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ABSTRACT

Using a uniquely promiscuous engineered glycosyltransferase (GT) derived from the macrolide-inactivating GT OleD, a single-step asymmetric
glucosylation of one ‘arm’ of the drug mitoxantrone was efficiently achieved in high stereo- and regiospecificity. The synthesis, structural
elucidation, and anticancer activity of the corresponding mitoxantrone 40-β-D-glucoside are described.

The synthetic anthracenedione mitoxantrone (MXT)
was developed as a drug in the 1970s and has been used
in the treatment of metastatic breast cancer, acute mye-
loid leukemia, non-Hodgkin’s lymphoma, and prostate
cancer.1MXT is a topoisomerase II inhibitor, and itsmore
recently recognized immunomodulatory properties have
expanded the utility of this drug to include treatment for
patients with secondary-progressive, progressive-relaps-
ing, or worsening relapsing-remitting multiple sclerosis
(MS).2 In addition, MXT has demonstrated notable in
vivo efficacy in animal models for rheumatoid arthritis3

and was also recently found to be an efficient antitubercu-
losis agent, functioning via inhibition of a specific myco-
bacterial kinase (PknB) which controls pathogen growth.4

However, the side effects associated withMXT treatment,

most notably irreversible cardiomyopathy, continues to
spur efforts in generating analogues which achieve a
broader therapeutic window (i.e., increased potency and
reduced cardiotoxicity).5

Toward this goal, many anthracenedione analogs have
been generated.6,7 These studies have illuminated the im-
pact of theC1 andC4phenolic hydroxyl groups upon both
anticancer potency and cardiotoxicity.8 In general, sub-
stitution on the anthraquinone core diminished the activ-
ity. In addition, all nitrogen atomswere found to be critical
aswas the linker lengthbetween the nitrogen atomsand the
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basicity of terminal amines.Removal of one ‘arm’was also
found to be detrimental, and while a number of symme-
trical disubstituted MXT conjugates have been gener-
ated (including amino acid,9 galactose,10 netropsin,11 and
protein12), the symmetry of MXT has proven to be a
significant barrier to regioselectivemodification.9�13Here-
in we report that an engineered glycosyltransferase variant
(OleD ASP)14 surprisingly leads to the regio- and stereo-
selective modification of one ‘arm’ of MXT, providing a
single unique MXT-glucoside that retains notable antic-
ancer activity. This study reveals one of the first reported
single-step asymmetric MXT modification strategies and
highlights the synthesis of one of the only reported MXT
monoglycosides to date. In addition, this work exposes an
unexpected specificity for OleD ASP, a GT previously
believed to primarily target aromatic nucleophiles.14a,15

Streptomyces antibioticusOleD catalyzes the transfer of
glucose (from UDP-Glc) to various macrolide antibiotics
as a means of self-resistance in macrolide-producing
organisms (Figure 1a).16 Directed evolution of OleD
and subsequent screening for variants capable of glyco-
sylating themodel fluorescent coumarin acceptor 4-methyl

umbelliferone led to the discovery of a triplemutant (OleD
ASP) with a notably expanded donor and acceptor
flexibility.14 Preliminary LC-MS assessment of the OleD
ASP acceptor flexibility revealed OleDASP to glucosylate
a diverse range of ‘drug-like’ scaffolds including anthra-
quinones, indolocarbozoles, polyenes, cardenolides, ster-
oids, macrolides, β-lactams, and enediynes (Figure 1b).17

Among the agents identified as putative substrates in this
study, MXT leads to a monoglucosylated species based
upon LC-MS. Based upon the established bias of OleD
ASP toward aromatic nucleophiles, the putative OleD
ASP-catalyzedMXT glucosylation was predicted to occur
at C1 or C4. This postulation was also consistent with the
known glucoronidation of C1 hydroxyl group as part of
MXT metabolism in vivo.18

To set the stage for a scale-up reaction to provide
sufficient material for both full product characterization
andbiological evaluation, the pilot scale reaction conditions
were first optimized. OleD variants (wt and ASP) were first
overproducedandpurified aspreviously described.14Figure
2 highlights the outcome of a representative reaction
containing 0.25 mM MTX as the acceptor, 1.25 mM
UDP-glucose (UDP-Glc) as the donor, 0.5μgμL�1 purified
OleD ASP as the catalyst in 50 mMTris HCl (pH 8.0), and
5 mM MgCl2 incubated at 25 �C for 16 h.17 For the
preparative scale reaction, MTX (5.6 mg, 12.6 μmol) was
dissolved in 0.62mL ofDMSO and transferred to 50mL of
assay buffer solution (50 mM Tris HCl, 5 mM MgCl2, pH

Figure 1. (a) Macrolide-inactivating reaction catalyzed by
wtOleD (wild type OleD); (b) General in vitro reaction of OleDs
with variant aglycons, X = O, S, NH, or NR.

Figure 2. OleD ASP catalyzed glycosylation reaction of mitoxan-
trone and RP-HPLC analysis of pilot scale reaction. Assay and
HPLC conditions are available in the Supporting Information.
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8.0). The reaction was initiated via addition of UDP-Glc
(38 mg, 0.062mmol) and 32mg of OleDASP. After 27 h of
agitation at room temperature, the reaction was frozen and
lyophilized to dryness. The residue was dissolved in metha-
nol and subjected to HPLC purification to give MXT
monoglucoside product (2.5 mg, 4.1 μmol) in 33% yield.

HiResMALDI-FTMS analysis of purified glucoside
yielded an [MþH]þ ion atm/z 607.26132 and [MþNa]þ

ion at m/z 629.24306, confirming a monoglucoside of
mitoxantrone with a formula of C28H38N4O11 (calcd for
C28H39N4O11, 607.26098; C28H38N4O11Na, 629.24293).
1H and 13C NMR along with gCOSY, TOCSY, gHS-
QCTOXY, gHMQC, and gHMBC data support the C40

β-D-glucosidic structure presented in Figure 3 (see Sup-
porting Information for complete 1H and 13 C NMR
assignments). The key evidence for C40 glucosylation
derives from theHMBC correlation between the anomeric
proton and the C40 carbon while the large coupling con-
stant (7.5 Hz) of the anomeric proton (δH 4.23, doublet)
serves as a key signature for the β-anomer. ThatOleDASP
catalysis led to asymmetric regioselective modification of a
single MXT ‘arm’ was surprising given the bias for this
evolved catalyst for aromatic nucleophiles.14a,15

The cytotoxicity of the MXT 40-β-D-glucoside (4,
Figure 3) was evaluated in three human cancer cell lines
including liver (Hep3B), breast (MCF7 and MDA
MB231), and leukemia (K562) with MXT (the parent
compound) as the comparator (Table 1). Interestingly,
the MXT β-D-glucoside retained notable potency, with
IC50 values below a threshold of 60 nM (∼4�8-fold the
activity of the parent drug) in three out of four cell lines
tested. This stands in marked contrast to prior glycosides
reported, such as the mitoxantrone 40,40-β-di-D-galacto-
side, which was inactive.10 Given that glycosylation of
pharmaceutically important compounds can often mark-
edly alter key pharmacological properties including drug
pharmacokinetics and distribution,19 it is reasonable to
assume the MXT 40-β-D-glucoside may offer the potential
for a distinct toxicity profile from that of the parent drug.
In summary, this study is noteworthy both from the

perspective of catalyst development aswell as therapeutic lead
development. From the perspective of catalyst development,
this work uncovered a unique activity of an engineered
glycosyltransferase (OleD ASP) that enabled the first regio-
and stereoselective asymmetric glucosylation of a single ‘arm’
of the anticancer drug mitoxantrone (MXT). This efficient
and specific single-step enzymatic reaction is also advanta-
geous as it requires no protecting group or sugar activation
manipulations.Froma therapeutic leadperspective, thiswork
highlighted the synthesis of the first monoglucoside of MXT
and the first glycoside to show comparable anticancer activity
to the parent. Given that glycosylation of pharmaceutically
important compounds can often markedly alter correspond-
ing pharmacokinetics and distribution, it is reasonable to
assume that theMXT40-β-D-glucosidemayoffer apotentially
beneficial toxicityprofilewhichmightbe furtheroptimizedvia
glycodiversification methods.20,21
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Figure 3. Key 1H and 13C NMR data and gHMBC correlations
of MXT 40-β-D-glucoside.

Table 1. Cancer Cell Line Cytotoxicity (nM)

compound Hep3B MCF7 MDA MB231 K562

MXT (3) 15(2 2( 0.1 11(0.6 490 ( 23

MXT-D-Glc (4) 54(1 16(0.3 44(0.2 �a

a>Highest dose tested (1 μM).
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