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Abstract. Background/Aim: The stereo-configuration
(R-, S-configuration) of chiral-2-nitroimidazole derivatives
alters their radiosensitizing activity. This study aimed at
examining the molecular features of these enantiomers by
molecular simulation techniques. Materials and Methods: A
series of 2-nitroimidazole-based radiosensitizer TX-2036
molecules were synthesized, and their profiles were examined
using molecular structural analysis such as conformation
analysis, molecular orbital analysis, and electrostatic potential
analysis. Results: R-configured TXs (TX-2043, -2030, -2036)
had a weaker radiosensitizing activity than S-configured TXs
(TX-2044, -2031, -2037), and R-compounds had a small minus
electrostatic potential (ESP) field in the cyclopentene-1,3-dione
region. S-configured TX-2046 had weaker radiosensitizing
activity than R-configured TX-2045, and TX-2046 had a small
minus ESP field as well as R-configured TX-2043, -2030, -
2036. Conclusion: The cyclopentene-1,3-dione involved in the
small minus ESP field affected the radiosensitizing activity of
the TX-2036 series of molecules.

We recently reported the design, synthesis, and evaluation of
racemic and enantiomerically pure chiral haloacetylcarbamoyl-
2-nitroimidazoles, including chloro- and bromo-derivatives, as
antiangiogenic hypoxic cell radiosensitizers (1). In the tumor
microenvironment, there are soft nucleophiles such as non-
protein thiols and thiol proteases. Therefore, we developed a
strategy to design 2-nitroimidazole derivatives that incorporate
a soft electrophile, the aminomethylenecyclopentenedione
moiety, as a new anti-angiogenic and anti-tumor functional
group. We considered two potential benefits of a chiral center
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for our hypoxic cell radiosensitizers: First, this would provide
us with two molecular structures that have different biological
activities from the same synthetic route and, second, each
enantiomer would possess specific pharmacokinetic and
pharmacodynamic properties. Herein, we present our design,
syntheses, and biological evaluation of new 2-nitroimidazole-
based anti-angiogenic hypoxic cell radiosensitizers that
incorporate the 2-aminomethylene-4-cyclopentene-1,3-dione
moiety as an anti-angiogenic pharmacophoric descriptor (2).

Materials and Methods

Energy analysis of the TX-2036 series. TX-2036 and TX-2036
derivatives were designed and synthesized as previously described
(2). Conformation analysis of the synthesized TX-2036 series of
molecules was performed using CAChe-Conflex (Fujitsu Inc.,
Tokyo, Japan), and energy profiles were obtained as previously
described (3, 4). Solvation free energy (stereo-hydrophobicity:
dGW) was determined using Mopac (Fujitsu Inc.) as previously
described (5, 6). Electrostatic potential (ESP) fields of molecules
from the TX-2036 series were analyzed using CAChe (Fujitsu Inc.)
as previously described (7). ESP field analysis was performed for a
minimum energy conformer of each TX-2036 derivative.

In vitro radiosensitizing assay. In vitro radiosensitization was
measured in EMT6/KU single cells under hypoxic conditions as
previously described (8). Enhancement ratios (ERs) were
determined from the ratio of radiation doses required to reduce the
surviving fraction of EMT6/KU cells to 1%. Usually, each ER value
of radiosensitizer was obtained from survival curves consisting of
four or five points per curve and converted based on the ER value
of etanidazole (ER=1.72) (2).

Results

Molecular profiles of TX-2036 derivatives. The structures of
TX-2036 derivatives are shown in Figure 1. These
compounds had a chiral center and were classified into
R-configurations (TX-2043, -2030, -2036) or S-configuration
(TX-2044, -2031, -2037). The radiosensitizing activity of
R-configured TX-2043 (ER=1.80) was weaker than that of
S-configured TX-2044 (ER=2.00) (Table I). In other
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TX-2043: R-configuration, R=methyl
TX-2044: S-configuration, R=methyl
TX-2030: R-configuration, R=tert-butyl
TX-2031: S-configuration, R=fert-butyl
TX-2036: R-configuration, R=p-fert-butyl
6. TX-2037: S-configuration, R=p-fert-butyl
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Figure 1. Structure of TX-2036 derivatives.

TX-pairs, the radiosensitizing activity of R-configured TXs was
weaker than that of S-configured TXs (TX-2030 (1.68) vs.
TX-2031 (1.80), TX-2036 (1.79) vs. TX-2037 (1.93)). Moreover,
the radiosensitizing activity of 2,2,2 -trifluoroacetylamino group
involved in the R-configured TX-2045 (2.02) was stronger than
that of S-configured TX-2046 (1.84).

The energy profiles of enantiomer pairs (e.g. TX-2030, -2031
pair (13.8 — 27.0 kcal/mol), TX-2036, -2037 pair (4.7-18.6
kcal/mol), TX-2043, -2044 pair (8.8-22.9 kcal/mol), TX-2045,
-2046 pair (60.7 — 67.3 kcal/mol)) were almost unchanged by
their stereo-configuration during conformation analysis (open
circles in Figure 2). Solvation free energy (an index of
stereohydrophobicity) profiles of these enantiomer pairs did not
differ (e.g. TX-2030, -2031 pair (-218.9 — -194.4 kJ/mol), TX-
2036, -2037 pair (—229.1 - —195.1 kJ/mol), TX-2043, -2044 pair
(-232.6 — -204.5 kJ/mol), TX-2045, -2046 pair (-208.7 —-178.5
kJ/mol)) (closed circles in Figure 2).

Electrostatic potential fields of TX-2036 derivatives. For the
TX-2030, -2031 enantiomer pair and the TX-2036, -2037
pair, the electrostatic potential (ESP) fields were similar, but
small minus ESP fields were observed in the cyclopentene-
1,3-dione portion of R-configured TX-2030 and TX-2036
(arrows in Figure 3). For the TX-2043, -2044 pair, the ESP
fields were similar, but two small minus ESP fields were
observed in the cyclopentene-1,3-dione portion of R-
configured TX-2043 (arrows). For the TX-2045 and -2046
pair, two small minus fields were observed in the 2,2,2-
trifluoroacetylamino group (arrows) of S-configured TX-
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11. TX-2045: R-configuration, R=methyl
12. TX-2046: S-configuration, R=methyl

Table 1. Radiosensitizing activity of 2-nitroimidazole-aminomethylene-
cyclopentenediones.

Compounds ER (concentration)
Etanidazole 1.72 (1 mM)
1 (TX-2043) 1.80 (1 nM)
2 (TX-2044) 2.00 (1 uM)
3 (TX-2030) 1.68 (1 uM)
4 (TX-2031) 1.80 (1 nM)
5 (TX-2036) 1.79 (1 uM)
6 (TX-2037) 1.93 (1 uM)
11 (TX-2045) 2.02 (1 pM)
12 (TX-2046) 1.84 (1 uM)

ER (concentration): Enhancement ratio at corresponding concentration.

2046. TX-2036 derivatives with these small minus fields
indicated weaker radiosensitizing activity than in the
corresponding stereoisomers (Table I).

Discussion

Synthesized TX-2036 S-derivatives (TX-2044, -2031, -2037) had
stronger radiosensitizing activity than the corresponding R-
derivatives (TX-2043, -2030, -2036). Conformation profile and
stereohydrophobicity analysis did not reveal a difference
between the S- and R-configured TX-2036 derivatives. In the
electrostatic potential field analysis, small minus ESP fields were
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Figure 2. Energy profiles of conformation analysis of TX-2036 derivatives. Heat formation energy profiles of TX-2030, TX-2031, TX-2036, TX-2037,
TX-2043, TX-2044, TX-2045, TX-2046 are shown in upper panels. Solvation free energy (stereo-hydrophobicity (dGW)) profiles of TX-2030,
TX-2031, TX-2036, TX-2037, TX-2043, TX-2044, TX-2045, TX-2046 are shown in lower panels.

observed only in R-configurations (TX-2043, -2030, -2036) in
the cyclo-pentene-1, 3-dione region. These small minus fields
influenced radiosensitizing activity. The radiosensitizing activity
of TX-2046 (S-configuration) with a small ESP field was lower
than that of TX-2045 (R-configuration), which suggests that
small ESP fields affect radiosensitizing activity.

The TX-2036 derivative has two characteristic structures,
a 2-nitroimidazole site and a 4-cyclopentene-1,3-dione site.

We developed TX-1877 derivatives with a 2-nitroimidazole
as the main framework and reported the correlation between
structure and radiosensitizing activity (9, 10). For the TX-
2036 derivative, the 4-cyclopentene-1,3-dione structure may
play a role in functional modification via small ESP fields.
For this reason, we are investigating the radiosensitizing
activity of a series of molecules with modifications in the
4-cyclopentene-1,3-dione structure.
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Figure 3. Electrostatic potential field of TX-2036 derivatives. Positive and negative fields are shown as gray and dark gray clouds, respectively.

Small minus electrostatic potential fields are shown as arrowheads.
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