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Abstract—A chemoselective reaction between oxyamines and unprotected, unactivated reducing sugars was used to construct for the
first time a panel of linkage-diversified neoglycosides. This panel of digitoxin analogs included potent and selective tumor cytotox-
ins; cytotoxicity was dependent on the structure of the glycosidic linkage. These results validate linkage diversification through neo-
glycosylation as a unique and simple strategy to powerfully complement existing methods for the optimization of glycoconjugates.

© 2007 Elsevier Ltd. All rights reserved.

Glycoconjugates are vital probes for the exploration of
glycobiology' and have long been used as powerful ther-
apeutics.> Optimization of these molecules has typically
involved modification of aglycons and attached sugars
since both entities influence target recognition, selectiv-
ity, and pharmacology. Tailoring the atomic structure
of the glycosidic linkage between aglycons and attached
sugars represents a third distinct optimization strategy
that has received little attention. We hypothesized that
such structural variants would also provide compounds
with enhanced activities, and employed the well-known
model glycoside digitoxin (1) as a test platform. Here
we validate our hypothesis by developing chemoselective
glycosylation chemistry that readily supplies different
glycosidic linkages and showing that some of the result-
ing digitoxin analogs are more selective tumor cytotox-
ins than the parent natural product.

Digitoxin (1) is a cardiac glycoside drug used to treat
congestive heart failure and supraventricular arrhyth-
mias through inhibition of plasma membrane Na*/K*-
ATPase.? In addition to this well-known activity, several
studies have suggested an enhancement in the survival
rate of cancer patients taking cardiac glycosides.* Digi-
toxin has also been shown to display anticancer proper-
ties in vitro,” including the inhibition of cancer cell
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growth® and proliferation,’ and the inducement of apop-
tosis.”* The sugar and aglycon region that encompasses
the glycosidic linkage of cardiac glycosides such as 1 ap-
pears to strongly influence the rich spectrum of biologi-
cal properties exhibited by these molecules.®® Thus,
digitoxin is an excellent system to test the influence of
the intervening glycosidic linkage. However, creating
structural variation at this position requires non-tradi-
tional glycosylation chemistry.

While most glycoconjugates are generated by labor
intensive chemoenzymatic or synthetic methods,” many
chemoselective ligation strategies have been employed
to form glycosides quickly and conveniently.'® One of
the most successful methods is oxyamine neoglycosyla-
tion, the chemoselective reaction between secondary
oxyamines and unprotected, unactivated reducing sug-
ars to form stable ‘neoglycosides’ (Scheme 1).!' This
method has provided glycopeptide mimics,'? oligosac-
charide mimics,'? and large libraries of natural product
MeON-neoglycosides'* including potent digitoxin-based
cytotoxins (e.g., 3a, ICsy= 18-59 nM).'4* Since digi-
toxin neoglycosides containing a non-natural MeON-
linkage displayed strong cytotoxicity, we suspected tun-
ing the structure of such glycosidic linkages would mod-
ulate glycoconjugate activities. Testing this hypothesis
required the development of oxyamine neoglycosylation
to provide other RON-linkages.

Literature precedents suggest a variety of secondary oxy-
amines can be chemoselectively glycosylated to provide
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Scheme 1. Synthesis of oxyamines followed by oxyamine neoglycosyl

hydrolytically stable glycosides without sugar activation
or protection,'’!? but in most published examples few
oxyamines other than methoxyamines such as 2a have
been utilized, leading only to MeON-glycosidic linkages
(e.g., 32)."31° To determine if neoglycosides with alter-
native linkages can be generated easily, we synthesized
aglycons 2 from digitoxin in three simple steps!® and
incubated them in parallel with L-ribose and r-xylose,
sugars that previously produced cytotoxic digitoxin neo-
glycosides.!** We were gratified to learn that under the
optimized reaction conditions indicated in Scheme 1,
all digitoxin aglycons containing non-methyl O-alkyl
groups except for 2d (R = tert-Bu) were compatible with
oxyamine neoglycosylation, leading to a panel of 10 digi-
toxin analogs (3a—c,e,f and 4a—c,e,f) containing different
RON-glycosidic linkages.!” The panel was purified in
parallel via solid phase extraction on silica gel cartridges
to remove unreacted aglycon and sugar, and LC-MS was
used to confirm product identity and assess product pur-
ity. Similar to previous results with MeON-glycosides,'*
the average purity of the panel of neoglycosides as esti-
mated by LC-MS was 87%, and all but one compound
(3b) contained greater than 90% of a single product iso-
mer. The isolated yields for these compounds ranged
from 7% to 61% (average 30%).'® To our knowledge, this
represents the first panel of natural products that contain
diversified neoglycosidic linkages.

The anticancer activities of the panel and digitoxin (1)
were assessed using a high-throughput cytotoxicity assay
on four human cancer cell lines, representing lung, colo-
rectal, and ovarian carcinomas, as well as NCI/ADR-
RES, a drug-resistant ovarian carcinoma line (Fig. 1).'°
Our data clearly show that the structure of the glycosidic
linkage affects both the potency and selectivity of neogly-
cosides. Digitoxin displayed strong, non-specific cyto-
toxicity toward three of the four cell lines tested, and
MeON-glycosides 3a and 4a displayed a non-specific

ation.
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Figure 1. Summary of ICs, data from cytotoxicity assays. Reciprocal
ICso values are displayed for clarity; standard errors are depicted with
error bars. In the assay, live cells are quantified by measuring the
luminescent signal resulting from the reaction between cellular ATP
and luciferin to form oxyluciferin. The ICs, value for each compound
represents at least four replicates of dose-response experiments
conducted over six concentrations at twofold dilutions. The ICs, of
4f against HT-29 cells was >1 uM.

cytotoxicity profile similar to digitoxin, in accord with
previous results.!** However, EtON-, AllylON-, and
BnON-glycosides (3b/4b, 3e/de, and 3f/4f, respectively)
were markedly less potent cytotoxins than digitoxin or
MeON-glycosides 3a and 4a; like digitoxin, 3a, and 4a,
they were also non-specific.

Most significantly, i-PrON-glycosides 3¢ and 4c¢ dis-
played enhanced selectivity relative to digitoxin and
MeON-glycosides 3a and 4a. Specifically, while 3¢ and
4c were only modestly cytotoxic toward lung, colorectal,
and ovarian carcinomas, these molecules were 5-6 times
more potent cytotoxins against NCI/ADR-RES cells
(IC5=110£20nM and 120 £ 10 nM, respectively)
than any other cell line tested. To the best of our knowl-
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edge, this is the first observation of cell line selectivity
resulting from a simple alteration of glycosidic linkage.
This outcome is particularly important since NCI/
ADR-RES is a multi-drug resistant line that has high
levels of P-glycoprotein expression.!” While cardiac gly-
cosides are generally substrates for P-glycoprotein,?!
such tumor specificity suggests that 3¢ and 3d may no
longer serve as P-glycoprotein substrates. Alternatively,
the i-PrON-glycosides may be interacting with a unique
cellular target. Supporting this notion, neoglycosides
have previously been shown to be significantly less po-
tent Na*/K*-ATPase inhibitors in HEK-239 human
embryonic kidney cells than digitoxin.!#* Also, digitoxin
itself can target cellular components in addition to Na*/
K*-ATPase?! such as the TNF-o/NF-xB signaling path-
way, a regulator of inflammation responses relevant to
cancer therapy.’’> Neoglycosides 3a—¢ and 4a—c were
more potent cytotoxins than the corresponding aglycons
(2a—c), confirming the importance of sugar attachments
to the cytotoxicity of cardiac neoglycosides (data not
shown).

In summary, we harnessed a mild, chemoselective reac-
tion between oxyamines and unprotected, unactivated
reducing sugars to construct for the first time a panel
of linkage-diversified neoglycosides. This modestly-sized
panel of digitoxin analogs included selective tumor cyto-
toxins, validating linkage diversification through neogly-
cosylation as a unique and simple strategy to powerfully
complement existing methods for the optimization of
glycoconjugates.
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solution was stirred for 2.5 h and then concentrated. The
resulting residue was dissolved in CH,Cl, and washed with
1 M HCI, brine, dried over MgSQ,, filtered, and then
concentrated. The mixture of oxime diastereomers was
suspended in ethanol (7 mL, 0.7 mL/mmol) and cooled to
0 °C. Borane fert-butylamine complex (1.40 g, 16.2 mmol)
was added, followed by the dropwise addition of 10% aq
HCI (13.2 mL, 2.7 mL/mmol). The reaction mixture was
stirred at 0 °C for 2.5h. After this time, Na,CO; was
added until gas evolution ceased, and the mixture was
partitioned between water and CHCl;. The organic layer
was washed with brine, dried over MgSQ,, filtered, and
concentrated. The resulting diastereomeric mixture was
purified by SiO, column chromatography eluting with 3:2
EtOAc/hexane to elute 2a (TLC R;=0.33 in 3:2 EtOAc/
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(A of ABX, 1H, J=18.0, 1.6), 4.81 (B of ABX, lH,
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33 umol) and the reaction mixture was stirred at 40 °C
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trated, then suspended in 2% MeOH in CHCl;. The
crude suspension was purified on a disposable SiO,
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