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The teicoplanin homologue A40926 differs from teicoplardip (

mainly in lacking the GIcNAc on residue 6 (r6) and the replacement
of the N-acyl glucosaminyl C-6 OH substituent on residue 4 (r4)

with a COOH groug. We and others have reported that three en- A& =N ; FMN standard
zymes, Dbv9, Dbv21, and Dbv8, act sequentially to add\izey| —hi - = FAD dendard

glucosaminyl moiety to r4 of teicoplanin or A40926 aglyco@e¥ —roiscisia N 0.4] refeased cofactor
The N-acyl glucosaminyl substituent might also undergo further g *¢ *2 5@ 3 @0 w5 w0 wsm 8901000 1400 1890 L
C-6 oxidation toN-acyl aminoglucuronic acid during A40926 bio- B e |

172 oxi-17-2
synthesis, but whether this occurs as the last step in this biosynthesis 39.39 944‘60"‘ 46.12

series has yet to be determined. Herein we report that Dbv29, ‘1946 -
encoded by a gene in the A40926 biosynthetic gene cluster, is an !r94;; 15
flavin mononucleotide (FMN)-dependent primary alcohol glyco- |t

peptide hexose oxidase which carries out a 4-electron oxidation 034 940 946 934 940 946 miz

reaction to completdl-acyl aminoglucuronic acid biosynthesis for 678.21
A40926 maturation. To the best of our knowledge, this is the first oxi6 a774b 6772 oxi-6 2 | (08522
. . . . . . . (base peak)  (base peak)
biochemically characterized hexose oxidase of this kind. Previously
a hexose oxidase is assumed to be an flavin adenine dinucleotide
(FAD)-dependent hexose oxidase that oxidizes the C-1 hydroxyl
group of 5-p-glucose top-glucono-1,5-lactone with concomitant
production of HO,. The C-6 hydroxyl group of uridine' &liphos-

678.23

. 906 o) 17 .60 8¢
phate (UDP)-glucose or guanosinediphosphate (GDP)-mannose 13925 :1 S b Zic; ::4 oA '“f
is oxidized to UDP-glucuronic acid or GDP-mannuronic acid, re- D ; M- 2 946.85° | M+47
spectively, by nicotinamide adenine dinucleotide (phosphate) Nl | P
(NAD/NADP")-dependent dehydrogenases via two oxidation ‘ _—
reactions, in which a substratenzyme intermediate is formed l U .
. . ) . - 1]} 947.10
through a cysteine thioester linkage in the active sitowever, JWWJ |
galactose oxidase oxidizes the C-6 hydroxyl group of galactose t0 ¢33 g4s 946 620 038 947 046 050 miz
th? qurGSponq'ng aldehyde through a radical-coupled COpperFigure 1. UV, LC, and mass spectra data: (A) demonstration of covalent
oxidation reactior}. linkage (left) and FMN cofactor (right); (B) incubation of compouhéh
Thedbv29 gene has been annotated as a putative oxidoredéictase the absence (a) or presence (b) of Dbv29; (C) incubation of compdimd
and its gene product may be involved in the biosynthesis-atyl the absence (c) or presence (d) of Dbv29; (D) mass spectra in the presence

of D,O or 0, or Hy'80; (left) and H8O (right) (mass spectra shown

aminoglucuronic acid. To test this assumption, recombirimnt with doubly charged negative ions).

terminal Hig-tagged Dbv29 was cloned, expressedtircoli, and
purified to homogeneity (Supporting Information, Sl Figure 2). The
purified protein solution was bright yellow (absorbance maxima at
330 and 430 nm), suggesting that it may contain a flavinlike
cofactor* However, the cofactor was not released from the
denatured holoenzyme by heating or treatment with acids or organic
solvents. Recently, the structure of the oxidoreductase AknOX,
which catalyzes the conversion of rhodinose-aculose (secondary
alcohol to a-f unsaturated ketone) in the biosynthesis of the
polyketide antibiotic aclacinomycin, was solved and the FAD

cofactor was shown to be covalently linked to residues His70 and
Cys130® Sequence alignment of AknOx and Dbv29 (SI) showed
that these residues are conserved in Dbv29 (H91 and C151). When
H91 or C151 of Dbv29 was mutated to alanine, the enzyme solution
remained yellow (although the absorbance peak at 330 nm was
red-shifted; Figure 1A, left panel) and the colored substance was
not released by denaturation. The double mutant also retained the
yellow color, but heat or acid treatment resulted in release of the
colored material. When the enzyme-free solution was subjected to
HPLC/MS analysis, the colored agent unexpectedly turned out to

T Genomics Research Center, Academia Sinica.

’;Institute of Biological Chemistry, Academia Sinica. be FMN (Figure 1A, right panel). Thus, the cofactors in the two
National Taiwan Ocean University. ; : ;

I National Taiwan University. enzymes are covalently bound to their respective enzyme in a
U National Tsing Hua University. similar manner, but Dbv29 uses FMN rather than FAD.
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Scheme 1
:B—Enz ‘B—- — FMN :B-Enz
FMNH a@g o FMN'_I;;BO:L g:B_EnZ 0, HOs FMN«H\O%O}I.B Enz FMNH; on ZB Eni% ’ -
HQO o8 HQC/)&/O\ H,'80/H,0 Hﬁéﬁ/o\ Hﬂ&oa\l H202+H90 R ONg
acyI/NH aglycone acyI/NH aglycone acyI/NH aglycone acyI’NH glycone acyl-NH aglycone
Scheme 2 generate a diol species that would allow exchange of both oxygens
A (e HB— B— () with 180 and the second oxidation to occur. Here we report
/E: <j\ /(iiH Rj\,; _ additional results _that r_ule out glternanve mechanisms. (i) In_Sche_me
R Q R( H R S\H 12 I R” 8oy 2A, _va29 acts like d_lnuclt_aotlde-§ugar dehydrogenases, in yvhlch
FMN s: [ H,"®0 a thiol-containing residue is required to form a tetrahedral inter-
B (o= ' (8~ medlgte in the catalytic centéHowever, when all four Cys resi-
/EH 0 M O O D, j\ dues in Db_v?9 were .separately _r_nutated to Ala,_no effect was seen
o <H R)J\H R= R=G=0 K oH on the activity (SI Figure 21). (i) Scheme 2B involves an enol/
k FMN Q N D0 keto tautomerization mechanism for two consecutive two-electron

Table 1. Reaction Activity (Rx) of Dbv29 on Different Substrates?@

H R, R, R; Rx
w ﬁ/m—} Ny 1 | GlcNAcyl GIcNAc Man  +
NZo 2 H H H -
o i o2 3| GleN GleNAc Man -
- 4 GleN  GIeNAc H -
4 sl A2 5| GleN H H -
sTell [ Tov<(m 6| GeNAc H H +
“NHz g H GleNAc H -

HO

oxidations. If the reaction is carried out in the presence 9 [a
deuterium atom would be found in the final product (route B); how-
ever, this did not occur (SI Figure 19). (iii) Peroxide op'fD,
produced in the first step might act as a direct oxidant for the second
oxidation. If either 80, or H,80, served as the oxidant in the oxida-
tion, an'®0 atom(s) should be seen in the final product; however,
this was not the case under the above conditions (S| Figure 18).
Further experiments are in progress to refine the working model.
Metal ions are probably not required to enhance the nucleophilicity
of the water, as the activity was unchanged in the presence of 25
mM EDTA (Sl Figure 20). It was possible that tyrosine residues
Y165 and Y473 in Dbv29, which correspond to the proposed

aThe compounds that can serve as a substrate of Dbv29 are markedgeneral base pairs in AknOx, might coordinate to deprotonate the

(+), in which the OH substituent highlighted in red is converted into COOH.

To test the activity of Dbv29 on different substrates (Table 1),
the reaction solution (50 mM HEPES, pH 7.4) containihwas
incubated with the purified protein at 25 for 4 h, then the
enzyme-free reaction solution was subjected to HPLC/MS analysis.
The LC trace revealed a new peak at 18.0 min (Figure 1B, left
panel) that was shown to have higher mw by 14 (Figure 1B, right
panels), supporting oxidation of GBIH to COOH. MS/MS analysis
confirmed that the oxidation occurred on the GHacyl glucosami-
nyl moiety (S| Figure 9). Dbv29 was also tested for activity on
UDP-N-Ac-glucosamine/UDP-glucosamine, but no new product

3-5, but no new products were seen (Sl). When tested on
compound6, a new peak was seen at 13.7 min, which was
confirmed to be the corresponding oxidized compo6n@igure
1C). The oxidized compoun@l was not deacetylated by Dbv21

(SI), suggesting that the introduced carbonyl group abolished the

deacetylation activity of Dbv24 Taken together, we conclude that
the C-6 hydroxy oxidation should occur no earlier than the reacyl-
ation of the glucosaminyl pseudoaglycone with a long aliphatic side
chair? and that the carbonyl group of the acyl side chain may be
involved in substrate recognition regardless of the carbon chain
length. In addition, compound failed to produce a product (Sl),
suggesting that Dbv29 works strictly on theacyl glucosaminyl

substituent of residue 4 of the pseudoaglycone and is unaffected

by any other sugar(s) attached to residue 6 and/or 7 (Table 1).
Since HO, production was detected in a peroxidase-coupled

assay and consumption of,@ver the reaction time course was

recorded with an oxygen electrode (SlI), Dbv29 was concluded to

be an oxidase. Since it is most reasonable that the same mechanism

is used to convert FMNFback to FMN for the two oxidation steps,
and since the product produced in'f0 buffer showed dominant
M++4 species (Figure 1D), we propose a working mechanistic model

in Scheme 1, where water attacks an aldehyde intermediate to

C-6 hydroxyl group, triggering hydride transfeilowever, the
activities of the two mutants Y165F and Y473F and of Y370F and
Y470F (mutants of other nearby candidates) were unchanged.
Which base(s) are involved should be determined from the structure
of Dbv29 complexed with substrates or analogues. In addition,
single mutant (H91A or C151A) showed comparable activity to
wild type, while the double mutant retained only 10% activity,
suggesting that FMN needs properly placed in the active site. In
summary, we have shown that Dbv29 is a new class of hexose
oxidase K teicoplaninOf 531 4M and Kea teicoplaninof 4.08 x 10? s71)

that completesN-acyl aminoglucuronic acid biosynthesis. The
characterized enzyme might provide a new way for biochemically

of dinucleotide sugars. Dbv29 was also tested using compounds?ranSformmg currently used glycopeptide drugs. Detailed funetion

mechanism analyses of the enzyme will expand our knowledge of
a new class of enzyme, the glycopeptide hexose oxidases.
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