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ABSTRACT

The 3D structures of an antitumor glycosylsterol OSW-1 and its closely related congener were investigated by NMR studies and an X-ray
crystallographic analysis. The disaccharide moiety was found as a structural scaffold for the formation of a hydrophobic cluster by the
biologically required functionalities.

OSW-1 (1) and one of the related congeners (2) are acylated
glycosylsterols isolated from the bulbs of Ornithogalum
saundersiae (Figure 1).! They are structurally unique among
an abundant class of natural products called saponins,?
regarding the position of the disaccharide attachment to the
sterol aglycone (at C163-OH of the D ring) and the presence
of acyl side chains on each monosaccharide residue (L-
arabinose and p-xylose residues).3 Compound 1 has
attracted considerable attention since its discovery because
of its exceptionally potent and selective antitumor activities
(1Cso = 0.25 nM, HL-60 cells) superior to those used in the
clinical treatment of cancer such as doxorubicine or
paclitaxel.*®* Congener 2 differs from 1 only at the 02”-
acyl side chain of the p-xylose residue and is equally potent
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Figure 1. Antitumor glycosylsterols OSW-1 (1) and its congeners
(2-5).

in the cytotoxicity assay (ICs, = 0.20 nM, HL-60 cells).*?
While the cytotoxicity of compound 1 against certain tumor

cells has been related to its ability to induce apoptosis via



caspase-8 activation,* their cellular target(s) or the molecular
mechanism of their action is still not well understood.’

Synthetic and degradative studies have shown that both
the sterol aglycon and the acylated disaccharide moiety are
required to retain the extremely potent cytotoxicity against
tumor cells exhibited by compounds 1 and 2.%" However,
the relationships between the biologically required function-
alities and the overall molecular structures of the glycosyl-
sterols have not been investigated in detail. Characterization
of the three-dimensional structures of the glycosylsterols
should facilitate the elucidation of the structural basis for
their biological activity and for the design of more effective
analogues. Here we report the structural analysis of the
glycosylsterols 1 and 2 by solution NMR studies and the
first crystallographically resolved solid-state structure for 2.
We provide new insights into the role of the disaccharide
moiety in the overall molecular structure of the glycosyl-
sterols.

The sample material for the glycosylsterols 1 and 2 was
prepared from the plant source.> Using a standard sample
for compound 1, we first established an HPLC method to
rapidly analyze the presence of the desired natural product
in the fractions during the purification. This eliminated the
need for activity-guided fractionation, which is laborious and
time-consuming for a simple preparative purpose. The
microwave-assisted extraction method® was found to enable
efficient extraction of the compound from the crude metha-
nolic extract of the lyophilized plant material. Subsequently,
we performed a three-step purification involving dichlo-
romethane extraction, silica gel column chromatography, and
ODS column chromatography, which provided both com-
pounds 1 and 2. Their biological activity was verified by
cytotoxicity assay against HeLa cells (1: ICso = 0.5 nM; 2:
IC5o = 0.7 nM, HeLa cells).

In the *H NMR spectra for compounds 1 and 2 in CDCls,
CDsCN, and CD3OD (Table S1, Supporting Information),
which have different polarity, only one set of peaks was
observed with no dramatic chemical shift changes, indicating
the preorganized nature of their overall structures.’ The
conformation of the disaccharide moiety and its relative
orientation to the aglycon were analyzed on the basis of the
conformation of monosaccharide residues and glycosidic
linkages defined by a set of ¢, y dihedral angles.® The
coupling constants (3Juy) and intraresidue NOEs for the
monosaccharide residues of compounds 1—2 correspond to

(5) Lee, S.; LaCour, T. G.; Fuchs, P. L. Chem. Rev. 2009, 109, 22075.

(6) (a) Morzycki, J. W.; Wojtkielewicz, A.; Wotczynski, S. Bioorg. Med.
Chem. Lett. 2004, 14, 3323. (b) Tang, P.; Mamdani, F.; Hu, X.; Liu, J. O,;
Yu, B. Bioorg. Med. Chem. Lett. 2007, 17, 1003. (c) Wojtkielewicz, A,;
Dtugosz, M.; Maj, J.; Morzycki, J. W.; Nowakowski, M.; Renkiewicz, J.;
Strnad, M.; Swaczynova, J.; Wilczewska, A. Z.; Wojcik, J. J. Med. Chem.
2007, 50, 3667. (d) Ma, X.; Yu, B.; Hui, Y.; Miao, Z.; Ding, J. Bioorg.
Med. Chem. Lett. 2001, 11, 2153. (e) Peng, W.; Tang, P.; Hu, X.; Liu,
J. O.; Yu, B. Bioorg. Med. Chem. Lett. 2007, 17, 5506. (f) Morzycki, J. W.;
Wojtkielewicz, A. Phytochem. Rev. 2005, 4, 259. (g9) Shi, B.; Tang, P.;
Hu, X.; Liu, J. O.; Yu, B. J. Org. Chem. 2005, 70, 10354. (h) Zheng, D.;
Zhou, L.; Guan, Y.; Chena, X.; Zhou, W.; Chen, X.; Lei, P. Bioorg. Med.
Chem. Lett. 2010, 20, 5439.

(7) Kuroda, M.; Mimaki, Y.; Yokosuka, A.; Sashida, Y.; Beutler, J. A.
J. Nat. Prod. 2001, 64, 88.

(8) Sticher, O. Nat. Prod. Rep. 2008, 25, 517.

(9) Both compounds 1 and 2 are insoluble in water.

Org. Lett, Vol. 12, No. 24, 2010

those of the standard chair conformation for of the pyranose
rings (1C, for the r-arabinose and “C, for the p-xylose
residues). The 2D experiments in CD;OD showed inter-
residue NOEs in agreement with close to syn conformations
for both of the glycosidic linkages. NOE crosspeaks were
observed between H1” and H16 (also H15 for compound 1)
and between H1” and H3’, H4" (Figure 2 and Figure S3,
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Figure 2. Selected NOESY correlations (500 MHz, 293 K, CD;0D)
for compounds 1 (a) and 2 (b). NOEs shown by blue arrows
represent the syn conformation for the glycosidic linkages. The inter-
residue NOEs between the hydrophobic side chains are shown in
red arrows (the corresponding crosspeaks in the NOESY spectra
are shown in bottom panels).

Supporting Information). The glycosidic linkages of oli-
gosaccharides are known to favor a syn conformation (for
B-D-sugars, ¢ ~ 60°, 1 ~ 0°),°° where the transglycosidic
C—H bonds are oriented nearly parallel to each other due to
the exo anomeric effect and the nonbonded steric interac-
tion.™ It thus suggests that the structural characteristics found
in oligosaccharides are pronounced in the disaccharide
moiety of the glycosylsterols 1 and 2. As a consequence of
having the syn conformers for both glycosidic linkages, two
monosaccharide residues would be arranged in a linear
fashion where the C2’-OH of the arabinose and the C2”-
OH of the xylose residues emerge from the same face of
their trunk (Figure 2). Consistent with this picture, additional
weak NOEs are also present between H26/27 and H32/36,
H33/35, and between H26/27 and H34 in compound 1. It
indicates the close proximity between the C2”-p-methoxy-
benzoyl (p-MBz) group and the C2’-acetyl group, the C26/
27 methyl groups of the C20—C27 sterol side chain (Figure
2). Similarly for compound 2, NOEs are detected between
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H26/27 and H32, H33/35, H34/36 and between H29 and
H31, H32. It suggests that the average distances between
the C2”-cinnamate and the C2’-acetyl group and the C26/
27 methyl groups of the C20—C27 sterol side chain are also
within 4 A. Therefore, the data show that both compounds
1 and 2 having the same disaccharide backbone structure
display a similar hydrophobic cluster formed by two acyl
side chains of the disaccharide moiety and the sterol side
chain. For compound 1, the same NOE patterns at similar
chemical shifts were observed among the three side chains
(C2-acetyl, C2”-p-MBz, and the C20—C27 groups) in both
protic (CD3OD) and aprotic solvent (CDsCN). It indicates
that the conformation of the disaccharide determines the
relative orientation of the acyl side chains to the sterol side
chain independent of the hydrogen-bonding capability of the
solvents.

The presence of a stable hydrophobic cluster in solution
was also suggested in an observation that the intrinsically
less reactive p-MBz group of compound 1 can be hydrolyzed
preferentially over the acetyl group to give compound 3
instead of compound 4 under conditions using ~6 M
NH; in CH,Cl,/MeOH = 1:9.1@ A typical basic hydrolysis
condition should give products with a selectivity order of
acetyl group > p-MBz group.*? It is in support of the structure
where the C2’-acetyl group is sterically protected by the C2”-
p-MBz group and the sterol side chain.

Despite the ubiquity of saponins in nature, the X-ray
structural data for this class of compounds are still scarce
largely because of their poor physicochemical properties,
which make it difficult to prepare pure samples and crystal-
lize.>*® Extensive screening of organic—aqueous mixed
solvents with various mixing ratios and employment of a
vapor-diffusion method finally led to fine needle-shaped
colorless crystals from H,O0—MeCN (1:2) for both com-
pounds 1 and 2. Only crystals of compound 2 grew to a size
suitable for synchrotron radiation diffraction experiments.
Single crystals of compound 2 were solved in the orthor-
hombic, P2,2,2; space group (a = 5.988(5) A, b = 27.539(5)
A, ¢ = 28.749(5) A).** The crystal packing shows that two
modes of molecular interfaces alternate in a monolayer
assembly along the b axis (Figure 3a). In one mode, an
antiparallel dimer is formed via a hydrophobic interaction
between the longest sides of the molecule (Figure 3b). In
another, an antiparallel pair of molecules is held together
via a hydrophilic sugar—sugar interaction (Figure 3c, left
panel). The interface is stabilized by the hydrogen-bonding
network, which involves the hydrogen-bonding pairs of the
ring oxygen (O5”) of the xylose residue and O4” (2.90 A),
04’ and a water molecule (Ow2; 2.71 A), 03" and a water
molecule (Ow1; 2.92 A), and the two water molecules (2.74
A). Along the a axis, pairs of the hydrated glycosterols are

(12) Wuts, P. G. M.; Greene, T. W. Greene's Protective Groups in
Organic Synthesis, 4th ed.; Wiley-Interscience: Hoboken, 2007; p 998.

(13) (a) Cheng, Y.; Ho, M. D.; Gottlib, C. R.; Kahne, D. J. Am. Chem.
Soc. 1992, 114, 7319. (b) Imberty, A.; Pérez, S. Chem. Rev. 2000, 100,
4567. (c) Rencurosi, A.; Mitchell, E. P.; Cioci, G.; Pérez, S.; Pereda-
Miranda, R.; Imberty, A. Angew. Chem., Int. Ed. 2004, 43, 5918. (d)
Williams, J. A.; Gong, H. Lipids 2007, 42, 77.

(14) CCDC 794279 contains the supplementary crystallographic
data.

5734

Figure 3. (a) Crystal packing with the unit cell viewed along the
a axis. Compound 2 is shown in stick representation and water
molecules as cyan balls. (b) Hydrophobic dimer. (c) Water-mediated
sugar—sugar interaction shown in two perspectives.

stacked in parallel on their flat faces, leading to a zipper-
like supramolecular structure (Figure 3c, right panel). The
water molecule (Owl) bound to each layer stabilizes
the vertical assembly by hydrogen bonds (2.48 A) to the
C4”—0H group of the next layer. As a consequence, a pair
of channels of water molecules is formed at the sugar—sugar
interface. Thus, the presence of the acylated disaccharide
moiety enables dual modes of supramolecular association
for compound 2 in the solid state.

The monomeric structure of compound 2 in the solid state,
which was obtained from the aqueous organic solution, is
consistent with the NMR analysis for compounds 1 and 2 in
organic solvents (Figure 4). Since the structural differences
between compounds 1 and 2 are only at the C2”-aromatic
ester side chains, it is likely that compound 1 displays similar
solid-state characteristics to those of compound 2 in this
work. The sterol aglycon displays ring conformations (A—D
rings) similar to those found in the crystal structure of
cholesterol.™® The C20—C27 side chain is in fully extended
conformations along the long axis of the sterol moiety, and
its orientation appears to be stabilized by a hydrogen bond
between the C17-OH and C22-carbonyl group pointed to the
o face. Both of the pyranose rings are found in the expected
chair conformation (*C, for the L-arabinose and “C; for the
p-xylose residues). Because of the exoanomeric effect,*® both
@ angles adopt the gauche conformation (¢, = —20.10°, ¢,
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Figure 4. Molecular structure of compound 2 in stick drawing (a)
and in CPK representation (b) shown in two perspectives. Dotted
line in (a) shows the triangular molecular shape for 2. Hydrophobic
side chains are colored in magenta in (b).

= 4.37°).1° The v angles are found in the range (y; =
—68.77°, and vy, = 47.84°) represented by a preferred
conformation predicted in the conformational analysis based
on nonbonded steric interactions around the glycosidic
linkages.”® The syn conformations for both glycosidic
linkages lead the disaccharide moiety to form an overall
extended conformation with a slight helical twist with its
axis lying on the same plane of sterol with an angle of ~27°
with respect to the long axis of the sterol moiety (Figure
4a). As a result, two notable structural features emerge. First
is the specific positioning of the acyl side chains, which
results in the generation of a hydrophobic cluster in agree-
ment with our NMR analysis for compounds 1 and 2 (Figure
4b). Both the C2’-acetate and C2”-cinnamate are pointed in
the same direction toward the sterol side chain, perpendicular
to the long axis of the disaccharide backbone. The C2”-
cinnamate and C2’-acetate groups and the C20—C27 sterol
side chain pack against each other, making van der Waals
contacts. Second, the conjugation of the disaccharide moiety
with its relative orientation to the sterol moiety gives rise to
a molecular shape of a flat right triangle (Figure 4a bottom).
Therefore, the presence of the disaccharide moiety in
compound 2 enables the formation of a hydrophobic cluster,
distinct molecular shape as well as dual modes of supramo-
lecular structures in the solid state.

The hydrophobic cluster found in this work may have a
functional importance based on the previous structure—
activity studies for compound 1. Inversion of the C16
stereochemistry,®® which alters the relative orientation of the
entire disaccharide moiety, removal of the acyl side chains

(16) For simplicity, (¢,y) are described as in ref 11. The hydrogen atoms
were placed geometrically based on the heavy atom positions in the crystal
structure.
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of the disaccharide moiety,® or truncation of the sterol

side chain®® leads to loss of activity by more than 2 orders
of magnitude. Thus, the structural modifications, which
would abolish the hydrophobic cluster of the glycosylsterols,
resulted in inactive compounds. It is of interest to note that
upon a closer inspection of the crystal structure for compound
2, a resemblance can be found in the hydrophobic cluster
shown in Figure 4b to a folded structure formed by benzyl
group of Phe, methyl group of Ala (or methylene group of
Gly), and isoamyl group of Leu residues in proteins.
Hydrophobic clusters in proteins are often formed by the
side chains of noncontinuous amino acid residues displayed
on suitable secondary structures. Some of these found on
protein surfaces function as recognition motifs for other
proteins to bind.*” The structural basis for the biological
importance of the acylated disaccharide moieties in 1—2 may
be attributed to their ability to preorganize a hydrophobic
recognition motif. Chemists have been inspired by versatile
carbohydrate structures and de novo design of bioactive
molecules based on carbohydrate scaffolds is an ongoing area
of research.*® The structural motif in the glycosylsterols
revealed in this work may represent a possible example for
carbohydrate mimicry of a protein motif.*°

In conclusion, the three-dimensional structures of a highly
potent antitumor glycosylsterol OSW-1 (1) and its congener
2 were characterized by NMR analysis and X-ray structural
analysis using synchrotron radiation, which revealed a flat
triangular overall molecular shape. We provide evidence that
the disaccharide moiety serves as a structural scaffold in the
formation of a hydrophobic cluster motif by the biologically
required functionalities as well as of the overall conformation.
Our findings also present new opportunities for the design
of more effective analogues for 1 and 2 and carbohydrate-
based mimics of protein motifs.
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