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Identification of OxyE as an Ancillary Oxygenase during

Tetracycline Biosynthesis

Peng Wang,®®

The double hydroxylation of 6-pretetramid to 4-keto-anhydro-
tetracycline is a key tailoring reaction during the biosynthesis
of the broad-spectrum antibiotic tetracyclines. It has been
shown previously by heterologous reconstitution that OxyL is
a dioxygenase and is the only enzyme required to catalyze the
insertion of oxygen atoms at the C-12a and C-4 positions. We
report here that OxyE, a flavin adenine dinucleotide (FAD)-de-
pendent hydroxylase homologue, is an ancillary mono-oxygen-
ase for OxyL during oxytetracycline biosynthesis in Streptomy-
ces rimosus. By using both gene disruption and heterologous

Introduction

Tetracyclines, such as oxytetracycline 1, have been used as
broad-spectrum antibiotics for over a half century" By target-
ing the 30S ribosomal subunit, tetracyclines inhibit bacterial
protein synthesis with relatively few side effects. The core
structure of tetracyclines is richly oxygenated, with at least six
oxygen atoms contributing strong binding interactions to the
target 165 RNA.*® For example, the keto-enol configuration at
positions C-11, C-12 and C-11a, is crucial for the biological ac-
tivities of tetracyclines. Equally important are the substitutions
on ring A, which include C-12a hydroxyl and critical C-4 dime-
thylamine moiety, which originated from reductive amination
of a C-4 ketone group.”’ On the other hand, some of the
oxygen atoms on the opposite periphery of the molecules
have been shown to be nonessential for the biological activity.
The 6-deoxytetracyclines, such as doxycycline and minocycline,
exhibit improved pharmacological properties.”! Therefore, from
a biosynthetic perspective, the mechanisms of oxygenating
the aromatic scaffold of tetracyclines are of great interest. The
identification and the characterization of involved oxygenases
can contribute to the engineered biosynthesis of tetracycline
derivatives.

Tetracyclines are aromatic polyketides that are synthesized
by type Il polyketide synthases (PKSs) in soil-borne Streptomy-
ces bacteria®® The oxytetracycline (oxy) biosynthetic gene
cluster from Streptomyces rimosus has been sequenced recent-
ly,"® and a minimum set of pathway enzymes that are required
for the biosynthesis of anhydrotetracycline (ATC) has been
identified and reconstituted in the engineered heterologous
host Streptomyces coelicolor CH999." The biosynthetic pathway
for 1 starts with the assembly of the amidated decaketide
backbone catalyzed by the extended minimal PKS (OxyABCD),
which is then transformed into the fully aromatic intermediate
6-methylpretetramid 2 by the actions of immediate down-
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reconstitution approaches, we demonstrated that OxyE plays a
nonessential, but important role in oxytetracycline biosynthesis
by serving as a more efficient C-4 hydroxylase. In addition, we
demonstrated that partially oxidized biosynthetic intermedi-
ates can undergo various glycosylation modifications in S. ri-
mosus. Our results indicate that the synergistic actions of OxyE
and OxyL in the double hydroxylation step prevent accumula-
tion of shunt products during oxytetracycline biosynthesis in
S. rimosus.

stream tailoring enzymes OxyJKNF" Subsequent tailoring
steps, including hydroxylations at C-12a, C-4 (which is reduc-
tively aminated), C-5, and C-6 yield the final product 1. A total
of five oxygenases are present in the oxy gene cluster (oxy-
EGLRS), of which oxyE, oxyL, and oxyS encode flavin adenine di-
nucleotide (FAD)-dependent hydroxylases based on conserved
protein sequences. OxyS (OtcC) was previously identified as
the ATC oxygenase that hydroxylates C-6,">'*! and OxyL has
been confirmed to be a dioxygenase that can hydroxylate 2 at
both the C-12a and C-4 positions to yield 4-keto-ATC 3
(Scheme 1)."! The functions of the OxyE, OxyG (small quinone-
forming oxygenase) and OxyR (pyridoxamine 5-phosphate ox-
idase) have not been resolved.

Here we aim to functionally assign the role of OxyE in the
biosynthesis of 1. OxyE displays 51% sequence identity to
MtmOl, an oxygenase encoded in the mithramycin biosynthet-
ic gene cluster with no apparent function as indicated by gene
inactivation."” In the oxy biosynthetic pathway, OxyE was origi-

[a] P. Wang,*
Laboratory of Microbial Metabolism and
School of Life Science and Biotechnology
Shanghai Jiaotong University
Shanghai 200030 (China)

[b] P Wang* W. Zhang," Dr. J. Zhan, Prof. Y. Tang
Department of Chemical and Biomolecular Engineering
University of California, Los Angeles
420 Westwood Plaza, Los Angeles, CA 90095 (USA)
Fax: (+1)310-206-4107
E-mail: yitang@ucla.edu
[c] Dr. J. Zhan
Present address: Department of Biological and Irrigation Engineering
Utah State University
105 Old Main Hill Logan, UT 84322-4105(USA)

[*] These authors contributed equally to this work.

ChemBioChem 2009, 10, 1544 - 1550



Tetracycline Biosynthesis

9X

U OxyABCDJKNF
P A I:>
HO s e

OH OH OH OH O

6-methylpretetramid 2

spontaneous/."’x
0]
Ve
OH O OH OH O OH OH OH_ O (@]
QI ™
OH
OH
WJ119 4 chlortetracycline 5

Scheme 1. Biosynthetic pathway of oxytetracycline. Chlorotetracycline 5, which was isolated from S. aureofaciens
is shown for comparison purposes. Oxidation of 2 to 3 is a critical tailoring step in the biosynthetic pathway.

nally assigned to catalyze the C-5 oxidation of 5a,11a-dehydro-
tetracycline (DHTC) to yield 5a, 11a-dehydrooxytetracycline
(DHOTC)." However, this hypothesis came in doubt when an
OxyE homologue was also found in the chlorotetracycline 5
biosynthetic gene cluster from Streptomyces aureofaciens,
while 5 lacked the corresponding C-5 hydroxyl. In this work,
we elucidated the function of OxyE through gene disruption,
as well as heterologous reconstitution studies. Through struc-
tural characterization of several novel metabolites produced by
S.rimosus mutant strains and the S. coelicolor heterologous
reconstitution host, we characterized the function of OxyE as
a C-4 monooxygenase serving an ancillary function to OxyL
during the biosynthesis of oxytetracycline in S. rimosus.

Results

Inactivation of oxyE reduced the yield of oxytetracycline
and led to the emergence of a new metabolite PW1

The gene disruption experiment was first performed in S. ri-
mosus (ATCC 10970) to test the necessity of OxyE in the bio-
synthesis of oxytetracycline. WP1, a mutant strain of S. rimosus,
was constructed with an in-frame deletion of oxyE (Figure 1A).
Both the AoxyE mutant strain WP1 and wild-type strain were
grown on R5 agar for eight days, followed by HPLC and LC-MS
analyses in parallel. Oxytetracycline was detected from the or-
ganic extracts of the AoxyE mutant strain WP1 agar culture,
however, with a yield of only ~50% compared to the wild-type
strain under identical growth conditions (Figure 2A). In addi-
tion, a new metabolite PW1 7 (m/z 558 [M+H] ") emerged (Fig-
ure 2B). The UV spectrum of 7 was nearly identical to that of
WJ119 4, a previously isolated, spontaneously oxidized product
of 2."" This indicated that both 7 and 4 might share a similar
chromophore and aromatic scaffold. HR-ESIMS suggested the
molecular formula of C,H,;NO,; for 7 (m/z: calcd: 580.1067;
found: 580.1066 [M+Na] "), and the HRMS MS/MS analysis of 7
further yielded a major MS fragment (m/z: calcd: 404.0746;
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found: 404.0758 [M-+Na]"),
OH which corresponds to the same
molecular formula (Cy,H,sNO,) as

OxyL
oG - o™
OH OH 4. All of the HRMS analyses indi-

o} cated that 7 might be a deriva-
tive of 2, with a linked hexose
moiety. By using a combination
of gel filtration chromatography
and reversed-phase HPLC, 7 was
purified to homogeneity as a red
powder at a titer of ~5mgL™".
The structure of 7 was further
elucidated by using a combina-
tion of 1D and 2D NMR (Table 1)
(COSY, NOESY, HMQC, HMBQ)
spectroscopic analyses and is
shown in Scheme 2.

The anomeric carbon signal at
O 103.5 ppm (0.1 4.69 ppm)
and the presence of several oxy-
methine protons confirmed the presence of an O-glycoside in
the structure of 7. The COSY and HMBC correlations observed
at Oy 3.47 ppm (O, 73.8 ppm), 5 3.27 ppm (O3 75.6 ppm),
Onsa 344 ppm (Oy 71.6 ppm), Oy 3.54 ppm (0.5 75.8 ppm),
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Figure 1. Inactivation of oxyE and oxyL in S. rimosus. A) In-frame deletion of
oxyE by homologous recombination to generate WP1 in S. rimosus. B) Re-
placement of oxyL by the apramycin-resistance gene cassette aac(3)IV by
using PCR-directed mutagenesis and homologous recombination to gener-
ate WP2.
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Figure 2. HPLC analyses A) 360 nm and B) 430 nm of organic extracts from S. rimosus wild-type, AoxyE, and AoxyL respectively. Compound 1 was produced
by wild-type S. rimosus. The titer of 1 decreased by ~50% in AoxyE with the emergence of a new metabolite 7. Compound 1 production was abolished in
AoxyL with the production of a major metabolite 8. Note that 8 was also produced by the wild type strain. The 430 nm trace for AoxyE is not drawn to scale

to visualize 7.

Table 1. 'H NMR (500 MHz, [DJDMSO) and C NMR (125 MHz, [D,JDMSO) data for 7, 9, 10.

7 9 10

No. BCNMR 6 [ppm] "HNMR 6 [ppm] BCNMR 6 [ppm] 'H NMR 6 [ppm] BCNMR 6 [ppm] "HNMR 6 [ppm]
(area, m, Juy [Hz]) (area, m, Jyy [Hz]) (area, m, Jyy [Hz])

1 168.5 - 179.8 - 187.3 -

2 99.3 - 97.6 - 101.9 -

3 166.1 - 163.4 - 162.8 -

4 95.6 739 (1H, s) 140.6 - 179.0 -

4a 130.2 - 125.2 - 134.8 -

5 136.3 - 105.2 7.21(1H, s) 114.9 8.05(1H, s)

5a 137.2 - 158.4 - 158.4 -

6 33.1 5.11(1H, q, 6.9) 76.4 - 69.7 -

6a 148.0 - 145.8 - 150.0 -

7 118.5 6.82 (1H, d, 7.4) 116.0 7.06(1H, d, 7.2) 116.3 738 (1H, d, 7.8)

8 135.7 744 (1H, t,7.7) 134.6 7.49(1H, t, 7.8) 136.7 7.64 (1H, t, 8.0)

9 114.7 6.77 (1H, d, 8.0) 115.9 6.79(1H, d, 8.0) 116.1 6.93 (1H, d, 8.3)

10 161.3 - 162.1 - 161.2 -

10a 1151 - 116.1 - 1144 -

n 189.2 - 185.5 - 187.2 -

Ma 105.1 - 107.2 - 1144 -

12 163.7 - 169.7 - 175.7 -

12a 108.2 - 108.3 - 120.9 -

13 172.6 - 1721 - 1729 -

14 28.3 1.29 (3H, d, 6.9) 379 1.49(3H, s) 38.2 1.53 (3H, s)

1 103.5 469 (1H, d, 8.0 100.7 5.61(1 H d, 3.8) -

2 73.8 347 (1H, t, 8.5) 69.7 4.01(1H, t, 3.6) -

3 75.6 3.27 (1H, t, 9.0) 65.5 4.02(1H, t, 3.5) -

4 71.6 3.44 (1H, t, 9.0) 112.0 6.06(1H, d, 3.5) -

5 75.8 354 (1H, d, 9.5) 140.4 -

6 170.2 - 173.7 - -

7 - 48.6 3.14(3H, s) -

10-OH - 14.0(1H, s) 1232 (1H, s)

12-OH - - 14.21 (1H, s)

13-NH, 8.09 (1H, brs), 8.98 (1H, brs) 749 (1H, brs), 9.49 (1H, brs) 9.51 (1H, brs), 9.63 (1H, brs)

and the 'H,"*C HMBC correlations that were observed between
the anomeric carbon and H-2" and H-5', as well as those be-
tween an carboxylic acid carbon signal (dc¢ 170.2 ppm) and
H-4" and H-5" established that the O-glycoside moiety was a
glucuronic acid. The identity and the configuration of this O-
glycoside moiety were further confirmed by the NOESY experi-
ment. In addition to the NMR spectroscopic signals of the glu-
curonic acid, there were 20 carbon and 8 proton signals in *C
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and 'H NMR spectra, respectively. Two of the proton signals
were broad and corresponded to the free amide protons (o,
8.98 and 8.09 ppm). The remaining signals were highly similar
to those of 4 except for the following differences: loss of one
aromatic proton (C-5) and one sp® quaternary carbon (C-6),
gain of one sp? quaternary aromatic carbon (5.5 136.3 ppm)
and one sp® methine (0cs 33.1 ppm) attached to the C-6
methyl group. The 'H,*CHMBC correlation between the

ChemBioChem 2009, 10, 1544 - 1550
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Scheme 2. Proposed biosynthesis for compounds 6, 7, 8, 9, and 10. Compound 2 can be hydroxylated at the C-4 position by both OxyE and OxyL to yield
intermediate 6. However, the action of OxyL alone in S. rimosus is likely inefficient in catalyzing this step, as AoxyE led to the accumulation of 7, which is a
shunt product that accumulates as a result of lack of C-4 hydroxylation. OxyE therefore serves an ancillary role to ensure the C-4 hydroxylation is complete,
as no trace of compound 7 can be found in strains contain a functional copy of oxyE. OxyL also catalyzes the C-12a hydroxylation of 6 to yield the key inter-
mediate 3. In the absence of OxyL in S. rimosus, the intermediate 6 is glycosylated and air oxidized to yield the shunt product 8. Compound 8 is also ob-
served in wild-type S. rimosus, likely as a result of incomplete conversion of 6 to 3. The role of OxyE as a C-4 hydroxylase was conclusively demonstrated in
the heterologous host CH999 through the biosynthesis of 6, which was recovered as the spontaneously oxidized product 10.

anomeric proton and C-5 suggested that C-5 is hydroxylated, Inactivation of oxyL abolished the production of oxytetra-
and the resulting hydroxyl serves as the O-linkage between  cycline and increased the titer of PW2
the glucuronic acid and the aglycon.

The detection of 1 from the AoxyE mutant strain WP1 dem-  OxyL has been previously identified as the dioxygenase that
onstrated that OxyE is not essential for the biosynthesis of 1.  can hydroxylate 2 at both the C-12a and C-4 positions to yield
However, the yield of 1 was attenuated compared to that of 3. Therefore, it appears that OxyL and OxyE might both use 2
the wild-type strain, thus indicating that OxyE likely exerted as the substrate. To elucidate the exact function of OxyE, we
auxiliary functions. Accumulation of the shunt product 7, disrupted the oxyL gene in the wild-type S.rimosus strain to
which is a derivative of 2, suggested that OxyE might be di- remove the competing OxyL. The oxyL gene was removed by
rectly involved in the tailoring of 2. Therefore we reasoned insertion of the acc(3)IV cassette to afford the mutant WP2,
that removal of OxyE might result in the incomplete oxidation  which was confirmed by PCR (Figure 1B). HPLC analysis of the
of 2 to 3, which can lead to the shunt oxidation of 2 at C-5 in  organic extract of WP2 culture revealed the complete disap-
S. rimosus. The C-5 oxidation could be spontaneous, or most  pearance of oxytetracycline, with the concomitant appearance
likely catalyzed by endogenous oxygenases in S.rimosus and  of a predominant metabolite PW2 8 (Figure 2). No trace of 7
prevented the air oxidation of 2 to 4. The C-5-oxidized aglycon  was detected in this strain; this confirms that the presence of
is subsequently not recognized by the downstream oxy biosyn-  OxyE suppresses oxidation of C-5. LC-MS analysis showed that
thetic enzymes and is glucuronidated by endogenous glucuro- 8 (m/z 556 [M+H]") displayed a UV absorption pattern similar
nosyltransferase yielding the shunt product 7. to that of both 7 and 4, again suggesting retention of the

chromophore and aromatic scaffold. The decrease in mass by
2 compared to that of 7 hinted that there might be an addi-
tional degree of unsaturation in 8. The mutant strain PW2 was

ChemBioChem 2009, 10, 1544 - 1550 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 1547


www.chembiochem.org

BIO

further cultured on a large scale to isolate 8 in quantities suffi-
cient for complete structural characterization. However, 8 was
highly unstable and rapidly degraded during purification. We
noticed that when it was placed in a solvent containing meth-
anol, 8 readily converted into a new compound PW3 9, which
was significantly more stable. Compound 9 exhibited an iden-
tical UV/Vis spectrum as 8. HR-ESIMS revealed a molecular
formula of C,,H,;NO,; for 9 (m/z: calcd: 592.1067; found:
592.1056 [M-+Na]*), consistent with the addition of one
methyl group to 8. Due to its improved stability, we were able
to purify 9 by reversed-phase HPLC to homogeneity. Com-
pound 9 was obtained as a red powder with a yield of
~20mgL™".

The NMR spectroscopic characterization of 9 is shown in
Table 1, and the elucidated structure is shown in Scheme 2.
The “CNMR spectrum of 9 contained a total of 27 carbon
signals, most of which resemble those that are observed in 4.
The presence of an anomeric proton at d,; 5.61 ppm (Oc
100.7 ppm) indicated the existence of an O-glycoside, and the
analysis of the carbon and proton signals suggested that this
O-glycoside moiety in 9 was an unusual 4’,5-anhydroglucuron-
ic acid. This was established through the 'H,"*C HMBC correla-
tions between the sp? methine proton d,., 6.06 ppm and two
non-protonated carbons (Jc.s 140.4 ppm and Oc¢ 173.7 ppm).
Further COSY and 'H,*C HMBC correlations were observed
among O, 4.01 ppm (dc, 69.7 ppm), Ohs 4.02 ppm (Ocsy
65.5 ppm), Oy 6.06 ppm (dc, 112.0 ppm) and the anomeric
proton confirmed the identity of 4-deoxy-a-L-threo-hex-4-eno-
pyranuronate, which is highly consistent with previously re-
ported NMR spectra of this 4,5-anhydroglucuronic acid.'®®
The "C NMR spectrum further revealed the presence of a low-
field methyl moiety d,,, 3.14 ppm, which showed a HMBC cor-
relation to C-6'. This suggested that the 4',5'-anhydroglucuron-
ic acid was esterified by methanol and is consistent with our
experimental workup.

A comparison of the remaining >C and 'H NMR spectra be-
tween 9 and 4 revealed that the aromatic proton at C-4 and
the corresponding carbon signal that were observed in 4 were
absent in 9. Instead, the C-4 carbon signal was shifted to dc.,
140.6 ppm as confirmed by 'H,"*C HMBC correlations to the
key aromatic proton signal (3,5 7.21 ppm), indicating the C-4
position is most likely hydroxylated. The O-linkage at C-4 was
unequivocally confirmed by the 'H,"*C HMBC correlation of the
anomeric proton to C-4. All of the carbon and proton signals
summarized in Table 1 are consistent with the structure of 9
shown in Scheme 2. The molecular structure of 8 was then
deduced to be the free acid derivative of 9 as shown in
Scheme 2.

The abolishment of oxytetracycline from the S.rimosus
AoxyL mutant strain confirmed the vital role of OxyL, and the
characterization of the major metabolite 8 revealed the catalyt-
ic role of OxyE. We reasoned that OxyE likely catalyzes the C-4
hydroxylation of 2 to yield an intermediate 4-hydroxyl-6-meth-
ylpretetramid 6, which was previously isolated in a blocked
mutant of S. aureofaciens."” In wild-type S. rimosus, 6 is sub-
sequently hydroxylated by OxyL to yield 3. However, in the ab-
sence of OxyL, 6 can be readily glycosylated at the newly in-
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stalled C-4 hydroxyl and spontaneously air oxidized at ring C
to afford 8. The transfer of a 4’,5'-anhydroglucuronic acid to
the C-4 hydroxyl was unexpected, and the exact reason for de-
hydration of the glucuronic acid is unknown. The same moiety
has been reported previously in S. rimosus, in which an angio-
tensin-converting-enzyme inhibitor dimethyl-A58365A was
modified by 4-deoxy-a-L-threo-hex-4-enopyranuronate in high
yield during feeding."? It is notable that 8 was also present in
the organic extract of the wild-type strain as indicated by
HPLC and LC-MS analyses, albeit with much lower yield (Fig-
ure 2B). This further hints that the OxyL-catalyzed conversion
of either 2 to 3, or 6 to 3, might be relatively slow (Scheme 2).
As a result, the biosynthetic intermediates can be subjected to
actions of endogenous enzymes that are not associated with
the pathway and lead to formation of shunt products such as
7 and 8. OxyE thus serves as the ancillary enzyme to assist in
the hydroxylation of C-4.

Heterologous reconstitution confirmed the C-4 hydroxyl-
ation activity of OxyE

Biosynthesis of 7 and 8 by AoxyE and AoxyL mutants, respec-
tively, strongly indicated that OxyE catalyzes the hydroxylation
of 2 at C-4. To directly confirm the function of OxyE, we per-
formed heterologous expression studies. Our previous study
had identified that OxyA, -B, -C, -D, -J, -K, -N, and -F were
essential and sufficient to produce 2 as a major product with
good yield in the heterologous host S. coelicolor CH999/
pWJ119, and 2 was spontaneously oxidized to yield 4. A new
shuttle vector was therefore constructed in which the gene en-
coding OxyE was added to pWJ119 to yield pJX11. As expect-
ed, the organic extract of CH999/pJX11 contained < 1% of 4,
which was previously observed in CH999/pWJ119, with the ac-
companying appearance of a new major metabolite JX11 (10;
m/z 394 [M—H]"). Compound 10 was isolated as an orange
powder at a yield of ~25 mgL™" after reversed-phase HPLC pu-
rification. The molecular structure of 10 was then determined
by 1D and 2D NMR spectroscopy as shown in Scheme 2.

The "*C NMR spectrum of 10 showed 20 signals, comprised
of 4 aromatic CH residues, 1 methyl group, and 15 quaternary
carbons; this suggests a completely aromatized scaffold similar
to that of 4. Further comparison demonstrated that there were
loss of one aromatic proton and one downfield hydroxyl
proton, and the gain of two downfield carbon signals (3¢,
179.0 and O, 187.3 ppm) indicative of the presence of a qui-
none moiety in 10. The new carbonyl signals were assigned
based on the 'H,"*C HMBC correlation between 6,5 8.05 ppm
and Oc, 179.0 ppm. Analysis of the remaining 'H, "*C, and
'H,"*C HMBC signals (Table 1) confirmed that 10 was a ring-A-
oxidized derivative of 6. Biosynthesis of the new major metab-
olite 10 from CH999/pJX11 further proved that OxyE catalyzes
the C-4 hydroxylation of 2 to yield 6. It is also evident from the
structure of 10 that S. coelicolor lacks the glucuronosyltransfer-
ase that is present in S. rimosus that can decorate 6 into 8.

ChemBioChem 2009, 10, 1544 - 1550
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Antimicrobial bioassays of compounds PW1 and PW3
showed no antibiotic activities

The antibiotic activities of 7 and 9 towards Salmonella enterica
serovar Cerro 87, and Escherichia coli DH10B were tested by an
agar diffusion assay.”® The antibiotic oxytetracycline and the
solvent DMSO were used as positive and negative controls, re-
spectively. Addition of 7 and 9 did not lead to any inhibition
zone up to the concentration of 100 ugmL™'; this indicates
that these compounds do not have antibiotic activities to-
wards the tested strains.

Discussion

The double hydroxylation step that converts 2 to 3 is a key tai-
loring step in tetracycline biosynthesis. The reaction transforms
the fully aromatic ring A into a cyclohexenone that is essential
for tetracycline biological activities. Our previous heterologous
reconstitution and in vitro studies have demonstrated that
OxyL is capable of catalyzing the C-4 and C-12a double hy-
droxylation reactions,"” which is further confirmed in this work.
We further demonstrated that OxyE, a FAD-dependent hydrox-
ylase encoded in the oxy biosynthetic gene cluster, is also ca-
pable of hydroxylating C-4 of 2, a transformation that is shared
by the activities of OxyL. This is supported by the following
findings: 1) biosynthesis of 6 (in the form of 10) was observed
upon heterologous coexpression of OxyE with enzymes re-
sponsible for biosynthesis of 2; 2) disruption of oxyL in S. ri-
mosus led to the accumulation of the shunt product 8 retain-
ing the C-4 hydroxyl; and 3) inactivation of oxyE in S. rimosus
resulted in incomplete C-4 hydroxylation that led to the pro-
duction of a new shunt metabolite 7. These results revealed
the surprising finding that OxyE and OxyL have redundant cat-
alytic activities in the tetracycline biosynthetic pathway. We
propose that OxyE is encoded in the gene cluster as an ancil-
lary C-4 hydroxylase, largely because the reaction catalyzed by
OxyL alone in S. rimosus is incomplete, either due to low pro-
tein expression levels and/or the slow reaction kinetics. Our
previous heterologous reconstitution study in S. coelicolor
CH999 failed to identify the function of OxyE,™ probably due
to the strong expression of OxyL on the SCP2* based shuttle
vector, as well as the lack of competing shunt glycosylation
pathways. The synergistic actions of both OxyL and OxyE can
therefore facilitate the complete turnover of 2 to 3, preventing
irreversible shunt pathways in S. rimosus such as glucuronida-
tion and spontaneous oxidation. On the basis of these results,
we have provided a revised oxidative tailoring pathway of 2 as
shown in Scheme 2. The observed ancillary function of OxyE to
OxyL as a C-4 hydroxylase may be the mechanism by which
multi-oxygenation takes place in other aromatic polyketides
biosynthesis, such as in mithramycin synthesis. We propose
that MtmOI might also catalyze C-4 hydroxylation and serve as
an ancillary oxygenase to MtmOIl, which is known to catalyze
the C-4 and C-12a double hydroxylations.

Both shunt metabolites 7 and 8 isolated from S.rimosus
mutant strains are O-glycosylated with glucuronic acid and 4-
deoxy-a-L-threo-hex-4-enopyranuronate, respectively. These
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modifications are proposed to be catalyzed by the glucurono-
syltransferase, which transfers activated precursors, probably
UDP-glucuronic acid, to the biosynthetic intermediates. Similar
glucuronidation modification has been reported previously in
S. rimosus,"'® indicating the presence of promiscuous glycosyl-
transferase with broad substrate specificities. The mechanism
governing the installation of different acids on 7 and 8 is not
known, and it might be possible that the glucuronic acid is
dehydrated after being glycosylated to 6 to yield the 4',5-an-
hydroglucuronic acid attached to 8. Interestingly, although glu-
curonosyltransferases are commonly observed in mammalian
metabolism,?*? few have been described in prokaryotic or-
ganisms.”>?? To our knowledge, this is the first isolation of glu-
curonidated tetracycline biosynthetic intermediates, although
glucosylated, truncated tetracycline intermediates have been
reported to be produced by a S. rimosus mutant.?

In summary, by using gene disruption and heterologous re-
constitution experiments, we have characterized the function
of OxyE as a C-4 monooxygenase during oxytetracycline bio-
synthesis in S. rimosus. Our results demonstrated the power of
combining gene knockout and heterologous reconstitution
techniques in deciphering the functional role of enzymes in
natural product biosynthesis, and provided new insight into
the oxidation tailoring reactions that take place during tetracy-
cline biosynthesis.

Experimental Section

General: 1D and 2D NMR spectra were recorded in [Dg]DMSO on a
Bruker DRX 500 instrument (500 MHz for 'H NMR and 125 MHz for
BCNMR). LC-MS analyses were conducted with a Shimadzu
2010 EV Liquid Chromatography Mass Spectrometer by using both
positive and negative electrospray ionization and a Phenomenex
Luna reverse-phase C18 column (5 um 2.0x 100 mm). High-resolu-
tion ESIMS were measured on an lonSpec Ultima 7T FTICR instru-
ment. Compound isolations were performed on a Beckman-Coult-
er Gold HPLC instrument.

Culture techniques and genetic manipulations: S. coelicolor
CH999 was used as the host for heterologous expression for all
pRM5-derived plasmids. Protoplast preparation and PEG-mediated
transformation were performed as described previously.”® The
transformants were grown on R5 agar that was supplemented
with thiostrepton (50 pgmL™") at 28°C for 8 d. E. coli Topo 10 (Invi-
trogen) and XL-1 Blue (Stratagene) strains were used for subclon-
ing and plasmid manipulations. Growth of E. coli was on Luria—Ber-
tani (LB) agar and in LB liquid medium with kanamycin
(35 pigmL™") or ampicillin (100 ugmL™") at 37 °C. In vivo generation
of targeted mutations in S. rimosus was achieved by conjugation
between E. coli ET12567 and Streptomyces strains according to
Kieser et al.?

Construction of pJX11: PCR was performed with Platinum Pfx DNA
polymerase (Invitrogen). The oxyE gene with the ribosomal binding
site flanked by Xbal/Nhel was amplified through PCR by using the
cosmid pYT264 as the template."” The PCR product was cloned
into pCR-Blunt vector (Invitrogen) for subcloning and oxyE gene
was then introduced into pWJ119"" to yield pJX11 by using com-
patible cohesive ends Xbal/Nhel.

Targeted disruption of oxyE and oxyL: The vector pPW104 which
harbored oxyE was constructed by the recovery of an approximate-
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ly 4.1 kb DNA fragment after Kpnl and Bglll digestion of pYT264
for insertion into the Kpnl and BamHI sites of pJTU1278. This
vector was digested with Apal then self-ligated to yield pPW105. A
construct that harbored oxyL to be used to generate a gene re-
placement vector was constructed by using the ReDirect technolo-
gy.?”" A ca. 8.6 kb Pmll fragment that contained oxyL was recovered
from cosmid pYT264 and inserted into PCR Blunt vector to gener-
ate pPW164. This plasmid was introduced into E. coli BW25113/
plJ790 by electroporation. The acc(3)IV cassette was amplified by
PCR from plJ773 with the primers oxyL-KO-F: 5-CCC TGG CCC TCG
CCA AGC GCT TCG CGG AGG CCC CGC ATG ATT CCG GGG ATC
CGT CGA CC-3’ and oxyL-KO-R: 5'-CGC CGT TGA TCG CTG TCA TAC
GCG TGT CCT CCT TGG TCA TGT AGG CTG GAG CTG CTT C-3". The
cassette was used to replace a 1674 bp portion of oxyL in pPW164,
to give pPW165. Digestion with EcoRl yielded a product that was
cloned into the same site of pJTU1278 to give pPW166. Both
pPW105 and pPW166 DNA were introduced to S. rimosus by conju-
gation from E. coli ET12567 to S. rimosus. Putative double-crossover
strains were confirmed by PCR with the primers of oxyE-T1: 5-TGC
TGA CCG ATC TGC TGG AG-3, oxyE-T2: 5'-ATC CGG CTC TGC ATC
ACC TG-3, oxyL-T1: 5-ATA CGG GAC ACC GGG GAC GG-3' and
oxyL-T2: 5-GCC CTC CTC GGA CAG CTG CC-3".

Isolation of 7: The large-scale culturing experiment of strain WP1
was performed in R5 agar (4 L) over 8 d. The following separation
procedures were used to isolate the pure compound. The cultures
(4 L) were homogenized and extracted three times with EtOAc/
MeOH/AcOH (89:10:1, 3 L). The extracts were dried with anhydrous
Na,SO, and evaporated to dryness. These extracts were first loaded
into a Sephadex LH-20 column and eluted with MeOH. The frac-
tions containing the target compound were then further separated
on an XTerra preparative MSC18 column (5 um, 5019 mm) with
isocratic elution (MeCN/H,O, 40%, 0.1% TFA) at a flow rate of
25mLmin~', vyielding pure 7 (z=12min) with a yield of
~5mglL~".

Isolation of 9: The large-scale culturing experiment of strain WP2
was performed in R5 agar (4 L) over 8 d. The extracts were fractio-
nated on a Sephadex LH-20 column and eluted with MeOH. The
fractions containing 9 were then further separated on an XTerra
preparative MSC18 column (5 um, 50% 19 mm) with isocratic elu-
tion (MeOH/H,0O, 70%, 0.1% TFA) at a flow rate of 3 mLmin’,
yielding pure 9 (t; =8 min) with a yield of ~20 mgL™".

Isolation of 10: The strain CH999/pJX11 was grown on R5 agar
(1L) with thiostrepton (50 ugmL™") at 30°C for 10 d. The culture
was minced and extracted with EtOAc/MeOH/AcOH (89:10:1, 1.51)
three times. The extract was dried with anhydrous Na,SO, and
evaporated to dryness. The residue was dissolved in DMSO
(2.5 mL) and separated on an Alltima semi-preparative C18 column
(5 um, 25010 mm), with a gradient elution from 5% to 95%
MeCN/H,0 (0.1% TFA) over 30 min at a flow rate of 1 mLmin~', to
give pure 10 (=20 min) with a yield of ~25 mgL.™
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