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Over the past years it has become more and more obvious that
glycosylation affects bioactivity or selectivity of natural products,
e.g., anticancer drugs or antibiotics.1,2 Therefore, altering the
glycosylation patterns has become a focus within natural product
chemistry and pharmaceutical sciences. The past couple of years
saw an encouraging number of investigated wild-type or engineered
glycosyltransferases revealing different degrees of enzymatic
promiscuity toward their substrates.3 However, none of these
catalysts is able to establish aC-glycosidic bond so that biosynthetic
chemists are still left without an enzymatic tool for that kind of
structural element. In this communication we report the versatility
of UrdGT2, a procaryote glycosyltransferase fromStreptomyces
(S.) fradiaeTü2717, the producer of the angucyclic antitumor drugs
urdamycin A (1) and B (2).4 Both are glycosidic compounds with
interesting modes of sugar attachment since they show an unusual
C-glycosylation at carbon 9. The urdamycin A backbone offers a
second glycosylation target at the tertiary OH group at C-12b. For
urdamycins and a number of other angucycline glycosides, bioac-
tivity is well documented.4,5

Initially, genetic work proved UrdGT2 to be responsible for the
transfer of 2,6-dideoxy-D-glucose (D-olivose) from its nucleoside
diphosphate (NDP)-activated form to C-9 of the urdamycin
polyketide backbone, forming aC-glycosidic bond.6 Further in vivo
work showed that UrdGT2 can also attachD-olivose as well as
D-mycarose to premithramycinone, a biosynthetic precursor of the
aureolic acid antitumor drug mithramycin.7 Despite promising
progress in the synthesis of nucleotide-activated deoxygenated

sugars,8 investigations on glycosyltransferases still suffer from the
drawback that the sugar donor substrates are, in many cases, not
available for in vitro work. To overcome these limitations, at least
in part, we reverted to an in vivo system. Previously, we had
investigated the biosynthetic routes to NDP-D-olivose and NDP-
L-rhodinose, demonstrating that they share a common pathway
starting withD-glucose-1-phosphate which is converted to NDP-
4-keto-2,6-dideoxy-D-glucose in a multistep process. Three en-
zymes, UrdQ, UrdZ1, and UrdZ3, are then specifically involved
in NDP-l-rhodinose formation. A NDP-4-keto-2,6-dideoxyglucose
ketoreductase, UrdR, is catalyzing the final step in NDP-D-olivose
biosynthesis.S. fradiaeRN-435, a mutant lacking UrdR, was shown
to produce NDP-rhodinose of bothD- andL-configuration side by
side, proven by the biosynthesis of urdamycin M (3).9 Here, we
report the isolation and structural elucidation of novel urdamycin
derivatives, now referred to as urdamycins R (4) and S (5), which
both display aC-glycosidically linked rhodinose moiety at 9-posi-
tion, but differ with respect to the configuration of this sugar moiety.

A first hint on the enzyme’s unusually broad capability of
C-glycoside formation was provided by HPLC-UV and LC-MS
investigations.10 They revealed two chromatographically separated
compounds,4 and 5, with retention times of 9.25 and 10.5 min,
respectively, both with a molecular mass ofm/z ) 698 and the
typical urdamycin A UV-vis spectrum. This mass is consistent
with the known angucyclic polyketide backbone and three trideoxy-
hexoses. To a lesser extent, the corresponding metabolic twins with
an urdamycin B-type backbone were also found, whose masses (m/z
) 550) indicate only two trideoxyhexoses, which was expected,
since the urdamycin B polyketide lacks the tertiary alcohol group
at C-12b as a glycosylation site. Therefore, these two compounds
lack the 12b-bound sugar moiety, but carry the same disaccharides
consisting of two trideoxysugars. We proposed that in one of these
structures the sugar at C-9 might be aD-rhodinose, as was found
for 3; the other sugar’s identity and stereochemistry remained to
be elucidated.
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From a 10 L-fermentation ofS. fradiaeRN-435 we purified 12
mg of pure substance4 and5, respectively. NMR analyses revealed
that both 4 and 5 contain two R-L-O-glycosides and oneC-
glycoside. AllR-L-O-glycosidic moieties in4 and5 were identified
as R-L-rhodinoses, proven by the typical H-H-coupling pattern
depicted in Figure 1. Also theC-glycosidically bound sugar in5
was identified asR-L-rhodinose that, however, appears in this
structure in4C1 conformation which is atypical forL-rhodinose,
with an equatorial aromatic system at C-1, an equatorial OH group
at C-4, and an axial CH3 group at C-5. This was concluded from
the3JH-H coupling data showing two large di-axial3JH-H couplings
(1-2ax, 3ax-4), and two axial-equatorial couplings (3eq-4, 4-5).
Further proof of this conformation was obtained from NOESY data
showing the correlations shown in Figure 1 (1f2eq, 1f6, 5f6,
5f4). All these NMR correlations were also verified with the
corresponding spectra of 12b,4’-diderhodinosyl-urdamycin S (6)
obtained by acidic hydrolysis of (5), which were free of the
“background noise” of the twoO-glycosidically bound rhodinose
moieties.

The C-glycosidic sugar moiety in4 was identified as aâ-D-
rhodinose, after analyzing the H-H coupling pattern and selective
NOESY data as well. For both structures4 and5 the NMR data
also confirm one rhodinose moiety to be attached to the 12b-OH
group, indicated by the significantly downfield shifted 6-H3-signals
(δ 0.50 and 0.55 for4 and5, respectively), due to the location of
this rhodinose’s CH3 group in the anisotropy cone of the quinone
chromophore.

In summary, the structural analyses unequivocally demonstrate
that both NDP-activatedL- and D-rhodinose are suitable donor
substrates for UrdGT2 to set up aC-glycosidic system at C-9 of
the urdamycin polyketide backbone. Since HPLC peak areas prove
an equal biosynthetic rate, we conclude that UrdGT2 is not
stereoselective with respect to the configuration at 4- and 5-positions
of the sugar donor substrate, in addition to the earlier found
flexibility regarding the 3-position of the sugar donor substrate and
the acceptor molecule.7 Targeted gene inactivation ofurdGT2
clearly proved thatS. fradiaedoes not harbor a second transferase
capable of transferringL-rhodinose, or other sugars present in the
cell, to the urdamycin backbone at C-9, since all metabolites found
in that mutant strain lacked any sugar at that particular position.6

Hence, we can rule out that a cryptic transferase outside the
urdamycin biosynthetic locus accounts for the observed lacking
stereospecificity.

Interestingly, elongation to a disaccharide was only accomplished
with L-rhodinose. Thus, UrdGT1c, the glycosyltransferase respon-
sible for the transfer of the second unit in the trisaccharide of1
and 210 was found to be limited toL-rhodinose, although its
D-configured isomer was present. However, this transferase seems
to be flexible toward the acceptor substrate, since it can establish
both R-(1-3)-O-glycosidic bonds under wild-type conditions as
well as R-(1-4)-O-glycosidic bonds regardless of the acceptor
sugar’s stereochemistry as shown during this study.

The rationale behind this study on UrdGT2 was to provide more
insight into aC-glycosyltransferase, important yet under-investi-
gated tools for combinatorial drug lead diversification. This
enzyme’sC-glycosylation target, a carbon in ortho position to a
phenolic OH group of a juglon-like chromophore, is a common
structural element found with numerous natural products. Since
many of them are bioactive as well, further studies on UrdGT2
have to reveal a far-ranging flexibility on the acceptor side to
demonstrate its versatility in drug development.

Acknowledgment. We thank Professor Dr. Steffen Glaser,
Technical University Munich, Germany for helpful discussions.

Supporting Information Available: NMR data for compounds4,
5, and6, and experimental procedures (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.

References
(1) (a) Weymouth-Wilson, A. C.Nat. Prod. Rep. 1997, 14, 99-110. (b)

Thorson, J. S.; Hosted, T. J.; Jiang, J.; Biggins, J. B.; Ahlert, J.Curr.
Org. Chem.2001, 5, 139-167.

(2) (a) Kren, V.; Martinkova, L.Curr. Med. Chem.2001, 8, 1303-1328. (b)
Dwek, R. A.; Butters, T. D.; Platt, F. M.; Zitzmann, N.Nat. ReV. Drug
DiscoVery 2002, 1, 65-75.

(3) (a) Zhao. L.; Ahlert, J.; Xue, Y.; Thorson, J. S.; Sherman, D. H.; Liu,
H.-w. J. Am. Chem. Soc.1999, 121, 9881-9882 and references therein.
(b) Losey, H. C.; Peczuh M. W.; Chen, Z.; Eggert, U. S.; Dong, S. D.;
Pelczer, I.; Kahne, D.; Walsh, C. T.Biochemistry2001, 40, 4745-4755.
(c) Blanco, G.; Patallo, E. P.; Brana, A. F.; Trefzer, A.; Bechthold, A.;
Rohr, J.; Mendez, C.; Salas, J. A.Chem. Biol.2001, 8, 253-263. (d)
Tang, L.; McDaniel, R.Chem. Biol.2001, 8, 547-555. (e) Hoffmeister,
D.; Wilkinson, B.; Foster, G.; Sidebottom, P. J.; Ichinose, K.; Bechthold,
A. Chem. Biol.2002, 9, 287-295.

(4) Drautz, H.; Za¨hner, H.; Rohr, J.; Zeeck, A.J. Antibiot.1986, 39, 1657-
1669.

(5) (a) Tanaka, N.; Okabe, T.; Tanaka, N.; Take, Y.; Inouye, Y.; Nakamura,
S.; Nakashima, H.; Yamamoto, N.Jpn. J. Cancer Res.1986, 46, 324-
326. (b) Sawa, R.; Matsuda, N.; Uchida T.; Ikeda, T.; Sawa, T.; Naganawa,
H.; Hamada, M.; Takeuchi, T.J. Antibiot.1991, 44, 396-402. (c) Rohr,
J.; Thiericke, R.Nat. Prod. Rep. 1992, 9, 103-137 and references therein.
(d) Sekizawa, R.; Iinuma, H.; Naganawa, H.; Hamada, M.; Takeuchi, T.;
Yamaizumi, J.; Umezawa, K.J. Antibiot.1996, 49, 487-490. (e) Crow,
R. T.; Rosenbaum, B.; Smith, R.; Guo, Y.; Ramos, K. S.; Sulikowski, G.
A. Bioorg. Med. Chem. Lett.1999, 21, 1663-1666.

(6) Kunzel, E.; Faust, B.; Oelkers, C.; Weissbach, U.; Bearden, D. W.;
Weitnauer, G.; Westrich, G.; Bechthold, A.; Rohr, J.J. Am. Chem. Soc.
1999, 121, 11058-11062.

(7) Trefzer, A.; Blanco, G.; Remsing, L.; Kunzel, E.; Rix, U.; Lipata, F.;
Brana, A. F.; Mendez, C.; Rohr, J.; Bechthold, A.; Salas, J. A.J. Am.
Chem. Soc.2002, 124, 6056-6062.

(8) (a) Koizumi, S.; Endo, T.; Tabata, K.; Ozaki, A.Nat. Biotech, 1998, 16,
847-850. (b) Jiang, J.; Biggins, J. B.; Thorson, J. S.J. Am. Chem. Soc.
2000, 122, 6803-6804. (c) Amann, S.; Draeger, G.; Rupprath, C.;
Kirschning, A.; Elling, L.Carbohydr. Res.2001, 335, 23-32. (d) Barton,
W. A.; Lesniak, J.; Biggins, J. B.; Jeffrey, P. D.; Jiang, J.; Rajashankar,
K. R.; Thorson, J. S.; Nikolov, D. B.Nat. Struct. Biol.2001, 8, 545-
551. (e) Barton, W. A.; Biggins, J. B.; Jiang, J.; Thorson, J. S.; Nikolov,
D. B. Proc. Nat. Acad. Sci. U.S.A.2002, 99, 13397-13402.

(9) Hoffmeister, D.; Ichinose, K.; Domann, S.; Faust, B.; Trefzer, A.; Draeger,
G.; Kirschning, A.; Fischer C.; Kunzel, E.; Bearden, D. W.; Rohr, J.;
Bechthold, A.Chem. Biol.2000, 7, 821-831.

(10) Trefzer, A.; Hoffmeister, D.; Kunzel, E.; Stockert, S.; Weitnauer, G.;
Westrich, L.; Rix, U:, Fuchser, J.; Bindseil, K. U.; Rohr, J., Bechthold,
A. Chem. Biol.2000, 7, 133-142.

JA029645K

Figure 1. 3JH-H coupling patterns and NOESY correlations for discrimina-
tion of O- andC-glycosidically attached rhodinoses in4 and5.
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