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Abstract

Background: Halogenated aromatic compounds are more resistant to microbial degradation than non-halogenated aromatic compounds.
Microbial degradation of sodium benzoate in the presence of sodium 3-chlorobenzoate is of interest. The ability to degrade aromatic com-
pounds is largely determined by the substrate specificity of the first enzyme that initiates degradation, namely, benzoate 1,2-dioxygenase
for benzoate degradation, and 3-chlorobenzoate 1,2-dioxygenase for 3-chlorobenzoate degradation. In this study, the perspective of im-
mobilized cells of Rhodococcus opacus 1CP actinobacterium for degradation of benzoate and 3-chlorobenzoate was explored. Methods:
The biosensor approach (a membrane microbial sensor based on immobilized cells of Rhodococcus opacus 1CP and the Clark-type oxy-
gen electrode as a transducer) was applied to evaluate the actinobacterial cells’ responses to benzoate and 3-chlorobenzoate in the absence
of both enzymes, benzoate 1,2-dioxygenase and 3-chlorobenzoate 1,2-dioxygenase, or in the presence of one of the said enzymes. Re-
sults: Data obtained show that 1CP actinobacterium possessed a constitutive system for the transport of benzoate and 3-chlorobenzoate
into culture cells. The affinity of the transport system for benzoate was higher than that for 3-chlorobenzoate. Moreover, adaptation to one
substrate did not preclude the use of the second substrate. Probably, porins facilitated the penetration of benzoate and 3-chlorobenzoate
into 1CP cells. Analyzing V vs. S dependencies, negative cooperativity was found, when benzoate 1,2-dioxygenase bound substrate
(3-chlorobenzoate), while positive cooperativity was determined at benzoate binding. The observed difference could be associated with
the presence of at least two systems of 3-chlorobenzoate transport into actinobacterial cells and allosteric interaction of active sites of
benzoate 1,2-dioxygenase in the presence of 3-chlorobenzoate. Conclusions: The membrane microbial sensor based on immobilized
Rhodococcus opacus 1CP cells could be useful as a perspective tool for comparative evaluation of enzymes of complex structure such
as benzoate- and 3-chlorobenzoate 1,2-dioxygenase.
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1. Introduction
Salts of benzoic acid (benzoates) and chlorobenzoic

acids (CBAs) enter the biosphere because of human activ-
ity in a household environment as well as during vital ac-
tivity of living organisms and different reactions that oc-
cur in nature [1–9]. The harmfulness of benzoates is still
discussed, but most of chlorinated aromatic compounds are
toxic. It is known, that halogenated aromatic compounds
are usually more resistant to microbial degradation than
non-halogenated aromatic compounds. With an increase in
the number of substituents in the ring, this resistance en-
hances. So, new remediation methods, including biological
techniques, are being developed [2].

For bioremediation of polluted soil, two approaches
such as activation of detoxifying ability of soil microflora
and introduction of xenobiotics-degrading strains are used.
Many species of the genus Pseudomonas and Rhodococ-
cus can degrade a wide spectrum of xenobiotics [4,10–
13]. The search for and introduction of new promising

strains able to degrade various pollutants is urgent. For
example, the Gram-positive actinobacterium Rhodococ-
cus opacus 1CP can be used to detoxify compounds such
as (chloro)phenols, (chloro/methyl) benzoates including 3-
chlorobenzoate (3CBA) [14,15]. To use a culture as a de-
grader of xenobiotics, it is important to know about the in-
fluence of xenobiotics on the microorganism and the activ-
ity of the enzymes involved in xenobiotic metabolism.

The ability to degrade (halogen-substituted) aro-
matic compounds is mainly determined by the substrate
specificity of the first enzyme that initiates degradation.
Benzoate 1,2-dioxygenase initiates benzoate metabolism
(Fig. 1). It is considered that benzoate 1,2-dioxygenase
is unable to perform an oxygenase attack on the 3-
chlorobenzoate ring. Regarding the microbial degradation
of 3CBA, there are several ways of degradation of this
xenobiotic in bacterial cells. One of the ways is oxidation
of the aromatic ring by 3-chlorobenzoate 1,2-dioxygenase
enzyme [16] as shown in Fig. 1.
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Fig. 1. Comparison of structural formulas of BA, 3CBA and
mandelate; the first steps of BA and 3CBA metabolism in R.
opacus 1CP.

Benzoate 1,2-dioxygenase (BDO) is a two-
component enzyme of complex structure that catalyzes
the oxygen-dependent reaction [17]. 3-chlorobenzoate
1,2-dioxygenase (3CBDO) is the enzyme of peripheral
metabolism that initiates the degradation of 3CBA. This
enzyme catalyzes the reaction with the involvement of
oxygen. Although activity of stable soluble enzymes may
be determined in cell-free extracts of culture, activities

of BDO and 3CBDO cannot be determined in cell-free
extracts because the enzymes are destroyed during prepa-
ration of cell-free extracts [18]. For that reason, BDO
and 3CBDO activities are determined in whole cells by a
change of oxygen consumption by cells in the presence of
the substrate of the enzyme under study [19–21].

The biosensor on the basis of bacterial cells is a helpful
convenient tool for rapid assessment of the substrate speci-
ficity and activity of the enzyme initiating the pathway in
this bacterium [22]. A whole-cell biosensor with the Clark-
type oxygen electrode as a transducer can be used for es-
timation of a change in oxygen consumption by microbial
cells under the action of a substrate. In our previous study,
BDO and 3CBDO activities in R. opacus 1CP cells was
determined by means of a biosensor method with the use
of both a suspension of freshly harvested intact cells and
immobilized resting cells [23,24]. The advantages of the
whole-cell biosensor method for determination of enzyme
activity are small amounts of microbial biomass for biosen-
sor system formation and rapidness of assay.

Besides the measurement of the enzyme activity,
whole cell biosensors can be used for detection of toxic
aromatic compounds. To improve selectivity of a micro-
bial sensor, whole-cell bacterial bioreporter sensors for aro-
matic compounds are being developed. In a bioreporter
sensor, a genetically encoded reporter protein is produced
in response to a contact of a microbial cell with an an-
alyte [25–27]. The main limiting factor for construction
of whole-cell bacterial bioreporter sensors for chloroaro-
matic compound is shortage of knowledge about metabolic
(biochemical) pathways of bacteria capable of degrading
chloro-substituted aromatic compounds [26].

In this study, laboratory models of the membrane
microbial sensor were formed on the basis of immobi-
lized cells of R. opacus 1CP, which contained enzymes of
degradation of benzoate or 3-chlorobenzoate (benzoate 1,2-
dioxygenase or 3-chlorobenzoate 1,2-dioxygenase, respec-
tively), to explore features of microbial metabolism of toxic
aromatic compounds. The models were applied to evalu-
ate the actinobacterial cells’ responses to benzoate and 3-
chlorobenzoate in the absence of both enzymes, benzoate
1,2-dioxygenase and 3-chlorobenzoate 1,2-dioxygenase, or
in the presence of one of the said enzymes.

2. Materials and methods
2.1 The microorganism

The object of our study was a Gram-positive non-
spore-forming R. opacus 1CP actinobacterium (DSM
46757, and VKM Ac-2638), which was isolated from the
selectivemediumwith 2,4-dichlorophenol. The culture was
able to degrade benzoate (BA) and some of substituted
benzoates [15]. The actinobacterium was maintained on
agarized Luria-Bertani (LB) medium and transferred every
6 months.
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2.2 Culture conditions

The culture was grown on Petri dishes containing
agarized LB medium (the medium without 3CBA and BA)
or agarized mineral medium with BA (200 mg/L) as a sole
carbon and energy source. The mineral medium had the
following composition (g/L): Na2HPO4 – 0.73; KH2PO4

– 0.35; MgSO4 × 7H2O – 0.1; NaHCO3 – 0.25; MnSO4

– 0.002; NH4NO3 – 0.75; FeSO4 × 7H2O – 0.02. Petri
dishes were incubated at 28 °C until bacterial cells germi-
nation. Biomass grown was washed out with liquid LB or
mineral medium, depending on the growth medium, and
cell suspensions prepared were used as inoculums. To pro-
duce biomass, inoculum suspension was inoculated in 750-
mL Erlenmeyer flasks with 200 mL of appropriate liquid
growth medium: liquid LB medium (for LB-grown cells,
which were BDO- and 3CBDO-free cells) or liquid mineral
medium with 200 mg/L of BA (for BA-grown cells). The
culture was grown at 28 °C on a rotary shaker (n = 220 rpm).

Grown R. opacus 1CP cells were centrifuged (12,000–
16,000 g, 10–15 min, + 4 °C) and washed twice with a 50-
mM K-Na phosphate buffer (pH 7.4). BA-grown biomass
and one part of LB-grown biomass were suspended in the
phosphate buffer up to 100 mg of wet cells per mL, stored
at + 4 °C for 12 h and were then used for preparation of
receptor elements on the basis of BA- or LB-grown cells,
respectively. Another part of LB-grown biomass was in-
duced by BA or 3CBA.

2.3 BDO or 3CBDO induction in LB-grown R. opacus
1CP cells

To induce BDO or 3CBDO in LB-grown R. opacus 1
CP cells, LB-grown biomass was suspended in the phos-
phate buffer containing 2 g/L of BA (for BA-induced cells)
or in the phosphate buffer containing 100 mg/L of 3CBA
(for 3CBA-induced cells), respectively. The culture cells
were incubated at 28 °C on a rotary shaker (n = 220 rpm)
for 96 h (for BA-induced cells) or 24 h (for 3CBA-induced
cells). After incubation, biomass (BA- or 3CBA-induced
biomasses) was centrifuged and washed twice with the
phosphate buffer. BA- and 3CBA-induced biomass were
suspended in the phosphate buffer up to 100 mg of wet cells
per mL, stored at + 4 °C for 12 h and were then used for
preparation of receptor elements based on BA- or 3CBA-
induced cells, respectively.

2.4 Formation of bioreceptors based on R. opacus 1CP
cells

Bioreceptors were formed on the basis of obtained sus-
pensions (100 mg of wet cells weight per mL) of the acti-
nobacterial cells. To form a bioreceptor, bacterial suspen-
sion was immobilized on Whatman paper by the method of
physical adsorption. To achieve it, actinobacterial suspen-
sion (10 µL) was spotted (3–4 mm in diameter) onto a piece
of paper (4× 4 mm2). Prepared bioreceptors were air-dried
for 30–40 min and used for formation of laboratory models

of the biosensor or stored at + 4 °C.

2.5 Formation of laboratory models of the membrane
microbial sensor

Cells’ responses to substrates were determined by
biosensor method using laboratorymodels of themembrane
microbial sensor. Each laboratory model was formed on the
basis of the bioreceptor using R. opacus cells either LB- or
BA-grown, BA- or 3CBA-induced cells. To form a rec-
ognizing part of the biosensor, the bioreceptor was fixed
on the measuring surface of the Clark-type oxygen elec-
trode by means of nylon net. The oxygen electrode with
the bioreceptor (a microbial electrode) was placed in an
open 5 mL measuring cell. The cell was filled with an air-
saturated buffer and equipped with a magnetic stirrer. The
design of the recognizing part of the membrane microbial
sensor is presented in our previously published paper [28].
The Clark-type oxygen electrode was used as a transducer
of the response of microbial cells. An amplifier system
(Ingold 531-04 O2 Amplifier, Switzerland-USA) amplified
the signal of the oxygen electrode. Cells’ response to sub-
strate was registered with a two-coordinate recorder (XY
Recorder-4103, Czech Republic).

2.6 Determination of a response to substrate (BA or
3CBA) for immobilized R. opacus 1CP cells used as the
recognizing element of the membrane microbial sensor

The measurements of cells’ responses to substrates
were performed in the air-saturated phosphate buffer at +
20–22 °C at permanent stirring. The microbial electrode
was placed in the measuring cell with the buffer solution
and basal (endogenous) cell respiration was then stabilized.
After stabilization of endogenous respiration of R. opacus
cells, substrate solution was injected into the buffer solu-
tion. The cells’ response to substrate was proportional to
a rate of cells’ respiration change. The change of cells’
respiration led to a change in oxygen concentration at the
measuring area of the Clark-type oxygen electrode. The
Clark-type oxygen electrode transduced a chemical sig-
nal (the change in oxygen concentration) into electric sig-
nal (a change in the electrode current). The change in
the electrode current was recorded with the two-coordinate
recorder. The recorded signal reflected the rate of change in
the electrode current (dI/dt, pA/s), which was proportional
to a change in oxygen consumption by culture in response
to substrate injection. The cells’ response to substrate was
calculated as the first derivative of the electrode current
change in response to substrate addition (pA/s). After mea-
surement, the system was washed, the basal respiration was
then registered, and the system was ready to make the next
measurement.

To measure the response to substrate for another R.
opacus 1CP cells using another bioreceptor, an appro-
priate bioreceptor was fixed on the measuring surface of
the Clark-type oxygen electrode, and measurements were
made.
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Fig. 2. Responses to the substrate for immobilized R. opacus 1CP cells grown in LBmedium (BA- and 3CBA-free). (A) Responses
to BA for BDO-free cells. (B) Responses to 3CBA for 3CBDO-free cells. Error bars indicate standard deviation from the measurement
of three samples.

2.7 Statistics

The presented data are the results of one of two/three
independent experiments. The measurements were taken in
triplicate. Presented results are average values. Statistical
data analysis was carried out using a Student’s t-test taking
p < 0.05.

3. Results and discussion
3.1 LB-grown (non-induced by BA or 3CBA) cells’
responses to substrates for characterization of BA and
3CBA transport into cells

Our earlier study showed that BDO and 3CBDO of R.
opacus 1CP are inducible enzymes, which are synthesized
in the cells grown in the presence of substrates of enzymes
[23,29]. Furthermore, in our previous work, the response
to the substrate for intact R. opacus 1CP cells used as a
recognizing element of a reactor microbial sensor was an
indicator of the activity of the enzyme initiating degrada-
tion of the substrate, BDO or 3CBDO [24]. LB medium
is the BA- and 3CBA-free medium. Therefore, LB-grown
actinobacterial cells contained only insignificant amounts
of inducible enzymes (basal activity), which could not be
registered in microbial cells.

It is known that the response to a substrate for immobi-
lized cells of a bioreceptor of a membrane microbial sensor
is caused by processes of both transport of a substrate into
microbial cells and metabolism of a substrate in cells [30].
It is obvious that in the absence of the enzyme, which initi-
ates substrate degradation, immobilized cells’ response to a
substrate is caused by processes of substrate transport into
cells. When no BDO and 3CBDO activity were registered
in intact LB-grown R. opacus 1CP cells, immobilized cells’
response to BA or 3CBA was caused by transport of a sub-
strate into LB-grown cells. Thus, curves shown in Fig. 2
describe a change in the rate of BA and 3CBA transport
into R. opacus 1CP cells. Detection of the response to BA

and 3CBA for 1CP actinobacterial cells non-induced by the
substrate was the evidence of the presence of a constitu-
tive system for substrates transport into cells. Earlier, both
for Gram-negative bacteria and substrate other than BA,
permeability of non-induced and induced cells to substrate
was registered by Hegeman for Pseudomonas putidaATCC
12633/mandelate [31] as well as a constitutive system of
uptake was observed by Migues et al. [32] for Alcaligenes
denitrificans BRI 6011/2,4-dichlorobenzoic acid.

LB-grown cells of the culture are BDO- and 3CBDO-
free cells. When BA and 3CBA penetrate the LB-grown
cells, these substrates cannot be metabolized by the cells.
However, these substrates were not accumulated in the
cells. It was supported by the fact that receptors based
on immobilized R. opacus 1CP cells, which was not in-
duced by substrate, operated for longer than 24 h without
loss of activity and sample throughput [33] of the mem-
brane microbial sensor was 4–5 samples per hour. Hence,
BA and 3CBA should have entered and exited LB-grown
1CP cells. As for substrate-induced cells of Pseudomonas
putida ATCC 12633 in the presence of mandelate, concen-
trating permease activity was shown by Higgins and Man-
delstam [34]. Since BA and 3CBA were not accumulated
in the cells, constitutive concentrating permease could not
mediate transport of these substrates into the cells of 1CP
culture.

Aubert and Motais demonstrated that weak benzoic
acid penetrates the cell through the membrane lipids as
undissociated acid [35]. In the present study, cells’ re-
sponses were measured in the buffer at pH 7.4. In aqueous
solution at pH 7.0, BA was dissociated by approximately
99.9% [36], and significant amounts of BA (as anion) were
unable to independently diffuse into the cell through sim-
ple diffusion. Saturation kinetics (Fig. 2) was observed for
dependency of the rates of R. opacus 1CP response to BA
or 3CBA on BA or 3CBA concentration, respectively. It
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Fig. 3. Responses to BA or 3CBA for immobilized R. opacus 1CP cells in the presence of BDO in cells. (A) Responses to BA for
BA-induced cells. (B) Responses to BA for BA-grown cells. (C) Responses to 3CBA for BA-induced cells. (D) Responses to 3CBA for
BA-grown cells. Error bars indicate standard deviation from the measurement of three samples.

excluded the involvement of simple (passive) diffusion in
BA and 3CBA transport into LB-grown 1CP cells (linear
regression between the rate and concentration would be ob-
tained). At the same time, active transport of BA and 3CBA
was hardly improbable for resting immobilized cells know-
ing that the active transport is coupled with ATP hydroly-
sis. Most likely, carriers-mediated diffusion facilitated BA
and 3CBA transport into non-induced 1CP cells. The ques-
tion remains unaswered whether porins like BenF and BenP
(porins can also be present in a wall zone of Gram-positive
bacteria [37]) and membrane BA transport proteins, such as
BenE1 and BenE2 (2.A.46 benzoate:H+ symporter BenE
family) [38–40], could participate in the transport of BA
and 3CBA into 1CP cells non-induced by the substrate.

Nonlinear regression fit of data to Michaelis-Menten
equation resulted in calculation of rate constants Vmax of
109.0 ± 2.7 pA/s and 27.2 ± 0.9 pA/s and transport affin-
ity constants S0.5 (as Km) of 0.27 ± 0.03 mM and 2.44 ±
0.29 mM for BA and 3CBA, respectively. Two explana-
tions can be given for the results obtained. First, these val-
ues could indicate not narrow specificity of the single con-
stitutive system mediating substrate (both BA and 3CBA)
transport into cells of 1CP actinobacterium. The affinity
of the transport system was higher to BA (0.27 mM) than

to 3CBA (2.44 mM). The rate of BA transport (Fig. 2A)
into resting R. opacus 1CP cells was higher than the rate
of 3CBA transport (Fig. 2B). Second, probably two differ-
ent transport systems are involved in transport of BA or
3CBA into non-induced 1CP cells. For instance, Chaudhry
et al. [38] reported that the rates of BA uptake into rest-
ing Corynebacterium glutamicum cells were higher when
BenE, but not BenK, mediated BA transport. In addition,
both specific and non-specific pore-forming proteins have
been found in Gram-positive bacteria [41].

3.2 The responses to substrates for BA-induced and
BA-grown cells

Both cells induced with BA in non-growth condi-
tions (referred as BA-induced cells) and cells grown in BA-
medium (referred as BA-grown cells) contained BDO ini-
tiating BA metabolism in cells. Therefore, the response to
substrate for BDO-containing immobilized R. opacus 1CP
cells was caused by both the process of substrate transport
into cells and process of initial metabolism of substrate in
cells. Due to specificity of BDO of 1CP actinobacterium,
responses to both substrates (BA and 3CBA), which char-
acterized BDO activity, were registered earlier using intact
cells [10]. In the present study, responses to BA (Fig. 3A
and 3B) and 3CBA (Fig. 3C and 3D) were studied us-
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ing BDO-containing immobilized cells of the culture. The
cells’ response to BA was markedly higher than the cells’
response to 3CBA. It could be a result of a drop of en-
zyme activity (BDO activity) in the presence of 3CBA as
a substrate. Similar change of enzyme activity was shown
in previous research with intact cells: BDO activity in the
presence of BA was higher by a factor of 5 than in the pres-
ence of 3CBA [10]. It is a similar situation as described
by Krooneman et al. [42] for determination of maximum
oxygen uptake rate in the presence of BA or 3CBA for BA-
grown Alcaligenes sp. L6. For this culture in the pres-
ence of BA, cells’ response was a 5-fold higher than a re-
sponse in the presence of 3CBA. The difference between
cells’ responses to BA and 3CBA can also be explained
by the presence of different transporters in 1CP cells in the
presence of BA or CBA. For instance, various transporters
were induced by BA (BenK, BenE1 and BenE2) and 3CBA
(BenK and BenE2) in Pseudomonas putida KT2440 cells
[43]. Furthermore, in confirmation of the above said about
the response to substrate for immobilized 1CP cells, the
categories of expressed genes such as ‘energy metabolism’
and ‘transport and binding proteins’ characterized the cellu-
lar responses to substrate for Pseudomonas putida KT2440
cells reported by Wang et al. [43]. In addition, Clark et
al. and Wong et al. [40,44] showed that transport process
and process of substrate metabolism are dependent of each
other.

Curves of dependencies of the cells’ response to sub-
strate (both BA and 3CBA) on substrate concentration for
BA-induced and BA-grown immobilized cells are repre-
sented in Fig. 3. Saturation curves were obtained. Non-
linear regression fit of data to the Hill equation was found
for all curves. Half-saturation constants, S0.5, which were
integrated constants of affinity to substrate for processes
causing immobilized cells’ response to substrate, were cal-
culated. For BDO of R. opacus 1CP cells, enzyme speci-
ficity to BA was higher than specificity to 3CBA [10]. As
expected, in the presence of BDO for both BA-induced and
BA-grown cells, constants of affinity to BAwere lower than
the constants to 3CBA, affinity to BA was higher than that
to 3CBA. So, for BA-induced cells, the constant of affinity
to BA (117 µM) was by an order lower than that to 3CBA
(1400µM). For BA-grown cells, affinity to BA virtually did
not change, namely the constant of affinity to BA was in-
significantly lower (91 µM) than that for BA-induced cells.

Regarding the Hill kinetics for cells’ responses to BA,
positive kinetic cooperativity by the substrate was found
for responses of BA-induced and BA-grown immobilized
cells. Values of Hill coefficient (n) were greater than 1.
They were 1.87 and 1.90 for BA-induced and BA-grown
1CP cells, respectively. It was in conformity with depen-
dency of cooperatives by the substrate for BDO on BA con-
centration in the growth medium for R. opacus 1CP cells.
This phenomenon was found in our study using intact cells
[45]. For BDO of intact 1CP cells, positive kinetic cooper-

ativity by BA was detected when BA concentration in the
growth mediumwas lower than 6 g/L. Furthermore, consid-
ering the dependency between substrate transport process
and process of substrate metabolism [44], positive kinetic
cooperativity was observed by Choudhary et al. [38] for
BA transport into Pseudomonas putida CSV86 cells (n =
1.9).

For cells’ responses to 3CBA in the presence of BDO,
unlike cells’ responses to BA, negative kinetic cooperativ-
ities by the substrate were detected. n values were 0.54
and 0.51 for BA-induced and BA-grown 1CP cells, respec-
tively. Responses to 3CBA were measured for the same
cells induced by BA, which were used for detection of re-
sponses to BA. In both experiments (both with BA and with
3CBA) the same enzyme (BDO) caused the cells’ response
to substrate. Therefore, allosteric interaction of active sites
of BDO in the presence of 3CBA could be a reason of neg-
ative kinetic cooperativities by substrate [46].

Another reason of negative kinetic cooperativity could
be the presence of two phases (hyperbolic and linear) for
‘response-3CBA concentration’ dependency that was ob-
tained for BA-induced cells (Fig. 4). Linear phase indicated
that the simple diffusion took part in formation of the cells’
response to 3CBA when 3CBA concentration was higher
than 10 mM.

Fig. 4. Two phases dependency of the rate of the cells’ response
to 3CBA on 3CBA concentration for BA-induced R. opacus
1CP cells. Error bars indicate standard deviation from the mea-
surement of three samples.

3.3 The responses to 3CBA for 3CBA-induced cells

After cells induction in the presence of 3CBA, R. opa-
cus 1CP cells contained 3CBDO. For these immobilized
cells, the response to 3CBA was caused by 3CBA trans-
port and 3CBDO activity. A curve of the dependency of
the cells’ response to 3CBA on concentration of 3CBA is
shown in Fig. 5.
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Fig. 5. Responses to 3CBA for immobilizedR. opacus 1CP cells
induced by 3CBA.Error bars indicate standard deviation from the
measurement of three samples.

Saturation curve was obtained; data of nonlinear re-
gression fitted to the Michaelis-Menten equation. Half-
saturation constants (S0.5), which characterized the pro-
cess affinity to 3CBA, were calculated using the Michaelis-
Menten model. 3CBA substrate affinity to ‘its’ enzyme,
3CBDO, should be higher than that to BDO. For instance,
enzyme activity of 3CBA-grown Alcaligenes sp. L6 cells
was higher in the presence of 3CBA but not in the pres-
ence of BA [42]. Hence, integrated constant of process
affinity to 3CBA should be lower for 3CBA-induced 1CP
cells in comparison with BA-induced the cells. That is what
we observed for 3CBA-induced R. opacus 1CP cells. For
a 3CBA-3CBDO combination, calculated half-saturation
constant (S0.5, 484 µM) was the same order as the value
determined for a BA-BDO combination (117 µM) and was
on order of magnitude less than for 3CBA-BDO.

4. Conclusions
In sum, laboratory models of the membrane microbial

sensor, based on immobilized Rhodococcus opacus 1CP
cells and the Clark-type oxygen electrode as a transducer,
were successfully applied to evaluate the actinobacterial
cells’ responses to BA and 3CBA.

The data from this study show that the membrane mi-
crobial sensor based on immobilized cells of the bacterial
culture could be useful as a perspective tool for evalua-
tion of enzymes of complex structure initiating substrate
metabolism coupled with oxygen consumption.

The Rhodococcus opacus 1CP culture has constitu-
tive system(s) for the transport of BA and 3CBA into cells.
Therefore, cells without prior induction can be introduced
into an environment contaminated with these xenobiotics.
The positive cooperativity by the substrate, which was
shown for immobilized cells of the culture, indicates that
the catalytic efficiency of the active sites of the enzyme

(BDO) increases as they are filled with the substrate. More-
over, adaptation to one substrate (BA or 3CBA) does not
preclude the use of the second substrate. In the light of it,
we can conclude that Rhodococcus opacus 1CP is an ideal
xenobiotics-degrading culture for remediation of soil con-
taminated by BA and 3CBA.

The results of the study have indicated a direction for
our further research. Previously, the presence of porins was
reported only for Gram-negative bacteria. Currently, pore-
forming proteins have been found in Gram-positive bacte-
ria, including rhodococci. There is no data on the pore-
forming proteins of Rhodococcus opacus 1CP. Microbio-
logical studies are planned to confirm or refute the presence
of pore-forming proteins in the wall zone of Gram-positive
Rhodococcus opacus 1CP. In addition, genetic studies will
help identify genes encoding BA and 3CBA transporters.
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