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Study of Hexose Oxidase Yields New
Antibiotics

Dbv29, a flavin-containing oxidase, catalyzes sugar oxidation of a vancomycin-like glycopeptide to yield
A40926. Structural and biochemical examination of Dbv29 provides insights into residues that govern ﬂavinylation and activity, protein conformation and reaction mechanism. In particular, the serendipitous discovery
of a reaction intermediate in the crystal structure led us to identify an unexpected opportunity to intercept
the normal enzyme mechanism at two different points to create new teicoplanin analogs. Using this method,
we synthesized families of antibiotic analogs with amidated and aminated lipid chains, some of which showed
marked potency and efﬁcacy against multidrug resistant pathogens.
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In the search for new efficacious antibiotics, biosynthetic engineering offers attractive opportunities to introduce minor alterations to antibiotic structures that
may overcome resistance. We
have been interested in Dbv29, a
hexose oxidase that catalyzes the
last step in A40926 biosynthesis
in the filamentous actinomycete
Nonomuraea sp. ATCC39727.1, 2, 3
Our previous efforts demonstrated
that this flavoenzyme performs
a four-electron oxidation to convert the glucosaminyl C6 alcohol
found on the "top" of the peptide
scaffold to a carboxylic acid. Mutagenesis and bioinformatics studies suggest that Tyr165, Tyr473,
His91 and Cys151 play important
roles in enzyme activity, but the
exact details are still unknown.
Therefore, we sought to solve crystal structures of Dbv29 free and in
complex with substrate in order to
understand the mechanism of this
unusual enzyme and—given our
prior demonstration of acyl chain
promiscuity—explore whether it
could be employed to gener ate
non-natural glycopeptide analogs
that would be extremely difficult
to obain by other means.
As shown for the bound
enzyme (Fig. 1(a)), the structure
consists of two domains: the F
domain, which binds the flavin

cofactor, and the S domain, which
recognizes substrates. The flavin
cofactor is clearly flavin adenine
dinucleotide (FAD). The crystal
structure reveals a possible explanation for the unusual roles for
four residues in controlling flavin
binding and reactivity. (Figs. 1(b)
and 1(c)). Though the isoalloxazine ring of flavin is covalently
linked to the side chains of His91
and Cys151, it is closely connected to Tyr165 and Tyr473 via
the substrate and a bridging water
(Fig. 1(c)). The sugar ring anchors
against the si face of the isoalloxazine ring of FAD and exposes the
C5 carbon close to the N5 nitrogen of FAD, while the C4 hydroxyl
group forms a hydrogen bond with
Asn427. The N-acyl group extends
from the sugar ring into a hydro-

phobic lipid cavity (Fig. 1(b)). The
struc tural information obtained
here now allows us to build a specific model for Dbv29 function
(Fig. 1(d)).
We also discovered that this
moiety appeared to be directly
exposed to solvent. When the teicoplanin and Dbv29 were mixed
in 18O-labeled water, a dominant
mass of M+4 instead of M+2 was
found, indicating both oxygens of
the diol intermediate were labeled
with 18O (Fig. 2(a)). It suggests that
the aldehyde is accessible to water and that the aldehyde and diol
are in equilibrium. In addition,
when we reduced teico planin
with NaBD4 in the presence and
absence of Dbv29, MS analyses
of the product recovered from

Fig. 1: The structure of Dbv29 and its enzymatic mechanism.
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the reaction with protein showed
a mass increased by 1 mass unit
(Fig. 2(b)), suggesting again that
the NaBD4 was able to access the
oxidized aldehyde in the reactive
site and reduce it to a deuterated
alcohol species.
The accessibility of the aldehyde further led us to explore the
possibility of trapping and modifying this intermediate as a way to
produce new antibiotic analogs.
Enzymatic reactions carried out
in the pres ence of teicoplanin,
Dbv29, sodium cyanoborohydride
(Na(CN)BH3) and either n-decylamine or n-hexylamine indicated
by the LC-MS traces (Fig. 2(c)) that
although reaction with n-decylamine resulted in the expected
formation of n-decylaminated teicoplanin (10), the reaction with nhexylamine led to n-hexylamidated
teicoplanin (11), both of which were
confirmed by MS (Figs. 2(d) and
2(e)).
To take advantage of this
r e a c t iv i t y, w e c o n s t r u c t e d a
chemoenzymatic strategy to create
additional analogs with variations
in both the length and the structure of the lipid chains at both C2and C6-positions of teicoplanin
and oxo-teicoplanin (Fig. 3).
When mixing Dbv21 (an enzyme
catalyzing deacetylation of the
GlcNAc moiety2, 4), Dbv8 (an enzyme catalyzing the acylation of
the glucosamine moiety), Dbv29
and various coenzyme A derivatives in the presence of organic
solvents and selective reducing
agents, we were able to obtain a
series of new analogs 12–31. The
enzymes were quite tolerant to
new functional groups, as demonstrated by the inclusion of amantidine and related compounds as
well as alkyne and azide handles
that can be further manipulated
through "click" chemistry for applications such as identification
of a second mode of action for
broader spectrum analogs.

Fig. 2: Intermediate trapping strategies to probe the catalytic mechanism.

We also determined the minimum inhibition concentrations
(MICs) of several of the compounds against collections of vancomycin-resistant enterococcus
(VRE) strains. The bi-lipid analogs
10 and 11 showed significantly
enhanced bactericidal activities
against all ﬁve tested strains of Enterococcus fecalis when compared
to vancomycin and teicoplanin.
Strikingly, analog 25, tailored
with benzylamine, is equally
effective against sensitive and resistant strains with dose potency
one to two orders of magnitudes
lower than vancomycin and teicoplanin and thus may complement
compounds such as the A40926
deriva tive dalbavancin, which is
active against staphylococci (for
example, MRSA) and streptococci
but weak against VRE.

Beamlines 13B1 and 13C1
SPXF end station
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Fig. 3: Variations in acyl chain length regulate the resultant glycopeptide analog.
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