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ABSTRACT: The synthesis of a set of digitoxigenin neogluco/
xylosides and corresponding study of their anticancer SAR
revealed sugar amine regiochemistry has a dramatic effect upon
activity. Specifically, this study noted sugar 3-amino followed
by 4-amino-substitution to be most advantageous where the
solvent accessibility of the appended amine within neoglycoside-
Na*,K*-ATPase docked models correlated with increased
anticancer potency. This study presents a preliminary model
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for potential further warhead optimization in the context of antibody-directed steroidal glycosides and extends the demonstrated

compatibility of aminosugars in the context of neoglycosylation.
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S teroidal glycosides (exemplified by digitoxin and digoxin,
Figure 1) are a family of natural products that inhibit the
Na*,K*-ATPase (NKA) catalytic alpha subunit, the correspond-
ing positive inotropic effect of which serves as the basis for their
use in treating congestive heart failure.'”* Consistent with
retrospective studies that revealed a reduced recurrence rate
of breast cancer among patients on digitalis,”~” up-regulation of
NKA has been observed in many cancers including NSCLC,
ovarian, pancreatic, colorectal, glioblastoma, and melanoma.”™*
Recent research has revealed up to half of the NKA within cancer
cells to reside within caveolae (“lipid rafts”) and to mediate cell
signaling processes via the oncogenic protein Src.'”™" Inhibition
of NKA within this context initiates kinase-dependent events
involving EGFR, MAPK, PKC, or TGF-beta signaling pathways
that induce cell apoptosis.'*~ 141617

Naturally occurring and semisynthetic steroidal glyc051des
dlsplay notable in mtro anticancer potency (including prostate,”””'
lung, 2% breast,”” colorectal,”® leukemia, and myeloma®”),
efficacy in mouse models,® and importantly, more recently
noted as triggering immunogenic cell death.”" Yet, while specific
analogues that display reduced ionotropic and increased cancer
cell cytoxicity activity have been reported,” the narrow
therapeutic index (by virtue of cardiotoxicity and neurotoxicity)
has hampered steroidal glycoside clinical development for
the treatment of cancer.””” ™ Steroidal aminoglycosides are
attractive in this regard as the presence of an aminosugar reduces
blood—brain barrier penetration and thereby offers potential for
reduced neurotoxicity.’™*’ In addition, specific aminosugar-
bearing analogues of digitoxigenin and proscillaridin have been
employed in the context of cancer-targeting antibodies where the
appended amino group also presents a convenient handle for

antibody conjugation.””*' While some reported mono-"*~** or
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Figure 1. Representative naturally occurring cardenolides and bufadieno-
lies with demonstrated anticancer activity (conjugated sugars highlighted
in blue).

oligosaccharide-based"*™** structure—activity relationship (SAR)
exists, there is a lack of fundamental anticancer SAR with respect
to the sugar amine regiochemistry. Herein we describe a model
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Figure 2. Overall synthetic strategy and corresponding steroidal neoglycoside products (sugar amino/azido functionalization highlighted in blue).
(A) General synthetic scheme for neoaglycon (1et and 1f8) synthesis and utilization beginning from digitoxin. (B) Digitoxigenin 3S-neoglycosides from

aglycon 1f. (C) Digitoxigenin 3R-neoglycosides from aglycon la.

study on the impact of sugar amino substitution upon the
anticancer activity of a series of digitoxigenin aminoxylosides
and aminoglucosides. Consistent with computed NKA-ligand
docked models, this study reveals digitoxigenin neoglycosylation
with 3-aminosugars followed closely by 4-aminosugars as most
advantageous where the determined potency parallels the pre-
dicted solvent accessibility of the sugar amine. Importantly, this
study presents a preliminary model for potential further warhead
optimization in the context of antibody-directed steroidal glycosides.
In addition, this study also extends the demonstrated compatibility
of aminosugars in the context of neoglycosylation.*’~>*
Preparation of digitoxigenin neoaglycon (Figure 2A) was
accomplished as previously described from digitoxin to
farnish 0.75 g of 1 (24% yield) and 0.96 g of la (30%
yield).”” The synthesis of aminosugar-containing neoglycosides
was accomplished via a simple two step process beginning with
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neoglycosylation of both 1 and 1 with a set of azidosugars
(2-azido-2-deoxy-D-glucose, 3-azido-3-deoxy-D-glucose, 4-azido-
4-deoxy-p-glucose, 6-azido-6-deoxy-p-glucose, 2-azido-2-deoxy-
Dp-xylose, 3-azid0-3—deoxy-D—xgrlose, and 4-azido-4-deoxy-p-
xylose) followed by reduction.”® Comparator controls deriving
from neoglycosylation of 1a and 1f with D-glucose were also
generated to ultimately provide a cumulative set of 22 digitoxigenin
neoglycosides for bioactivity assays (Figure 2B,C). The yield
of neoglycosylation varied by the nature of the sugar employed
with an average isolated yield of 40%. Neoglycoside product
characterization revealed all the members to adopt 1,2-trans-
anomer exclusively.

The set of 22 pure digitoxigenin neoglycosides and two
parental aglycons were assessed in vitro against non-small cell lung
cancer cell line AS49 (Figure 3). Consistent with the prior single
comparison of a 3S- and 3R-neoglucoside,”” all 3S-digitoxigenin
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Figure 3. Anticancer activity of the most active digitoxigenin neoglycosides and comparator controls against the A549 (human lung adenocarcinoma)
cancer cell line. Reciprocal IC, values and the structures of the corresponding sugars conjugated for each 1et/1f pairing are displayed. As areference, the
most active analogue in this series (Dg18) displayed an IC; of 10 + 1 nM, while the least active analogue represented (Dg12) displayed an ICg, of
1600 + 400 nM. Three independent viability assays were conducted in triplicate of dose—response experiments over nine concentrations at 3-fold
dilutions. ICy, values (and mean = standard errors) can be found in the Supporting Information.

Figure 4. Human NKA-cardenolide neoglycoside docked models (cardenolide neoglycoside, orange ball and stick; NKA a1, 1, and y subunits in cyan,
green, and purple, respectively). Hydrogen bonds are illustrated as dotted lines with key distances in A. (A) The overall NKA complex: (B) Dg17; (C)
Dgl18; (D) Dg08; (E) Dgl10; (F) Dgl6. (G) Predicted binding mode of a (35)-2'-amino-2’-deoxy-p-glucoside (analogue not synthesized) predicts a
potential rotation of sugar to afford the putative favorable electrostatic interaction between the glycosyl C2’-amine and NKA D891 side chain
carboxylate.
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neoglycosides displayed notably greater potency than their
3R counterparts with differences of up to >1,000-fold between
representative 3S and 3R pairings. Among the most active
analogues, C3’-substitution presented a 3- to S-fold enhance-
ment in potency compared to C4'-functionalization. Among
the pentose series amino and azido substitution was relatively
interchangeable in the context of impact upon potency. In
contrast, amino-substitution was found to be more advantageous
in the context of the hexose series. The overall ranked order was
Dg18 (3’-amino-p-xyloside, ICs, 10 + 1 nM) ~ Dgl17 (3'-azido-
p-xyloside, ICs, 17 9 nM) > Dg08 (4'-amino-D-glucoside, ICs,
20 + 6 nM) > Dg10 (3’-amino-p-glucoside, ICs, 34 + 4 nM) ~
Dg15 (4'-azido-p-xyloside, ICs, 34 + 9 nM) ~ Dg16 (4’-amino-
p-xyloside, ICs, 43 + 8 nM) > Dg07 (4'-azido-D-glucoside, ICs,
130 + 25 nM) > Dg09 (3'-azido-D-glucoside, IC5, 390 + 18 nM).
As is evident from the comparison of Dg08 (4'-amino-D-
glucoside, IC, 20 + 6 nM) and Dgl2 (D—glucoside, 1Cs, 1600 +
400 nM), C4’-amino substitution presents the potential for
dramatic improvement with a 80-fold difference.

In an effort to better understand the corresponding SAR,
neoglycoside-NKA docked models were developed based upon
previously determined human NKA ligand-bound structures.”*>*
Importantly, MD simulations of preferred binding modes track
with experimentally determined inhibitor potency, suggesting
this strategy to be potentially predictive for further inhibitor
optimization. Notably, the side chains of four key NKA amino
acids serve as the primary contributors to binding the sugar
moiety in this model (E123, E319, D891, and K912) where a high
degree of rotational freedom around the neoglycosidic bond leads
to a divergence of predicted sugar orientations among the ligands
compared. The conjugated pentose of the two most potent
analogues Dg17 and Dg18 (Figure 4B,C, respectively) adopt an
identical binding mode (with ligand sugar hydrogen bonding
interactions contributed by the side chain carboxylate/amine of
E123, D891, and K912) where the pentose C3'-azide/amine is
notably fully solvent exposed. In contrast, a common feature of
analogues with slightly lower potency (Dg08, Dgl0, and Dgl16;
Figure 4D—F, respectively) is a key NKA E319 side chain
carboxylate hydrogen bonding interaction with the corresponding
sugar C3" or C4’-amine, which effectively buries the carbohydrate
amino group within the active site. Of these latter three analogues,
a feature that further distinguishes the more potent Dg08
(Figure 4D) from the less active counterparts Dgl0 and Dgl6
(Figure 4E,F, respectively) is the presence of an additional Dg08
C2'-OH-NKA D891 side chain carboxylate hydrogen bonding
interaction. Extrapolating from this computational model, a
predicted buried sugar C2’-amine (by virtue of a hydrogen
bond to the NKA D891-side chain carboxylate; Figure 4G) and
additional sugar C6'-OH interaction with the NKA E319
side chain carboxylate may suggest C2’-aminosugar-derived
analogues to display potencies similar to that of Dg08, Dg10,
and Dg16.

Cumulatively, this focused SAR study further extends a
streamlined strategy for employing aminosugars within the
context of neoglycosylation and reveals the C3-glycosylation
of digitoxigenin with C3’-amino/azido-xylose to offer the most
dramatic improvements in anticancer activity. Molecular modeling
highlights a correlation of determined anticancer activity with
favored NKA ligand-binding site occupancy where the corre-
sponding C3’-amine/azide in the most active analogues were fully
solvent exposed. This latter point also supports the contention that
the C3 glycosylation of cardenolides (and potentially bufadeno-
lides) with simple C3’-amino/azidosugars present convenient
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chemoselective functionality for conjugation to cancer-targeting
antibodies as a strategy to improve their therapeutic index and
enable their use in the treatment of cancer.
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