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Abstract: The purpose of this study was to determine the anticancer effect of dipropyl thiosulfinate
produced in situ by the pharmacological pair: (1) conjugated with daidzein C115H methionine γ-lyase
(EC 4.4.1.11, C115H MGL-Dz) and (2) the substrate, S-propyl-L-cysteine sulfoxide (propiin) against
various solid tumor types in vitro and in vivo. The MTT test was used to calculate IC50 values for
HT29, COLO205 and HCT116 (colon cancer); Panc1 and MIA-PaCa2 (pancreatic cancer); and 22Rv1,
DU-145 and PC3 (prostate cancer). The most promising effect for colon cancer cells in vitro was
observed in HT29 (IC50 = 6.9 µM). The IC50 values for MIA-PaCa2 and Panc1 were 3.4 and 3.8 µM,
respectively. Among prostate cancer cells, 22Rv1 was the most sensitive (IC50 = 5.4 µM). In vivo
antitumor activity of the pharmacological pair was studied in HT29, SW620, Panc1, MIA-PaCa2 and
22Rv1 subcutaneous xenografts in BALB/c nude mice. The application of C115H MGL-Dz /propiin
demonstrated a significant reduction in the tumor volume of Panc1 (TGI 67%; p = 0.004), MIA-PaCa2
(TGI 50%; p = 0.011), HT29 (TGI 51%; p = 0.04) and 22Rv1 (TGI 70%; p = 0.043) xenografts. The results
suggest that the combination of C115H MGL-Dz/propiin is able to suppress tumor growth in vitro
and in vivo and the use of this pharmacological pair can be considered as a new strategy for the
treatment of solid tumors.

Keywords: methionine γ-lyase; daidzein; directed enzyme prodrug therapy; thiosulfinates;
anticancer activity

1. Introduction

Targeted therapy, which utilizes enzymes in cancer cells directly without damaging
healthy cells, is becoming a viable alternative to conventional chemotherapy [1]. Enzymes
can be used as anticancer agents or as carriers of cytotoxic drugs by directly targeting
cancer cells [2]. Cytotoxic therapy is associated with severe adverse effects and limited
efficacy due to a lack of targeted accumulation in cancer cells [3], and the effective cytotoxic
doses causing severe damage in normal cells. The use of targeted drugs has the benefit
of overcoming some of these disadvantages [4]. Prodrug activation enzymes could be
considered as another approach to clear this obstacle. First, drug-activating enzymes are
delivered to tumors or can be expressed in cancer cells. In the next step, harmless prodrugs,
which are substrates of the aforementioned enzymes, can be administered to be converted
into toxic compounds directly in tumors [5]. Daidzein is a naturally occurring isoflavone
compound derived primarily from soybeans that resembles natural estrogens in structure
and competes with them for estrogen receptor binding (ERs) [6]. Daidzein can bind to both
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ER-α and ER-β and has a dose-dependent effect on the transcription of estrogen-responsive
target genes [7]. In addition, daidzein can interact with membrane G protein-coupled
estrogen receptor 1 (GPER) [8]. To date, many tumors are characterized by high level of
expression of these receptors, and can therefore be suitable as a targets for direct drug deliv-
ery [6,8]. It was shown that daidzein conjugates with antitumor drug daunomycin, which
together bind directly to the tumor and retain their cytotoxic properties [9]. The usage of
targeted pro-drug enzyme system daidzein-allianase conjugates/alliin in directed enzyme
prodrug therapy (DEPT) of ovarian carcinoma was demonstrated [10]. Daidzein–alliinase
conjugates have been shown to produce cytotoxic allicin from alliin in situ and selectively
inhibit the growth of ovarian cancers without causing visible toxic side effects [10]. Earlier,
we have demonstrated that pyridoxal 5′-phosphate dependent methionine γ-lyase (EC
MGL; EC 4.4.1.11) catalyzes the breakdown of S-substituted L-cysteine sulfoxides with
the formation of thiosulfinates possessing cytotoxic activity [11]. The combination of the
enzyme with these substrates was defined as a “pharmacological pair”. A mutant form
of the enzyme from Clostridium novyi with the replacement of Cys115 for His (C115H
MGL) exhibited higher activity in the β-elimination reaction of S-substituted L-cysteine
sulfoxides compared to the native enzyme [12] and was used in this study as a compo-
nent of the pharmacological pair. Propiin (S-propyl-L-cysteine sulfoxide) was used as
the second component of the pair. Its breakdown by C115H MGL produces dipropyl
thiosulfinate (Scheme 1), which possesses cytotoxic properties in vitro [11]. In this work,
the cytotoxic effect of dipropyl thiosulfinate derived by the pharmacological pair C115H
MGL-Dz/propiin on various cancer cells was demonstrated in vitro. The antitumor effect
of the pharmacological pair was evaluated on colon cancer (SW620 and HT29), pancreatic
cancer (MIA-PaCa2 and Panc1) and prostate cancer (22Rv1) xenografts in BALB/c nude
mice models.
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2. Results
2.1. Steady-State Kinetic Parameters of the β-Elimination Reaction Catalyzed by the Enzyme and
Characterization of the Conjugated C115H MGL-Dz

Steady-state kinetic parameters of the γ- and β-elimination reactions catalyzed by C.
novyi C115H MGL were previously obtained [11]. In the present study, the steady-state
kinetic parameters of the β-elimination reaction of S-(allyl/alkyl)-L-cysteine sulfoxides
and S-methyl-L-cysteine were determined for C115H MGL-Dz (Table 1). Three daidzein
moieties were coupled to C115H MGL in the C115H MGL-Dz conjugate. The catalytic
efficiency of C115H MGL-Dz in the β-elimination reaction of S-(allyl/alkyl)-L-cysteine
sulfoxides proved to be almost the same as that for the non-conjugated enzyme.
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Table 1. Steady-state parameters of the β-elimination reaction catalyzed by C115H MGL-Dz.

Substrate
C115H MGL * C115H MGL-Dz

kcat, s−1 Km, mM kcat/Km, (M−1 s−1) kcat, s−1 Km, mM kcat/Km, (M−1 s−1)

S-Met-L-Cys 29.6 7.8 3.8 × 103 20.8 ± 2.0 7.1 ± 0.52 2.9 × 103

Alliin 26.8 1.0 2.6 × 104 17.9 ± 1.4 0.6 ± 0.07 2.5 × 104

Methiin 6.1 1.1 5.5 × 103 1.6 ± 0.2 0.3 ± 0.05 4.6 × 103

Propiin 28 1.6 1.7 × 104 16.9 ± 1.8 1.0 ± 0.14 1.6 × 104

* Data from Ref. [11].

2.2. C115H MGL-Dz Cytotoxicity on Different Cancer Cells Viability in the Presence of Propiin
In Vitro

The cytotoxicity of C115H MGL-Dz in the presence of propiin was evaluated on
different cancer cells. After incubation with cancer cells, the conjugate was washed to
remove the non-bound conjugate, and 1 mg/mL of propiin was added, as described in
“Section 4”. In the presence of propiin, the C115H MGL-Dz had a cytotoxic effect on HT29,
Panc1, MIA-PaCa2 and 22Rv1 cell lines. COLO205 or SW620 were not sensitive to C115H
MGL-Dz in the presence of propiin (Table 2). C115H MGL-Dz alone was not toxic against
all cell lines.

Table 2. Cytotoxicity of C115H MGL-Dz in the presence of propiin.

Tissue Sources Cell Lines
C115H MGL-Dz

IC50 (µM)

Colon cancer
HT29 6.9 ± 0.4

COLO205 ND
SW620 * ND

Pancreatic cancer
Panc1 3.8 ± 0.1

MIA-PaCa-2 6.4 ± 0.5

Prostate adenocarcinoma
22Rv1 5.4 ± 0.2

DU-145 17.4 ± 0.9
PC3 16.9 ± 0.5

* Data from Ref. [11]; ND—not detected.

2.3. Cytotoxicity Effect of Dipropyl Thiosulfinate on Various Cancer Cells Viability

The effect of dipropyl thiosulfinate on the tumor cells viability in comparison with
C115H MGL + PBS as a control were measured on a panel of human cancer cell lines:
HT29, COLO205 and HCT116 (colon cancer cell lines); Panc1 and MIA-PaCa2 (pancreatic
adenocarcinoma cell lines); and 22Rv1, DU-145 and PC3 (prostate cancer). As illustrated
in Table 3, dipropyl thiosulfinate exhibits a potent antiproliferative effect on a variety of
cancer cell lines. Among them, Panc1 cells demonstrated the lowest IC50 value (18.6 µM),
indicating the highest sensitivity to dipropyl thiosulfinate. For prostate cancer cells, the
most promising effect of dipropyl thiosulfinate was against PC3 (IC50 = 51.2 µM) compared
with DU-145 (61.0 µM) or 22Rv1 (66.6 µM). Compared with HT29, HCT116 or COLO 205,
the cytotoxicity of the dipropyl thiosulfinate was the most valuable against SW620 colon
cancer cells (IC50 = 19.2 µM). Propiin alone was not toxic against any cell lines and IC50
values were not detected.

2.4. SW620 and HT29 Xenografts Showed Different Responses to the Pharmacological Pair In Situ

In female nude BALB/c mice implanted with HT29 cells, treatment with the pharmaco-
logical pair (Group 2) resulted in decreased tumor growth (Figure 1A), and tumor size at the
end of the experiment (275 ± 49 mm3; p = 0.04) was significantly smaller than in the control
group (Group 1) (571 ± 114 mm3). C115H MGL-Dz/PBS (Group 3) suppressed tumor
growth by 37% (p = 0.11), with no significant difference between experimental and control
groups. On day 10, tumor growth decreased to 44% (p = 0.09) in Group 2 compared with



Int. J. Mol. Sci. 2022, 23, 12048 4 of 12

Group 1, although the effect was not significant. The data are shown in Table 4. The tumor
growth after administration of the pharmacological pair was suppressed by 22% (p = 0.12)
at day 10 in male BALB/c mice implanted with SW620 cells (Figure 1B). However, C115H
MGL-Dz/PBS reduced tumor growth by 15% from the first day of treatment compared to
the control when the differences were not statistically significant (p = 0.165). On the last day
of therapy, tumor growth in Group 4 (the treatment by C115H MGL/propiin) was reduced
by 24% compared to the vehicle group, and the effect was not significant (p = 0.155).

Table 3. The IC50 values of dipropyl thiosulfinate against various cancer cell lines.

Tissue Sources Cell Lines
Dipropyl Thiosulfinate

IC50 (µM)

Colon cancer

HT-29 43.1 ± 3.4
COLO205 48.6 ± 4.3
HCT116 43.4 ± 4.3
SW620 * 19.2 ± 0.9

Pancreatic cancer
Panc1 18.6 ± 0.5

MIA-PaCa-2 62.6 ± 1.8

Prostate adenocarcinoma
22Rv1 66.3 ± 2.6

DU-145 60.9 ± 0.6
PC3 51.2 ± 3.0

* Data from Ref. [11].

2.5. The Pharmacological Pair Inhibits Growth of Pancreatic Adenocarcinoma Panc1 and
MIA-PaCa2 Xenografts

The treatment of human pancreatic adenocarcinoma xenograft Panc1 in nude BALB/c
mice with C115H MGL-Dz/PBS markedly reduced the volume of the tumor (228 ± 61.2 mm3;
TGI 49%; p = 0.160) compared with the vehicle (442.9 ± 65.5 mm3; Figure 2A). Treatment
using C115H MGL/propiin did not cause a significant reduction in the tumor volume
(216 ± 34 mm3; TGI 51%; p = 0.462 vs. control). On the last day of therapy, the injection
of the pharmacological pair resulted in a significantly higher reduction in the tumor
volume (144 ± 37 mm3; TGI 68%; p = 0.004 vs. C115H MGL-Dz/PBS or C115H MGL
with propiin). These results suggest that inhibition by the pharmacological pair may
enhance the suppression of Panc1 xenograft growth in vivo. The initial xenograft volumes
for MIA-PaCa2 cells are shown in Figure 2B. On the last day of treatment, the average
tumor volume reached275 ± 72 mm3 in Group 1, 138 ± 44 mm3 in Group 2 (TGI 50%,
p = 0.011), 197 ± 86 mm3 in Group 3 (TGI 28%; p = 0.439), and 187 ± 133 mm3 in Group
4 (TGI 32%, p = 0.606). Co-treatment with C115H MGL-Dz and propiin significantly
reduced the tumor volume in mice compared to single treatment with C115H MGL-Dz
or unconjugated C115H MGL with propiin in MIA-PaCa2 tumors. The inhibition rate of
tumor growth in Group 2 was 50%, which was significantly higher than that of the other
groups (p = 0.011) (Figure 2B).

2.6. The Pharmacological Pair Enhances the Suppression of Prostate Cancer 22Rv1 Xenograft Growth

The efficacy of the pharmacological pair was assessed in male nude mice bearing 22Rv1
tumors (Figure 3). The combination of C115H MGL-Dz and propiin led to a significantly
higher reduction in tumor volume (139± 73 mm3; TGI = 70%; p = 0.043) compared with the
vehicle group (460 ± 208 mm3). C115H MGL-Dz/PBS reduced tumor growth by 24% from
the first day of treatment compared to the control (final tumor volume of 352 ± 245 mm3,
p = 0.165) when the differences were not statistically significant. On the last day of therapy,
tumor growth in the Group 4 was reduced by 5% compared to the vehicle group, and the
effect was not significant (p > 0.05). Body weight was assessed to ensure that the treatment
was safe. No significant changes in body mass were observed across all groups during the
10-day medication therapy, indicating that the dosage regimens were well tolerated and
had no obvious adverse effects.
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Table 4. The effect of the pharmacological pair and its components on nude BALB/c mice xenografts.

HT-29 SW 620

Specimen Initial Tumor
Volume, mm3

Final Tumor
Volume, mm3 TGI, % Body

Weight, g
Initial Tumor
Volume, mm3

Final Tumor
Volume, mm3 TGI, % Body

Weight, g

Control 104 ± 44 571 ± 114 - 22.2 ± 1 82 ± 13 219 ± 27 - 25.8 ± 0.4
C115H

MGL-Dz + propiin 102 ± 20 275 ± 48 52
(p = 0.04) 21.4 ± 1 82 ± 12 170.9 ± 9 22

(p = 0.12) 22.1 ± 0.4

C115H
MGL-Dz + PBS 98 ± 26 361 ± 69 37

(p = 0.1) 22.7 ± 1 85 ± 11 185 ± 12 15
(p = 0.258) 24.8 ± 1.9

C115H
MGL + propiin 100 ± 22 320 ± 69 44

(p = 0.09) 21.1 ± 1 83 ± 9.3 167 ± 36 24
(p = 0.155) 24.6 ± 1.0
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3. Discussion

Prodrugs are compounds that are designed to enhance the pharmacokinetic profile of
a drug. The enzymes commonly utilized in EPT are non-mammalian or have low systemic
abundance in the organism [13]. Since the 1980s, MGLs from different sources have been
evaluated as anticancer agents [14,15]. The absence of MGL in mammals makes the enzyme
a suitable candidate for EPT.

G protein-coupled estrogen receptor (GPER), also known as GPR30, was found to be
a new membrane estrogen receptor that responds to estrogens in a nongenomic manner
by stimulation of second messenger pathways [16]. Isoflavones, including daidzein and
genistein, are known as GPR30 ligands [17].

Based on these findings, we prepared activated daidzein and conjugated it to C115H
MGL to yield C115H MGL-Dz. Modification of C115H MGL by daidzein had practically
no effect on the steady-state kinetic parameters of the conjugated enzyme. The catalytic
efficiencies of conjugates in the β-elimination reaction of S-(allyl/alkyl)-L-cysteine sulfox-
ides were close to the parameters determined for the non-conjugated enzyme [11]. An
increase in the affinity of the modified enzyme to substrates was observed, along with a
slight decrease in the kcat values. As a result, covalent attachment of three molecules of
daidzein to the enzyme had no effect on the catalytic activity of C115H MGL.

The non-toxic nature of the most known S-allyl-L-cysteine sulfoxide, alliin, has been
recognized by the FDA as a GRAS substance. This fact encouraged us to study other
sulfoxides as prodrugs in EPT. Allicin is the most effectively studied thiosulfinate. The
effects of allicin on various cancer cells and the cytotoxicity of allicin were shown on
3T3 (murine fibroblast cell lines), A549 (human lung carcinoma), HT29 (human colon
carcinoma), MCF7 (human breast cancer), HUVEC (human umbilical vein endothelial cell)
and human acute myeloid leukemia cell lines [18]. Previous research has discovered that
allicin not only suppresses malignant cell growth, but also stimulates cell apoptosis in
a variety of cancers, including glioblastoma, breast cancer, gastric carcinoma, pancreatic
cancer cells (MIA-PaCA2) and hepatocellular carcinoma (HepG2) [19].

Synthetic thiosulfinates have previously been found to inhibit cell growth and prolif-
eration of Caco-2, LS174T, and HCT116 (colon cancer cell lines) [20]. The antimetastatic
properties of thiosulfinates have also been demonstrated [21]. Furthermore, allicin has
been found to interact with the mitochondrial electron transport chain in cells and induce
apoptosis, making it a promising target for cancer treatment [19].

Targeted delivery of the C115H MGL as a component of pharmacological pairs to
generate thiosulfinates directly at the surface of tumor cells may be successful in reducing
the toxic effects of thiosulfinates. Earlier, we demonstrated the absence of toxic effects
of pharmacological pair C115H MGL/propiin where the combination was prepared for
the targeted delivery prodrug (propiin) to selectively kill tumor cells in vivo [22]. We
have explored the effect of dialkyl thiosulfinates generated by the C115H MGL/S-alkyl-L
cysteine sulfoxide system against MCF7, SW620, SCOV-3 [11], SKBR3, MDA-MB-231 and
T-47D [22] cell lines. In addition, C115H MGL-Dz/propiin was shown to cause a significant
increase in anticancer activity against human breast cancer cell line SKBR3 in vivo [22].

In the present report, the antiproliferative capacity of dipropyl thiosulfate generated
by the pharmacological pair C115H MGL-Dz/propiin was evaluated in vitro against cancer
cells derived from solid tumors: COLO205, HCT-116, HT29 (colon cancer cells); Panc1, MIA-
PaCa-2 (pancreatic cancer cells); and 22Rv1, DU-145 and PC3 (prostate cancer cells). All cell
lines were found to be sensitive to dipropyl thiosulfinate and a significantly decreased IC50
value vs. the control group was demonstrated. IC50 values ranged from 18.6 to 66.3 µM.
In vivo, the pharmacological pair effectively inhibited 22Rv1, Panc1, MIA-PaCa2 and HT29
tumor growth. We speculate that C115H MGL-Dz can bind with membrane receptors in the
cells, producing high local concentration of cytotoxic thiosulfinates. In HT-29 cells, Dz can
bind with GPER1 and/or ERβ [23]. Furthermore, the overexpression of GPER1 in Panc1
permits Dz to bind with ER- Panc1 more efficiently than ER+ MIA-PaCa2 in pancreatic
cancer [24,25]. In prostate cancer, GPER1 has been demonstrated in Pc3 cells [26]. On the
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other hand, there has been a paucity of research on the existence of GPER1 expression in
22Rv1. Given the significant sensitivity of 22Rv1 cells to the C115H MGL-Dz treatment
discovered in the current investigation, we surmise that GPER1 is overexpressed in 22Rv1.
However, the treatment did not significantly decrease the tumor volume in comparison
with the control group SW620 due to the low expression of daidzein-binding receptors on
the cells’ surface. None of the mice exhibited any signs of physical discomfort during the
treatment or follow-up periods. These results suggest that the pharmacological pair C115H
MGL-Dz/propiin may significantly inhibit tumor growth both in vitro and in vivo.

4. Materials and Methods
4.1. Reagents

S-methyl-L-cysteine and nicotinamide adenine dinucleotide reduced form (NADH)
were obtained from Sigma-Aldrich (Schnelldorf, Germany). PLP and D,L-dithiothreitol
(DTT) were purchased from Serva (Heidelberg, Germany). Propiin (S-propyl-L-cysteine
sulfoxide), methiin (S-methyl-L-cysteine sulfoxide), and alliin (S-allyl-L-cysteine sulfoxide)
were prepared according to [27]. GE Healthcare (Styria, Austria) provided ethylenedi-
aminetetraacetic acid (EDTA). Penicillin was purchased from PanEco (Moscow, Russia).
2-Nitro-5-thiobenzoate (NTB) was prepared according to [28]. The plasmid with the gene
of C. novyi C115H MGL was obtained from Eurogene (Moscow, Russia). Sigma-Aldrich
(Schnelldorf, Germany) provided 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT). Trypan blue, phosphate-buffered saline (PBS) and dimethyl sulfoxide (DMSO)
were purchased from PanEco (Moscow, Russia). Fetal bovine serum was obtained from
HyClone (Logan, UT, USA) along with flasks and plates were purchased from Nunc
(Moscow, Russia).

4.2. Preparation of C115H MGL and Enzymes Assays

The recombinant C115H MGL was obtained from Escherichia coli BL21 (DE3) cells
containing pET28a plasmid with the inserted gene of the mutant form of C. novyi C115H
MGL. The cells were grown and the enzyme was isolated as described in [29]. The assays
were performed by measuring the rate of the β-elimination reaction in 100 mM potassium
buffer solution, pH 8.0, containing 1 mM EDTA, 0.1 mM PLP, 1 mM DTT and 100 mM
S-methyl-L-cysteine [29]. The rate of pyruvate formation was determined in the coupled
reaction with LDH by reducing the absorption of NADH at 340 nm (ε = 6220 M−1 cm−1) at
37 ◦C. The amount of the enzyme that catalyzes the formation of 1.0 µmol/min of pyruvate
was taken as one unit of activity [30].

4.3. Steady-State Kinetics

The kinetic parameters of β-elimination reaction of S-(alkyl/allyl)-substituted
L-cysteine sulfoxides, S-methyl-L-cysteine catalyzed by the mutant form, and the conju-
gated enzyme were calculated as mentioned above using various amounts of the substrates.
EnzFitter software was used to process the data using the Michaelis–Menten equation. A
subunit’s molecular mass 43.25 kDa was used for the calculations.

4.4. Preparation of C115H MGL/Propiin Mixture and Quantitative Determination of
Dipropyl Thiosulfinate

In total, 20 mg/mL of propiin was dissolved in 50 mM of potassium phosphate
buffer, pH 7.0, containing 0.1 mM PLP, then combined with C115H MGL (0.14 U/mL)
and incubated at 37 ◦C for 1 h. The NTB assay was used to quantify the concentration of
thiosulfinate produced in the reaction mixture [28].

4.5. Synthesis of C115H MGL-Dz

The N-hydroxysuccinimide ester of 7-(O)-carboxymethyl (daidzein-NHS) was synthe-
sized, as previously reported [31]. In total, 400 mg of C115H MGL was added to 400 µL
activated daidzein in 50 mL of 50 mM potassium phosphate buffer, pH 7.0 containing 1 mM
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DTT, 0.1 mM PLP and 10% glycerol, and then stirred for 4 h at 4 ◦C. The C115H MGL-
Dz was washed thoroughly three times with potassium buffer. The number of daidzein
residues linked to C115H MGL was calculated using a technique devised for determining
the bound steroid residues in macromolecular steroid conjugates [32] using the UV ab-
sorbance of daidzein at 265 nm (ε = 23,262 M−1cm−1) and the absorbance of C115H MGL
at the same wavelength.

4.6. Cell Lines and Cytotoxicity Evaluation

Human colon adenocarcinoma cell lines (HT29, COLO205 and HCT116), human
pancreatic cancer (Panc1 and MIA-PaCa2) and human prostate cancer cell lines (22Rv1,
DU-145 and PC3) were purchased from ATCC (Manassas, VA, USA). Cancer cells were
routinely grown in Gibco Dulbecco’s Modified Eagle Medium (DMEM) culture medium,
supplemented with 10% fetal bovine serum, glutamine, and 100 U/mL penicillin. HT29,
COLO205, HCT116, Panc1, MIA-PaCa2, 22Rv1, DU-145 and PC3 cells were grown in flasks
in DMEM fresh culture medium with supplements at 37 ◦C and 5% CO2. Cells were grown
as monolayer cultures, and the cells in the exponential growth phase were trypsinized and
suspended in DMEM medium supplemented.

4.6.1. The Cytotoxicity of the C115H MGL-Dz in the Presence of Propiin

In 96-well plates, cells were seeded at a density of (6–10) × 103 cells per well and
incubated for 24 h at 37 ◦C in humidified 5% CO2. C115H MGL-Dz was added in two-fold
serial (1–128 µM) dilutions to pre-incubated cells at 37 ◦C for 30 min. Unbound conjugates
were removed by washing the cells 3 times in DMEM culture medium before adding
1 mg/mL propiin and incubating for 24 h under optimum growth conditions at 37 ◦C in
humidified 5% CO2.

4.6.2. The Cytotoxicity of Dipropyl Thiosulfinate Generated by the Pharmacological Pair
C115H MGL/Propiin

To evaluate the cytotoxicity of dipropyl thiosulfinate in vitro, we placed cells in
(3–8) × 103 cells/mL concentrations in 96-well culture plates for 24 h. They were then
exposed to different concentrations (1–300 µg/mL) of dipropyl thiosulfinate obtained from
the mixture of C115H MGL/sulfoxide for 72 h.

In both methods, cells were counted after treatment with Trypan blue solution (0.4%).
In control wells with untreated cells, only PBS was added. Cell viability was measured by
the standard MTT test [33]. The absorbance was measured at 540 nm using a Multiskan™
FC microplate photometer and Skanlt software 6.1 RE for microplate reader, both from
Thermo Scientific (Waltham, MA, USA).

4.7. Animals and Evaluation of Antitumor Activity

Six- to ten-week old BALB/c nude mice were used for the study: 5 mice per group.
Animals were housed in the N.N. Blokhin National Medical Research Center of Oncology
antiviral temperature-controlled facility (25 ± 2 ◦C), fed a standard chow diet, and given
unlimited access to food and water. All animal experiments followed EU directives on
the protection of animals used for scientific purposes. Institutional guidelines for the
proper and humane use of animals in research were followed, and the animal studies
were approved by the N.N. Blokhin National Medical Research Center of Oncology local
ethics committee for animal trials. Cancer cells 106 were suspended in 0.3 mL DMEM
and transplanted s.c. by a trocar needle. When tumor volume reached approximately
~100 mm3, mice were randomized into four experimental groups: Group 1 was injected
with PBS only (control); Group 2 Conjugate C115H MGL-Dz was injected i.p. (30 U in
200 µL phosphate buffer (PBS) containing 20 µM PLP, pH 7.4) 1.5 h later followed by a
propiin intratumoral injection (3 mg in 100 µL PBS); Group 3 was injected as Group 2, but
propiin was substituted with PBS; and Group 4 was injected with unconjugated C115H
MGL instead of C115H MGL-Dz conjugate followed by a propiin injection. Treatment was
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carried out for ten days at 24 h intervals. Tumor volume and body weight were measured
2 times per week to track the effect of the treatment. The tumor volumes were determined
using the formula:

(Length × width × heigth × π)/6

Ref. [34], the lag in tumor growth was used to evaluate treatment response. Growth
curves were constructed using the average tumor volumes within each experimental group.
The anticancer efficacy of C115H MGL-Dz with propiin in situ or other therapeutic groups
was calculated using tumor growth inhibition (TGI %), using the formula:

TGI% = ((Vc − Ve)/Vc) × 100%,

where Vc and Ve were substituted with the average tumor volume (mm3) in the control
and experimental groups, respectively.

The tolerability of the therapy was determined by measuring body weight, monitoring
appearance daily, and autopsy findings.

4.8. Statistical Analysis

In vitro experiments were carried out in triplicate. Graphpad prism version 9.0 was
used to determine the IC50. The data of IC50 are presented as mean ± standard deviation
(SD). Statistical analyses of in vivo studies were performed using SPSS statistics version
25.0 (IBM, New York City, NY, USA) using non-parametrical Mann–Whitney U-test. Both
line graphs and bar graphs expressed mean values and error bars as standard deviation
(SD). A probability value of p was calculated between the control group and each treatment
group. p < 0.05 was considered statistically significant.

5. Conclusions

In this study, the conjugates of C115H MGL with daidzein were obtained and charac-
terized. In vitro cytotoxicity of dipropyl thiosulfinate produced by the pharmacological
pair C115H MGL-Dz/propiin was demonstrated on different cancer cells, and the con-
jugates of C115H MGL-Dz in combination with propiin were shown to suppress cancer
cells growth in vitro and in vivo. 22Rv1, Panc1, MIA-PaCa2 and HT29 xenografts were
sensitive to treatment with pharmacological pair C115H MGL-Dz/propiin. Our findings
may inspire further research work into the role of pharmacological pairs as a new approach
for cancer treatment.

Author Contributions: Writing—original draft preparation, L.A.Q.; investigation, L.A.Q., V.K.
(Vitalia Kulikova), S.K., D.S., S.R. and V.K. (Vasiliy Koval); data curation, E.M., T.D., V.S.P. and L.A.Q.;
writing—review and editing, E.M., T.D. and V.S.P.; supervision, E.M., T.D. and V.S.P.; funding acquisi-
tion, V.S.P. and T.D. All authors have read and agreed to the published version of the manuscript.

Funding: In vitro experiments were supported by the Ministry of Science and Higher Education
of the Russian Federation (Agreement on subsidies No. 075-15-2021-1060 of 28 September 2021).
Xenograft experiments were funded by the Russian Science Foundation (grant # 21-75-30020). The
synthesis of daidzein and its conjugates with C115H MGL was supported by the Russian Science
Foundation (project No. 20-14-00258).

Institutional Review Board Statement: This article does not contain any studies with human partic-
ipants performed by any of the authors. The animal study protocol was approved by the European
Economic Community (EEC) guidelines (EEC Directive of 1986; 86/609/EEC) and the Institutional
Review Board (or Ethics Committee) of the N.N. Blokhin National Medical Research Center of
Oncology local ethics committee for animal trials.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2022, 23, 12048 11 of 12

References
1. Padma, V.V. An overview of targeted cancer therapy. BioMedicine 2015, 5, 1–6. [CrossRef]
2. Pokrovsky, V.S.; Chepikova, O.E.; Davydov, D.Z.; Zamyatnin, A.A., Jr.; Lukashev, A.N.; Lukasheva, E.V. Amino Acid Degrading

Enzymes and their Application in Cancer Therapy. Curr. Med. Chem. 2017, 26, 446–464. [CrossRef]
3. Xu, G.; Mcleod, H.L. Strategies for Enzyme / Prodrug Cancer Therapy. Clin. Cancer Res. 2001, 7, 3314–3324.
4. Torchilin, V.P. Drug Targeting. Eur. J. Pharm. Sci. 2000, 11, 581–591. [CrossRef]
5. Springer, C.J.; Niculescu-Duvaz, I. Prodrug-activating systems in suicide gene therapy. J. Clin. Investig. 2000, 105, 1161–1167.

[CrossRef] [PubMed]
6. Nilsson, S.; Gustafsson, J.-Å. Estrogen receptors: Therapies targeted to receptor subtypes. Clin. Pharmacol. Ther. 2011, 89, 44–55.

[CrossRef]
7. di Gioia, F.; Petropoulos, S.A. Phytoestrogens, phytosteroids and saponins in vegetables: Biosynthesis, functions, health effects

and practical applications. Adv. Food Nutr. Res. 2019, 90, 351–421. [CrossRef] [PubMed]
8. Molina, L.; Bustamante, F.A.; Bhoola, K.D.; Figueroa, C.D.; Ehrenfeld, P. Possible role of phytoestrogens in breast cancer via

GPER-1/GPR30 signaling. Clin. Sci. 2018, 132, 2583–2598. [CrossRef]
9. Somjen, D.; Katzburg, S.; Nevo, N.; Gayer, B.; Hodge, R.P.; Renevey, M.D.; Kalchenko, V.; Meshorer, A.; Stern, N.; Kohen, F. A

daidzein–daunomycin conjugate improves the therapeutic response in an animal model of ovarian carcinoma. J. Steroid Biochem.
Mol. Biol. 2008, 110, 144–149. [CrossRef] [PubMed]

10. Appel, E.; Rabinkov, A.; Neeman, M.; Kohen, F.; Mirelman, D. Conjugates of daidzein-alliinase as a targeted pro-drug enzyme
system against ovarian carcinoma. J. Drug Target. 2011, 19, 326–335. [CrossRef] [PubMed]

11. Morozova, E.; Anufrieva, N.; Koval, V.; Lesnova, E.; Kushch, A.; Timofeeva, V.; Solovieva, A.; Kulikova, V.; Revtovich, S.;
Demidkina, T. Conjugates of methionine γ-lyase with polysialic acid: Two approaches to antitumor therapy. Int. J. Biol. Macromol.
2021, 182, 394–401. [CrossRef]

12. Morozova, E.A.; Kulikova, V.V.; Rodionov, A.N.; Revtovich, S.V.; Anufrieva, N.V.; Demidkina, T.V. Engineered Citrobacter freundii
methionine γ-lyase effectively produces antimicrobial thiosulfinates. Biochimie 2016, 128–129, 92–98. [CrossRef] [PubMed]

13. Walther, R.; Rautio, J.; Zelikin, A.N. Prodrugs in medicinal chemistry and enzyme prodrug therapies. Adv. Drug Deliv. Rev. 2017,
118, 65–77. [CrossRef]

14. Pokrovsky, V.S.; Anisimova, N.Y.; Davydov, D.Z.; Bazhenov, S.V.; Bulushova, N.V.; Zavilgelsky, G.B.; Kotova, V.Y.; Manukhov, I.V.
Methionine gamma lyase from clostridium sporogenes increases the anticancer efficacy of doxorubicin on A549 cancer cells
in vitro and human cancer xenografts. Methods Mol. Biol. 2019, 1866, 243–261. [CrossRef]

15. Hoffman, R.M. Development of recombinant methioninase to target the general cancer-specific metabolic defect of methionine
dependence: A 40-year odyssey. Expert Opin. Biol. Ther. 2015, 15, 21–31. [CrossRef]

16. Filardo, E.J.; Quinn, J.A.; Frackelton, A.R.J.; Bland, K.I. Estrogen action via the G protein-coupled receptor, GPR30: Stimulation
of adenylyl cyclase and cAMP-mediated attenuation of the epidermal growth factor receptor-to-MAPK signaling axis. Mol.
Endocrinol. 2002, 16, 70–84. [CrossRef] [PubMed]

17. Ariyani, W.; Miyazaki, W.; Amano, I.; Hanamura, K.; Shirao, T.; Koibuchi, N. Soy Isoflavones Accelerate Glial Cell Migration via
GPER-Mediated Signal Transduction Pathway. Front. Endocrinol. 2020, 11, 854. [CrossRef] [PubMed]

18. Gruhlke, M.C.H.; Nicco, C.; Batteux, F.; Slusarenko, A.J. The effects of allicin, a reactive sulfur species from garlic, on a selection
of mammalian cell lines. Antioxidants 2017, 6, 1. [CrossRef]

19. Sarvizadeh, M.; Hasanpour, O.; Ghale-noie, Z.N. Allicin and Digestive System Cancers: From Chemical Structure to Its
Therapeutic Opportunities. Front. Oncol. 2021, 11, 1–18. [CrossRef]

20. Bat-chen, W.; Golan, T.; Peri, I.; Ludmer, Z.; Schwartz, B. Allicin Purified From Fresh Garlic Cloves Induces Apoptosis in Colon
Cancer Cells Via Nrf2 Allicin Purified From Fresh Garlic Cloves Induces Apoptosis in Colon Cancer Cells Via Nrf2. Nutr. Cancer
2010, 62, 947–957. [CrossRef] [PubMed]

21. Roseblade, A.; Ung, A.; Bebawy, M. Synthesis and in vitro biological evaluation of thiosulfinate derivatives for the treatment of
human multidrug-resistant breast cancer. Acta Pharmacol. Sin. 2017, 38, 1353–1368. [CrossRef] [PubMed]

22. Morozova, E.; Abo Qoura, L.; Anufrieva, N.; Koval, V.; Lesnova, E.; Kushch, A.; Kulikova, V.; Revtovich, S.; Pokrovsky, V.;
Demidkina, T. Daidzein-directed methionine γ-lyase in enzyme prodrug therapy against breast cancer. Biochimie 2022, 201,
177–183. [CrossRef] [PubMed]

23. Jacenik, D.; Beswick, E.J.; Krajewska, W.M.; Prossnitz, E.R. G protein-coupled estrogen receptor in colon function, immune
regulation and carcinogenesis. World J. Gastroenterol. 2019, 25, 4092–4104. [CrossRef] [PubMed]

24. Mesmar, F.; Dai, B.; Ibrahim, A.; Hases, L.; Jafferali, M.H.; Augustine, J.J.; DiLorenzo, S.; Kang, Y.; Zhao, Y.; Wang, J.; et al.
Clinical candidate and genistein analogue AXP107-11 has chemoenhancing functions in pancreatic adenocarcinoma through G
protein-coupled estrogen receptor signaling. Cancer Med. 2019, 8, 7705–7719. [CrossRef] [PubMed]

25. Guo, J.M.; Xiao, B.X.; Dai, D.J.; Liu, Q.; Ma, H.H. Effects of daidzein on estrogen-receptor-positive and negative pancreatic cancer
cells in vitro. World J. Gastroenterol. 2004, 10, 860–863. [CrossRef]

26. Chan, Q.K.Y.; Lam, H.-M.; Ng, C.-F.; Lee, A.Y.Y.; Chan, E.S.; Ng, H.-K.; Ho, S.-M.; Lau, K.-M. Activation of GPR30 inhibits the
growth of prostate cancer cells through sustained activation of Erk1/2, c-jun/c-fos-dependent upregulation of p21, and induction
of G2 cell-cycle arrest. Cell Death Differ. 2010, 17, 1511–1523. [CrossRef]

http://doi.org/10.7603/s40681-015-0019-4
http://doi.org/10.2174/0929867324666171006132729
http://doi.org/10.1016/S0928-0987(00)00166-4
http://doi.org/10.1172/JCI10001
http://www.ncbi.nlm.nih.gov/pubmed/10791987
http://doi.org/10.1038/clpt.2010.226
http://doi.org/10.1016/bs.afnr.2019.02.004
http://www.ncbi.nlm.nih.gov/pubmed/31445599
http://doi.org/10.1042/CS20180885
http://doi.org/10.1016/j.jsbmb.2008.03.033
http://www.ncbi.nlm.nih.gov/pubmed/18482833
http://doi.org/10.3109/1061186X.2010.504265
http://www.ncbi.nlm.nih.gov/pubmed/20678009
http://doi.org/10.1016/j.ijbiomac.2021.03.201
http://doi.org/10.1016/j.biochi.2016.07.007
http://www.ncbi.nlm.nih.gov/pubmed/27430732
http://doi.org/10.1016/j.addr.2017.06.013
http://doi.org/10.1007/978-1-4939-8796-2_18
http://doi.org/10.1517/14712598.2015.963050
http://doi.org/10.1210/mend.16.1.0758
http://www.ncbi.nlm.nih.gov/pubmed/11773440
http://doi.org/10.3389/fendo.2020.554941
http://www.ncbi.nlm.nih.gov/pubmed/33250856
http://doi.org/10.3390/antiox6010001
http://doi.org/10.3389/fonc.2021.650256
http://doi.org/10.1080/01635581.2010.509837
http://www.ncbi.nlm.nih.gov/pubmed/20924970
http://doi.org/10.1038/aps.2016.170
http://www.ncbi.nlm.nih.gov/pubmed/28858299
http://doi.org/10.1016/j.biochi.2022.05.007
http://www.ncbi.nlm.nih.gov/pubmed/35738490
http://doi.org/10.3748/wjg.v25.i30.4092
http://www.ncbi.nlm.nih.gov/pubmed/31435166
http://doi.org/10.1002/cam4.2581
http://www.ncbi.nlm.nih.gov/pubmed/31568691
http://doi.org/10.3748/wjg.v10.i6.860
http://doi.org/10.1038/cdd.2010.20


Int. J. Mol. Sci. 2022, 23, 12048 12 of 12

27. Kulikova, V.; Morozova, E.; Rodionov, A.; Koval, V.; Anufrieva, N.; Revtovich, S.; Demidkina, T. Non-stereoselective decomposi-
tion of (±)-S-alk(en)yl-L-cysteine sulfoxides to antibacterial thiosulfinates catalyzed by C115H mutant methionine γ-lyase from
Citrobacter freundii. Biochimie 2018, 151, 42–44. [CrossRef]

28. Miron, T.; Rabinkov, A.; Mirelman, D.; Weiner, L.; Wilchek, M. A spectrophotometric assay for allicin and alliinase (Alliin lyase)
activity: Reaction of 2-nitro-5-thiobenzoate with thiosulfinates. Anal. Biochem. 1998, 265, 317–325. [CrossRef]

29. Kulikova, V.V.; Morozova, E.A.; Revtovich, S.V.; Kotlov, M.I.; Anufrieva, N.V.; Bazhulina, N.P.; Raboni, S.; Faggiano, S.;
Gabellieri, E.; Cioni, P.; et al. Gene cloning, characterization, and cytotoxic activity of methionine γ-lyase from Clostridium novyi.
IUBMB Life 2017, 69, 668–676. [CrossRef]

30. Schwimmer, M.M.S. Characterization of Alliinase of Allium cepa (Onion). Arch. Biochem. Biophys. 1963, 100, 66–73. [CrossRef]
31. Kohen, F.; Gayer, B.; Kulik, T.; Frydman, V.; Nevo, N.; Katzburg, S.; Limor, R.; Sharon, O.; Stern, N.; Somjen, D. Synthesis and

evaluation of the antiproliferative activities of derivatives of carboxyalkyl isoflavones linked to N-t-Boc-hexylenediamine. J. Med.
Chem. 2007, 50, 6405–6410. [CrossRef] [PubMed]

32. Erlanger, B.F.; Borek, F.; Beiser, S.M.; Lieberman, S. Steroid-Protein Conjugates. J. Biol. Chem. 1957, 228, 713–727. [CrossRef]
33. Bank, U.; Reinhold, D.; Ansorge, S. Measurement of cellular activity with the MTT test. Optimization of the method. Allerg.

Immunol. 1991, 37, 119–123.
34. Tomayko, M.M.; Reynolds, C.P. Determination of subcutaneous tumor size in athymic (nude) mice. Cancer Chemother. Pharmacol.

1989, 24, 148–154. [CrossRef] [PubMed]

http://doi.org/10.1016/j.biochi.2018.05.011
http://doi.org/10.1006/abio.1998.2924
http://doi.org/10.1002/iub.1649
http://doi.org/10.1016/0003-9861(63)90035-3
http://doi.org/10.1021/jm070727z
http://www.ncbi.nlm.nih.gov/pubmed/17990847
http://doi.org/10.1016/S0021-9258(18)70654-6
http://doi.org/10.1007/BF00300234
http://www.ncbi.nlm.nih.gov/pubmed/2544306

	Introduction 
	Results 
	Steady-State Kinetic Parameters of the -Elimination Reaction Catalyzed by the Enzyme and Characterization of the Conjugated C115H MGL-Dz 
	C115H MGL-Dz Cytotoxicity on Different Cancer Cells Viability in the Presence of Propiin In Vitro 
	Cytotoxicity Effect of Dipropyl Thiosulfinate on Various Cancer Cells Viability 
	SW620 and HT29 Xenografts Showed Different Responses to the Pharmacological Pair In Situ 
	The Pharmacological Pair Inhibits Growth of Pancreatic Adenocarcinoma Panc1 and MIA-PaCa2 Xenografts 
	The Pharmacological Pair Enhances the Suppression of Prostate Cancer 22Rv1 Xenograft Growth 

	Discussion 
	Materials and Methods 
	Reagents 
	Preparation of C115H MGL and Enzymes Assays 
	Steady-State Kinetics 
	Preparation of C115H MGL/Propiin Mixture and Quantitative Determination of Dipropyl Thiosulfinate 
	Synthesis of C115H MGL-Dz 
	Cell Lines and Cytotoxicity Evaluation 
	The Cytotoxicity of the C115H MGL-Dz in the Presence of Propiin 
	The Cytotoxicity of Dipropyl Thiosulfinate Generated by the Pharmacological Pair C115H MGL/Propiin 

	Animals and Evaluation of Antitumor Activity 
	Statistical Analysis 

	Conclusions 
	References

