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Oligo-D vs Oligo-L-Sugar Analogues

D igitoxin 3 (Figure 1) is a well-known cardiac glycoside found in
Digitalis purpurea that has been used to treat heart congestive
failure by the inhibition of plasma membrane Na* /K" ATPase." In
this event, the accumulated intracellular Na™ concentration causes
Ca”" influx to enhance myocardial cell contractility. These findings
triggered a significant amount of research on the evaluation of the
structure activity relationship (SAR) of the carbohydrate moiety in
Na" /K" ATPase binding aﬁfmity.z_5 Karlish demonstrated that
inhibition of 02- over all-Na™ /K" ATPase isoform could induce
cardiac contraction with minimal Ca*" overload and, hence, less
cardiotoxicity.® Digitoxin has also been recognized for its excellent
antitumor activity against a wide range of human cancer cell lines.®
In fact, a digitalis clinical study on breast tumor patients showed
both reduced tumor size and reduced rate of reoccurrence.”®

Digitoxin consists of digitoxigenin (pharmacophore) and the
trisaccharide moiety, which is known to be a critical component
for both its cardiotoxic and anticancer activity.” Although the
detailed mechanism of anticancer activity is not fully understood,
many apoptosis signals have been found to be affected by
digitoxin at subcardiotoxic concentration in plasma.'® Studies
also suggested that an a2-selective cardiac glycoside could result
from sugar modification, because the structural differences in
these isoforms primarily lie in the extracellular carbohydrate
binding loops.>"! Thus, sugar modification opens the potential
for discovery of new and safer digitoxin analogues with improved
anticancer activity. In addition to the study of Na* /K" ATPase
in myocardial cells, Thorson and co-workers demonstrated the
potential for improving cytotoxicity against a wide range of
human cancer cell lines by screening a library of digitoxin
MeNO-neoglycoside analogues.” Although few SAR conclu-
sions could be made, the axial C2'-alcohol in the p-sugar was
suggested to be critical for anticancer activity.
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Figure 1. Digitoxin 3 and Related Carbohydrate Analogues.

We later showed that digitoxin O-glycosides consistently
displayed stronger potency in apoptosis activation than MeNO-
neoglycosides regardless of sugar-chain length (i.e., mono-1 is
better than di-2 and trisaccharide 3; Figure 1)."> We further
investigated the O-linked monosaccharides for the optimal
stereochemistry and functionality required for initiating apoptosis."*
Surprisingly, this survey found two L-sugar digitoxin monosac-
charides (4 and 7) that displayed equal or better growth inhibition
(against the NCI panel of 60-cancer cell lines) than the previous
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Scheme 1. De Novo Approach to the Key Pyranone Building

Blocks 17a/b and 18a/b
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best, digitoxin monosaccharide 1. For example, both @t-L-rham-
noside (4) (IC5o46.7 nM) and a-L-amicetoside (7) (ICso 55.7 nM)
demonstrated a similar potency to [-p-digitoxoside (1) (ICsg
74.8 nM) in apoptosis induction against nonsmall cell human lung
cancer cell (NCI-H460), which are all ~10 fold more potent than
digitoxin (3) (ICs0 357 nM)."*** The effects of C5' alkyl substituents
on cytotoxicity for both the O-L-thamno- and Q-L-amiceto- mono-
saccharides were also studied (see DOI 10.1021/ml100291n).

The fact that the structurally different monosaccharide ana-
logues 1,4, and 7 (e.g., sharing only one stereocenter and having
different numbers of hydroxyl groups) possess similar activity
suggests that the carbohydrate binding site of the target must
accommodate several distinct orientations upon binding to its
target.'> To further probe this hypothesis, we decided to test
whether di- and trisaccharide analogues of 4 and 7 would have
a similarly weakened anticancer activity. Thus, we decided to
synthesize and test di- and trisaccharide 0t-L-rhamnoside (5 and 6)
and a-L-amicetoside (8 and 9) analogues. In addition, all
p-thamnoside (10—12) and all p-amicetoside (13—15) analogues
could be made and tested as a control group, to account for
nonspecific effects such as solubility and membrane transport
properties.

To rapidly assess this structurally diverse set of analogues, we
employed our de novo asymmetric synthesis of carbohydrates to
systematically prepare both stereo- and oligo-isomers of rham-
nosyl and amicetosyl digitoxin derivatives. Herein, we report the
synthesis and biological activity of digitoxin &-D-/a-L-rhamnose
and amicetose mono-, di-, and trisaccharide analogues (4—1S5,
Figure 1) against human lung cancer NCI-H460 cell line.

Retrosynthetically, we imagined that the desired target mole-
cules could be obtained by coupling with the digitoxigenin
(DigOH) and the 0-p/L-Boc pyranones (p-17a and L-18a,
Scheme 1). Previously, we have described a de novo approach
where all the a/f-p/1-Boc l?yranones could be prepared in three
steps from acetylfuran 16.""” Briefly, the absolute p- and 1.- sugar
stereochemistry was installed by Noyori asymmetric reduction.'®
The pyranyl ring was prepared by Achmatowicz oxidative
rearrangement (NBS/H,0), with subsequent Boc-protection
under various conditions to give 17a/b and 18a/b in good
overall yield (60—70%)."°

With the desired o-p/a-L-sugar building blocks 17a and 18a
in hand, we next employed our palladium-catalyzed glycosylation
to couple them with digitoxigenin to afford the corresponding
digitoxin pyranones 19 and 20, with complete stereocontrol at the
anomeric center (Scheme 2). The desired C4'-hydroxyl group was
stereoselectively installed via Luche reduction to give allylic
alcohols 21 and 22, respectively. The resulting C2'—C3’ olefin
was readily oxidized or reduced in order to provide rhamnosyl 10
and 4 or amicetosyl 13 and 7 digitoxin analogues under Upjohn
dihydroxylation or diimide reduction conditions.”**"

Scheme 2. Stereodivergent Approach to p- and 1-Digitoxin
Monosaccharides
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To rapidly construct the a-linked 1,4-oligosaccharide digitox-
in (Scheme 3), we utilized the versatile digitoxin C4'-allylic
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Scheme 4. Post-glycosylation Installation of Bis-rhamno-/
amiceto-functionality
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alcohol intermediates 21 and 22 as the desired glycosyl receptors
to couple with a-p/ L-Boc-zpyranones 17a and 18a via palladium
mediated glycosylation.””** The resulting digitoxin bis-enones
23 and 24 were reduced by NaBH, to give exclusively C4'-
equatorial alcohols 25 and 26. By simply repeating these two
steps of glycosylation and reduction, the corresponding digitoxin
tris-pyranyl alcohols 29 and 30 were prepared in both excellent
yield and diastereoselectivity.

The remaining stereocenters of C2'/C3'-hydroxyl groups
were rapidly installed via bis-dihydroxylation to give the desired
rhamno-stereochemistry in 11 and 5 (Scheme 4). Alternatively,
0.-D-/L-amicetose digitoxin disaccharides were prepared by bis-
diimide reduction to give 14 and 8 in relatively high yield. Finally,

Scheme 5. Post-glycosylation Installation of Tris-rhamno-/
amiceto-functionality
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the syntheses of the rhamnosyl 12 and 6 and amicetosyl 15 and 9
derivatives of digitoxin trisaccharide were completed by repeat-
ing these two versatile dihydroxylation and diimide reduction
transformations (Scheme S). The key to this success relied on
the highly stereoselective bis-/tris-dihydroxylation and diimide
reduction to install four/six stereocenters in one transformation
without any reliance on protecting groups. And these complex
digitoxin trirhamnoside/amicetoside analogues were concisely
prepared in a total of seven linear steps, with 41%—46% overall
yield from the sugar building blocks.

We next evaluated the anticancer activity of the diastereo-/
oligo-isomers of the rhamnosyl and amicetosyl digitoxigenin
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Figure 2. Apoptotic cell death as effect of stereochemistry. (A and B) Apoptotic cell death (%) was compared for each @-L-/p-pair of digitoxin
rhamnoside and amicetoside at SO nM concentration (Student ¢ test; *** P < 0.001). (C) Hoechst stained apoptotic cell appears blue and propidium
iodide stained necrotic cell appears red at 50 nM drug concentration.

266 dx.doi.org/10.1021/ml100290d |ACS Med. Chem. Lett. 2011, 2, 264-269



ACS Medicinal Chemistry Letters

A)
100~ o o
o-L-rhamnoside . o
-e- mono- 4
80+ di- 5
tri- 6
< xr
=
©
[}
D ek
% Fkk
[&]

c I T T T T T 1
-1 0 1 2 3 4 5
Drug Concentration (Log10 nM)
C)
1004
o-D-rhamnoside
-e- mono- 10
804 -=- di- 11
tri- 12
N
< 60
©
[
o
8 404
20+
n =
0 I T T T T T 1
-1 0 1 2 3 4 5

Drug Concentration (Log10 nM)

B)
100+ °
a.-L-amicetoside .
-~ mono- 7
80+ di- 8
tri- 9 -
R
T 60
£ e
O
a
8 401
20- - Hekk
g/ ™ o
T e
0+ T T T T T 1
-1 0 1 2 3 4 5
Drug Concentration (Log10 nM)
D)
100+ ° °
a-D-amicetoside
-~ mono- 13
80 -= di- 14
tri- 15
ES
& 604
®
Q
a
& 401
20+
s EITT A3 FEE. g
C I T T T T T 1
-1 0 1 2 3 4 5

Drug Concentration (Log10 nM)

Figure 3. Cytotoxicity as a function of drug concentration in the comparison of sugar stereochemistry and chain length. The dose response curve of total
cell death (apoptosis/necrosis) mediated by digitoxin analogues in 12 h treatment at increasing concentrations (10 nM to 100 uM). All data were
analyzed by two-way ANOVA (N = 6; % P < 0.05; **, P < 0.01; ***, P < 0.001).

Table 1. Cytotoxicity of Digitoxin Analogues on NCI-H460
Epithelial Human Lung Cancer Cells

1Cso ICso
compd (nM) £+ S.E* compd (nM) £+ S.E*

a-L-thamnoside a-D-thamnoside

mono-4 47+1 mono-10 706 £1
di-S 365+ 1 di-11 4271 +1
tri-6 1347+ 1 tri-12 18032 £1
Q-L-amicetoside Q-D-amicetoside

mono-7 48+1 mono-13 387+1
di-8 S10+1 di-14 5992 +1
tri-9 3963+1 tri-18 33098 +2

“All values represent the standard error of the mean value of three
independent experiments with duplicate determinations.

analogues with both ot-L-thamnose (4) and 0.-L-amicetose (7) as
a control against NCI-H460 human lung cancer cells. To identify
the occurrence of apoptosis, we used Hoechst 33342 nuclear
stain and propidium iodide to differentiate cells that undergo
apoptosis or necrosis.”* Comparing the effects of p- vs L-
stereochemistry on apoptosis induction, both p-rhamnose (10)
(13.6%) and p-amicetose (13) (15.3%) exhibited a significantly
reduced apoptosis activity as compared to L-rhamnose (4)

(48.6%) and L-amicetose (7) (45.7%, Figure 2A and B). Thus,
the change in the D-/L-stereochemistry of the sugar has a greater
effect on the degree of apoptosis activation than substitution at
the C-2/C-3 position of the sugar (i, L-rhamnose (4) is
significantly more active than p-rhamnose (10) (~20 fold),
whereas L-thamnose (4) and L-amicetose (7) are equally active
(P> 0.05)). Regardless of sugar substitution and stereochemis-
try, the major mode of cell death is apoptosis (>85%). As shown
in Figure 2C, NCI-H460 cells underwent apoptosis, with con-
densed and fragmented nuclei seen in blue Hoechst nuclear stain,
whereas cells appeared completely ruptured in red propidium
iodide stain, indicative of necrosis. It is worth noting that the ratio
of apoptosis and necrosis become difficult to estimate at high
dose concentration (>500 nM), due to the high cell mortality
rate.

To further study the anticancer activity as the effect of sugar
chain length, the cytotoxicity assay was conducted in a 12 h expo-
sure of drugs at increasing concentrations (10 nM to 100 uM).
Our result clearly demonstrated that both L-rthamnose (4) and
L-amicetose (7) induced cell death (apoptosis and necrosis) in
both concentration dependent and sugar-chain length depen-
dent manners (Figure 3A and B). Significantly, both L-thamnose
(4) (ICso 47 nM) and L-amicetose (7) (ICso 48 nM) showed
at least ~10-fold stronger potency than the corresponding di- (5
and 8) and trisaccharide analogues (6 and 9, Table 1). We found
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for these rhamnosyl and amicetosyl glycosides that the O.-L-sugar
stereochemistry is essential for the potency (cf,, p-analogues 10
and 13, Table 1). It is worth noting that a-L-amicetose (7) has
previously shown greater growth inhibitory effect against an
NClI-panel of 60 human cancer cell lines than t-pD-amicetose
(13) (see Supporting Information). Consistent with our pre-
vious hypothesis, all the p-rhamnose (10—12) and p-amicetose
(13—15) showed a dramatically reduced cytotoxic activity with
increasing sugar chain length (Table 1).

In summary, we have prepared and evaluated the anticancer
activity of the diastereo- and oligo-isomers of rhamnosyl and
amicetosyl digitoxigenin. The syntheses of digitoxin di-/trir-
hamnoside and di-/triamicetoside analogues were successfully
achieved in a linear and highly stereoselective fashion from a
commercially available acetylfuran. Based on the SAR study in
the comparison of our previously found potent digitoxin a-L-
rhamnose (4) and 0-L-amicetose (7), we identified a significant
change of cytotoxicity by altering the diastereomeric relation-
ship; L-sugar stereochemistry is suggested to exhibit a distinct
binding orientation to its target. In addition, we demonstrated
that the important structural motif for inducing anticancer
activity can be greatly optimized by shortening the carbohy-
drate chain of digitoxin analogues. Most importantly, this work
illustrates the use of palladium-catalyzed glycosylation and de
novo asymmetric synthesis to install an array of rare sugars,
which are not readily accessible via enzymatic synthesis, in
digitoxin for the development of a potential cardiac glycoside
anticancer drug.
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