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Abstract—The optimal conditions for C3 oxidative biotransformation of 1.0 g/L pentacyclic triterpenoids ole-
anolic (OA) and glycyrrhetinic (GA) acids were determined using the resting cells of Rhodococcus rhodochrous
IEGM 1360 from the Regional Specialised Collection of Alkanotrophic Microorganisms. Resting cell sus-
pensions (ODg 2.6, pH 8.0, and ODyg, 2.2, pH 6.0) showed the highest catalytic activity against OA and
GA, resulting in the formation of 61 and 100% of their 3-oxo derivatives, respectively. Using phase contrast,
atomic force, and confocal laser scanning microscopy, an adaptive response of rhodococci to the effects of
OA and GA was revealed. In silico, the apoptotic activity of 3-oxo-OA and antioxidant activity of 3-oxo-GA
have been assumed. In vitro, a pronounced antibacterial activity of 3-oxo-OA against Micrococcus luteus,
Escherichia coli, Staphylococcus aureus, and Bacillus subtilis was shown. The absence of toxic effects of the
above triterpenoids and their 3-oxo derivatives on aquatic objects and plants was demonstrated in silico and
in vitro, respectively.
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Nowadays, amidst the deficit of effective pharma-
cological agents for socially significant diseases, an
essential task is to synthesize new chemical com-
pounds with potential biological activities, including
those derived from plant terpenoids (Calixto, 2019).
One of the intensively employed compounds in
this area are oleanane type plant pentacyclic triter-
penoids, in particular oleanolic (OA, 1, 3B-hyd-
roxyolean-12-en-28-oic acid) and glycyrrhetinic (GA,
3, 3B-hydroxy-11-oxoolean-12-en-30-oic acid) acids
(Kumar and Dubey, 2019). OA and GA are actively
used to obtain semi-synthetic derivatives with pro-
nounced antiviral, antimicrobial, anti-inflammatory,
antitumor, and hepatoprotective activities (Capel
et al., 2011; Yuet al., 2013; Yan et al., 2018; Alho et al.,
2019; Luchnikova et al., 2020). At present, the conver-
sion of these triterpenoids is mainly carried out using
methods of chemical synthesis under conditions of
extreme acidity and temperature, frequently with
expensive catalysts as well as protective groups of the
reactive centers of the molecule (Alho et al., 2019).
Along with chemical modification, attempts are being
made to biologically transform OA and GA. Com-
pared to traditional organic synthesis, the use of

enzymes and whole cells of microorganisms to obtain
target compounds is technologically promising. This
is due to their exceptional chemo- and stereoselectiv-
ity, a wide range of metabolizable substrates, minimal
side reactions, unnecessary multiple protection and
deprotection steps, and importantly, stable activity
under extreme environmental conditions. The largest
part of the processes of OA and GA biological trans-
formation is catalyzed by filamentous fungi (Capel
et al., 2011; Martinez et al., 2013; Gong et al., 2014;
Wu et al., 2018), although fungi are technologically
impractical and unsafe due to their mycelial growth
and the ability to produce mycotoxins. Examples of
bacterial transformation of OA and GA are rare and
include processes catalyzed by members of the genera
Bacillus, Nocardia, and Streptomyces, which exhibit
transforming activity at triterpenoid concentrations no
more than 0.3 g/L (Ludwig et al., 2015; Xu et al., 2017,
2020). We have previously described a nonpathogenic
strain Rhodococcus rhodochrous IEGM 1360 catalyz-
ing the directed transformation of 1.0 g/L OA or GA
for 7 days (Luchnikova et al., 2021, 2022).

One of the effective approaches for intensifying the
processes of bioconversion of complex hydrophobic
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compounds is the use of resting cells—bacterial cells in
the stationary phase of growth washed from nutrients
and resuspended in a buffer solution (Grishko et al.,
2013; Ivshina et al., 2015; Nawawi et al., 2016; Ivanova
et al., 2022). The absence of growth factors allows reg-
ulating the amount of biomass and its physiological
state that helps to increase the efficiency and reduce
the duration of the target process. At the same time,
the use of a buffer solution as a biotransformation
medium reduces the risk of bacterial contamination,
limits the growth of foreign microflora, and facilitates
the process of metabolite isolation. Previously, we
have demonstrated successful intensification of the
biotransformation processes of plant terpenoids,
namely betulin and dehydroabietic acid (Grishko
et al., 2013; Ivanova et al., 2022).

The present work was aimed at studying the possi-
bility of employing resting cells of R. rhodochrous
IEGM 1360 to enhance the processes of OA and GA
biotransformation.

MATERIALS AND METHODS

Culture collection. In this research, Rhodococcus
rhodochrous IEGM 1360—an OA and GA biotrans-
forming strain—from the Regional Specialised Col-
lection of Alkanotrophic Microorganisms (acronym
IEGM, WFCC #285; USU 73559; www.iegmcol.ru)
was used. R. rhodochrous IEGM 1360 was isolated
from moss rhizosphere (Tikhaya Bay, Guker Island,
Franz Josef Land, Arkhangel’sk region, Russia). The
complete genome of the strain has been sequenced and
is available in the NCBI database
(JAINCNO000000000.1).

Chemicals. High-purity (297%) OA (CAS 508-
02-1) and GA (CAS 471-53-4) manufactured by Acros
Organics (United States) and TCI (Belgium), respec-
tively, were used in the experiments. Chemical
reagents, including acetonitrile, dimethyl sulfoxide
(DMSO), methanol, chloroform, ethyl acetate, n-
hexane, and isopropanol, were of chemically pure or
analytically pure grades (Cryochrome, Russia; Merck,
Germany; Sigma-Aldrich, United States). A Millipore
Simplicity Personal Ultrapure Water System (Milli-
pore, United States) was used to obtain the ultrapure
water.

OA and GA solubility. Solubility of triterpenoids
was determined by a micromethod of serial two-fold
dilutions using 96-well round-bottomed polystyrene
microplates. 100 uL of phosphate-alkaline buffers
(pH 5.0, 6.0, 7.0, 8.0, or 9.0) were inoculated into
microplate wells. 10 mg of OA or GA dissolved in
100 uLL. of DMSO were added to the first well of each
row and mixed thoroughly. A portion of 100 UL from
the resulting mixture was transferred to the next well.
The procedure was repeated until a series of two-fold
dilutions were formed. The concentration of OA or
GA in one row ranged from 0.5 g/L to 0.003907 g/L.
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Solubility was defined as a concentration at which
ODyg;, of the experimental OA or GA solutions and
ODg;, of the control buffer were comparable (Multi-
scan Ascent microplate reader, Thermo Electron Cor-
poration, Finland).

Preparation of resting cell suspensions. Rhodococci
were pre-grown in meat-peptone broth (MPB) for
48 h. Bacterial cells of the stationary phase were pre-
cipitated by centrifugation (3000 rpm, Hermle Z
200 A, Germany) for 10 min and washed three times
with an equivalent volume of the phosphate-alkaline
buffer (pH 7.0). The washed cells were resuspended in
25 mL of the Clark—Labs phosphate-alkaline buffers
with various 0.1 M KH,PO, and 0.1 M NaOH ratio
(pH 5.0, 6.0, 7.0, 8.0, or 9.0) (Dawson et al., 1986).
The optical density (ODg,,) was adjusted to 2.0, 2.2,
2.4, 2.6, or 2.8 (Lambda EZ201 spectrophotometer,
Perkin Elmer, United States). Additionally, the con-
centration of cells (g/L) was estimated by calculating
the weight of dry biomass.

Biotransformation conditions. The experiments
were carried out under constant shaking conditions on
a Certomat IS orbital shaker (Sartorius, Germany) at
160 rpm and 28°C. OA or GA dissolved in DMSO
(Img : 10 uL) were used in the concentration of
1.0 g/L. The resting cell suspensions without triter-
penoids were used as biotic controls, and the phos-
phate-alkaline buffers with terpenoids were used as
abiotic ones.

Phase-contrast microscopy. Visualization of cells
and measurement of their sizes were performed with
an Axio Imager M2 optical microscope (Carl Zeiss,
Germany) equipped with an Axiocam 506 Color cam-
era in a phase-contrast mode with X 1000 magnifica-
tion. The volume (V) and surface area (.5) of cells were
calculated by Equations (1) and (2) (Neumann et al.,
2005):

V = rinh; (1

S = 2r’n+ mrh, )
where ris 1/2 of cell width; &t is 3.14; 4 is cell length.

Atomic force and confocal laser scanning micros-
copy. The morphology of bacterial cells was analyzed
using a combined microscopic system, which consists
of an Olympus FV1000 laser confocal scanning micro-
scope (CLSM) (Olympus Corporation, Japan) and an
Asylum MFP-3D-BIO atomic force microscope
(AFM) (Asylum Research, United States). Prior to
imaging, a drop (15—20 uL) of the cell suspension was
placed on a glass cover slip, mixed with the same vol-
ume of Live/Dead® BacLight™ Bacterial Viability Kit
(Invitrogen, United States) and allowed to dry at room
temperature in darkness for 10—15 min. Then the
cover slip was rinsed with deionized water and scanned
with CLSM. SYTO9 and propidium iodide were excited
by the argon laser (A = 488 nm) with a 505/525 nm bar-
rier filter and by the He—Ne laser (A = 543 nm) with a
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560/660 nm barrier filter, respectively. Images (size,
0.12 x 0.12 mm; resolution, 1600 X 1600 pixels) were
obtained at a rate of 40 nm/pixels. The images were
analyzed by the FV10-ASW 3.1 program (Olympus
Corporation, Japan). CLSM images were imported
into the Igor Pro 6/22A AFM software (Wave Metrics,
United States). AFM scanning was carried out in the
semi-contact mode in air using an AC240TS silicon
cantilever with a resonant frequency of 50—90 kHz
and a spring constant of 0.5—4.4 N/m.

Qualitative and quantitative analysis of OA, GA and
their derivatives. To isolate residual OA, GA and their
derivatives, the post-fermentation media with bacte-
rial cells were acidified with 10% HCI solution and
extracted three times with an equal volume of ethyl
acetate. The combined organic layers were washed
with an aqueous solution of 1% Na,CO; and then with
distilled water to a final pH of 7.0. The ethyl acetate
extract was dried over anhydrous Na,SO,. The solvent
was removed with a Laborota 4000 rotary evaporator
(Heidolph, Germany). The ethyl acetate extracts were
qualitatively analyzed by thin layer chromatography
(TLC) on Alugram® Xtra SIL G/UV254 plates
(Macherey-Nagel, Germany) with the n-hexane—
ethyl acetate (1 : 1 or4 : 1, v/v) mixture as an eluent.
The sample spots were visualized by spraying the
plates with a solution of 15% H,SO, followed by heat-
ing at 100—120°C for 2—3 min.

Qualitative analysis of the extracts and assessment
of the dynamics of GA transformation product forma-
tion were performed by gas chromatography-mass
spectrometry  (GC-MS) using an  Agilent
6890N/5975B chromatograph (Agilent Technologies,
United States) equipped with a HP-5ms UI column
(30 m X 0.25 mm, 0.25 um) and operating in an elec-
tron impact ionization mode (70 eV). Helium was used
as a carrier gas. The evaporator temperature was
300°C. The column temperature was programmed
from 100 to 300°C in increments of 30°C/min; the
retention time was 18.5—23.0 min. The sample was
injected in a volume of 0.1—0.2 uL with a flow split of
1:9—1: 39. Mass spectra were recorded in the range
of 35—535m/z at a rate of 1.5 scans/s. The samples
were initially treated with (trimethylsilyl)diazometh-
ane (Sigma-Aldrich, United States). The obtained
mass spectra were compared with the known mass
spectra from the NISTO8 MS Library.

The formation dynamics of OA transformation
product was assessed by high performance liquid chro-
matography (HPLC) on a Kromasil 100-5-C18
reversed phase column (C18; particle size, 5 um; pore
size, 100 A; 250 mm X 4.6 mm, Eka Chemicals AB,
Sweden). The eluent was a mixture of acetonitrile and
deionized water in a percentage ratio of 80 : 20 (v/v).
The flow rate was 1 mL/min, the temperature of the
column was 40°C, and the injected sample volume was
20 uL. Samples were previously dissolved in isopropa-
nol (Cryochrome, Russia). Concentrations of OA
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and its derivative were calculated according to Equa-
tion (3) compiled from the dependence curve of the
OA analytical standard concentration on the peak
area.

y=T7FE —06x —1.2389, 3)
where x is peak area, mAU; y is concentration, %.

Isolation and identification of OA and GA deriva-
tives. The primary identification of the derivatives was
performed by comparing the mass spectra of methyl
esters of the obtained compounds (Fig. S1) with the
mass spectra of methyl esters of the known com-
pounds from the NIST08 Mass Spectral Library (GC-
MS (m/z): 3-0x0-0A, 468.3 (M+); 3-oxo0-GA, 482.4
(M+)). Mass spectra were considered identified if the
mass spectrum of the studied substance matched with
the library one with a similarity coefficient exceeding
90%. The structure of the derivatives was confirmed
by NMR spectroscopy. 'H, BC, and DEPT NMR
spectra were recorded on a Bruker AVANCE 11 spec-
trometer (Bruker BioSpin GmbH, Germany) at 400
and 100 MHz, respectively (Figs. S2, S3). CDCI; was
used as a solvent. Optical rotation was measured on a
Perkin Elmer 341 polarimeter (Perkin Elmer, United
States) at 589 nm for solutions of the derivatives in
CHCIl;. The melting point was recorded using an
OptiMelt MPA100 automated melting point system
(Stanford Research Systems, United States) with a
heating rate of 1°C/min.

The extract (190.5 mg) obtained during OA bio-
transformation by resting cells of R. rhodochrous
IEGM 1360 was separated using a flash chromato-
graph (Buchi, Switzerland) on a Sepacore Silica 40g
cartridge (26.7 X 127 mm) at a substance to sorbent
ratio of 1 : 30 (w/w). Using 100% chloroform as an elu-
ent, 114.4 mg of compound 2 and 40.2 mg of residual
OA were successively obtained. Recrystallization of
compound 2 was carried out in the isopropanol—chlo-
roform system (3 : 1, v/v).

3-Oxoolean-12-en-28-oic acid (2). White powder,
mp 202.6°C (lit.: 167—169°C (Maldonado et al.,
2015)), R; 0.45 (n-hexane—ethyl acetate 1 : 1, v/v),

[0(]20 = +38.8° (¢ 0.5, CHCI,;) (lit.: [0(]25 = +73.6°
(c0.26, CHCIl;) (Ma et al., 2002); [oc]D = +93.5°
(¢ 0.23, CHCI;) (Maldonado et al., 2015)). 'H NMR
(400 MHz, CDCl,, 6, ppm, J/Hz): 5.30 (1H, H-12);
2.85 (1H, dd, J = 4.0, 16.0 Hz), 2.53 and 2.35 (2H,
2m), 1.14; 1.08; 1.04; 1.02; 0.93; 0.90; 0.81 (each 3H,
7s, 7TCH;). C NMR (100 MHz, CDCl,, 8, ppm):
217.47 (C-3); 183.19 (C-28); 143.64 (C-13); 122.42
(C-12); 55.36; 47.40; 46.91; 46.58; 45.86; 41.78; 41.12;
39.32; 39.12; 36.81; 34.11; 33.83; 33.01; 32.42; 32.21;
30.65; 27.71; 26.48; 25.80; 23.54; 23.50; 22.96; 21.42;
19.57; 16.99; 14.99.

The extract (180.9 mg) obtained during GA bio-
transformation by resting cells of R. rhodochrous
IEGM 1360 was separated using a flash chromato-
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graph (Buchi, Switzerland) on a Sepacore Silica 40g
cartridge (26.7 mm X 127 mm) at a substance to sor-
bent ratio of 1 : 30 (w/w). A mixture of chloroform and
isopropanol with a concentration gradient from 100 : 0
t099: 1 (v/v) was used as an eluent. Separation yielded
145.5 mg of compound 4. Recrystallization of com-
pound 4 was carried out in the isopropanol—chloro-
form system (3: 1, v/v).

3,11-Dioxoolean-12-en-30-oic acid (4). White
powder, mp 274.4°C (lit.: 311-313°C (Beseda et al.,
2010)), R; 0.45 (n-hexane—ethyl acetate 4 : 1, v/v),

[o]]) = +218.2° (¢ 0.5, CHCL) (lit.: [o]) = +184.5
(c0.4, CHCl;) (Beseda et al., 2010)). 'H NMR
(400 MHz, CDCl,, 8, ppm, J/Hz): 5.74 (1H, H-12);
2.96 (1H, m); 2.63 (1H, m); 2.44 (1H, s, H-9); 2.35
(1H, m); 2.22 (1H, dd, J = 4.0, 16.0 Hz); 1.37; 1.27;
1.22; 1.17; 1.10; 1.06; 0.85 (each 3H, 7s, 7CH3). 3C
NMR (100 MHz, CDCl;, 8, ppm): 217.07 (C-3);
199.56 (C-11); 181.21 (C-30); 169.66 (C-13); 128.48
(C-12); 61.08; 55.52; 48.29; 47.76; 45.30; 43.79; 43.37;
41.01; 39.76; 37.73; 36.75; 34.21; 32.19; 31.89; 30.95;
28.57; 28.39; 26.58; 26.44 (2C); 23.34; 21.43; 18.83;
18.56; 15.61.

In silico analysis of OA, GA and their derivatives.
The ecotoxicity and solubility of OA, GA and their
derivatives were calculated using the ECOSAR pro-
gram (Ecological Structure Activity Relationship,
EPA, United States). The potential acute toxicity and
chronic toxicity to aquatic organisms were predicted
based on the available data on the toxic effects of
organic compounds of various chemical classes using
a computational analysis of structure—function rela-
tionship in molecules.

The estimated biological activities of OA, GA and
their derivatives were predicted based on their struc-
tural formulas using the PASS software (Prediction of
Activity Spectra for Substances, http://www.pharma-
expert.ru/passonline/index.php). Exploring the bio-
logical potential of substances generated a list of antic-
ipated types of biological activity, including the evalu-
ation of detection (P,)/non-detection (P;) pro-
babilities of the latter. The highest probability of bio-
logical activity was taken as 1.

Phytotoxicity of OA, GA and their derivatives. Phy-
totoxicity in relation to oats Avena sativa L. was
assessed according to the MP 2.1.7.2297-07 Guide-
lines (2007). The seeds with a 95% germination were
used in the experiments. The seeds were germinated
for 3 days in sterile Petri dishes with filter paper soaked
in distilled water (5 mL). Then the germinated seeds
were treated with supernatants obtained after 3 days of
OA or GA biotransformations. The level of phytotox-
icity was determined after 7 days as the effect of inhi-
bition of the growth of the root system according to
Equation (4):

E = (L, - Lexp)/Lc x100%, 4)
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where £ is effect of inhibition, %; L., is average
length of roots in the experiment, cm; L, is average
length of roots in the control, cm.

The phytotoxic effect was considered proven if the
E, value was 20% or more.

Antimicrobial activity of OA, GA and their deriva-
tives. Minimal inhibitory concentrations (MICs) of
OA, GA and their derivatives in relation to bacterial
test cultures Bacillus subtilis ATCC 6633, Escherichia
coli ATCC 25922, Micrococcus luteus NCIMB 196,
and Staphylococcus aureus ATCC 25923 were deter-
mined by the method of serial twofold dilutions (Clin-
ical and Laboratory Standards Institute, 2022) using
96-well polystyrene plates. OA, GA and their deriva-
tives dissolved in DMSO (1 mg : 10 uL) were added to
the wells containing MPB at an initial concentration
of 50 mg/mL, followed by serial twofold dilutions.
After that, 10 UL of the bacterial suspension (2 X
106 cells/mL) were inoculated to each well. The plates
were incubated for 24 h at optimal temperatures (28 or
37°C) for test cultures. Viability of bacterial cells was
assessed by staining with iodonitrotetrazolium chlo-
ride. The formation of insoluble formazan and the
corresponding purple color indicated the presence of
actively respiring cells in the wells. DM SO at the same
concentrations was used as a control for the effect of
the solvent; antibiotic substances (ampicillin and
kanamycin) served as reference drugs.

Statistical analysis. The experiments were carried
out in three, five, or ten replications. For statistical
analysis of data, the program STATISTICA was used
(StatSoft Russia, 2015).

RESULTS AND DISCUSSION

Biotransformation of OA and GA by resting cells of
R. rhodochrous TEGM 1360. We have previously
shown (Luchnikova et al., 2021) that under growth
conditions R. rhodochrous IEGM 1360 catalyzed the
directed conversion of 1.0 g/L OA and GA with the
formation of 0.9 and 26% 3-oxo derivatives, respec-
tively, for 7 days (Fig. 1). In this research, the influ-
ence of the buffer solution acidity and the amount of
biomass of resting cells on the process of the biotrans-
formation of triterpenoids was studied. Rhodococci
are known to survive at extreme pH values from 1.0 to
11.0, while neutral pH values are optimal (Patek et al.,
2021). According to our data, among the tested acidity
conditions, only the buffer solutions with pH 8.0 and
6.0 significantly reduced (up to 3 days) the duration of
the biotransformation process of OA and GA with the
formation of 14 and 31% of oxidized derivatives,
respectively (data not shown).

One of the advantages of using resting cells is the
possibility of strict control of the initial biomass
amount throughout the biotransformation process.
The absence of active growth of rhodococci during the
conversion of OA and GA was confirmed by measur-
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Fig. 1. Scheme of biotransformation of OA (1) and GA (3) by R. rhodochrous IEGM 1360 cells with the formation of 3-oxo-

OA (2) and 3-oxo-GA (4), respectively.
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Fig. 2. Changes in the optical density (ODg) of suspensions of resting cells of R. rhodochrous IEGM 1360 during biotransfor-
mation (/) of OA (a) and GA (b), (2) is biotic control. Arrows indicate the addition of OA and GA.

ing the optical densities of suspensions of resting cells
(ODgy0), which did not change significantly during the
entire experiment (Fig. 2). An increase in the ODy, of
the cell suspensions (Fig. 2, day 0) compared to the
biotic control is associated with the addition of hydro-
phobic OA or GA into the transformation medium.

Early studies on the bioconversion of various
organic compounds using resting Rhodococcus cells
showed the dependence of the catalytic activity of cells
on the biomass optical density (Grishko et al., 2013;
Nawawi et al., 2016; Ivanova et al., 2022). The data we
obtained on the biotransformation of OA and GA con-
firmed the previously observed dependence (Fig. 3).
The OA conversion was found to occur most effi-
ciently (derivative yield, 61%) using a suspension with
ODg, 2.6 (cell concentration, 19 g/L), while the con-

version of GA occurred most efficiently (derivative
yield, 100%) using a suspension with ODyg, 2.2 (cell
concentration, 13 g/L). The fact that a more efficient
bioconversion of GA compared to OA requires fewer
cells per substrate unit seems to be associated with an
increased resistance of bacterial cells to this triter-
penoid. It should be noted that a subsequent increase
in the amount of biomass to ODg, 2.8 (cell concentra-
tion, 31 g/L, Fig. 3) led to a decrease in the yields of
both OA and GA derivatives. This is consistent with
the previously obtained results on the biotransforma-
tion of betulin by resting cells of R. rhodochrous IEGM
66 (Grishko et al., 2013). The observed phenomenon
is apparently due to a decrease in mass transfer with an
increase in the cell biomass density and redistribution
of the substrate in the buffer system.
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Fig. 3. Dependence of the formation (/) of 3-oxo-OA (a) and 3-oxo-GA (b) on the amount of biomass of resting cells of R. r/0-
dochrous IEGM 1360 (2) in pH 8.0 (a) and pH 6.0 (b) buffers. The data of the 3rd day of the biotransformation process are shown.

Thus, the experiments showed that the most effi-
cient conversion of OA and GA was provided using
suspensions of resting cells of R. rhodochrous IEGM
1360 with ODy, 2.6 in pH 8.0 buffer and ODy, 2.2 in
pH 6.0 buffer, respectively (Fig. S4).

Effects of OA and GA on resting cells of R. rhodo-
chrous IEGM 1360. It should be noted that OA was
less soluble in pH 8.0 buffer (4 mg/L) compared to
buffers with pH values of 5.0, 6.0, 7.0, or 9.0, while GA
was less soluble in pH 6.0 buffer (4 mg/L) compared to
buffers with pH values of 5.0, 7.0, 8.0, or 9.0 (Fig. 4).
It is possible that the high catalytic activity of bacterial
cells to OA and GA in pH 8.0 and pH 6.0 buffers,
respectively, was due to the nature of the interaction of
rhodococci with the crystalline substrate, namely, the
formation of cell aggregates on the surface of OA and
GA particles. According to Atrat et al. (1991), the
mechanism of interaction between Mycobacterium for-
tuitum cells and sitosterol particles was characterized
by “immobilization of cells on substrate particles,”
i.e., the formation of stable multicellular agglomerates
on the particle surface. Using electron microscopy, the
authors showed that substrate consumption occurred
due to direct contact between cells and particles of the
substrate, where a multicomponent mobile meso-
phase was formed. The mesophase consisted of glyco-
lipids, synthetic detergents, sterol, and water and per-
formed the gradual dissolution of the substrate, start-
ing the mechanism of its transformation and transport
into the cell (Atrat et al., 1991). Actinobacteria inter-
acting with hydrophobic compounds are known to
synthesize glycolipid biosurfactants, for which the
function is also to dissolve the substrate and trigger the
mechanism of its transport into the cell (Ivshina et al.,
1998). It was previously shown that biotransforma-
tions of terpenoids betulin and dehydroabietic acid
were accompanied by cell adhesion to the surface of
substrates and by the formation of an extracellular
lipophilic fluid—a biosurfactant (Tarasova et al., 2017,
Cheremnykh et al., 2018; Ivanova et al., 2022).
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Assuming that the transformation of OA and GA by
Rhodococcus bacteria proceeds in a similar way, then
the high catalytic activity of the cells to crystalline par-
ticles of OA and GA may be due to the formation of a
multicomponent mobile mesophase or biosurfactants
detected using AFM and combined AFM-CLSM
scanning (Fig. 5).

Morphometric studies revealed that OA induced a
decrease in the cell surface area-to-volume ratio and
an increase in the cell wall roughness of resting cells
(Table 1) compared to the growing culture (Luch-
nikova et al., 2021, 2022). An increase in the degree of
roughness of the cell surface may result from the
secreted extracellular polymers (see Fig. 5) and
changes in the lipid composition of the cell wall that
enhance the van der Waals forces facilitating better
adhesion of cells to the substrate (Uzoechi and Abu-
Lail, 2019). Apparently, the revealed changes in mor-
phometric parameters provided a more efficient con-
tact of cells with the substrates and thereby determined
an increased level of bioconversion.

Bioactivity and toxicity of OA and GA derivatives. It
is known that 3-oxo-OA has a pronounced in vivo
anti-melanoma activity (Huang et al., 2006) and
in vitro antileishmanial and antitrypanosomal activi-
ties (Funari et al., 2016). Whereas 3-oxo-GA exhibits
in vitro inhibitory activity against lipoxygenases; the
biosynthesis products of the latter may contribute to
the development of inflammatory and autoimmune
diseases, bronchial asthma, and cancer (Choudhary
etal.,, 2009). The potential inhibitory activity of
3-0x0-GA against SARS-CoV-2 protease MP™ has
been documented by in silico molecular docking (Flo-
rez and Singh, 2020). Using the PASS Online pro-
gram, the compounds were assessed for their potential
bioactivity. It was found that 3-oxo-OA and 3-oxo-
GA with a high degree of probability (0.822 and 0.726,
respectively) can act as an apoptosis agonist and an
antioxidant agent, respectively (Table 2).
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Fig. 4. Solubility of OA (a) and GA (b) in buffers with various pHs.
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Fig. 5. AFM and combined AFM-CLSM images of resting cells of R. rhodochrous IEGM 1360 in the presence of OA (a, b) and
GA (c, d).
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Table 1. Morphometric parameters of resting cells of R. rhodochrous IEGM 1360

Conditions | Length, um Width, um  |Surface area, um?| Volume, um? [Relative area, um~'| Roughness, nm
Biotic control | 1.54 +0.14 1.12 £ 0.05 7.33+0.43 1.49 £ 0.13 4.90+0.14 151.41 £ 10.32
OA 1.65 £ 0.17 1.20 = 0.07 8.49 +£0.77 1.87 £ 0.25 4.56 = 0.20* 232.63 + 18.42*
GA 1.44 £ 0.08 1.11 £ 0.10 6.98 = 0.80 1.40 £ 0.25 5.02 £ 0.36 170.04 + 55.31
* Data differ significantly (p < 0.05) from the control values.

Table 2. Estimated biological activity of OA, GA and their derivatives
OA 3-ox0-OA GA 3-ox0-GA
Estimated activity
Pa Pi Pa Pi Pa Pi Pa Pi
Apoptosis agonist — — 0.822 0.007 0.878 0.005 0.896 0.004
Factor 2 stimulant associated - - — — — 0.726 0.002
with NF-E2
Antiviral (influenza) 0.816 0.003 0.795 0.003 0.881 0.002 0.855 0.002
Oxidoreductase inhibitor 0.885 0.003 0.847 0.004 0.954 0.001 0.916 0.002
Transcription factor NFxB 0.908 0.001 0.901 0.001 0.900 0.001 0.900 0.001
stimulator
Anti-inflammatory 0.714 0.014 0.734 0.012 0.850 0.005 0.866 0.005
Antitumor 0.810 0.010 0.810 0.010 0.861 0.006 0.861 0.006
Hepatoprotective 0.889 0.003 0.735 0.006 0.916 0.002 0.773 0.005

Earlier, the inhibitory activity of native OA and GA
was shown against pathogenic strains of Staphylococ-
cus aureus, Bacillus subtilis and Pseudomonas aerugi-
nosa, respectively (Duric et al., 2013; Kannan et al.,
2019). Even though we did not reveal an antimicrobial
potential of 3-oxo derivatives 3 and 4 using the PASS
Online program, the experimental in vitro assessment
of the antimicrobial activity of the obtained metabo-
lites showed that the C3 oxidation of OA enhanced its
inhibitory activity against pathogenic bacteria Micro-
coccus luteus, Escherichia coli, S. aureus, and B. subti-
lis. The antimicrobial activity of 3 was higher than that
of the widely used antibiotic ampicillin (Table 3).

An in silico analysis of the obtained 3-oxo deriva-
tives using the ECOSAR program showed that com-
pared to the native compounds these triterpenoids
may have reduced acute and chronic toxicity to
aquatic organisms (Table 4). However, both the native
OA and GA and their derivatives are presumably char-
acterized by extremely low solubility in water.

The toxicity of OA, GA and their derivatives in
relation to plants was determined using the seeds of
oats. After treatment with the studied compounds, the
length of roots was measured and proved no signifi-
cant differences indicative of a phytotoxic effect
(Table 5, Fig. 6).

Table 3. Antimicrobial activity (MIC, mg/mL) of OA, GA and their derivatives

Microorganism
Compound Micrococcus luteus Escherichia coli Staphylococcus aureus Bacillus subtilis
NCIMB 196 ATCC 25922 ATCC 25923 ATCC 6633

OA 12.5 >100 >100 12.5
3-Ox0-0A 3.125 12.5 50 0.098

GA >100 25 >100 0.195
3-Oxo-GA >100 25 >100 50
Ampicillin 25 >100 >100 12.5
Kanamycin 0.39 <0.024 >100 <0.024
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Table 4. Estimated ecotoxicity and solubility of OA, GA and their derivatives
Concentration, mg/L
Test organisms (index, exposure)
OA 3-0x0-0OA GA 3-ox0-GA
Solubility in water at 25°C 0.0018 0.0016 0.0023 0.0029
ECOSAR class Neutral organics— | Neutral organics— | Neutral organics— | Vinyl/allyl ketones—
acids acids acids acids
Acute toxicity
Fish (LDs, 96 h) 0.018 0.052 0.171 4.624
Daphnia (LDs, 48 h) 0.018 0.049 0.019 0.904
Green algae (EDs, 96 h) 0.127 0.286 0.035 1.166
Chronic toxicity
Fish (EDs, 30 days) 0.003 0.009 0.004 0.260
Daphnia (EDsy, 21 days) 0.008 0.019 0.010 0.319
Green algae (EDs, 16 days) 0.112 0.227 0.131 1.976

Table 5. Phytotoxicity of OA, GA and their derivatives

Conditions Root length, mm Phytoeffect, %

Abiotic control (water) 40.49 + 14.15 0

Medium control 38.24 £ 12.95 5.56
Biotic control 32.48 £ 12.43 19.78
OA 31.12 £ 10.71 23.14
GA 36.00 + 14.67 11.09
OA biotransformation products 41.39 + 10.69 —2.23
GA biotransformation products 30.90 + 8.59 23.68

As a result of the studies, the optimal conditions for
C3 oxidative biotransformations of OA and GA
(1.0 g/L) were selected using resting cells of R. rhodo-
chrous IEGM 1360. The cell suspensions with ODy,
2.6 in pH 8.0 buffer and with ODg, 2.2 in pH 6.0 buf-
fer catalyzed the formation of 3-oxo-OA (61%) and
3-o0x0-GA (100%), respectively, for 3 days. The safety
of the derivatives to aquatic organisms and plants was
shown in silico and in vitro, respectively. The pro-
nounced antimicrobial activity of 3-oxo-OA was
revealed in vitro. The data obtained expand our under-
standing of the catalytic potential of actinobacteria of
the genus Rhodococcus and their possible applications
in the directed conversion of complex hydrophobic
compounds to obtain biologically active derivatives.
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