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Abstract—The amide bond of ceramide was replaced by the non-hydrolyzable 1,2,3-triazole functionality. Click chemistry was
employed for synthesis of the designed analogues. Our preliminary biological evaluation indicated that the amide moiety of cera-
mide is amenable to bioisosteric substitution with the triazole moiety. Some of the analogues were more potent than C2-ceramide as
cytotoxic agents, and the observed cytotoxicity was possibly mediated through the induction of apoptosis.

© 2007 Elsevier Ltd. All rights reserved.

Sphingolipid research has recently made significant
strides.! The increased appreciation and understanding
of the biological roles of sphingolipid raise the emerging
concept of sphingolipid metabolites as therapeutics.?
One of the remarkable recent findings in sphingolipid
research is that sphingolipid metabolites, such as cera-
mide, sphingosine-1-phosphate (S1P), and sphingosine-
I-phosphocholine, can act as second messengers that
regulate diverse cellular processes. Another important
finding is that different sphingolipid metabolites display
different biological functions. For example, ceramide
has pro-apoptotic and anti-proliferative activity,
whereas its metabolite, S1P, exerts an opposite effect.!-?
Thus, controlling the balance of sphingolipid metabo-
lites, by the regulation of enzymes involved in sphingo-
lipid metabolism or by local delivery of sphingolipid,
could modulate the cellular processes.

Ceramide plays a central role in sphingolipid metabo-
lism, both as a key precursor and as a penultimate deg-
radation product of all major sphingolipids (Fig. 1).3
The amide linkage of ceramide is hydrolyzed to fatty
acid and sphingosine by the enzyme ceramidase. The
resulting sphingosine is intrinsically bioactive, and it

Keywords: Ceramide; Click chemistry; 1,2,3-Triazole; Bioisosteric

substitution; Apoptosis.

* Corresponding author. Tel.: +82 2 740 8913; fax: +82 2 762
8322; e-mail: pennkim@snu.ac.kr

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.05.086

could serve as a substrate for sphingosine kinase to form
S1P.

Due to the biological significance of ceramide, a number
of analogues have been synthesized and evaluated.*
However, to the best of our knowledge, modification
of the amide moiety of ceramide to the non-hydrolyz-
able bioisosteric moiety has not been reported. We envi-
sioned that hydrolytically stable ceramide analogues
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Figure 1. Pathways of ceramide metabolism.
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might alter the balance of sphingolipid metabolites,
either by mimicking the actions of endogenous ceramide
or by regulating the related enzymes. Furthermore, their
metabolic fate would be different from that of ceramide,
due to the different physicochemical properties of the
isosteres. As a consequence, the subsequent sphingolipid
metabolism would be affected, thereby influencing the
cellular processes.

Among a variety of bioisosteres of the amide moiety,
1,2,3-triazoles have gained increasing attention in drug
discovery.> Triazoles can mimic the topological and elec-
tronic features of an amide bond, and they can actively
participate in hydrogen bonding and dipole-dipole
interactions. Indeed, we recently demonstrated that tria-
zole could successfully serve as a linking unit that can
mimic the atom placement of an amide bond of the
immunostimulant a-GalCer.® However, unlike amides,
triazoles are extremely stable to hydrolysis. Based on
these considerations, we decided to replace an amide
bond of ceramide by the 1,2,3-triazole functionality as
a non-hydrolyzable bioisostere. We present here the syn-
thesis and preliminary evaluation of a series of 1,2,3-tri-
azole containing ceramide and phytoceramide analogues
of general structures 1 and 2, respectively (Fig. 2) in
which the lipid-chain lengths have been incrementally
varied.

For the divergent synthesis of the designed triazole ana-
logues of ceramide, we employed the recently introduced
click chemistry (Scheme 1). Sharpless and co-workers
developed a copper(I)-catalyzed Huisgen reaction
between azides and terminal alkynes, providing a regio-
selective construction of 1,4-disubstituted-1,2,3-triaz-
oles.” Thus, the known azidophytosphingosine 4, the
requisite starting material for the synthesis of 2, was pre-
pared from D-ribo-phytosphingosine according to the
published procedure.® Huisgen’s 1,3-dipolar cycloaddi-
tion between the obtained azido-compound 4 and varied
terminal alkynes in the presence of CuSO,4 and sodium-
ascorbate in ‘BuOH/H,0 provided the desired 1,4-regio-
selective triazole products 2a—e in high isolated yield
(85-95%). For the synthesis of 1, p-erythro-azidosp-
hingosine 5 was prepared from azidophytosphingosine
4 according to our published four-step procedure.’
Analogous to the preparation of 2, we encountered no
difficulties when converting azidosphingosine 5 into
the corresponding triazoles 1la-e through the
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Figure 2. General structure of triazole containing ceramide analogues
and structure of C2-ceramide.
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Scheme 1. Reagents: (a) 1.5 equiv HC=CR, CuSO,, Na-ascorbate,
‘BuOH/H,0 (1:1), 3-12 h, 85-95%.

copper(I)-catalyzed Huisgen reaction. The structure
and regiochemistry of the obtained analogues were
established by means of NMR analysis including
HMBC.!?

Among various fundamental biological functions of
ceramides, it has long been known that they can induce
apoptotic cell death.!! Thus, as a preliminary evaluation
of triazoles 1 and 2, the cytotoxic activity in various can-
cer cells was determined by sulforhodamine B (SRB) or
MTT assay as described previously.'>!'3 In our experi-
ments, the cell-permeable C2-ceramide 3 (Fig. 2) was
employed as a positive control.'* As shown in Table 1,
the cytotoxic activities of triazole analogues 1 were
highly influenced by the length of the attached chain.
The short-chain triazole analogues 1a—¢ were more effec-
tive than prototype C2-ceramide 3 in inhibiting cancer
cell growth. On the other hand, the long-chain triazoles
1d-e did not show any significant cytotoxicities against
the cancer cells tested up to 50 uM. These results were
not surprising in view of the generally accepted fact
that synthetic short-chain ceramides, such as C2- and

Table 1. Cytotoxic activities for 1,2,3-triazole containing ceramide
analogues 1 and 2

Compound ECs" (M)
HCT 116° NCI-H358° K-562¢

C2-ceramide 24.5 19.6 35.1
la 16.0 15.7 13.0
1b 12.9 13.6 12.3
1c 12.5 12.8 8.2
1d >50 >50 >50
le >50 >50 >50
2a 13.9 13.2 14.9
2b 12.9 12.9 14.5
2¢ 12.0 13.7 12.6
2d >50 >50 >50
2e >50 >50 >50

# All values are means of a minimum of three experiments.
® Human colon carcinoma.

¢ Human bronchioalveolar carcinoma.

9 Human chromic myelogenous leukemia.
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Figure 3. DNA fragmentation in K-562 cells treated with various
concentrations of ceramide analogues.

C6-ceramide, are water soluble and membrane-perme-
able, whereas natural long-chain ceramide is not
water-soluble and penetrates cellular membranes with
difficulty.!> Based on this fact, we could infer that the
diminished cytotoxicities of long-chain triazoles 1d—e
could be attributed to their low aqueous solubility or
poor membrane permeability, not to the intrinsic
inactivity.

The phytoceramides, which contain a hydroxyl group at
C-4 instead of double bond of ceramides, are slightly
more cytotoxic compared with their corresponding cera-
mides.!® These previous findings suggest that the cyto-
toxic activity could be also expected from the
phytosphingosine derived triazoles 2, if the triazole moi-
ety successfully mimics the amide bond. As expected,
triazoles 2 exhibited similar level of cytotoxic activities
as the corresponding sphingosine derived triazoles 1.
Analogous to triazole 1, only short-chain triazole ana-
logues 2a-c¢ were more potent than C2-ceramide 3.
These results indicate that the amide moiety of ceramide
is amenable to bioisosteric substitution with the triazole
moiety.

To determine whether the cytotoxicity is mediated by
the induction of apoptosis, DNA fragmentation was
analyzed. K-562 cells were treated with the short-chain
triazole analogues 1b and 2b for 18 h, and DNA samples
were extracted and analyzed by electrophoresis on aga-
rose gels.!” In parallel, as an apoptosis-positive control,
C2-ceramide 3 was used. The results showed that expo-
sure to triazoles 1b and 2b exerted DNA cleavage that
was characteristic of apoptosis (Fig. 3). Phytosphingo-
sine derived triazole 2b displayed a higher ability than
sphingosine derived triazole 1b to induce DNA fragmen-
tation. C2-ceramide 3 causes much less fragmentation of
K-562 DNA than triazoles 1b and 2b in our experi-
ments. These observations suggest that triazole ana-
logues possibly induce apoptosis in K-562 cells.

In conclusion, we have replaced an amide bond of cera-
mide with a non-hydrolyzable 1,2,3-triazole functional-
ity. Click chemistry was employed to generate triazole
containing ceramide analogues efficiently. As a prelimin-
ary evaluation of the obtained analogues, the cytotoxic

activity in various cancer cells was measured. Our preli-
minary evaluation indicated that the amide moiety of
ceramide is amenable to bioisosteric substitution with
the triazole moiety, providing the basis for further
development of triazole containing analogues. The
short-chain triazole analogues displayed higher activities
than C2-ceramide. Although the reason for these higher
cytotoxic activities is not clear presently, the observed
cytotoxicity is possibly mediated, in part, by the induc-
tion of apoptosis. Because of the numerous and compli-
cated biological actions of ceramide, it is difficult and
needs further studies to ascertain whether the triazole
analogues simply mimic the actions of endogenous cer-
amide or exert different intracellular behavior. To this
end, we are currently investigating this issue, and the re-
sults will be reported in due course.

Acknowledgments

This study was supported by the Korea Science and
Engineering Foundation (KOSEF) through the Na-
tional Research Laboratory Program funded by the
Ministry of Science and Technology (M10500000055-
06J0000-05510). One of the authors (M.C.) was
supported financially by 2nd stage of BK21 project for
Applied Pharmaceutical Life Science Research Division.

References and notes

1. Merrill, A. H., Jr.; Sandhoff, K. Sphingolipids: Metabo-
lism and Cell Signaling. In Biochemistry of Lipids,
Lipoprotein, and Membranes; Vance, D. E., Vance, J. E.,
Eds.; Elsevier: New York, 2002; pp 373-407.

2. For a good review with citations, see: (a) Kester, M.;
Kolesnick, R. Pharmacol. Res. 2003, 47, 365; (b) Rosen,
H.; Liao, J. Curr. Opin. Chem. Biol. 2003, 7, 461; (c) Ségui,
B.; Andrieu-Abadie, N.; Jaffrézou, J.-P.; Benoist, H.;
Levade, T. Biochim. Biophys. Acta 2006, 1758, 2104.

3. For a review, see: Hannum, Y. A.; Obeid, L. M. J. Biol.
Chem. 2002, 277, 25847.

4. For some recent examples, with comprehensive references
to earlier work, see: (a) De Jonghe, S.; Lamote, I.;
Venkataraman, K.; Boldin, S. A.; Hillaert, U.; Rozenski,
J.; Hendrix, C.; Busson, R.; De Keukeleire, D.; Van
Calenbergh, S.; Futerman, A. H.; Herdewijn, P. J. Org.
Chem. 2002, 67, 988; (b) Shikata, K.; Azuma, H.;
Tachibana, T.; Ogino, K. Tetrahedron 2002, 58, 5803; (c)
Dagan, A.; Wang, C.; Fibach, E.; Gatt, S. Biochim.
Biophys. Acta 2003, 1633, 161; (d) Macchia, M.; Bertini,
S.; Fogli, S.; Giovannetti, E.; Minutolo, F.; Rapposelli, S.;
Danesi, R. Il Farmaco 2003, 58, 205; (e) Chun, J.; Byun,
H.-S.; Arthur, G.; Bittman, R. J. Org. Chem. 2003, 68,
355; (f) Azuma, H.; Takao, R.; Shikata, K.; Niiro, H.;
Tachibana, T.; Ogino, K. J. Med. Chem. 2003, 46, 3445,
(g) Nakamura, Y.; Matsubara, R.; Kitagawa, H.; Kobay-
ashi, S.; Kumagai, K. J. Med. Chem. 2003, 46, 3688; (h)
Lu, X.; Arthur, G.; Bittman, R. Org. Lett. 2005, 7, 1645;
(i) Hillaert, U.; Van Calenbergh, S. Org. Lett. 2005, 7,
5769; (j) Ha, H.-J.; Hong, M. C.; Ko, S. W.; Kim, Y. W_;
Lee, W. K.; Park, J. Bioorg. Med. Chem. Lett. 2006, 16,
1880.

5. For recent reviews, see: (a) Kolb, H. C.; Sharpless, K. B.
Drug Discovery Today 2003, 8, 1128; (b) Wang, Q.;
Chittaboina, S.; Barnhill, H. N. Lerz. Org. Chem. 2005, 2,



10.

12.

S. Kim et al. | Bioorg. Med. Chem. Lett. 17 (2007) 4584-4587

293; (c) Bock, V. D.; Hiemstra, H.; van Maarseveen, J. H.
Eur. J. Org. Chem. 2006, 51.

Lee, T.; Cho, M.; Ko, S.-Y.; Youn, H.-J.; Baek, D. J;
Cho, W.-].; Kang, C.-Y.; Kim, S. J. Med. Chem. 2007, 50,
585.

Rostovtsev, V. V.; Green, L. G.; Fokin, V. V_; Sharpless,
K. B. Angew. Chem., Int. Ed. 2002, 41, 2596.

. (a) Du, W.; Gervay-Hague, J. Org. Lett. 2005, 7, 2063; (b)

van den Berg, R. J. B. H. N.; Boltje, T. J.; Verhagen, C. P.;
Litjens, R. E. J. N.; Van der Marel, G. A.; Overkleeft, H.
S. J. Org. Chem. 2006, 71, 836.

Kim, S.; Lee, S.; Lee, T.; Ko, H.; Kim, D. J. Org. Chem.
2006, 71, 8661.

Spectroscopic data for the new typical groducts. Com-
pound 1b: White solid; mp 43-44 °C; [a}DO +5.86 (¢ 1.0,
CH;0H); 'H NMR (300 MHz, CD;OD) & 0.89 (t,
J=72Hz, 3H), 0.94 (t, J=7.4Hz, 3H), 1.12-1.44 (m,
24H), 1.64 (m, 2H), 1.88 (m, 2H), 2.68 (t, J = 7.7 Hz, 2H),
4.06 (dd, J=4.5, 11.7 Hz, 1H), 4.12 (dd, J=17.5, 11.7 Hz,
1H), 4.35 (app t, J = 7.2 Hz, 1H), 4.47 (ddd, J=4.2, 7.2,
7.5Hz, 1H), 5.27 (dd, J=17.7, 15.3 Hz, 1H), 5.50 (td,
J=6.6, 15.6 Hz, 1H), 7.72 (s 1H); '3*C NMR (75 MHz,
CD;0D) § 14.2, 14.5, 23.3, 23.8, 26.1, 30.2, 30.5, 30.65,
30.71, 30.80, 30.81, 30.83, 32.8, 33.1, 33.2, 62.0, 69.1, 73.2,
123.3, 129.8, 135.6, 148.6; HRMS (FAB) calcd for
Co4Hu6N30, 408.3590 ([M+H]"), found 408.3592. Com-
pound 2b: white solid; mp 90-91 °C; [oc}%o +4.93 (¢ 1.0,
CH;0H); 'H NMR (500 MHz, CD;OD) & 0.89 (t,
J=69Hz, 3H), 0.95 (t, J=7.5Hz, 3H), 1.20-1.35 (m,
24H), 1.39 (m, 2H), 1.51 (m, 1H), 1.58-1.69 (m, 3H), 2.70
(t, J=1.7 Hz, 2H), 3.31-3.34 (m, 1H), 3.78 (dd, J=5.1,
6.5Hz, 1H), 4.12 (d, J=6.2 Hz, 2H), 491 (dt, J=5.1,
6.0 Hz, 1H), 7.81 (s 1H); >*C NMR (125 MHz, CD;0D)
15.0, 15.3, 24.1, 24.5, 26.9, 27.6, 31.3, 31.52, 31.57, 31.59,
31.61, 33.6, 33.9, 34.5, 62.2, 66.5, 73.8, 77.1, 123.8, 149.5;
HRMS (FAB) calcd for C,4H,gN;05 426.3696 ([M+H]"),
found 426.3693.

. For recent reviews, see: (a) Ogretmen, O.; Hannun, Y. A.

Nat. Rev. 2004, 4, 604; (b) Reynolds, C. P.; Maurer, B. J.;
Kolesnick, R. N. Cancer Lett. 2004, 206, 169, and see: Ref.
2c.

(a) Lee, S. K.; Cui, B.; Mehta, R. R.; Kinghorn, A. D.;
Pezzuto, J. M. Chem. Biol. Interact. 1998, 115, 215; (b)
Lee, S. K.; Nam, K. A.; Hoe, Y. H.; Min, H.-Y.; Kim, E.-
Y.; Ko, H.; Song, S.; Lee, T.; Kim, S. Arch. Pharm. Res.

14.

15.

16.

17.

4587

2003, 26, 253; (c) Lee, S. K.; Nam, K.-A.; Heo, Y.-H.
Planta Med. 2003, 69, 21.

. Cells were plated in 96-well plates at the density of

5% 10%cells/well (HCT 116 and NCI-H358) or
1 x 10* cells/well (K-562) and incubated for 24 h. Test
compounds (dissolved in pure ethanol) were diluted in the
medium and treated to cells for 48 h. Adherent cells (HCT
116 and NCI-H358) were fixed with 10% trichloroacetic
acid for 30 min at 4 °C. Fixed cells were stained with 0.4%
sulforhodamine B (SRB) for 30 min at room temperature.
Stained cells were dissolved in 10 mM Tris (pH 10.0).
Absorbance was measured at 515 nm. For floating cells
(K-562), 5mg/ml (final 500 pg/ml) MTT solution was
added to cells and further incubated for 3h at 37 °C.
Media were discarded, and formazan crystals were
dissolved in DMSO. Absorbance was measured at
570 nm. Cell survival (%) of each tested group was
determined by comparison with solvent-treated control
cells. ECsq value, the concentration of 50% cell survival,
was estimated by non-linear regression analysis.
Macchia, M.; Barontini, S.; Bertini, S.; Di Bussolo, V.;
Fogli, S.; Giovannetti, E.; Grossi, E.; Minutolo, F.;
Danesi, R. J. Med. Chem. 2001, 44, 3994.

For a review, see van Blitterswijk, W. J.; van der Luit, A.
H.; Veldman, R. J.; Verheij, M.; Borst, J. Biochem. J.
2003, 369, 199.

Hwang, O.; Kim, G.; Jang, Y. J.; Kim, S. W.; Choi, G.;
Choi, H. J.; Jeon, S. Y.; Lee, D. G.; Lee, J. D. Mol
Pharmacol. 2001, 59, 1249.

K-562 cells (1x 10°cells/dish in 100-mm dishes) were
treated with various concentrations of test compounds for
18 h. Collected cells were lysed with lysis buffer (50 mM
Tris-HCI (pH 7.5), 20 mM EDTA, and 1% NP-40) for
5 min at 4 °C. Lysates were incubated with 10% SDS (final
1%) for 1 h at 56 °C and then treated with proteinase K
solution (final 2.5 pg/ul) for 2h at 37°C. DNA was
isolated by adding 10 M ammonium acetate (final 5 M)
and ice-cold pure ethanol. After incubation overnight and
centrifugation, DNA was washed twice with ice-cold 80%
ethanol, dried in the air, and dissolved in TE buffer
(10 mM Tris-HCl (pH 8.0) and 1 mM EDTA). Five
micrograms of DNA of each tested sample was subjected
to 2% agarose gel electrophoresis. The gel was stained with
SYBR Gold (Molecular Probes) for 1 h at room temper-
ature and visualized under UV transillumination.



	Design, synthesis, and preliminary biological evaluation of a novel triazole analogue of ceramide
	Acknowledgments
	References and notes


