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Cloning of the biosynthetic gene cluster for
naphthoxanthene antibiotic FD-594 from

Streptomyces sp. TA-0256

Fumitaka Kudo!, Takanori Yonezawa2, Akiko Komatsubara!l, Kazutoshi Mizoue® and Tadashi Eguchi2

FD-594 is an unique pyrano[4’,3":6,7Inaphtho[1,2-b]xanthene polyketide with a trisaccharide of 2,6-dideoxysugars. In this
study, we cloned the FD-594 biosynthetic gene cluster from the producer strain Streptomyces sp. TA-0256 to investigate its
biosynthesis. The identified pnx gene cluster was 38 143 bp, consisting of 40 open reading frames, including a minimal PKS
gene, TDP-olivose biosynthetic genes, two glycosyltransferase genes, two methyltransferase genes and many oxygenase/reductase
genes. Most of these enzymes coded in the pnx cluster were reasonably assigned to a plausible biosynthetic pathway for
FD-594, in which an unique ring opening process via Baeyer-Villiger-type oxidation catalyzed by a putative flavin adenine
dinucleotide (FAD)-dependent monooxygenase, is speculated to lead to the unique xanthene structure. To clarify the involvement
of pnx genes in the FD-594 biosynthesis, a glycosyltransferase, PnxGT2, and a methyltransferase, PnxMT2, were characterized
enzymatically with the recombinant proteins expressed in Escherichia coli. As a result, PnxGT2 catalyzed the triple olivose
transfers to the FD-594 aglycon with TDP-olivose as the glycosyl donor to afford triolivoside. Surprisingly, in the PnxGT2
enzymatic reaction, tetraolivoside and pentaolivoside were significantly detected along with the expected triolivoside. To our
knowledge, PnxGT2 is the first contiguous oligosaccharide-forming glycosyltransferase in secondary metabolism. Furthermore,
addition of PnxMT2 and S-adenosyl-L.-methionine into the PnxGT2 reaction mixture afforded natural FD-594 to confirm that the
PnxGT2 reaction product was the expected regiospecifically glycosylated compound. Consequently, the identified pnx gene

cluster appears to be involved in FD-594 biosynthesis.
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INTRODUCTION

FD-594 is an aromatic polyketide antibiotic isolated from Streptomyces
sp. TA-0256 with moderate cytotoxicity against several tumor cell
lines and antibacterial activity.! The polyketide aglycon of FD-594
consists of an unique pyrano[4’,3":6,7]naphtho[1,2-b]xanthene skeleton,
which is connected with a trisaccharide of 2,6-dideoxysugars,
two Dp-olivoses and a D-oleandrose, through the phenolic oxygen
at CI2 of the F-ring (Figure 1).> The absolute stereochemistry of
FD-594 was determined using X-ray crystal structural analysis.’
We also reported the first instance of a unique solvent-dependent
atropisomerism in a natural product from a structural study based on
CD spectrometry and NMR spectroscopy.® Feeding experiments with
13C-labeled sodium acetate revealed that the naphthoxanthene moiety
is constructed via an unique ring opening at a quinone carbonyl
group of a presumed benzo[a]naphthacenequinone intermediate.?
The ring-opened intermediate was then speculated to be recyclized
and decarboxylated to the FD-594 skeleton. This unique biosynthetic

feature prompted us to undertake detailed molecular analysis of
FD-594 biosynthesis.

Many extensive biosynthetic studies of related bacterial aromatic
polyketides have been conducted over many years, because this group
includes many useful bioactive molecules, such as doxorubicin (anti-
tumor), tetracycline (antibacterial), landomycin A (antitumor),
pradimicin (antifungal) and gilvocarcin V (antitumor).* All are
formed by type II polyketide synthases (PKSs), which are comprised
of two ketosynthases (KSo and KSP) and an acyl carrier protein
(ACP). The set of KSo/KSP/ACP, designated as a minimal PKS,
catalyzes the polyketide chain growth. The elongated linear polyketide
chain is subsequently cyclized by a cyclase/aromatase, leading to the
basic backbone of the aromatic polyketide, which is then modified by
various tailoring enzymes, such as several types of oxygenase/
reductase, methyltransferase and glycosyltrasferase enzymes. Accord-
ingly, various combinations of the biosynthetic enzymes generate great
structural diversity of aromatic polyketides in nature. Therefore,
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Figure 1 Structure of FD-594 and related aromatic polyketide antibiotics.

engineering of biosynthetic pathways by genetic manipulation and
change of enzymatic activity can engender generation of novel
molecules, which might serve as new bioactive compounds. To control
the complex biosynthetic machinery, precise understanding of
biosynthetic genes and enzymes is expected to be necessary.

Herein, we describe the cloning and sequencing of the FD-594
biosynthetic gene cluster from the producer Streptomyces sp. TA-0256
and propose a plausible biosynthetic pathway for FD-594 by bioinfor-
matic analysis with the related aromatic polyketide biosynthetic gene
clusters. Additionally, we establish the final steps of the biosynthesis
with recombinant enzymes to clarify that the identified gene cluster is
responsible for FD-594 biosynthesis.

RESULTS AND DISCUSSION

Identification of the FD-594 biosynthetic gene cluster

To identify the biosynthetic gene cluster for FD-594, we used unique
gene probes for TDP-glucose-4,6-dehydratase (4,6-DH) and TDP-
glucose-2,3-DH, which are generally involved in the biosyntheses for
TDP-2,6-dideoxy sugars such as olivose and oleandrose.” As a result
of several PCR conditions with designed primers, the PCR with a set
of primers for 2,3-DH gave a desired amplified DNA fragment.
A pOJ446-based cosmid library with the randomly Sau3AI digested
genomeic DNA of Streptomyces sp. TA-0256 was constructed and
further screened using hybridization with the DIG-labeled probe DNA
for the 2,3-DH gene. Consequently, three overlapped cosmids contain-
ing the 2,3-DH gene were obtained. Sequence analysis of these
cosmids revealed an obvious type II PKS-containing gene cluster,
which was sandwiched with contiguously conserved orfs in both
Streptomyces coelicolor and Streptomyces avermitillis (Table 1). The
gene cluster was 38 143 bp consisting of 40 orfs, including type II PKS
and TDP-2,6-dideoxysugar biosynthetic genes (Table 1 and Figure 2).
Although the precise cluster boundary was not determined, most of
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gene products were reasonably assigned for the FD-594 biosynthesis as
describe below. We then named this gene cluster as the pnx cluster
from the pyranonaphthaxanthene structure of FD-594.

Conserved polyketide biosynthetic genes

The existence of a minimal PKS, PnxA (KSa), PnxB (KSB) and PnxC
(ACP), suggested that this gene cluster is responsible for bacterial
aromatic polyketide biosynthesis. High sequence similarity (70-83%
for the KSs and 55-75% for the ACP) to the related aromatic
polyletide biosynthetic enzymes, such as pradimicin biosynthetic
enzyme (Pdm),%° fredericamycin biosynthetic enzyme (Fdm),° lysolipin
biosynthetic enzyme (LIp),'!! griseorhodin biosynthetic enzyme
(Grh),!2 rubromycin biosynthetic enzyme (Rub)!? and benastatin
biosynthetic enzyme (Ben),'* suggested that the identified minimal
PKS (PnxA, PnxB and PnxC) seems to catalyze chain-elongation of a
presumable biosynthetic intermediate for FD-594 (Table 1).

In the pnx cluster, three probable PKS-priming enzymes PnxU
(so-called ketosynthase III, KSIII), PnxV (ACP) and PnxJ (acyltrasferase,
AT) genes were identified.»!>"!7 Among the homologous enzymes,
the R1128 biosynthetic enzymes ZhuH (KSIII), ZhuG (ACP) and
ZhuC (AT) were well studied.!> ZhuH catalyzes the Claisen-type
condensation between malonylated ZhuG and the acyl CoAs to afford
the corresponding diketide intermediates on ZhuG.'®* Then PnxU
seems to catalyze the first condensation to synthesize the presumed
butyrate starter unit as a priming KS. Indeed, PnxU and the minimal
PKS PnxA/PnxB are expected to distinguish two ACPs, PnxV for
a priming ACP and PnxC for an elongation ACP.'® ZhuC was reported
to catalyze the malonyl trasfer reaction onto the priming ACP ZhuG,!3
as well as removal of acetyl groups to edit the acetyl priming ZhuG.2°
Consequently, PnxJ can be proposed to function as ZhuC in R1128
biosynthesis. In the initiation process, P-ketoreductase, DH and
enoylreductase were recruited from bacterial fatty acid synthases
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Table 1 Deduced functions of orfs coded in the FD-594 biosynthetic gene cluster

ORF Size#  Putative function Homolog (species) (identity %/similarity %)
Orf(-2) >204  Transcriptional regulator, PadR-like SAV_2977 (40/53), SCO_5264 (55/70)
family

Orf(-1) 280  Hypothetical protein SAV_2976 (34/50), SCO_5265 (36/52)

PnxR1 167  Transcriptional regulator, MarR family YcgE (Bacillus amyloliquefaciens FZBA2) (46/66)

PnxT 618  Transporter SAV_3691 (49/68), SCO_5053 (42/60)

PnxO1 328  Short-chain dehydrogenase/reductase SACE_7190 (43/61)

PnxE1 152  Monooxygenase LIpQ (48/68), GrhM (45/63), RubQ (47/62), FdmM (48/63), BenG (32/43), PdmE (36/53)

PnxMT1 209  Methyltransferase AtM1 (40/54)

PnxR2 635  Transcriptional regulator, SARP family LIpRIV (38/53), RubS (38/53)

Pnx02 419  Cytochrome P450 PdmJ (49/63), PdmW (42/57), LIpOVI (52/67), LIpOIV (40/53)

PnxF 181  Unknown SAV_5183 (42/58), SCO_3693 (28/43)

Pnx03 405  Cytochrome P450 PdmW (57/74), PdmJ (43/58), LIpOIV (52/67), LIpOVI (43/60)

PnxJ 334  Acyltransferase AknF (51/62), ZhuC (49/60),

PnxK 107  Polyketide cyclase GrhQ (66/84), RubE (66/86), LIpCIII (65/79), FdmD (62/78), BenE (59/75), PdmK (45/57)

PnxL 174  Polyketide cyclase FdmE (63/72), PdmL (62/75), GrhS (64/76), RubD (65/77), LIpCll (60/72), BenD (52/70)

PnxA 423 Ketosynthase-o subunit PdmA (71/83), LIpF (69/81), GrhA (66/80), RubA (66/81), BenA (65/77), FdmF (63/78)

PnxB 417  Ketosynthase-B subunit BenB (62/75), FdmG (62/72), PdmB (60/72), LIpE (59/71), RubB (58/70), GrhB (55/70)

PnxC 85 ACP PdmC (53/70), FdmH (44/70), LIpD (48/68), RubC (48/62), BenC (38/59), GrhC (36/55)

PnxD 157  Polyketide cyclase Fdml (64/75), RubF (60/71), PdmD (59/71), BenH (58/71), LIpCl (54/67), GrhT (57/70, bifunctional)

PnxE2 152  Monooxygenase LIpB (46/64), LIpQ (44/58), FdAmM1 (52/68), GrhM (39/56), RubQ (38/52), PdmE (41/56), BenG
(38/52), FdmM (31/48)

PnxG 249  3-Ketoacyl-ACP reductase FdmO (61/75), GrhO10 (59/74), BenL (58/75), RubG (60/74), PdmG (56/73), LIpZl (60/74), LipZIll
(52/63), GrhT (49/66, bifunctional)

PnxH 109  Monooxygenase GrhU (63/74), PdmH (61/73), LIpOlll (60/73), RubH (60/78), BenH (56/65), FdmP (53/69)

Pnxl 110  Monooxygenase FdmQ (45/62), Pdml (50/63), LIpOll (43/60), BenJ (37/57), GrhV (37/58), RubT (36/56)

PnxM 82  Unknown SCAB_62891 (32/43)

PnxS2 347  TDP-glucose-4,6-dehydratase Francci3_1669 (69/77)

PnxS1 355  Glucose-1-phosphate thymidylyltrans- SSFG_04775 (65/80)

ferase

PnxS3 497  NDP-hexose 2,3-dehydratase MtmV (51/63), PokS4 (49/62)

PnxS4 337  NDP-hexose 3-ketoreductase PokS4 (53/62)

Pnx04 541  FAD-binding monooxygenase RubP (47/58), RubL (44/56), Grh09 (46/56), Grh0O8 (44/58), Grh05 (45/54), LIpOVIII (42/55), TcmG
(43/57)

PnxN 231  Putative hydrolase (AHL lactonase) Avi_1654 (51/64)

Pnx05 419  Cytochrome P450 PdmlJ (48/63), PdmW (41/57), LIpOVI (49/64)

PnxGT1 434  Glycosyltransferase PdmS (41/54)

PnxP 439  Putative amidohydrolase ACU80554 (43/58)

Pnx06 500  FAD-binding monooxygenase EAU67513 (35/48), RubN (31/44), PokO2 (34/46), MtmOll (33/45)

PnxMT2 269  Methyltransferase Sare_4554 (40/56), FkbM family methyltransferase

PnxGT2 388  Glycosyltransferase SBI_06858 (46/51)

PnxQ 142 Unknown FdmK (30/42), SanK (30/42)

PnxS5 258  NDP-hexose 4-ketoreductase LanR (52/65)

PnxU 333 B-Ketoacylsynthase Il1 Alnl (66/74), ZhuH (57/75), BenQ (57/70), FdmS (58/69)

PnxV 85 ACP ZhuG (48/70), AlnJ (44/64)

Pnx07 318  Putative NAD-dependent dehydrogenase LIpS (52/67)

Pnx08 130  Putative monooxygenase LipV (51/70), LIpT (47/69), FdmL (44/61), SanL (42/62)

PnxW 244  3-Ketoacyl-ACP reductase FdmO (53/66), LIpZIll (51/66), PAmG (52/65)

Orfl 137  Unknown SAV_2329 (68/80), SCO_5967 (67/77)

Orf2 405  Unknown SAV_2328 (67/73), SCO_5968 (66/73)

Orf3 138  Unknown SAV_2327 (82/86), SCO_5969 (79/86)

Orf4 >152  Unknown SAV_2326 (53/65), SCO_5970 (54/64)

Abbreviations: ACP, acyl carrier protein; Akn, aclacinomycin biosynthetic enzyme; Ben, benanostatin biosynthetic enzyme; Fdm, fredericamycin biosynthetic enzyme; Grh, griseorhodin biosynthetic
enzyme; Llp, lysolipin biosynthetic enzyme; Mtm, mithramycin biosynthetic enzyme; orf, open reading frame; Pdm, pradimicin biosynthetic enzyme; Rub, rubromycin biosynthetic enzyme; SARP,

streptomyces antibiotic regulatory protein;Zhu, R1128 biosynthetic enzyme.

Annotation of the FD-594 gene cluster in Table 1 and Figure 2 was based on the assumption that PnxR1 and PnxW represent the two ends of the cluster.
2Numbers are in amino acids.

in host strains, as suggested in the R1128 biosynthesis.?! However, 3-
ketoacyl-ACP reductase FAmC, coded in the fdm cluster, was recently
found to reduce the B-diketide intermediate synthesized using FdmS

(KSTII) and FdmH (ACP).!® Therefore, 3-ketoacyl-ACP reductases
PnxG, PnxW or PnxO1 might be responsible for the reduction in the
chain initiation.

The Journal of Antibiotics
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Figure 2 FD-594 gene cluster. (a) Minimal PKS and associated genes; (b) redox tailoring genes; (c) TDP-olivose biosynthetic genes; (d) methyltransferase
and glycosyltransferase genes; (e) regulatory and transporter genes and (f) unknown function genes or outside of the FD-594 biosynthetic gene cluster.
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Figure 3 Proposed FD-594 biosynthetic pathway. A glycosyltransferase, PnxGT2, and a methyltransferase, PnxMT2, in the final two steps of the FD-594
biosynthesis were functionally characterized in this study. *Proteins outside of the gene cluster might catalyze reductions. ACP, acyl carrier protein;

DH, dehydratase; ER, enoylreductase; KR, ketoreductase; KS, ketosynthase.

PnxG showed high similarity to 3-ketoacyl-ACP reductases such as
PdmG (73%) and BenL (75%), which were confirmed to catalyze
reduction of the C19 carbonyl group of the elongated polyketide
chain.* Consequently, PnxG seems to catalyze the same p-keto
reduction at C19 in the FD-594 aglycon biosynthesis. PnxW was
found as another 3-ketoacyl-ACP reductase showing less similarity to
PdmG (65%). Because the C11 position should be reduced similarly in
the process of polyketide backbone construction, PnxW might catalyze
the B-keto reduction of the carbonyl group at Cl11 of the nascent
polyketide chain.

Three putative cyclases, PnxD, PnxK and PnxL, are conserved, in
the paradimicin (pdm) gene cluster as PdmD, PdmK and PdmL.?2
Tang and co-workers expressed the minimal PKS PdmABC with the
cyclases in S. coelicolor CH999 to investigate its functions.?? Although
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an additional highly conserved monooxygenase, PdmH, in this class of
biosynthetic gene clusters was required, the pdmABCDHKL genes
were sufficient for the biosynthesis of the pentangular polyphenol
backbone of pradimicin A in the hetereologous host, indicating that
the three cyclases, PAmDKL, are responsible for the cyclization and
aromatization of the elongated linear polyketide chain. Consequently,
the homologous PnxDKL is apparently responsible for the cyclization
and aromatization to synthesize a presumable pentangular intermediate
as shown in Figure 3. In fact, PnxD resembles the N-terminus of
TcmN, which catalyzes the first and second cyclization of a linear
polyketide chain in tetracenomycin biosynthesis.?>** Therefore, PnxD
seems to catalyze the first two aldol-type cyclizations and dehydrations
at C9-C14 and C7-C16 of a presumed linear intermediate. Because
addition of Tcm] into the TcmKLM (minimal PKS) and TemN



system significantly increased tricyclic tetracenomycin F2 formation,
Tcm] was found to support the formation of the first three rings.?>2°
Therefore, the function of the Tcm] homolog PnxL was presumed to
be somehow involved in the stabilization of the accompanying cyclases
and/or the conformation of the polyketide intermediate to afford the
tricyclic polyketide. In view of the fact that PnxK homolog Tcml
catalyzes the fourth ring formation in the tetracenomycin biosynth-
esis,”® PnxK is presumed to be responsible for the C-C bond
formation at C4-C21 to give the tetracyclic intermediate. It remains
unclear which enzyme in PdAmABCDHKL is responsible for the fifth
cyclization. An uncharacterized additional enzyme might be necessary
to assist the fifth cyclization. Although a hydroxyl group at Cl11 is
expected to be removed via dehydration in the proposed FD-594
biosynthesis, the responsible protein is also unclear. A unique enzyme
encoded in the pnx cluster, such as PnxF or PnxM, might be
responsible for the reaction.

Redox enzymes for modification of the polyketide skeleton

Four small putative monooxygenases—PnxH, PnxI, PnxEl and
PnxE2—are encoded in the pnx cluster (Table 1). Among those,
PnxH showed high similarity to a conserved monooxygenase PdmH
(73%), which was confirmed to be responsible for quinone formation
in the biosynthesis of the pentangular polyphenol backbone
as described above.?? Furthermore, PnxH showed less similarity to a
cofactor-independent monooxygenase SnoaB (46%) in nogalamycin
biosynthesis.>” The crystal structure of SnoaB revealed that the
completely conserved tryptophan residue in this family of antibiotic
monooxygenases including ActVA-Orf6,282° TemH*® and AknX?! is
catalytically important.>? Indeed, the corresponding tryptophan resi-
due is conserved in PnxH, supporting its involvement in quinone
formation. PnxI belongs to a family of antibiotic monooxygenase
and also has a conserved tryptophan residue, indicating that PnxI
also seems to catalyze the oxygenation of the para position of
phenol moieties. Because PnxI homologs are conserved in the
pdm and IIP gene clusters, PnxI is apparently responsible for the
oxygenation at C6, which should also be involved in pradimicin A and
lysolipin biosynthesis (Figure 1).

The other putative monooxygenases PnxEl and PnxE2 mutually
share sequence identity and are highly conserved in structurally related
aromatic polyketide biosynthetic gene clusters (Table 1). Recently,
Shen and co-workers reported that PnxEl and PnxE2 homologs
FdmM and FdmM1 were responsible for the oxygenation at C6 and
C8 of the polyketide intermediate by gene inactivation studies.??
However, this oxygenation activity is the same as that proposed
for PnxH and PnxI described above. Therefore, at the moment, we
propose that three of PnxH, PnxI, PnxEl and PnxE2 might be
responsible for the oxygenation at C6, C8 and C10. Further enzymo-
logical studies of these monooxygenases must be done to elucidate the
oxidation chemistry in the biosynthesis of this class of highly oxidized
aromatic polyketides.

Three cytochrome P450 monooxygenases—PnxO2, PnxO3 and
PnxO5—are encoded in the gene cluster and are presumably involved
in the hydroxylations of inactive carbon atoms. These proteins
mutually share sequence identity and show similarity to Pdm] and
PdmW in pradimicin biosynthesis. Heterologous expression of Pdm]
and PdmW with PAmABCDGHKL in S. coelicolor CH999 clarified
that both P450s are involved in the hydroxylation at two methylenes of
dihydrobenzo[a]naphthacenequinone.* Because the pdmABCDGHKL
gene-containing heterologous strain somehow produced dihydroben-
zo[a]naphthacenequinone via unknown dehydration and reduction at
the bent reduced moiety of pentaangular polyketide intermediate,??
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the resulting inactive two methylenes can be hydroxlylated by the two
P450s Pdm] and PdAmW. The same scenario is applicable for FD-594
biosynthesis. Pnx P450s would catalyze the hydroxylation of the
corresponding moieties. PnxO3 shows the highest similarity to
PdmW, which was proposed to catalyze the hydroxylation at C6 of
the dihydrobenzo[a]naphthacenequinone core of pradimicin A. Both
PnxO2 and PnxO5 show higher similarity to Pdm]J (63% to both),
which was confirmed unambiguously to catalyze the hydroxylation
at C5 of the intermediate. Consequently, either of these seems to
catalyze the hydroxylation at the corresponding site of the biosynthetic
intermediate. The pnxO5 gene is located just upstream of a glycosyl-
transferase gene pnxGTI. Because cytochrome P450 homologous
proteins DesVIII and AknT were reported to assist the folding of the
accompanied glycosyltransferases DesVII and AknS in the biosyntheses
of methymicin-pikromycin and aclacinomycin A, respectively,>>>
PnxO5 might function as a similar helper protein for PnxGT1.

Two FAD-dependent oxygenases, PnxO4 and PnxO®6, are encoded
in the gene cluster. PnxO6 shows similarity to PokO2 (46%) in
polyketomycin biosynthesis and MtmOII (45%) in mithramycin
biosynthesis.>®3? The gene inactivation studies of pokO2 and mtmOIl
suggested that PokO2 and MtmOII catalyze the specific epoxidation
reaction of tetracyclic aromatic polyketide intermediates. Conse-
quently, a similar epoxidation reaction can be speculated to be
catalyzed by PnxO6 before the unique ring opening process shown
in Figure 3. PnxO4 shows similarity to RubP (58%) and RubL (56%)
in rubromycin biosynthesis; GrhO5 (54%), GrhO8 (58%) and GrhO9
(56%) in griseorhodin biosynthesis and TemG (57%) in tetraceno-
mycin biosynthesis. Inactivation of the grhO5 gene in the griseorhodin
biosynthetic gene cluster in a heterologous expression system of the
whole grh gene cluster in Streptomyces albus generated collinone
production.!* Therefore, GthO5 was proposed as a key enzyme in
the elaboration of the unique spiroketal formation. Consequently,
PnxO4 is presumed to catalyze the Baeyer—Villiger-type oxidation to
cleave the C—C bond of the presumed epoxide intermediate formed by
PnxO6. The resulting lactone intermediate might be hydrolyzed, with
subsequent rotation and recyclization via the ring opening of the
epoxide, followed by decarboxylation, to afford the FD-594 aglycon.
Two putative hydrolases—PnxN and PnxP—are specifically encoded
in the pnx cluster and might be responsible for hydrolysis in the ring
opening process.

PnxO1 shows medium similarity to many NADP(H)-dependent,
short-chain dehydrogenases/reductases, including 3-ketoacyl-ACP
reductases such as Actlll (51%) and med-ORF6 (52%), which are
responsible for the C9 keto reduction in actinorhodin biosynthesis
and medermycin biosynthesis.***! Consequently, PnxO1 might cata-
lyze the B-keto reduction of Cl1 of the nascent polyketide chain
instead of PnxW described above. As another possibility, PnxO1 might
catalyze the reduction at the C25 position and the subsequent lactone
ring formation, which is a necessary transformation in FD-594
biosynthesis.

PnxO7 shows medium similarity to many NAD-dependent
3-hydroxyisobutyrate dehydrogenases; it is conserved in the llp gene
cluster as the llpS gene (67%). Accordingly, PnxO7 seems to catalyze
the oxidation of a hydroxyl group to give a carbonyl group, but such
transformation is not expected. PnxO7 and LIpS might have the same
function in each biosynthesis.

PnxO8 shows medium similarity to a putative monooxygenase
of unknown function, which is conserved in the llp gene cluster
(LlpV, 70%) and fdm gene cluster (FdmL, 61%). Consequently, this
type of protein is apparently related to aromatic polyketide biosynth-
esis, although its function remains unclear at present.

The Journal of Antibiotics
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Biosynthetic genes for TDP-olivose

A set of TDP-olivose biosynthetic genes was easily identified in the pnx
cluster based on the other TDP-2,6-dideoxysugar biosynthetic genes.*?
TDP-glucose synthase PnxS1, TDP-glucose-4,6-DH PnxS2, NDP-hexose-
2,3-DH PnxS3, NDP-hexose-3-ketoreductase PnxS4 and NDP-hexose-
4-ketoreductase appeared responsible for TDP-olivose formation from
D-glucose-1-phosphate. TDP-olivose is expected to be supplied as the
glycosyl donor for the triple glycosylations in the construction of the
trisaccharide moiety of FD-594.

Glycosyltransferases and methyltransferases

Only two glycosyltransferases—PnxGT1 and PnxGT2—were identi-
fied in the cluster, although three glycoside bonds must be generated
in FD-594 biosynthesis. Therefore, one of these glycosyltransferases
seems to work at least twice in the olivosyl transfer. PnxGT1 belongs to
family 28 of glycosyltransferases and shows medium similarity to
PdmS (54%) in pradimicin biosynthesis, in which PdmS was pre-
sumed to attach a sugar on the D ring of the naphthacenequinone of
the pradimicin aglycon or its monoglycoside. However, FD-594
contains no glycoside at the corresponding moiety, indicating that
PnxGT1 could be involved in the other site of glycosylation. In
addition, PnxGT1 showed high similarity to N-glycosyltransferase
AtG in indolocarbazole antibiotic AT2433 biosynthesis.*> Therefore,
PnxGT1 was presumed to catalyze the first olivosylation at the
phenolic hydroxyl group at C12 of the FD-594 aglycon. PnxGT2
belongs to glycosyltransferase family 28 and shows similarity to many
O-glycosyltransferases, including LanGT1 (62%), LanGT3 (55%) and
LanGT4 (47%) in landomycin biosynthesis and AtGl (50%) in
AT?2433 biosynthesis. Because LanGT1 and LanGT4 were confirmed
to be used iteratively in landomycin biosynthesis,** PnxGT2 was
proposed to similarly catalyze two glycosylations to complete the
trisaccharide formation in FD-594 biosynthesis.

Two putative methyltrasferases, PnxMT1 and PnxMT2, were iden-
tified in the pnx cluster, indicating that one is responsible for the
methylation of the phenolic hydroxyl group of the polyketide aglycon;
another methyltransferase is expected to catalyze the methylation of
the terminal olivose moiety into oleandrose. Because PnxMT1 shows
medium similarity to N-methyltransferase AtM1 (54%) in indolocar-
bazole antibiotic AT2433 biosynthesis,43 PnxMT1 was presumed to
catalyze the methylation of the phenolic hydroxyl group of the FD-594
aglycon. On the other hand, PnxMT2 shows medium similarity to the
FkbM family of O-methyltransferases®> (>50%), suggesting that
PnxMT2 catalyzes methylation of the terminal olivose.

Regulators, transporters and others

Two transcriptional regulators—PnxR1 and PnxR2—are encoded in
the gene cluster. PnxR1 belongs to the MarR family of transcriptional
regulators, which repress expression of the corresponding operons by
binding to the central regulatory region for transcription that is
inducible by structurally unrelated antibiotics such as tetracycline
and chloramphenicol.#6 PnxR1 might control the expression of the
transporter gene pnxT by response to the accumulation of FD-594.
PnxR2 shows similarity to the streptomyces antibiotic regulatory
protein family of transcriptional regulators (50%), which are known
to act as a transcriptional activators.” Similar streptomyces antibiotic
regulatory protein family transcriptional regulators are encoded in the
related polyketide biosynthetic gene clusters. Inactivation of FdmR1 in
the fdm cluster abolished fredericamycin biosynthesis, supporting its
function as the transcriptional activator.*8 The expression and mod-
ification of PnxR2 was apparently necessary for the initiation of
transcription of the pnx cluster.
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PnxT shows similarity to transmembrane efflux proteins, indicating
that PnxT carries FD-594 outside of the membrane as a transporter.

PnxN shows similarity to N-acyl homoserine lactone lactonase and
metallo-B-lactamase (>60%). FD-594 has a lactone moiety, which
might be hydrolyzed by this putative hydrolase PnxN. However, the
exact functions of such enzymes remain unclear. Alternatively, PnxN
might function as a quorum-quencher by hydrolysis of a quorum-
sensing molecule such as A-factor, which triggers aerial mycelium
formation and secondary metabolism in many streptomyces.*’

PnxP shows similarity to another family of hydrolases, including
amidohydrolase and organophosphate acid anhydrase, which are
highly conserved in Streptomyces. As described above, in the proposed
ring opening reaction of the presumed polyketide biosynthetic inter-
mediate, a certain hydrolysis of the lactone ring was speculated.
Consequently, PnxN or PnxP might be involved in such a hydrolysis
reaction to construct the FD-594 aglycon. However, because these
homologous proteins are not conserved in lysolipin biosynthesis, for
which a similar ring opening and recycling of the polyketide was
inferred, PnxN and PnxP might not be involved directly in FD-594
biosynthesis. Because a discrete B-lactamase-type thioesterase was
established to catalyze the release of the polyketide thioester on the
iterative type I PKS,* PnxN or PnxP might catalyze such a polyketide
release from the minimal PKS PnxABC.

PnxF showed medium similarity (40-60%) to hypothetical proteins
of unknown function that are highly conserved in Actinomycetes, but
not in the related aromatic biosynthetic gene clusters. Consequently,
PnxF seems not to be involved in FD-594 biosynthesis.

The putative pnxM gene product is a small protein, which has no
putative conserved domains, suggesting no relation to FD-594 bio-
synthesis.

Functional analysis of glycosyltransferase, PnxGT2,
and methyltransferase, PnxMT2
Genetic manipulation of the FD-594 producer Streptomyces sp. TA-
0256 to inactivate pnx genes has never succeeded to date. Therefore,
we attempted to characterize the enzymatic function of the putative
Pnx proteins using recombinant proteins expressed in E. coli. As we
proposed the biosynthetic functions, two glycosyltransferases, PnxGT1
and PnxGT2, were expected to catalyze the glycosylations of the FD-
594 aglycon. Unfortunately, soluble PnxGT1 was not obtained at all
with several expression conditions. On the other hand, soluble
PnxGT2 protein was obtained when it was coexpressed with the
molecular chaperons GroES and GroEL at lower temperature. Recom-
binant PnxGT2 was also purified successfully with standard Ni-
binding affinity chromatography. The obtained pure PnxGT2 was
reacted with FD-594 aglycon and TDP-olivose. It is particularly
interesting that large amounts of new compounds were generated in
the PnxGT2 enzymatic reaction (Figure 4a). LC-ESIMS analysis of the
major products revealed that these compounds corresponded to the
triolivoside, tetraolivoside and pentaolivoside of the FD-594 aglycon
with conversion yields of 17, 18 and 4%, respectively, based on the
remaining starting material. In this analysis, a trace amount of
disaccharide, hexasaccharide and heptasaccharide were also detected.
The contiguous iterative glycosylation ability of PnxGT2 is an
intriguing issue of enzymatic chemistry; how does PnxGT2 recognize
substrates and controls the number of the glycosylations? Because
triolivoside and tetraolivoside were the main products, PnxGT2
appears to control the number of sugars with the limited size of the
active site. In contrast, monosaccharide and disaccharide were almost
not detected in the PnxGT2 reaction, even though the starting FD-594
aglycon remained in the reaction mixture, suggesting that triolivoside
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Figure 4 HPLC traces of PnxGT2 and PnxMT2 enzymatic reaction products.
LC-ESI-MS analysis was performed using LCQ (Finnigan) coupled with
Nanospace HPLC (Shiseido, Yokohama, Japan) with a standard ODS column.
The elution was made using 10% CHsCN(aq.) for 10min, followed by a
linear gradient of 40-100% CH3CN(aqg.) for 30min at a flow rate of
50ulmin~!. See details in Supplementary Information. (a) PnxGT2 with
aglycon and TDP-olivose; (b) PnxGT2 and PnxMT2 with aglycon, TDP-olivose
and S-adenosyl-L.-methionine; (c) PnxMT2 with S-adenosyl-L.-methionine
after inactivation of PnxGT2 in a; (d) a half amount of B plus authentic FD-
594; (e) aglycon and TDP-olivose (no enzyme) as control. The LC traces of
LC-ESI-MS analysis are similar to the HPLC-UV traces; the raw data were
omitted. Instead, the m/z values of the corresponding peaks in the negative
mode ESI-MS analysis are shown in these traces.
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formation is much faster than monosaccharide and disaccharide
formation. This might imply that PnxGT2 prefers mono-olivosides
and diolivosides as substrates to the FD-594 aglycon. In landomycin
A biosynthesis, LanGT1 and LanGT4 are used twice to attach two
p-olivoses and two 1-rhodinoses, respectively.’! The recognition
mechanism of these iterative glycosyltransferase remains unclear at
present; more detailed biochemical studies are necessary to obtain
sufficient insight into the enzymology to engineer such glycosyltrans-
ferases to create diverse glycosides using biosynthetic technology. The
function of PnxGT1 is unclear because PnxGT2 catalyzes triolivoside
formation from the FD-594 aglycon. Because the second and third
glycosylation catalyzed by PnxGT2 were apparently the preferential
enzymatic reaction, PnxGT1 might catalyze the first glycosylation of
olivose to the FD-594 aglycon. Otherwise, because no preferential
glycosyl donor exists in the producer strain, PnxGT1 might not
be involved in the biosynthesis of FD-594. Enzymatic reaction analysis
of PnxGT1 with several glycosyl donors could provide some clue to
elucidate the function.

Regarding oleandrose formation in FD-594 biosynthesis, OleY
methyltransferase reportedly recognizes 1-olivosyl-erythronolide B
and catalyzes the methylation of the hydroxyl group at C3 of
olivose in oleandomycin biosynthesis.>> Glycosyltransferase OleG2
catalyzes the olivosyl transfer to erythronolide B and cannot transfer
L-oleandrose to the aglycon, supporting the post-glycosyltransferase
methylation pathway for the oleandrose moiety. Because a similar
scenario for the methylation reaction to form the oleandrose moiety is
apparently applicable to the biosynthesis of FD-594, we next
attempted to convert the PnxGT2 enzymatic reaction product into
FD-594 using a putative methyltransferase, PnxMT2.

PnxMT2 was easily expressed in E. coli, and its pure form was
prepared. PnxMT2 and a probable methyl donor S-adenosyl-1-
methionine were then added to the PnxGT2 reaction mixture. As a
result, the PnxGT2 reaction products were reduced, and FD-594
was generated with a conversion yield of 24% based on the remaining
FD-594 aglycon (Figures 4b and d). To confirm that PnxMT?2 catalyzes
the methylation of the triolivoside generated by PnxGT2, the reaction
mixture of PnxGT2 with FD-594 aglycon and TDP-olivose was heat-
treated; then, fresh PnxMT2 and S-adenosyl-L-methionine were
added. As we anticipated, a similar FD-594 formation was detected,
which indicates that PnxMT2 recognizes the triolivoside and catalyzes
the methylation to complete FD-594 biosynthesis. Consequently, these
results verified clearly that in the final steps of FD-594 biosynthesis,
a glycosyltransferase PnxGT2 catalyzes three olivose transfers to the
FD-594 aglycon with TDP-olivose and then a methyltransferase,
PnxMT2, attaches the methyl group at the terminus of the triolivoside.
These results support that the identified pnx gene cluster should be
responsible for FD-594 biosynthesis.

A major accompanied product in the stepwise reaction of PnxGT2
and PnxMT2 was found to be a methylated tetraolivoside of the
FD-594 aglycon (Figure 4c). This result demonstrates that PnxMT2
recognized both triolivoside and tetraolivoside in the solution of the
PnxGT2 enzymatic reaction and then transferred a methyl group to
the hydroxyl group of C3 in olivose. In contrast, for the one-pot
enzymatic reaction of PnxGT2 and PnxMT2, FD-594 was the major
product rather than tetraolivoside, indicating that the PnxMT2
reaction with triolivoside is faster than the attachment of the fourth
olivose to the triolivoside by PnxGT2. These results could imply
that the existence of the methoxy group at C3 of the terminal sugar
of FD-594 inhibits the additional glycosylation. This story for the
completion of the biosynthesis agreed well with the explanation that
only FD-594 was accumulated in the culture of the producer strain.
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Overall biosynthesis of FD-594 (Figure 3)

In this study, we identified a structurally unique FD-594 biosynthetic
gene cluster with the NDP-hexsose-2,3-DH gene as a probe. Most of
the pnx gene products were functionally assigned for FD-594 bio-
synthesis, as described above. An initiation module consisting of PnxU
(KSIII) and PnxV (ACP) was proposed to be involved in the
preparation of the butyryl starter unit for the minimal PKS, PnxABC.
Then, PnxABC extends the polyketide chain with 12-malonyl-CoA as
extender units. The elongated linear polyketide chain is then cyclized
and aromatized by three cyclases, PnxDKL, via five aldol-type con-
densations and six dehydrations to give a pentangular polyketide
backbone. During the cyclization process, two carbonyl groups would
be reduced by 3-keto-ACP ketoreductases PnxG, PnxW or PnxO1. The
resulting polyketide biosynthetic intermediate is oxidized by four
antibiotic monooxygenases—PnxH, PnxI, PnxEl and PnxE2—and
two of three cytochrome P450s—PnxO2, PnxO3 or PnxO5. The
butyrate starter moiety should be reduced by a reductase, such as
PnxOl, to construct the terminal lactone moiety. In the final mod-
ification to construct the FD-594 aglycon, two FAD-dependent
monooxygenases, PnxO4 and 06, are responsible for ring opening,
hydrolysis, recycling and decarboxylation to produce the unique
xanthene moiety. Two hydrolases, PnxN and PnxP, might be involved
in the hydrolysis reaction in the process.

PnxS1, S2, S3, S4 and S5 would synthesize TDP-olivose from
glucose-1-phosphate. Then, PnxGT?2 transfers the olivose from TDP-
olivose to synthesize the triolivoside. A methyltransferase, PnxMT1,
would catalyze the methylation of the phenolic hydroxyl group at C8
of the FD-594 aglycon. Finally, PnxMT2 completes FD-594 biosynth-
esis by attaching the methyl group on the terminal olivose.

In the proposed biosynthetic pathway, the ring-opening and ring-
closing process of the FD-594 aglycon is an intriguing transformation.
Detailed functional analyses of the Pnx proteins must be undertaken
to provide further insight into this post-PKS process to elucidate the
complex biosynthetic pathway for FD-594.

In conclusion, we identified the biosynthetic gene cluster for the
highly oxidized aromatic polyketide FD-594 and propose a plausible
biosynthetic pathway with coded proteins in the cluster. Although
the precise functions of many Pnx proteins remain unclear at present,
the present genetic information should provide important clues that
might eventually elucidate this class of angucyclic polyketide biosynth-
esis. Especially, the unique xanthene formation involved in the FD-594
biosynthesis would be an intriguing issue to be solved in the future.
Indeed, more detailed biochemical studies of characterized PnxGT?2
and PnxMT?2 are necessary to elucidate these enzymes and eventually
to support engineered biosyntheses for creation of novel compounds.

METHODS
Bacterial strains and growth conditions
Streptomyces sp. TA-0256 was used as the FD-594 producer strain and source of
the FD-594 biosynthetic genes (pnx). Streptomyces sp. TA-0256 was maintained
on International Streptomyces Project 2 (ISP2) (0.4% yeast extract, 1% malt
extract, 0.4% glucose, pH 7.3) agar medium (2.0% agar, 28 °C, 3 days); the
spores were used for a seed culture in ISP2 liquid medium (28 °C, 200 r.p.m.,
24 h). Genomic DNA was extracted from the cultured cells in 100 ml of ISP2
liquid medium containing 1.5% glycine (28 °C, 200 r.p.m., 2 days) according to
standard method described in Practical Streptomyces Genetics.”>

For plasmid preparation, Escherichia coli DH50. was used routinely. E. coli
XL-1 Blue MRF was used for cosmid manipulations. E. coli BL21(DE3) was
used for the pnxGT2 and pnxMT2 gene expressions. Luria—Bertani medium
supplemented with standard amounts of antibiotic as required (50 pgml~!
ampicillin for LITMUS28 and pT7-Blue) was used for the culture of E. coli.
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Genetic manipulation in E. coli was conducted according to a standard
procedure.>

Identification of the FD-594 biosynthetic gene (pnx) cluster

A partial NDP-hexose-2,3-dehydratase (2,3-DH) gene was first amplified by
PCR with a set of primers, 2,3-DH3: 5-GAYGTSCTCCAGTCCGAGCA-3" and
2,3-DHA4C: 5-GAASCGSCCGCCCTCCTCSGA-3" (S, a mixture of C and G; Y,
a mixture of C and T). DIG-labeled DNA for the 2,3-DH gene was utilized for
screening of a pOJ446-based cosmid library. Consequently, three positive clones
(c594A, ¢594B and ¢594C) were obtained. Among those, cosmid c594B was
sequenced randomly using a shotgun sequence method on double-stranded
DNA templates with more than 10-fold coverage and minimum three times
each portion of the DNA sequence (Shimadzu Biotech, Kyoto, Japan).
All gaps between the obtained contigs were separately sequenced. As a result,
a 43026-bp DNA sequence containing a type II PKS gene cluster was
determined. The open reading frames (orfs) were determined using FramePlot
analysis  (http://www.nih.go.jp/~jun/cgi-bin/frameplot.pl)>> and a BLAST
homology search using the NCBI BLAST server. The determined DNA sequence
data of the pnx gene cluster in Streptomyces sp. TA-0256 has been deposited to
the DDBJ databases under accession number AB469194.

Enzymatic characterization of PnxGT2

The pnxGT2 gene was amplified with a set of primers, GT2F: 5-GGAAGGCAT
ATGAGAATCCTCATGACG-3" and GT2R: 5'-GCTGCTCGGATCCGCGCCGG
TGCGTGCC-3’, and was cloned with an expression plasmid pColdl (Takara
Bio, Shiga, Japan), resulting in pnxGT2/pColdl. pnxGT2 was coexpressed with
molecular chaperones GroES and GroEL (pREP4-groESL) in BL21 (DE3).%¢
The E. coli harboring pnxGT2/pColdl/pREP4-groESL was cultured in Luria—
Bertani medium with 50 pg ml™ ampicillin and 30 pg ml~! kanamycin at 37 °C
by ODgq 0.7 and a final 0.2 mm isopropyl B-p-thiogalactoside was then added
for induction of overexpression at 24 °C.

The wet cells were suspended in 50 mm Tris buffer (pH 7.5) containing 10%
glycerol, 1 mm MgCl, and 1mm MnCl, (buffer A) and were disrupted by
sonication. PnxGT2 was purified with a column of His-bind resin (Novagen,
Darmstadt, Germany). To remove imidazole, the purified fraction was passed
through a 5-ml desalting column (HiTrap; GE Healthcare, Buckinghamshire,
UK) with buffer A. Then the PnxGT2-containing solution was concentrated
with an ultrafiltration membrane (10000 MW, Vivaspin 20; Sartorius AG,
Gottingen, Germany). The PnxGT2 concentration was estimated using Lowry
methods with bovine serum albumin as a standard. Usually, 1ml of pure
PnxGT2 (8.2mgml™, 1.2 mm) was obtained from 6.6 g of wet cells.

The FD-594 aglycon was prepared using acid hydrolysis of FD-594, accord-
ing to procedures described in a previous report.> TDP-p-olivose was chemi-
cally synthesized according to the previous method.”” The PnxGT2 enzymatic
solution consisted of 0.5mwm FD-594 aglycon, 2.0mm TDP-olivose, 2.5%
dimethylsulfoxide and 70 pum of pure PnxGT2 (total 100 pl). The PnxGT2
enzymatic reaction was performed at 28 °C for 24 h; then the reaction products
were extracted three times with 100 pl ethyl acetate after acidification of the
reaction mixture to pH 5.0. After removal of the solvent, the residue
was dissolved with 100 pl methanol for HPLC (UV or photo-diode-array)
and LC-ESI-MS analysis (see Supplementary Information).

Enzymatic characterization of PnxMT2

The pnxMT?2 gene was amplified using a set of primers, MT2-F: 5'-GGAGAGA
TCATATGACCGGACC-3" and MT2-R: 5-CAGGGGGGTACCGACGCTC-3,
and was cloned with an expression plasmid, pColdl, to give pnxMT2/pColdl.
The E. coli harboring pnxMT2/pColdI was cultured in Luria—Bertani medium
with 50 ug ml~! ampicillin at 37 °C by ODgyo 0.7 and a final 0.2 mm isopropyl
-p-thiogalactoside was then added for induction of overexpression. PnxMT2
was purified using the same method as for PnxGT2. Usually, 1 ml of pure
PnxMT?2 (8.8 mgml™!, 0.31 mm) was obtained from 1.0 g of wet cells.

The PnxMT2 enzymatic reaction coupled with the PnxGT2 enzymatic
reaction was conducted as follows. The enzymatic solution consisted of
0.2mm FD-594 aglycon, 10 mM TDP-olivose, 5mm S-adenosyl-L-methionine,
2% dimethylsulfoxide, 25 pm PnxGT2 and 90 um PnxMT?2 (total 100 pl). The
enzymatic reaction was performed at 28 °C for 14 h. The analytical conditions
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for the enzymatic reaction were identical to the method described above for
the PnxGT?2 enzymatic reaction. For the stepwise enzymatic reaction analysis,
the first reacted enzyme was heat-inactivated at 80 °C for 5min. The PnxGT2
reaction was first conducted in 0.2 mm FD-594 aglycon, 10 mm TDP-olivose,
2% dimethylsulfoxide and 25 pm PnxGT?2 (total 100 pl) at 28 °C for 18 h. Then,
the mixture was heat-treated at 80 °C for 5 min, a final 3.3 mm of S-adenosyl-L-
methionine and 75 um of PnxMT2 were added to the mixture (total 150 pl),
and the reaction was continued for 24 h.
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