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Abstract To develop a system for combinatorial biosynthesis
of glycosylated macrolides, Streptomyces venezuelae was
genetically manipulated to be deficient in the production of
its macrolide antibiotics by deletion of the entire biosynthetic
gene cluster encoding the pikromycin polyketide synthases
and desosamine biosynthetic enzymes. Two engineered de-
oxysugar biosynthetic pathways for the biosynthesis of thy-
midine diphosphate (TDP)-D-quinovose or TDP-D-olivose in
conjunction with the glycosyltransferase—auxiliary protein
pair DesVII/DesVIII derived from S. venezuelae were
expressed in the mutant strain. Feeding the representative
12-, 14-, and 16-membered ring macrolactones including 10-
deoxymethynolide, narbonolide, and tylactone, respectively,
to each mutant strain capable of producing TDP-D-quinovose
or TDP-D-olivose resulted in the successful production of the
corresponding quinovose- and olivose-glycosylated macro-
lides. In mutant strains where the DesVII/DesVIII glycosyl-
transferase—auxiliary protein pair was replaced by TyIMII/
TyIMIII derived from Streptomyces fradiae, quinovosyl and
olivosyl tylactone were produced; however, neither glycosy-
lated 10-deoxymethynolide nor narbonolide were generated,
suggesting that the glycosyltransferase TyIMII has more
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stringent substrate specificity toward its aglycones than
DesVII. These results demonstrate successful generation of
structurally diverse hybrid macrolides using a S. venezuelae
in vivo system and provide further insight into the substrate
flexibility of glycosyltransferases.
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Introduction

Macrolides include some of the most clinically important
antibiotics and derive their activities from the presence of a
polyketide macrolactone ring with one or more deoxysu-
gars attached. The number of cloned and sequenced genes
involved in macrolide antibiotic biosynthesis has increased
rapidly during the past decades, and expanded knowledge
regarding genetic information has enabled manipulation of
the polyketide synthase (PKS) and deoxysugar biosynthetic
pathways to create novel macrolide antibiotics (Rodriguez
and McDaniel 2001). Therefore, the combinatorial biosyn-
thetic approach of modifying macrolide structures by
combining genes responsible for the biosynthesis of macro-
lactone rings, deoxysugar constituents, and their transfer
has been pursued (Méndez and Salas 2001; Blanchard and
Thorson 2006).

Streptomyces venezuelae has recently been developed
as a host for combinatorial biosynthesis and heterologous
expression of macrolide antibiotic pathways originated from
other species of Streptomyces (Yoon et al. 2002; Hong et al.
2004; Jung et al. 2006). In addition to being amenable to
genetic manipulation, S. venezuelae has a relatively fast
growth rate (doubling time, approximately 1 h) and requires
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a short culture period (3—4 days) for metabolite production
(Xue and Sherman 2001; Jung et al. 2006). This strain also
has another favorable feature for combinatorial biosynthesis
in that it can produce both 12- and 14-membered ring mac-
rolides (YC-17 and its hydroxylated forms, ~10 mg/l;
narbomycin and its hydroxylated forms, ~40 mg/l) by the
action of a single PKS (Fig. 1a). Another advantage of using
S. venezuelae as a host for combinatorial biosynthesis is the
presence of its native glycosyltransferase, DesVII (Fig. 1a),
together with its auxiliary protein, DesVIII (Borisova et al.
2004), which have unusual substrate flexibility toward both
aglycones and deoxysugars. Recent reports demonstrating
the flexibility of DesVII at utilizing non-native deoxysugars
(Zhao et al. 1998a, b, 2001; Yamase et al. 2000; Hong et al.
2004) and non-native aglycones (Tang and McDaniel 2001;
Borisova et al. 2006; Jung et al. 2006) as substrates have
made this enzyme an important tool for combinatorial bio-
synthesis (Table 1). These characteristics make S. venezuelae
an attractive host for generating novel macrolide antibiotics
by combinatorial biosynthetic approaches. However, a com-
binatorial biosynthesis system based on S. venezuelae, which
is able to attach non-native deoxysugars to non-native agly-
cones, has not yet been developed.

In this study, we engineered a strain of S. venezuelae that
had the entire biosynthetic gene cluster encoding pikromy-
cin (Pik) PKS and desosamine (des) biosynthetic enzymes
deleted. Subsequently, engineered biosynthetic pathways
for thymidine diphosphate (TDP)-D-quinovose or TDP-D-
olivose together with glycosyltransferases were expressed
in the S. venezuelae deletion mutant. Representative 12-,
14-, and 16-membered ring macrolactones such as 10-
deoxymethynolide, narbonolide, and tylactone were fed to
the mutant strains, which in turn successfully produced
quinovosyl and olivosyl derivatives by the action of
DesVII/DesVIII. Additionally, we replaced DesVII/DesVIII
with another substrate-flexible glycosyltransferase TylMII
(Fig. 1b) coupled with its partner protein TyIMIII (Melangon
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et al. 2004), derived from tylosin-producing Streptomyces
fradiae to investigate the substrate flexibility of TyIMII. This
work demonstrates successful production of hybrid macro-
lide antibiotics in engineered strains of S. venezuelae and
provides a new tool for investigating substrate flexibility of
glycosyltransferases.

Materials and methods

Bacterial strains, culture conditions, and genetic
manipulation

S. venezuelae ATCC15439 was used for the construction of
mutant strains. S. venezuelae mutant strains were cultured
in SCM liquid medium (Yoon et al. 2002) containing
appropriate antibiotics. S. fradiae ATCC19609 grown in
tryptic soy broth (Kieser et al. 2000) was used for the
preparation of genomic DNA. Genetic manipulation was
performed in Escherichia coli DHS5« according to standard
procedures (Sambrook et al. 2001). Litmus 28 (New
England Biolabs), T-easy vector (Promega), and pGEM-
3Zf(+) (Promega) were used for subcloning, and Southern
blot hybridization was conducted using a digoxigenin-
labeling and detection kit following the manufacturer’s
protocols (Roche).

Construction of a clean host bearing a deletion of Pik PKS
and des cluster

To construct a Pik PKS and des gene cluster deletion mutant
of S. venezuelae, a deletion plasmid, pYJ188, derived from
pKC1139 (Bierman et al. 1992) that contained an apramycin
resistant marker was constructed by cloning two 1-kb
fragments homologous to the upstream and downstream
regions of the des cluster. The HindIII-Ps: fragment of the
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Fig. 1 Biosynthesis of YC-17, narbomycin, and 5-O-mycaminosyl tylactone. a DesVII/DesVIII attaches TDP-bp-desosamine to 10-
deoxymethynolide and narbonolide. b TyIMII/TyIMIII attaches TDP-D-mycaminose to tylactone
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Table 1 Summary of difference of flexibilities between DesVII and Tyl MII toward sugars and aglycones

Glycosyltransferase Sugar (TDP-activated) Aglycone
Native (10-DML, NL) Non-native (TL)
DesVII Native Desosamine +* +°
Non-native Mycaminose +¢ +¢
3-Amino-3,4,6-trideoxyglucose + +¢
4-Amino-4,6-dideoxyglucose +° +¢
4,6-Dideoxyglucose +f +©
4-epi-D-mycaminose +8
3-N-monomethylamino-3-deoxy-D-fucose +8
Rhamnose + +¢
Quinovose + +©
Olivose + +
Native (TL) Non-native (10-DML, NL)
TylMII Native Mycaminose +?
Non-native Desosamine +K
Quinovose +€ -
Olivose + =

10-DML 10-Deoxymethynolide, NL narbonolide, 7L tylactone * Wild type_b Jung et al. 2006; © Borisova et al. 2006; 4 Zhao et al. 1998a; © Zhao et al.
2001; fZhao et al. 1998b; ¢ Melangon and Liu 2007; " Yamase et al. 2000; ' Borisova et al. 1999; J Hong et al. 2004; K Gaisser et al. 2000; ' This study

upstream region and the Kpnl-EcoRI fragment of the
downstream region of the des cluster were obtained from
pYJ100 (Hong et al. 2004) and subsequently subcloned into
pGEM-3Zf(+). The resulting HindIlI-EcoRI fragment con-
taining the segments upstream and downstream of the des
cluster was transferred to pKC1139 to form a plasmid that
was designated pYJ188. This plasmid was then introduced
into protoplasts of the Pik PKS deletion mutant DHS2001
(Jung et al. 2006) for plasmid-mediated homologous
recombination. Double-crossover mutants were identified
on the basis of their phenotype of apramycin sensitivity and
their genotype by Southern blot hybridization. The resulting
strain was designated YJ028.

Construction of expression plasmids and mutant strains

To synthesize a key intermediate sugar, TDP-4-keto-6-
deoxy-D-glucose (Fig. 2a) and confer self-resistance against
the macrolide antibiotics, the integrative plasmid pYJ136
containing deslIIl, deslV, and desR was used as previously
described (Hong et al. 2004). This plasmid is a derivative of
pSET152 (Bierman et al. 1992), which carries the ®C31
attachment region (a#tP) and integrates at the bacterial
attachment site (a#tB). The plasmid pYJ136 was integrated
into the chromosomal DNA of the mutant strain YJ028 to
generate YJ069. The plasmids pYJ142, which contains
desVII and desVIII for the transfer of TDP-D-quinovose
(Fig. 2a), and pYJ146, which contains oleV, oleW, urdR,
desVII, and desVIII for biosynthesis and transfer of TDP-D-
olivose (Fig. 2a), were constructed as previously described
(Hong et al. 2004). Four plasmids, pYJ320, pYJ243,

pYJ321, and pYJ249, were constructed for the biosynthesis
of TDP-D-quinovose and TDP-p-olivose and the transfer of
them by TylMII/TyIMIII, as described below. The tyIMII
gene was amplified from the genomic DNA of S. fradiae by
polymerase chain reaction (PCR) using the following
primers: 5-GAGGATCCGTCTGAGGGCGCTCGCCGA-3'
and 5-TGCGGGATCCCCGTGGCGGATGAATGGGCC-3'
(BamHI sites are italicized). The PCR product of #yIMII was
cut with BamHI and cloned into the same site of pSE34
(Yoon et al. 2002), generating pYJ320. The BamHI fragment
containing #y/MII was also transferred to the same site of
pYJ196 (Hong et al. 2007), which is a pSE34 derivative
inserted with a BamHI-Xbal fragment containing #yIMIII,
yielding pYJ243. The Xbal-Hindlll fragment containing
oleV; oleW, and urdR genes isolated from pYJ144 (Hong
et al. 2004), in which desVII, oleV, oleW, and urdR genes had
been cloned, was subcloned into pYJ320 to generate
pYJ321. The tyIMIIl gene was amplified by PCR using the
oligonucleotides 5'-ACCGTTCTAGACGGCGGGGAGA
GAGGAGAGGCC-3'and5’-CGGCGTCTAGACAGTGCC
CTTCTCACTCGGGGA-3" (Xbal sites are italicized). The
tyIMIII gene was excised by Xbal and cloned into pYJ321 to
construct pYJ249. The strains and plasmids used in this study
are summarized in Table 2.

Production and purification of 10-deoxymethynolide,
narbonolide, and tylactone

The des deletion mutant YJ003 (Hong et al. 2004)

accumulating 10-deoxymethynolide and narbonolide was
cultured with appropriate antibiotics on SPA solid medium
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Fig. 2 a Proposed pathways for the biosynthesis of TDP-pD-desosamine, TDP-D-quinovose, and TDP-D-olivose. b Proposed structures of
quinovosyl and olivosyl glycosylated macrolides. Abbreviations are as follows: 7DP thymidine diphosphate; PMP pyridoxamine 5'-phosphate

(Yoon et al. 2002) at 30 °C for 3 days. The mutant strain
YJOO5 (Jung et al. 2006) accumulating tylactone was
cultured on R2YE solid medium (Kieser et al. 2000) at
30 °C for 4 days under appropriate antibiotic selection.
Agar-grown cultures of YJO03 and YJOO5 were diced and
extracted with 2 vol of methanol. The extracts of YJOO03
and YJOO5 were washed with 1 vol of water and then
extracted with 1 vol of ethylacetate. The crude extracts of
YJ003 and YJOO5 were purified as described previously
(Lee et al. 2006) to obtain purified 10-deoxymethynolide,
narbonolide, and tylactone. The purity of these compounds
was checked by liquid chromatography/mass spectrometry
(LC/MS) and tandem mass spectrometry (MS/MS). The
tylactone standard was obtained from Professor Eric
Cundliffe (University of Leicester).

Bioconversion and analysis of macrolides in the mutant
S. venezuelae

Mutant strains were cultured in 50 ml of SCM liquid medium
at 30 °C for 24 h under appropriate antibiotic selection. Five
hundred micrograms equivalent to 10 mg/l of purified 10-
deoxymethynolide, narbonolide, or tylactone was added into
each growing medium and then incubated for additional 48 h.
The resulting culture broth was extracted using 1 vol of
chloroform and concentrated with methanol. The products

@ Springer

were analyzed using a combination of LC/MS and MS/MS.
LC was performed with a Waters (Milford, MA) Model 2690
separation module, using an Xterra column (4.6x15 mm,
5 pm) with a binary mobile phase (solvent A: acetonitrile/
methanol=4:1 with 5 mM ammonium acetate; solvent B:
5 mM ammonium acetate in H,O; A: 20-75%, 30 min, 75%,
10 min; 75-20%, 10 min) at a flow rate of 0.15 ml/min. The
effluent was applied to the Micromass (Baverly, MA)
Quattro LC triple-tandem quadrupole mass spectrometer
and mass spectrometric data were acquired in the positive-
ion mode. The relative amount of each compound produced
was compared using the peak intensity obtained from the
LC/MS chromatogram. The production level of each
glycosylated compound was calculated by averaging the
yield from five separate cultivations and extractions.

Results

Construction of the mutant YJ028 bearing Pik cluster
deletion and the mutant YJ069 synthesizing
TDP-4-keto-6-deoxy-D-glucose

The des cluster was deleted in-frame from the chromosome
of the Pik PKS deletion mutant DHS2001 (Jung et al. 2006)
by homologous recombination to generate YJ028 (Fig. 3a).
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Table 2 Strains and plasmids used for deoxysugar biosynthetic pathways

Strain or Plasmid Description Reference

Strain

S. venezuelae Wild-type ATCC 15439 Jung et al. (2006)
DHS2001 pikA deletion mutant This work

YJ028 pikA and pikB (des) deletion mutant This work

YJ069 YJ028/pYJ136

Plasmid

pSET152 Shuttle vector E.coli and Streptomyces Bierman et al. (1992)
pSE34 Shuttle vector E.coli and Streptomyces Yoon et al. (2002)
pYJ136 pSET152 derivative containing desR, deslII, deslV Hong et al. (2004)
pYJ142 pSE34 derivative containing desVII, desVIII Hong et al. (2004)
pYJ243 pSE34 derivative containing tyIMII, tyIMII] This work
pYJ146 pSE34 derivative containing desVII, desVIII, oleV, oleW, urdR Hong et al. (2004)
pYJ249 pSE34 derivative containing tyIMII, tyIMIII, oleV, oleW, urdR This work
pYJ320 pSE34 derivative containing ty/MII This work
pYJ196 pSE34 derivative containing ty/MIII Hong et al. (2007)
pYJl44 pSE34 derivative containing desVII, desVIII, oleV, oleW, urdR Hong et al. (2004)
pYJ321 pSE34 derivative containing tyIMIl, tyIMII1, oleV, oleW, urdR This work

Southern hybridization analysis of the genomic DNA from
several recombinant clones was performed to identify the
mutant strain with the desired double-crossover recombi-
nation (Fig. 3b). The culture extract of a Pik PKS and des
deletion mutant YJ028 was analyzed by LC/MS, and the
production of macrolactone aglycone and glycosylated
macrolides was not detected. Feeding 10-deoxymethynolide
and narbonolide to the growing medium of YJ028 did not
lead to the generation of the corresponding desosaminyl
compounds, indicating that the des cluster was inactivated

(data not shown). The integrative plasmid pYJ136 (Hong
et al. 2004), which contains deslll, desIV for the biosyn-
thesis of a key intermediate sugar TDP-4-keto-6-deoxy-D-
glucose (Fig. 2a) and desR for conferring self-resistance
against macrolide antibiotics, was integrated into the
chromosomal DNA of YJ028 to obtain YJ069 (Fig. 3a).
A previous study has shown that this intermediate sugar
is converted to TDP-D-quinovose by a specific pathway-
independent reduction capability of the wild-type S.
venezuelae (Borisova et al. 1999); thus, the reintroduction

a desR2 desR1 hyg® pikAV desVIIT desVII desVT desR desV desiV deslII desII desI pikC pikD

DHS2001

YJ069

Fig. 3 Construction of the mutant YJ028 bearing Pik cluster deletion
and desR-, deslll-, and desIV- integrated mutant YJ069. a Genetic
organization of pikA deletion mutant DHS2001, pik4 and des deletion
mutant YJ028, and desR-, deslII-, and desIV-integrated mutant YJ069.
The endonuclease restriction sites are abbreviated as follows: Bg
Bglll; P Pstl; Ba BamHI, X Xbal. b Southern blot analysis of PstI- and

Bglll-digested genomic DNA of DHS2001 and YJ028. Lanes 1
(DHS2001) and 2 (YJ028) were probed by a pikC gene. ¢ Southern
blot analysis of BamHI- and Xbal-digested genomic DNA of YJ028
and YJ069. Lanes 1 (YJ028) and 2 (YJ069) were probed by a desll]
gene
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of two genes (deslll, desIV) into the strain YJ028 is suf-
ficient for biosynthesis of TDP-D-quinovose (Fig. 2a).
Southern hybridization analysis of the genomic DNA from
YJ069 revealed that the above three genes (deslll, deslV,
desR) are integrated into the chromosome (Fig. 3c).

Generation of quinovose- and olivose-glycosylated
macrolides by DesVII/DesVIII

The plasmids pYJ142 containing two genes (desVII, desVIII)
involved in the transfer of TDP-D-quinovose and pYJ146
containing five genes (oleV, oleW, urdR, desVII, desVIII)
involved in the biosynthesis and transfer of TDP-D-olivose
(Hong et al. 2004) were transformed into the mutant YJ069
to generate YJ069/pYJ142 and YJ069/YJ146, respectively.
To validate the biosynthesis of TDP-D-quinovose and TDP-
D-olivose in these engineered strains of S. venezuelae, 10-
deoxymethynolide or narbonolide was fed to each growing
medium of YJ069/pYJ142 and YJ069/pYJ146. Quinovosyl
derivatives of 10-deoxymethynolide and narbonolide
(Fig. 2b) were observed at retention times of 22.5 min with
m/z=465 (Fig. 4a) and 24.7 min with m/z=521 (Fig. 4b),
respectively. The compounds with masses corresponding to
olivosyl derivatives of 10-deoxymethynolide and narbono-
lide (Fig. 2b) were detected with retention times of 25.5 min
with m/z=449 (Fig. 4d) and 27.4 min with m/z=505
(Fig. 4e), respectively. The masses given here and below
correspond to the sodium adduct of each compound. The
MS/MS fragmentation patterns of these compounds were
identical to those of quinovosyl and olivosyl derivatives
previously reported (Hong et al. 2004), validating that the
S. venezuelae system developed in this study was capable

of bioconverting aglycone to quinovose- and olivose-
glycosylated compounds. When the production of glycosy-
lated macrolides in the mutant strains was assessed at each
24 h interval up to 4 days, the conversion yield of quin-
ovosyl and olivosyl compounds measured after 72 h reached
a maximum of approximately 4 and 3% for 10-deoxyme-
thynolide, respectively, and 9 and 6% for narbonolide, re-
spectively, based on the comparison of the peak intensity on
the LC/MS chromatogram. To investigate whether quin-
ovosyl and olivosyl tylactone (Fig. 2b) was synthesized by
the action of DesVII, tylactone was supplemented to the
growing medium of YJ069/pYJ142 and YJ069/pYJ146.
The organic extract of YJ069/pYJ142 fed with tylactone
was analyzed by LC/MS, and a peak with m/z=563 was
observed at a retention time of 28.5 min, corresponding to
quinovosyl tylactone (Fig. 4c). A peak with m/z=547 was
detected in the organic extract of YJ069/pYJ146 fed with
tylactone at a retention time of 30.9 min, corresponding to
olivosyl tylactone (Fig. 4f). Quinovosyl tylactone with m/z=
563 fragmented into characteristic ions at m/z=545
corresponding to the dehydrated form of quinovosyl tylac-
tone, at m/z=417 for the loss of quinovose, and at m/z=399
corresponding to the dehydrated form of tylactone from the
parent ion upon MS/MS spectrometry (Fig. 5a). Olivosyl
tylactone with m/z=547 also resulted in characteristic ions at
m/z=528, corresponding to the dehydrated form of olivosyl
tylactone, at m/z=417 for the loss of olivose, and at m/z=399
corresponding to the dehydrated form of tylactone in MS/
MS analysis (Fig. 5b). The MS/MS fragmentation pattern of
standard tylactone was shown in Fig. 5c. Approximately
8 and 3% of tylactone was converted to quinovosyl and
olivosyl tylactone, respectively.

awo 2245 Quinovosyl 10-DML d 1 2554 Qlivesyl 10-DML
= m/=465 2] m/=449
ol e NS DI & W Ao
20.00 30.00 40,00 20.00 30,00 4000
b 1 2471 Quinovosyl NL e 10%; 2738 Olivosyl NL
< mia=521 o /=505
_JL_,'/\/‘M
20.00 30.00 40.00 2000 30.00 4000
C o 2853 Quinovosyl TL f 100, 30.8  Olivosyl TL
% m/=563 ] “ ma=547
[ e e e e e B AR R e L o e N e e T
20.00 30.00 40.00 20.00 30.00 4000

Fig. 4 LC/MS analyses of quinovosyl and olivosyl derivatives
produced by DesVII/DesVIIl. a LC/MS selected for m/z=465,
corresponding to quinovosyl 10-deoxymethynolide. b LC/MS selected
for m/z=521, corresponding to quinovosyl narbonolide. ¢ LC/MS
selected for m/z=563, corresponding to quinovosyl tylactone. d LC/
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MS selected for m/z=449, corresponding to olivosyl 10-deoxymethy-
nolide. e LC/MS selected for m/z=505, corresponding to olivosyl
narbonolide. f LC/MS selected for m/z=547, corresponding to
olivosyl tylactone. Abbreviations were as follows: /0-DML 10-
deoxymethynolide, NL narbonolide, 7L tylactone
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Generation of quinovose- and olivose-glycosylated
macrolides by TyIMII/TyIMIII

Another glycosyltransferase, TyIMII, and its partner protein,
TyIMIIL, derived from S. fradiae have been used to transfer
non-native deoxysugars (Gaisser et al. 2000; Melangon et al.
2005) to its native aglycone, tylactone, and its native
deoxysugar, mycarminose to non-native hybrid aglycones
(Reeves et al. 2004). In this study, we investigated the
substrate flexibility of TyIMII toward non-native deoxysugars
including TDP-pD-quinovose and TDP-bD-olivose and agly-
cones including 10-deoxymethynolide, narbonolide, and
tylactone. The growing medium of YJ069/pYJ243 and
YJ069/pYJ249 in which TDP-D-quinovose or TDP-D- olivose
deoxysugar pathway was expressed, respectively, together
with genes encoding for TyIMII/TyIMIII, were fed with 10-
deoxymethynolide or narbonolide. Extracts obtained from the
strains ' YJ069/pYJ243 and YJ069/pYJ249 fed with 10-
deoxymethynolide and narbonolide were analyzed by LC/
MS; however, no peaks corresponding to 10-deoxymethyno-
lide and narbonolide derivatives were detected, indicating the
absence of the corresponding glycosylated compounds in the
growing medium. Tylactone was also fed to the growing
medium of YJ069/pYJ243 or YJ069/pYJ249. In LC/MS
analyses, the peaks corresponding to quinovose- and olivose-
glycosylated tylactone were detected at the same retention

a M,
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M-g-H,0+Na}* Mg+Nalt

" V-

[M-H,0+Nal*

s]-1417‘2
49 4625084 \
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\ MEON |
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32083354 3882 “*
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1‘;0_ 417 34— [M+Na]*
[M-H,0+Na}*
R \
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3971
o 2571 302 550

00 320 340 360 380 400 420 440 460 480 SO0 520 540 560 580
Fig. 5 MS/MS analyses of quinovosyl and olivosyl tylactone
produced by DesVII/DesVIII. a MS/MS analysis of quinovose (¢)-
glycosylated tylactone. b MS/MS analysis of olivose (0)-glycosylated
tylactone. ¢ MS/MS analysis of tylactone standard

time of these compounds produced by YJ069/pYJ142 and
YJ069/pYJ146, respectively, in which DesVII/DesVIII was
expressed as a glycosyltransferase  and auxiliary protein pair,
demonstrating the presence of quinovosyl and olivosyl
tylactone in the growing medium of YJ069/pYJ243 and
YJ069/pYJ249, respectively. The conversion yields of quino-
vose- and olivose-glycosylated tylactone by TyIMII were
approximately 7 and 6%, respectively.

Discussion

The antibacterial activity of macrolide antibiotics often
depends on the presence and type of deoxysugar moiety
attached to the aglycone. Efforts to alter the glycosylation
pattern of macrolide antibiotics could have practical implica-
tions because they lead to the creation of structurally diverse
antibiotics with the potential of enhanced biological activity
(Méndez and Salas 2001). In this study, we developed
genetically engineered mutants of S. venezuelae expressing
enzymes for the synthesis of nucleotide-activated sugars and
glycosyltransferase—auxiliary protein pairs, which can gen-
erate novel glycosylated macrolides when fed with an
exogenous source of macrolactone. Two mutant strains
YJ069/pYJ142 (producing TDP-D-quinovose) and YJ069/
pYJ146 (producing TDP-D-olivose) expressing the DesVII/
DesVIII glycosyltransferase—auxiliary protein pair were
cultured in the growing medium supplemented by 10-
deoxymethynolide and narbonolide, leading to the successful
production of quinovose- and olivose-glycosylated macro-
lides. Using these two mutant strains, we also successfully
converted the 16-membered ring aglycone, tylactone to
quinovosyl or olivosyl tylactone. Quinovosyl tylactone was
previously synthesized in vitro using the purified enzymes of
DesVIIl/DesVIII (Borisova et al. 2006), while biosynthesis of
olivosyl tylactone has not been reported. The olivosyl
tylactone is another example of a novel glycosylated 16-
membered macrolide produced by the substrate-flexible
glycosyltransferase DesVII, further expanding the usefulness
of this glycosyltransferase as a tool for the attachment of
non-native deoxysugars to non-native aglycones. In the
mutant strain YJ069/pYJ142, the conversion yields of 10-
deoxymethynolide, narbonolide, and tylactone to the
corresponding quinovosyl derivatives were approximately
4, 9, and 8%, respectively. Olivosyl 10-deoxymethynolide,
narbonlide, and tylactone were also synthesized in the
YJ069/pYJ146 at the conversion yields of approximately 3,
6, and 3%, respectively. These results suggest that the 14-
membered macrolide, narbonolide, is the best aglycone
substrate of glycosyltransferase DesVII among the represen-
tative 12-, 14-, and 16-membered macrolides when non-
native deoxysugar TDP-D-quinovose or TDP-D-olivose was
used as a deoxysugar donor.
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We also tested the flexibility of TyIMII glycosyltransfer-
ase derived from S. fradiae toward deoxysugars and
aglycones. The supplementation of 10-deoxymethynolide
and narbonolide to two mutant strains YJ069/pYJ243
(producing TDP-D-quinovose) and YJ069/pYJ249 (produc-
ing TDP-D-olivose) expressing TyIMII/TyIMIII resulted in
the failure to generate glycosylated macrolides. On the
other hand, the 16-membered ring aglycone, tylactone, was
glycosylated by TyIMII to produce quinovosyl and olivosyl
tylactone. These results indicated that TyIMII has more
stringent substrate specificity toward aglycone than DesVII
because it can transfer non-native deoxysugars only to its
native aglycone substrate, tylactone.

One of the major limitations on the combinatorial
biosynthesis of hybrid macrolides is the significantly low
yield of hybrid compounds (Tang and McDaniel 2001; Yoon
et al. 2002). The yield of new macrolides, olivosyl tylactone
produced from YJ069/pYJ146 and YJ069/pYJ249 fed with
tylactone, required sensitive analytical methods such as LC/
MS for detection. Although the glycosylation site of olivosyl
tylactone was not determined because of this low conversion
yield, it is likely that TDP-D-olivose was introduced to the
oxygen at position C-5 of tylactone, according to the
intrinsic catalytic specificity of TyIMII (Fig. 1b) and DesVII
(Borisova et al. 2006). Further analysis, such as by nuclear
magnetic resonance spectroscopy (NMR), is required to
confirm the glycosylation site of tylactone.

The recent studies have shown that a number of
glycosyltransferase including DesVII and TyIMII require
their auxiliary proteins for the efficient transfer of deoxy-
sugar to aglycone (Melangon et al. 2004; Borisova et al.
2004; Hong et al. 2005), and interspecies complementation
was successfully carried out by expressing DesVIII homo-
logs including EryCII from Saccharopolyspora erythraea,
OleP1 from Streptomyces antibioticus, and DnrQ from
Streptomyces peucetius in the desVIII deletion mutant of S.
venezuelae (Hong et al. 2007). We carried out two
additional studies to examine this requirement of auxiliary
protein for efficient glycosylation and possibility of
interspecies complementation between the two auxiliary
proteins DesVIII and TyIMIIL. First, the expression of
DesVII or TylMII lacking their partner protein DesVIII or
TyIMIII, respectively, did not lead to the production of
glycosylated products (data not shown), confirming the
requirement of the auxiliary protein for the catalytic
activities of DesVII and TyIMIL. Second, changing the
partner proteins by expressing DesVII/TyIMIII or TyIMIl/
DesVIII also resulted in the failure to produce any
glycosylated compound (data not shown). These results
strongly suggested that the native auxiliary proteins,
TyIMIII and DesVIII, were necessarily required for the in
vivo activity of their native partner glycosyltransferase
TyIMII and DesVII, respectively.

@ Springer

The newly developed S. venezuelae mutants described in
this study provide a simple system for bioconversion of
aglycones to structurally diverse glycosylated macrolides. In
addition, we can investigate the flexibility of glycosyltrans-
ferase toward aglycone and deoxysugar and the function of
the auxiliary protein to activate its glycosyltransferase
enzyme. Although the glycosylated macrolides were synthe-
sized at a low conversion yield similar to other attempts for
combinatorial biosynthesis (Tang and McDaniel 2001; Pérez
et al. 2000), S. venezuelae has still an attractive feature in
that it grows faster than other Strepfomyces species and
requires a relatively short culture period (3 days) for
complete conversion. Further studies on enhancing the
conversion yield of glycosylated macrolides will facilitate
the development of S. venezuelae as an efficient host for
combinatorial biosynthesis of glycosylated compounds.
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