
Abstract. Background/Aim: Sugar molecules are often used
as a tool to structurally modify chemical compounds. The
features of synthesized sugar-conjugated TX-1877 derivatives
were herein examined. Materials and Methods: The molecular
stabilities (reactivity) and hydrophobicities of sugar (e.g.,
monosaccharide and tetra-O-acetylated monosaccharide)-
conjugated TXs were analyzed using a molecular simulation
(e.g. molecular mechanics (MM) and molecular orbital (MO)
analysis). Results: The hydrophobicities of TX-1877 derivatives
were increased by tetra-O-acetylation, and TX-2244 exhibited
the most potent radiosensitizing activity (enhancement 
ratio: ER=2.30). Conclusion: The conformations and
hydrophobicities of chemical compounds may be controlled by
adding monosaccharide- and tetra-O-acetyl-conjugated sugars
to TX-1877.

Sugar moieties have been effectively utilized in drug design to
improve water solubility and for molecular recognition. Tumor
tissues actively consume sugar, and the addition of a sugar
moiety to designed drugs improves their uptake by them. The
affinity of drugs to tumor tissue may be enhanced by the
conjugation of sugar moieties. One of the strategies to
potentially improve the affinity of synthesized compounds to
tumor tissue is sugar conjugation to a pharmacophoric moiety.
Sugar-hybrid molecules designed to exploit this strategy have
been prepared by other groups (1, 2). 

In the present study, the structural features of the TX-1877
glyco-conjugated series were analyzed. We previously
designed and synthesized TX-1877 to be a more potent

radiosensitizer than etanidazole and exhibit additional
biological activities, such as anti-metastatic and
immunopotentiative activity (3-6). TX-1877 was conjugated
with several sugar moieties, such as β-glucose (β-Glc), 
β-galactose (β-Gal), α-mannose (α-Man), tetra-O-acetyl 
β-Glc (β-Glc(OAc)4), tetra-O-acetyl β-Gal (β-Gal(OAc)4),
tetra-O-acetyl α-Man (α-Man(OAc)4), N-acetyl-β-
galactosamine (β-GalNAc), and tri-O-acetyl β-GalNAc 
(β-GalNAc(OAc)3), in order to examine the effects of sugar
moieties on structure-associated functional control. 

Materials and Methods
Molecular design and analysis. TX-1877 and sugar conjugated TX-
1877 derivatives were designed and synthesized as previously
described (4, 6). Conformation analysis of synthesized TX-1877
series were performed using CAChe-Conflex (Fujitsu Inc., Tokyo,
Japan), and energy profiles were obtained as described previously
(7, 8). Solvation free energy (stereo-hydrophobicity: dGW) was
determined using Mopac (Fujitsu Inc., Tokyo, Japan) as previously
described (9, 10). 

In vitro radiosensitizing assay. In vitro radiosensitization was
measured in EMT6/KU single cells under hypoxic conditions as
previously described (11). 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) (12). 

Results
Structure of glyco-conjugated TX-1877 series. Glyco-conjugated
TX-1877 derivatives are shown in Figure 1. Monosaccharides
were added to TX-1877, and TX-1877 derivatives (β-glucose:
TX-2141, β-galactose: TX-2218, and α-mannose: TX-2217)
were synthesized. The hydroxyl groups of the sugar moieties
were acetylated and tetra-O-acetyl compounds (TX-2244, TX-
2245, and TX-2246) were synthesized. Compounds in which an
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N-acetyl group (TX-2068) and N-,O-acetyl (TX-2243) had been
introduced were synthesized from TX-2218 (11). 

Energy profiles of glyco-conjugated series. TX-1877
generated 71 conformers (Table I), and their heat formation
energies ranged between 12.881 and 18.520 kcal/mol (Figure
2A). The solvation-free energy (dGW: an index of stereo-
hydrophobicity) of TX-1877 was approximately -160 kJ/mol
(Figure 2E). β-glucose-conjugated TX-2141 had 402
conformers (27.712−43.694 kcal/mol), and their dGW values
decreased from -170 kJ/mol to -238 kJ/mol (Figure 2B and
2F). TX-2218 and TX-2217 had 333 (24.177−45.751
kcal/mol) and 357 (26.307 − 42.406 kcal/mol) conformers,
respectively (Figure 2C and 2D). The dGW values of TX-
2218 (-246 – -166 kJ/mol, Figure 2G) and TX-2217 (-224 –
-188 kJ/mol, Figure 2H) decreased during the conformational
analysis. The molecular hydrophobicities of sugar-conjugated
TX-1877 derivatives increased with increments of their heat
formation energies. 

More conformers were detected in the conformational
analysis of tetra-O-acetyl-modified TX-1877 derivatives (TX-
2244, -2245, and -2246) than in that of monosaccharide-

conjugated derivatives (e.g., TX-2141, -2218, and -2217). TX-
2244 had 517 conformers (7.616-21.798 kcal/mol, Figure 3A),
and dGW values decreased from -229 to -283 kJ/mol (Figure
3D). TX-2245 and -2246 had 659 (7.521-28.315 kcal/mol,
Figure 3B) and 548 (6.082-20.343 kcal/mol, Figure 3C)
conformers, respectively. Their dGW values decreased during
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Table I. Conformer and enhancement ratios (ER) of TX-1877 and its
derivatives.

Compound                              Conformer No.                          ERa

TX-1877                                           71                                     1.75
TX-2141                                         402                                     1.33
TX-2218                                         333                                     1.40
TX-2217                                         357                                     1.41
TX-2244                                         517                                     2.30
TX-2245                                         659                                     1.63
TX-2246                                         548                                     1.88
TX-2068                                         235                                     1.43
TX-2243                                         334                                     1.47

aData from reference 11.

Figure 1. Structure of sugar-conjugated TX-1877 and its derivatives.



the conformational analysis (TX-2245: from -245 to -281 kJ/mol
(Figure 3E), TX-2246 from -229 to -264 kJ/mol (Figure 3F)).
Heat formation energies decreased with the tetra-O-acetylation
of sugar moieties, and molecular stability increased. The dGW
values of O-acetylated TXs (e.g., TX-2244, -2245, and -2246)
decreased, while their hydrophobicities were increased by O-
acetylation. 

The N-acetylation of TX-2218 caused an increase in
molecular stability, and heat formation energy decreased
from 24.177 kcal/mol (Figure 2C, global minimum (GM)
conformer of TX-2218) to 10.353 kcal/mol (Figure 4A, the
GM conformer of TX-2068). The N-, O-acetylation of TX-
2218 significantly increased molecular stability, while heat
formation energy decreased (-4.344 kcal/mol in Figure 4B,
the GM conformer of TX-2243). 

The relationship between conformers and hydrophobicity
was unaffected by the N-acetylation of TX-2218, and the
dGW profile of TX-2068 (Figure 4C, -226 − -185 kJ/mol)
was similar to that of TX-2218. Stereo-hydrophobicity was
increased by the N-, O-acetylation of TX-2218, and a lower
dGW value was obtained in the TX-2243 analysis (Figure
4D, -272 − -240 kJ/mol). 

Radiosensitizing activity of TX-1877 series. The in vitro
radiosensitizing activities of sugar-conjugated TX-1877
derivatives were measured at a dose of 1 mM in EMT6/KU
cells under hypoxic conditions. ERs are shown in Table I,
and the ER of TX-1877 was 1.75. Sugar conjugated TX-

1877 derivatives (TX-2141: ER=1.33, TX-2218: ER=1.40,
TX-2217: ER=1.41) did not exhibit any radiosensitizing
activity; their activities were suppressed by sugar
conjugation. In tetra-O-acetylated compounds, TX-2244 and
TX-2246 exhibited radiosensitizing activities, with that of
TX-2244 being significant (ER=2.30). N-acetyl (TX-2068:
ER=1.43) and N-, O-acetyl (TX-2243: ER=1.47) compounds
showed an ER decrease from 1.75 (TX-1877). 

Discussion

TX derivatives were designed with a conjugated sugar moiety
in anticipation of their precipitative incorporation into cancer
cells (1, 2, 13-17). Heat formation energy (i.e. destabilization
of the molecule) was greater in compounds with a conjugated
monosaccharide than in the parent TX-1877 molecule. This
result indicated that the reactivity of the monosaccharide-
conjugated compound was greater than that of TX-1877.
Moreover, the heat formation energies of tetra-O-acetylated
compounds were lower than those of monosaccharide-
conjugated compounds, and the molecule was stabilized by O-
acetylation. In the conformation analysis of TX-1877, a
correlation was not observed between stability and
hydrophobicity, and its dGW value was approximately -160
kJ/mol. In monosaccharide- or tetra-O-acetyl-conjugated TX
compounds, hydrophobicity increased with a decrease in
stability. The conformations and the hydrophobicities of
compounds may be controlled by the addition of a
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Figure 2. Energy profile of conformation analysis of TX-1877 and monosaccharide conjugated derivatives. Heat formation energy profiles of TX-
1877 (A), TX-2141 (B), TX-2218 (C), TX-2217 (D). Solvation free energy (stereo-hydrophobicity (dGW)) of TX-1877 (E), TX-2141 (F), TX-2218
(G), TX-2217 (H).
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Figure 3. Energy profile and stereo-hydrophobicity of tetra-O-acetylated TX derivatives. Heat formation energy of TX-2244 (A), TX-2245 (B), 
TX-2246 (C). Solvation free energy of TX-2244 (D), TX-2245 (E), TX-2246 (F).

Figure 4. Energy and hydrophobicity of N-acetylated, N-, O-acetylated derivatives. Energy of TX-2068 (A), TX-2243 (B). The dGW of TX-2068 (C),
TX-2243 (D).



monosaccharide- and tetra-O-acetyl-conjugated sugar to TX-
1877. The tetra-O-acetylation of the β-glucose moiety of the
parent TX-2141 molecule significantly improved
radiosensitizing efficacy (TX-2244). Acetylation of the
hydroxyl group in a glucose moiety appears to be advantageous
for radiosensitization. Regarding TX-2244, the balance
between molecular mobility (stability) and hydrophobicity was
thought to work advantageously for radiosensitization. 

ER was not increased by the N-acetylation of the β-
galactose moiety (TX-2068). A strong ER-potentiating effect
was not observed with the N-, O-acetylation of galactose
(TX-2243). Based on these results, it can be speculated that
the modification of glucose in the TX molecular design
improves ER. Radiosensitization is now being investigated
for TX-1877 derivatives with a conjugated disaccharide or
polysaccharide moiety. 

The hydrophobicities of tetra-O-acetylated compounds
(e.g., TX-2244, -2245, and -2246) were high, with that of
TX-2244 (Figure 3D: -283 kJ/mol) being the highest. The
hydrophobicities of monosaccharide-conjugated compounds
(Figure 2F, 2G, 2H) were not higher than those of tetra-O-
acetylated compound (Figure 3D, 3E, 3F). The interaction
between in vivo water molecules and TX-1877 derivatives
appears to control radiosensitizing activity (e.g., ER) through
hydrophobicity. In an electrostatic potential field (ESP)
analysis of TX-1877 and -2244, positive and negative field
developed with entire molecule evenly (data not shown). A
detailed analysis of ESP field participation in
radiosensitizing activity is in progress. 

References
1 Pandey SK, Zheng X, Morgan J, Missert JR, Liu TH, Shibata

M, Bellnier DA, Oseroff AR, Henderson BW, Dougherty TJ and
Pandey RK: Purpurinimide carbohydrate conjugates: Effect of
the position of the carbohydrate moiety in photosensitizing
efficacy. Mol Pharmaceutics 4: 448-464, 2007.

2 Sylvaina I, Zerroukia R, Graneta R, Huanga YM, Lagorcea JF,
Guillotona M, Blaisb JC and Krausza P: Synthesis and biological
evaluation of thioglycosylated porphyrins for an application in
photodynamic therapy. Bioorg Med Chem 10: 57-69, 2002. 

3 Kasai S, Nagasawa H, Yamashita M, Masui M, Kuwasaka H,
Oshodani T, Uto Y, Inomata T, Oka S, Inayama S and Hori H: New
antimetastatic hypoxic cell radiosensitizers: design, synthesis, and
biological activities of 2-nitroimidazole-acetamide, TX-1877, and
its analogues. Bioorg Med Chem 9: 453-464, 2001. 

4 Kasai S, Nagasawa H, Kuwasaka H, Oshodani T, Nishioka A,
Ogawa Y, Yoshida S, Inayama S, Inomata T and Hori H: TX-
1877: design, synthesis, and biological activities as a BRM-
functional hypoxic cell radiosensitizer. Int J Radiat Oncol Biol
Phys 42: 799-802, 1998.

5 Abou-Bedair FA, Hori H, Nagasawa H, Uto Y, Abu-Zeid M and
Inayama S: Comparison of hypoxic cell radiosensitizers, KIN-
804, KIN-844, KIN-806 and TX-1877, on brain and liver
metabolizing capacities in mice bearing Ehrlich ascites
carcinoma. Biol Pharm Bull 25: 591-596, 2002. 

6 Oshikawa T, Okamoto M, Ahmed SU, Furuichi S, Tano T, Sasai
A, Kan S, Kasai S, Uto Y, Nagasawa H, Hori H and Sato M:
TX-1877, a bifunctional hypoxic cell radiosensitizer, enhances
anticancer host response: immune cell migration and nitric oxide
production. Int J Cancer 116: 571-578, 2005. 

7 Ohkura K, Sukeno A, Nagamune H and Kourai H: Bridge-linked
bis-quaternary ammonium anti-microbial agents: relationship
between cytotoxicity and anti-bacterial activity of 5,5’-[2,2’-
(tetramethylenedicarbonyldioxy)- diethyl] bis (3-alkyl-4-
methylthiazonium iodide)s. Bioorg Med Chem 13: 2579-2587,
2005.

8 Ohkura K, Sukeno A, Yamamoto K, Nagamune H, Maeda T and
Kourai H: Analysis of structural features of bis-quaternary
ammonium antimicrobial agents 4,4’-(alpha,omega-polymethylene-
dithio)bis (1-alkylpyridinium iodide)s using computational
simulation. Bioorg Med Chem 17: 5035-5043, 2003. 

9 Ohkura K and Hori H: Analysis of structure-permeability
correlation of nitrophenol analogues in newborn rat abdominal
skin using semiempirical molecular orbital calculation. Bioorg
Med Chem 7: 309-314, 1999. 

10 Ohkura K, Uto Y, Nagasawa H and Hori H: Effect of molecular
chirality and side chain bulkiness on angiogenesis of
haloacetylcarbamoyl-2-nitroimidazole compounds. Anticancer
Res 27: 3693-3700, 2007.

11 Nakae T, Uto Y, Tanaka M, Shibata H, Nakata E, Tominaga M,
Maezawa H, Hashimoto T, Kirk KL, Nagasawa H and Hori H:
Design, synthesis, and radiosensitizing activities of sugar-hybrid
hypoxic cell radiosensitizers. Bioorg Med Chem 16: 675-682, 2008. 

12 Brown JM and Workman P: Partition coefficient as a guide to
the development of radiosensitizers which are less toxic than
misonidazole. Radiat Res 82: 171-190, 1980.

13 Mikata Y, Shinohara Y, Yoneda K, Nakamura Y, Esaki K,
Tanahashi M, Brudzinska I, Hirohara S, Yokoyama M, Mogami
K, Tanase T, Kitayama T, Takashiba K, Nabeshima K, Takagi R,
Takatani M, Okamoto T, Kinoshita I, Doe M, Hamazawa A,
Morita M, Nishida F, Sakakibara T, Orvig C and Yano S: Sugar-
pendant diamines. J Org Chem 66: 3783-3789, 2001.

14 Idutsu Y, Sasaki A, Matsumura S and Toshima K: Molecular
design, chemical synthesis, and evaluation of cytosine-
carbohydrate hybrids for selective recognition of a single guanine
bulged duplex DNA. Bioorg Med Chem Lett 15: 4332-4335, 2005.

15 Toshima K, Ozawa T, Kimura T and Matsumura S: The
significant effect of the carbohydrate structures on the DNA
photocleavage of the quinoxaline-carbohydrate hybrids. Bioorg
Med Chem Lett 14: 2777-2779, 2004.

16 Toshima K, Okuno Y and Matsumura S: Glycidol-carbohydrate
hybrids: a new family of DNA alkylating agents. Bioorg Med
Chem Lett 13: 3281-3283, 2003.

17 Toshima K, Okuno Y, Nakajima Y and Matsumura S: Beta-
carboline-carbohydrate hybrids: molecular design, chemical
synthesis and evaluation of novel DNA photocleavers. Bioorg
Med Chem Lett 12: 671-673, 2002.

Received April 11, 2018
Revised May 11, 2018
Accepted May 14, 2018

Ohkura et al: Structure Control of TX-1877

4245




