-
SD/CR expression, i.e. hsdA itself, the regulatory genes repA and

epB, as well as the promoter and two operator sequences. Plas-
id p6 was used as a template for the two step PCR mutagenesis.

n the first PCR (Fig. 1), primers pPromL: GCAGCACCTGCATGAGGA
nd pPromR: TCCTTTGCTAGCCATGTCTTGTCTCCTTT were used with
emplate p6 to generate a 483 bp DNA fragment that contained
he hsdA promoter and operator sequences (468 bp), as well as
he 3′end sequence TCCTTTGCTAGCCAT that complemented to the
′end sequence of the GFP gene. The resulting 483 bp fragment from
his first PCR was isolated on an agarose gel and used as the 5′end
rimer in the second PCR together with the 3′end primer pGFPR:
TATTTGTAGAGCTCATC and the GFP gene (720 bp) in template plas-
id pcDNA3.1/CT-GFP-TOPO (Invitrogen) (Fig. 1). The final PCR

ragment (1188 bp) was cloned into plasmid pCR2.1-TOPO (Invit-
ogen) to yield plasmid pTOPO-3�GFP5, which can replicate in E.
oli but not in C. testosteroni, for the biosensor studies (Fig. 2).

.5. Transformation of bacteria
All constructs were verified by restriction enzyme analysis of the
esulting band patterns and/or were sequenced by MWG, Ebers-
erg. Plasmids were purified with the Tip-100 kit from Qiagen
Qiagen, Hilden). Ligated constructs were transferred into compe-
ent E. coli cells by the calcium chloride method or into competent

t
2
3
d
M

egion containing the upstream regulatory region of hsdA was fused to the GFP
ene (720 bp). The resulting construct was cloned into vector pCR2.1-Topo to yield
lasmid pTOPO-3�GFP5 (cf. Fig. 2).

. testosteroni cells by electroporation (1.8 kv). C. testosteroni cells
ransformed with plasmid pTOPO-3�GFP5 represented the CT-
FP5-1 mutant strain and were used as the cell-based biosensor
ystem. The cytoplasm prepared from these cells was used as the
ell-free biosensor system.

.6. Protein extraction

The probes for 3�-HSD/CR ELISA detection were prepared by
ysozyme digestion: 3 ml of bacterial cultures were centrifuged at
3,000 × g for 10 s. The pellet was washed three times with 1 ml
BS and resuspended in 200 �l PBS with 100 �g/ml lysozyme. To
omplete cell lysis, the suspension was frozen three times at −20 ◦C.
inally, the samples were centrifuged again at 13,000 × g for 20 min.
he supernatant was used for protein determination and ELISA.

.7. Protein determination

Protein concentration was measured by the method of Bradford
16].

.8. Elisa of 3˛-HSD/CR

To quantify 3�-HSD/CR protein expression, an ELISA was estab-
ished and respective antibodies were generated. Rabbit antibodies
irected against 3�-HSD/CR from C. testosteroni were prepared
ccording to standard methods. ELISA plates were coated with
rotein extracts containing 3�-HSD/CR in coating buffer. The pro-
ein concentration of the samples was adjusted to 1 mg/ml, and

00 �l was added to each well. After washing, antibodies against
�-HSD/CR were added in a 1:10 000 dilution. The further proce-
ure corresponded to that of the CAT ELISA kit from Boehringer,
annheim.



G. Xiong et al. / Chemico-Biological Interactions 178 (2009) 215–220 217

F hom
s studi

2

G
a
(
G
m
b
5
p
a
T
w

3

3

t
h
s
w
3
I
t

3

v
c

c
p
F
g
m
w
n
i
green coloured bacteria could well be observed after testosterone
induction (Fig. 3). To further check the system, mutant CT-GFP5-1
and wild type C. testosteroni cells were diluted to OD595 nm = 1.0, 0.5,
0.25, 0.125, 0.063, 0.031. Microplate based fluorescence detection
revealed that the fluorescence signals (given as relative fluores-
ig. 2. The GFP gene was introduced into the chromosomal DNA of C. testosteroni by
train, CT-GFP5-1, was isolated due to its kanamycin resistance and used for further

.9. Fluorescence microplate assay

GENios Pro Fluorescence Microplate Reader from Tecan, Austria
mbH was used to measure steroid concentrations in the samples,
t excitation: 485 nm and emission: 535 nm. To 96-well black plates
100 �l wells) was added 50 �l OD595 nm = 0.1 fresh cultured CT-
FP5-1 mutant cells or 50 �l 0.1 mg/ml cytoplasm of CT-GFP5-1
utant cells, and 2 �l sample (in ethanol and SIN medium). Incu-

ation was at room temperature for the time intervals indicated.
0 �l ELISA coating buffer (2×: 70 mM NaHCO3, 30 mM Na2CO3,
H 9.6), was added into each well. The supernatant was discarded
nd the plate dried on tissue paper; then 50 �l of water was added.
he results are given as RFU (relative fluorescence units) = sample
ith steroid–sample without steroid.

. Results

.1. Plasmid pTOPO-3˛GFP5 preparation

As shown in Fig. 1, an 1188 bp DNA fragment was prepared by
wo step PCR. The fragment consisted of a 468 bp upstream region of
sdA containing the hsdA operator and promoter region. The down-
tream part represented the gene coding for GFP. The fragment
as cloned into vector pCR2.1-TOPO to generate plasmid pTOPO-
�GFP5 which could be used as a steroid biosensor system (Fig. 2).
mportantly, the resulting plasmid contained the kanamycin resis-
ance gene and could replicate in E. coli but not in C. testosteroni.
.2. Generation of a C. testosteroni based steroid biosensor system

C. testosteroni wild type cells were transformed with 20 �g of
ector pTOPO-3�GFP5 by electroporation. Since pTOPO-3�GFP5
ould not replicate in C. testosteroni cells, only those bacteria

F
w

ologous integration. The vector was plasmid pTOPO-3�GFP5. The resulting mutant
es.

ould grow in the kanamycin containing medium which harboured
lasmid pTOPO-3�GFP5 integrated into their chromosomal DNA.
ig. 2 shows that the linearized pTOPO-3�GFP5 vector was inte-
rated into the chromosomal DNA to yield C. testosteroni CT-GFP5-1
utant cells. The CT-GFP5-1 mutants were cultured in SIN medium
ith 0.5 mM testosterone in 27 ◦C, 180 rpm overnight. Prelimi-
ary ELISA experiments showed that 3�-HSD/CR expression was

ncreased (not shown). By use of a fluorescence microscope the
ig. 3. Fluorescence signalling of C. testosteroni mutant strain CT-GFP5-1. The cells
ere photographed upon fluorescence microscopy after testosterone induction.
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Table 1
Fluorescence detection of C. testosteroni CT-GFP-1 cells after testosterone induction.

OD595 nm GFP5-1 C. testosteroni

1.0 47,674 29,605
0.5 29,274 22,442
0.25 21,176 18,124
0.125 16,761 15,827
0.063 13,687 13,724
0.031 12,676 12,512

Table 2
Time dependence of fluorescence detection with C. testosteroni CT-GFP-1 cells.

Estradiol (ng/ml) 5 min 10 min 30 min 60 min

13.3 41,802 41,257 47,674 46,402
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Fig. 5. Determination of estradiol with CT-GFP5-1 cells. RFU, relative fluorescence
units.
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tion in this cell-free bioassay with different concentrations of
the respective steroid are shown in Figs. 8–10. Importantly, the
sensitivity of this cell-free assay was 2–3 orders of magnitude
higher than that of the cell-based bioassay. The determination
6.65 40,751 40,516 47,434 46,236
3.33 40,130 39,926 46,739 45,703
1.67 39,578 39,211 45,818 44,858

ence units, RFU) indeed were higher in the CT-GFP5-1 mutants
han in wild type cells (Table 1).

.3. Steroid determination with a cell-based bioassay

The mutant CT-GFP5-1 cells were first cultured in SIN medium
ithout steroid induction at 27 ◦C, 180 rpm, overnight and then

djusted to OD595 nm = 0.1 with SIN medium. Testosterone, estradiol
nd cholesterol were diluted in SIN medium to final concentrations
iven below. Bacterial cells (50 �l) and the steroid containing solu-
ion (2 �l) were added into 96-well black plates (100 �l wells) and
ncubated at room temperature. Table 2 shows the time depen-
ency of the incubation with estradiol as an example. Up to an

ncubation time of 30 min the fluorescence increased in this cell-
ased bioassay, and decreased again while approaching 60 min

ncubation. The results of testosterone, estradiol and cholesterol
etermination in this bioassay with different concentrations of
he respective steroid are shown in Figs. 4–6. The determination
ange obtained was 57–450 ng/ml (0.195–1.56 �M) for testosterone
Fig. 4), 1.6–12.8 ng/ml (0.006–0.048 �M) for estradiol (Fig. 5), and
9.3–154.4 ng/nl (0.050–0.390 �M) for cholesterol (Fig. 6). Com-
ared to testosterone, the sensitivities for estradiol and cholesterol
ere much higher, which is probably due to testosterone binding

scavenging effect) to RepB [13].
.4. Steroid determination with a cell-free bioassay

A cell-free bioassay for steroid determination was established,
ince these are more stable than cell-based systems and do not

ig. 4. Determination of testosterone with CT-GFP5-1 cells. RFU, relative fluores-
ence units.

F
c
u

ig. 6. Determination of cholesterol with CT-GFP5-1 cells. RFU, relative fluorescence
nits.

equire culturing of fresh cells before each detection [17]. Cyto-
lasm of mutant C. testosteroni CT-GFP5-1 cells was isolated and
djusted to 0.1 mg/ml protein with SIN medium. Plasmid pTOPO-
�GFP5 was added at 1 ng/ml concentrations into the cytoplasm.
ytoplasm (50 �l) and steroid (2 �l) were added into 96-well
lack plates (100 �l wells) and incubated at room temperature.
fter incubation, 50 �l ELISA coating buffer (2×) was mixed
ith cytoplasm. The supernatant was discarded and the plate
ried on tissue paper; then 50 �l of water was added (Fig. 7).
he results of testosterone, estradiol and cholesterol determina-
ig. 7. Cell-free steroid determination system. The cytoplasm of mutant CT-GFP5-1
ells was isolated and incubated with the steroid samples. RFU, relative fluorescence
nits.
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Fig. 8. Determination of testosterone with the cell-free detection system. The cyto-
plasm of mutant CT-GFP5-1 cells was incubated with the indicated concentrations
of testosterone. RFU, relative fluorescence units.
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Table 3
Estradiol recovery after chloroform extraction.

Estradiol (ng) SIN + estradiol SIN + estradiol extracted
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ig. 9. Determination of estradiol with the cell-free detection system. The cyto-
lasm of mutant CT-GFP5-1 cells was incubated with the indicated concentrations
f estradiol. RFU, relative fluorescence units.

ange obtained was 28–219 pg/ml (0.1 –0.78 nM) for testosterone
Fig. 8), 0.029–0.430 fg/ml (0.1–1.53 fM) for estradiol (Fig. 9), and
.7–77.2 fg/ml (24.5–195 fM) for cholesterol (Fig. 10). As observed
or the cell-based assay, the sensitivities of estradiol and cholesterol
ere much higher compared to testosterone. The cytoplasm could
e stored at −20 ◦C at least for 1 month.

.5. Estradiol recovery after chloroform extraction

To check the system for accuracy and to simulate steroid extrac-
ion from natural sources, a definite amount of estradiol was
xtracted with chloroform and measured. An amount of 26.7 ng
2 �l 0.049 mM) estradiol was added into 1.0 ml SIN medium.
00 �l chloroform was mixed with the sample for 3 min. After

3,000 rpm centrifugation for 30 s and separation of the lower
hase into a new eppendorf tube, the probe was vacuum cen-
rifugated for 10 min to evaporate chloroform. The sample was
olved in 10 �l ethanol, from which 2 �l was mixed with 50 �l
IN medium. After adding of 50 �l mutant C. testosteroni CT-GFP5-1

ig. 10. Determination of cholesterol with the cell-free detection system. The cyto-
lasm of mutant CT-GFP5-1 cells was incubated with the indicated concentrations
f cholesterol. RFU, relative fluorescence units.
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6.7 43,315 42,992
13.3 40,138 40,083
6.7 39,158 39,363

ells (OD595 nm = 0.1), RFU detection was performed. The protocol of
xtraction and detection revealed that estradiol recovery after chlo-
oform extraction is more than 95% as shown in Table 3. Therefore,
teroid extraction from environmental probes with chloroform
hould work in the above system, as should work steroid enrich-
ent in samples where the concentration is lower than the assay

ensitivity.

. Discussion

There are several methods such as HPLC, GC, ELISA, and mass
pectrometry to detect and quantify steroids like testosterone,
stradiol and cholesterol in biological samples. Because of the
elatively low sensitivity of these detection systems, the nat-
ral samples, especially water samples, have sometimes to be
oncentrated with different methods. This is why the steroid deter-
inations are both time consuming and expensive.
The remarkable ability of C. testosteroni to use steroids both

s carbon source and also as signal molecules for the induction
f the appropriate steroid degrading enzymes has been matter of
ntense research. In the course of our work, to solve the mystery of
�-HSD/CR induction [8–10,12,18], we have reported on the iden-
ification of RepA and RepB that are involved in hsdA regulation
Fig. 2) [13,14]. RepA acts as a transcriptional repressor by binding
o two operator sequences upstream of hsdA and preventing tran-
cription of hsdA [14]. The gene coding for repressor RepB locates
32 nt downstream of hsdA. RepB also acts as a negative regulator
f hsdA expression, but on the translation level [13]. We found that
epB binds to a 16 nt sequence downstream from AUG at the 5′ end
f the 3�-HSD/CR mRNA, thereby preventing hsdA translation.

As shown in Figs. 1 and 2, the 720 bp GFP gene was inserted
ownstream from the hsdA regulatory region into the chromosomal
NA of C. testosteroni to yield the mutant CT-GFP5-1. Accordingly,

he GFP gene is under the transcriptional control of RepA, but not
f RepB, since the latter binds to the 3�-HSD/CR mRNA.

Recently, we reported the ability of several steroids to induce
�-HSD/CR expression in C. testosteroni wild type cells: 17�-
ydroxyprogesterone, 11�-hydroxyprogesterone, 21�-hydroxy-
rogesterone, pregnenolone, androstandione, 1-dehydrotestos-
erone, 5-androsten-3�-17�-diol, deoxycorticosterone and testos-
erone [12]. Estradiol and cholesterol did not induce 3�-HSD/CR
xpression. However, in a sister paper we report on the ability of
. testosteroni to degrade estradiol and cholesterol when added to
he culture. This means, that 3�-HSD/CR is obviously not involved
n estradiol and cholesterol degradation and that regulation of the
teroid degrading pathway might be different to that of testos-
erone.

For the present study this means that testosterone probably
inds to both RepA and RepB, but estradiol and cholesterol bind only
o RepA. As described above, RepB is an important repressor for 3�-
SD/CR wild type cells but it cannot regulate GFP gene induction in

he CT-GFP5-1 mutant cells of the present study. Therefore, estra-

iol and cholesterol induced GFP expression but not 3�-HSD/CR
xpression (not shown). Furthermore, since testosterone binds to
oth RepA and RepB, which are both present in CT-GFP5-1 cells and
T-GFP5-1 cytosol, they might act as a kind of scavenging proteins

or testosterone. On the other hand, estradiol and cholesterol bind
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Fig. 11. Testosterone overload led to a decrease of fluorescence.

nly to RepA, thus resulting in higher concentrations of free (i.e.
nbound) steroid. This might be the reason for the lower amounts
eeded of estradiol and cholesterol for GFP gene expression com-
ared to testosterone.

Interestingly, 2 �l of a 0.1 fM estradiol solution could be detected
n the cell-free system which corresponds to only 600 molecules in
he 50 �l reaction volume. This underlines the high sensitivity of
he system, where steroid binding releases RepA from the operator
uch that transcription of the GFP gene may proceed. GFP gene tran-
cription in turn functions as a magnifying mechanism for steroid
etermination and quantification. Another advantage of the cell-
ree system, in addition to its sensitivity, is its stability without the
eed for cell culturing [17]. The cell-free system can be stored at
20 ◦C for several months.

On the other hand, it seems that the concentration range of the
teroid determination system is limited. As shown in Fig. 11, RFU
ncreased dependent on the testosterone concentration between

and 900 ng/ml (1.56 mM). However, above 900 ng/ml of testos-
erone RFU decreased. The same effect was observed with estradiol
nd cholesterol (not shown) and might possibly be due to a quench-
ng effect of the fluorescence signal. It should be noted that the
urrent system does not allow distinguishing between different
teroids. Another disadvantage is the high background of fluores-
ence observed in both the cell-based and cell-free systems. We
re currently working to improve the assay conditions to get a
arger determination range and to decrease the high background
uorescence.

In summary, we have fused the upstream regulatory region of

he gene (hsdA) coding for the enzyme 3�-hydroxysteroid dehy-
rogenase/carbonyl reductase in C. testosteroni with that coding
or GFP. The resulting C. testosteroni mutant cells and even more the
ell-free cytosol of the mutants can be used as a sensitive biosensor
ystem for steroid determination in the environment.
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