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Characterization of the Two-Component Monooxygenase System
AInT/AlnH Reveals Early Timing of Quinone Formation in Alnumycin
Biosynthesis

Thadée Grocholski, Terhi Oja, Laurence Humphrey,* Pekka Méantsald, Jarmo Niemi, and Mikko Metsa-Ketela
Department of Biochemistry and Food Chemistry, University of Turku, Turku, Finland

Alnumycin A is an aromatic polyketide with a strong resemblance to related benzoisochromanequinone (BIQ) antibiotics, such
as the model antibiotic actinorhodin. One intriguing difference between these metabolites is that the positions of the benzene
and quinone rings are reversed in alnumycin A in comparison to the BIQ polyketides. In this paper we demonstrate that inacti-
vation of either the monooxygenase alnT gene or the flavin reductase alnH gene results in the accumulation of a novel nonqui-
noid metabolite, thalnumycin A (ThA), in the culture medium. Additionally, two other previously characterized metabolites,
K1115 A and 1,6-dihydroxy-8-propylanthraquinone (DHPA), were identified, which had oxidized into quinones putatively non-
enzymatically at the incorrect position in the central ring. None of the compounds isolated contained correctly formed pyran
rings, which suggests that on the alnumycin pathway quinone biosynthesis occurs prior to third ring cyclization. The regiochem-
istry of the two-component monooxygenase system AlnT/AlnH was finally confirmed in vitro by using ThA, FMN, and NADH in

enzymatic synthesis, where the reaction product, thalnumycin B (ThB), was verified to contain the expected p-hydroquinone

structure in the lateral ring.

Bacteria of the genus Streptomyces have been a treasure trove in
the discovery of biologically active natural products, many of
which have found applications in medicine and agriculture (33).
Aromatic polyketides, a distinct subclass of natural products, have
been extensively used as antibiotics (e.g., tetracycline) (2) and in
cancer chemotherapy (e.g., doxorubicin) (9, 15). Alnumycin A
(Fig. 1) is a polyketide that has been shown to exhibit several
biological activities, including antibiotic, cytostatic, gyrase inhib-
itory, and topoisomerase inhibitory activities (3, 4). From a struc-
tural point of view, alnumycin A is intriguing due to its relation to
the closely related benzoisochromanequinones (BIQ), such as
granaticin, medermycin, and the model antibiotic actinorhodin
(Fig. 1). The polyketide aglycone is similar, but distinctly unique,
while the most curious feature is the carbohydrate-like 4'-hy-
droxy-5'-hydroxymethyl-2',7'-dioxane moiety.

Aromatic polyketides are biologically synthesized via dedi-
cated pathways, which often encompass as many as 20 to 30 indi-
vidual steps (7, 16). Early stages of aromatic polyketide biosynthe-
sis resemble fatty acid synthesis in bacteria, in which acetyl and
malonyl coenzyme A (CoA) precursors are combined in repeated
Claisen condensations to form a carbon chain. However, unlike in
fatty acid synthesis, polyketide synthases do not reduce the elon-
gating carbon chain during synthesis, and subsequently a long
polyketide is produced. This highly reactive polyketide chain is
subsequently reduced, aromatized, and cyclized in a controlled
manner, resulting in the formation of the various polyaromatic
carbon skeletons. Differences in the stereo- and regiochemistries
of cyclization and further tailoring reactions, such as hydroxyla-
tions, reductions, and methylations, explain the vast number of
compounds belonging to this class of natural products.

In order to understand how the structural diversity of BIQ
metabolites is reflected in the composition of the biosynthetic
enzymes, the alnumycin gene cluster has previously been cloned
and expressed heterologously in Streptomyces albus (35). Molecu-
lar genetic studies have clarified that the biosynthesis is initiated
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from a butyryl starter unit (46), while cyclization of the third ring
is catalyzed by enzymes belonging to entirely different enzyme
families than those found from the actinorhodin and granaticin
pathways (35). Recently, the novel pathway leading to the attach-
ment and formation of the sugar-like 4'-hydroxy-5'-hydroxy-
methyl-2',7’-dioxane moiety was characterized in vivo and in vitro
(34).

Many aromatic polyketides, such as the anthracyclines, the iso-
chromanequinones, and the angucyclines, are p-quinones (16).
Since this arrangement does not directly arise from the polyketide
backbone upon cyclization, biosynthesis usually includes a tailor-
ing step, which introduces a hydroxyl group in the para-arrange-
ment in relation to a hydroxyl originating from the polyketide
backbone. The polyphenolic dihydroquinones thus formed may
readily oxidize nonenzymatically to the final p-quinone struc-
tures. Typically, enzymes catalyzing these steps belong to one of
three enzyme families: the flavoprotein hydroxylases (22, 25), the
so-called cofactorless monooxygenases (10, 14, 38), and the two-
component flavin-dependent monooxygenases (36, 44). In effect,
the actinorhodin gene cluster harbors genes for both of the two
latter classes, whose products are able to catalyze quinone forma-
tion (36). The alnumycin biosynthetic cluster (35), on the other
hand, only contains genes for the putative two-component mono-
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FIG 1 Structures and carbon numbering of the metabolites relevant to the
study.

oxygenase system, alnT and alnH, which encode a flavin-depen-
dent monooxygenase and a flavin reductase, respectively. The
AInT/AlnH pair is homologous to the ActVA-ORF5/ActVB from
the actinorhodin pathway, respectively, which has been studied in
recent years using molecular genetics (36) and biochemistry (42—
44). The lack of a cofactorless oxygenase homologous to ActVA-
ORF6 on the alnumycin pathway suggests a closer evolutionary
relationship to the granaticin (20) and medermycin (21) (Fig. 1)
gene clusters, which both encode genes only for the two-compo-
nent system.

The aim of the work described in this paper was to uncover the
molecular basis for formation of the p-quinone arrangement in
the lateral instead of the central ring in alnumycin A. We demon-
strate that alnT and alnH affect the same biosynthetic step, as both
single-gene deletion mutants produced the same novel naph-
thodiol derivative, thalnumycin A (ThA). Use of this compound
as a substrate for AlnT in the presence of AlnH, FMN, and NADH
yielded a novel p-hydroquinone product, thalnumycin B (ThB),
which conclusively verified that the two-component monooxy-
genase system is responsible for formation of the p-quinone in the
lateral ring of alnumycin A. The isolation of ThA and two other
previously known metabolites, K1115 A (32, 35) and 1,6-dihy-
droxy-8-propylanthraquinone (DHPA) (19), from knockout mu-
tants indicated that, unlike in the biosynthesis of BIQs, the cycli-
zation of the third ring takes place only after formation of the
p-quinone.
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MATERIALS AND METHODS

Strains and culture conditions. The alnumycin producer Streptomyces
sp. CM020 was obtained from Galilaeus Oy. S. albus (6) was used as a
heterologous host for metabolite production. The strains were main-
tained on ISP4 (Difco) and MS plates (18), while tryptic soy broth (Oxoid)
and NoS-soyEl liquid media (39) were used for plasmid isolation and
metabolite production, respectively. Amberlite XAD-7 (1 g/50 ml; Rohm
& Haas) was added for absorption of metabolites from the cultivation
media. Cultures were shaken at 28°C, 300 rpm, for 5 days. Apramycin
(Fluka) was used for selection of Streptomyces in solid and liquid media at
50 wg/ml for plasmid-containing strains. Escherichia coli strain TOP10
(Invitrogen) was used as a cloning host and for overexpression of alnT'and
alnH. E. coli K-12 and ET123567/pUZ8002 (24) were used for heterolo-
gous recombination and conjugation of the manipulated cosmids into S.
albus, respectively. The strains were cultured in LB medium for DNA
isolation or 2X yeast extract-tryptone (YT) medium for protein produc-
tion. Ampicillin (Sigma) and apramycin were used for selection of plas-
mids and cosmids, respectively, in E. coli cultivations at 50 pg/ml.

General DNA techniques, cloning, and sequencing. Streptomyces sp.
CMO020 genomic DNA was isolated according to standard procedures
(18). The cosmid pAlnuori containing the complete alnumycin biosyn-
thetic cluster has been previously described (35). Isolation of plasmid
DNA from E. coli was performed with the QIAprep spin miniprep kit
(Qiagen). Restriction enzymes were purchased from Fermentas, while
DNA fragments generated by restriction enzyme digestions and PCR were
recovered from agarose gels by using the QIAquick gel extraction kit (Qia-
gen). For all PCR amplifications, Phusion DNA polymerase (Finnzymes)
was used according to the manufacturer’s recommendations. Oligonucle-
otide primers were obtained from and DNA sequencing was performed by
Eurofins MWG Operon.

Construction of the AInT and AlnH overexpression plasmids. Both
the alnT and alnH genes were amplified from Streptomyces sp. CM020
genomic DNA. The primers used for amplification of alnH were alnHforB
(BglIT site in bold), 5'-CTAAGATCTAACCGCACCGACCGGCG, and
alnHrevH (HindIII site in bold), 5'-CTAAAGCTTCAGGGACGCGGCA
GGC. The PCR product generated was cloned as a BglII-HindIII fragment
into a modified pBAD/HisB vector (23), resulting in pBAD/HisBdalnH.
The construction of pBAD/HisBdalnT was executed in a similar manner.
The primers used for amplification of alnT were alnTBfor (BglII site in
bold), 5'-CAGAGATCTCGCGAACGCACGCCGC, and alnTErev
(EcoRI site in bold), 5'-CAGGAATTCCGCTACCGGGCCGCTG. The
product was cloned in the same vector as a BglII-EcoRI fragment. Both
constructs were verified by sequencing.

Inactivation of alnH and alnT. The open reading frames (ORFs) alnH
and alnT were deleted from the cosmid pAlnuori by using the X Red
recombinase system (8) through a two-step homologous recombination
process. The primers used for inactivation consisted of a 50-nucleotide
(nt) region homologous to the target sequence followed by a 20-nt prim-
ing sequence (in bold) for amplification of the Cm" gene with flanking
FRT (FLP recognition target) sites. Elimination of the resistance gene was
subsequently executed using the helper plasmid pFLP2 (17) expressing
the FLP recombinase enzyme. The primers used for inactivation of alnH
were alnHfcamfor, 5'-GCACCGACCGGCGGGCCGTCGCCGACGTCG
AACCCTCTCGGGTCCGTGAGGTGTAGGCTGGAGCTGCTTC, and
alnHfcamrev, 5'-TCAGGGACGCGGCAGGCGGGGGTGTTCCGGGT
GGCGCAGCTGCTGGAAGGATGGGAATTAGCCATGGTCC. As a re-
sult, the gene was inactivated, leaving a 58-bp fragment from the 5’ end, a
103-bp scar sequence, and 50 bp from the 3’ end in place of alnH, resulting
in pAoriAalnH. Likewise, the inactivation of alnT was performed using the
primers alnTfcamfor, 5'-GTGCGCGAACGCACGCCGCTGACG
GCATGGCCGCCTGGAGCGCGACGTCCGTGTAGGCTGGAGCTGC
TTC, and alnTfcamrev, 5'-CTACCGGGCCGCTGCCGGACTGCTG
GTCTGCGTGGTCTCCGTGGTCCACAATGGGAATTAGCCATGG
TCC. After the excision of the resistance gene, alnT was replaced by a
50-bp fragment from the 5" end, a 103-bp scar sequence, and 50 bp from
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the 3’ end, resulting in pAoriAalnT. After conjugation into S. albus, the
mutated cosmids were reisolated, transformed back into E. coli TOP10,
and verified by restriction enzyme analysis.

Expression and purification of AInH and AInT. Recombinant AlnH
protein was produced in 500 ml 2XYT medium (in a 2-liter Erlenmeyer
flask) supplemented with 100 pg/ml ampicillin and inoculated with a
5-ml preculture of E. coli TOP10/pBADHisBdalnH. Induction was per-
formed at an optical density at 600 nm (ODy,) of 0.6 with L-arabinose to
0.02% (final concentration). After induction, the culture was incubated at
22°C with 250 rpm shaking for 12 h. The cell pellets, harvested by centrif-
ugation, were resuspended in wash buffer (50 mM Na-phosphate buffer
[pH 7.2], 100 mM NaCl, 10% [wt/vol] glycerol, 20 mM imidazole) and
broken using a French press. The cell extract was purified using a 1-ml
HisTrap FF column (GE Healthcare) on an Aktaprime fast-performance
liquid chromatography (FPLC) system with a linear gradient. The elution
buffer used was the same as the wash buffer, except that it contained 400
mM imidazole and 5 mM B-mercaptoethanol. AlInH was further purified
by anion exchange using a 6-ml Resource Q column (GE Healthcare) on
an Aktaprime FPLC system with a linear gradient (16 column volumes).
The wash buffer (50 mM Tris-HCI [pH 8.0] and 5% glycerol) and elution
buffer differed only in salt content (1.5 M NaCl in the elution buffer).
After the purification step (see Fig. S1 in the supplemental material), a
buffer exchange was performed by using a PD-10 desalting column
(GE Healthcare) with 50 mM Na-phosphate buffer (pH 7.2), 100 mM
NaCl, 5 mM, B-mercaptoethanol, and 50% (wt/vol) glycerol. AlnH
was stored at —20°C, and activity was retained at least for 6 months in
storage. Recombinant AInT protein was obtained by inoculating a 15-liter
fermentor (Bioengineering) with 150 ml preculture of E. coli TOP10/
pBADHisBdalnT. Induction was performed at an OD, of 0.8 with a final
concentration of 0.02% L-arabinose. Once induced, the cells were incu-
bated at 20°C with 250 rpm stirring for 12 h. The cells were harvested by
centrifugation and then stored at —20°C. The cell pellets were thawed,
resuspended in wash buffer (50 mM Na-phosphate buffer [pH 8.0], 35
mM imidazole, 500 mM NaCl, 10% [wt/vol] glycerol, 0.5 mM dithiotre-
itol), I mM phenylmethanesulfonylfluoride, and 1 mM benzamidine and
broken using a French press. For purification of AlnT, after an initial
wash, a second 10-column volume wash step was performed with 5%
elution buffer in wash buffer prior to elution of AInT using 100% elution
buffer. The elution buffer contained 500 mM imidazole in the wash buf-
fer. As described above, the pooled, concentrated fractions (see Fig. S2 in
the supplemental material) were exchanged into 25 mM Tris-HCl (pH
7.5) with 10% (wt/vol) glycerol. The AInT obtained was stored at —85°C.
Enzyme concentrations were determined at 280 nm by using absorption
coefficients calculated with ProtParam (13).

Enzyme reaction conditions. The enzyme assay mixture included 100
mM phosphate buffer (pH 7.0), 5 oM FMN, 1 mM NADH, approxi-
mately 200 puM ThA, and 0.25% (vol/vol) dimethyl sulfoxide in a final
volume of 200 pl. AInT and AlnH were added to the reaction mixture at 8
uM and 0.4 pM (final concentrations), respectively, and the reaction
mixture was incubated at room temperature for 10 min. Two successive
50- .l chloroform extractions were performed. The extracted compounds
were then vacuum concentrated and resuspended in acetone for high-
performance liquid chromatography (HPLC) analysis. For the negative-
control reaction, AlnT was incubated in boiling water for 15 min before
addition to the reaction mixture.

Spectroscopic analysis of NADH consumption by AlnH. Kinetic
measurements of NADH and NADPH consumption were performed in
triplicate 200-pl reaction mixtures on a 96-well plate (Multiskan GO;
Thermo Scientific) by measuring absorbance at 340 nm. Concentrations
of NADH, NADPH, FMN, and FAD were determined using the extinction
coefficients 6,290 M~ ! cm ™! (340 nm), 6,220 M~ ! cm ™! (340 nm),
12,500 M~ ' ecm ™' (450 nm) (27), and 11,300 M~ ' cm ™' (450 nm) (27),
respectively. The reaction assay was performed in 20 mM Tris-HCI (pH
7.5) with varied concentrations of FMN, NADH, FAD, or NADPH. All
other components were at non-rate-limiting concentrations (3 times the
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determined K, values). Kinetic values were obtained by a nonlinear re-
gression analysis of the initial reaction rates using Origin Pro (version
8.0). All reagents were purchased from Sigma except FMN (TCI Europe).

Analysis of metabolites and reaction mixtures. The XAD-7 resin
from the cultivations of both S. albus/pAoriAalnH and S. albus/
pAoriAalnT was separated from the culture by repeated washing with tap
water and decanting. The compounds bound to the XAD-7 were extracted
using acetonitrile for subsequent HPLC analysis using an SCL-10Avp
HPLC system equipped with an SPD-M10Avp (Shimadzu) diode array
detector. A 5-pm LiChroCART 250-4 RP-18 column (Merck) was used
with a 25-min gradient from 40% acetonitrile in 0.1% formic acid to
100% acetonitrile at 0.5 ml/min for metabolite analysis. Extracts from
reaction mixtures were analyzed using the same HPLC system but with a
3.5-pm Sunfire C;g3 (Waters) column, which was used with a 25-min
gradient from 15% acetonitrile in 0.1% formic acid to 100% acetonitrile at
0.25 ml/min.

Purification of metabolites. For large-scale purification of ThA and
DHPA, S. albus/pAoriAalnH was cultivated for 5 days. One day prior to
harvesting, XAD-7 was added to the culture medium. The cell and XAD
pellet were collected via centrifugation and stored at —20°C until extrac-
tion. Once thawed, the pellet was resuspended in tap water and the XAD-7
was separated as described above. Metabolites were extracted using ace-
tonitrile. The compounds were fractionated with a 0-to-100% methanol
gradient in CHCI; using normal-phase column chromatography (silica
gel 60, 0.040 to 0.063 mm; Merck). For the final polishing step for ThA and
DHPA, fractions obtained from the silica column were applied to a pre-
parative LiChroCART 250-10 RP-18 column (10 wm; Merck) with an
L-6200A HPLC system (Merck Hitachi) and eluted with aqueous 0.1%
formic acid and a 50-to-100% acetonitrile gradient at 2.5 ml/min. For
large-scale purification of ThB, the reaction volume was scaled up to 1.5
ml and a total of 17 reactions were carried out using, in total, approxi-
mately 2.2 mg ThA. Two successive chloroform extractions (500 pl for
every reaction mixture) were performed. The extracted compounds were
then vacuum concentrated and resuspended in acetone for purification by
a preparative HPLC step using the Merck L-6200A apparatus and a 5-pm
Sunfire prep C, 5 250- by 10-mm column (Waters) with a 25-min gradient
from 15% acetonitrile with 0.1% formic acid to 100% acetonitrile at 2.5
ml/min. The fractions containing ThB were extracted by addition of water
and chloroform and subsequently vacuum dried. The approximate yield
of ThB was 1.6 mg. The HPLC buffers, water, and chloroform were bub-
bled with nitrogen gas for at least 10 min prior to use. Nitrogen gas was
used to fill the vacuum after drying ThB to prevent unwanted oxidation.
Nuclear magnetic resonance (NMR) measurements were conducted im-
mediately on the day of enzymatic synthesis at 283 K, since several degra-
dation products of ThB could be observed already on the next day by
proton NMR and HPLC.

MS and NMR measurements. The analysis of samples for mass deter-
mination was performed with a high-resolution HPLC-electron spray
ionization-mass spectrometry (MS) system using a MicrOTOF-Q mass
spectrometer (Bruker) with 4-kV capillary voltage, 573 K dry heater tem-
perature, and a nebulizer pressure of 1.6 X 10° Pa. An Agilent Technolo-
gies 1200 series HPLC system equipped with a diode array detector and
Sunfire C 4 column (Waters) with a 25-min gradient from 15% to 100%
acetonitrile in 0.1% formic acid at 0.25 ml/min was used. NMR spectra
were collected with a Bruker Avance 500-MHz spectrometer for both ThA
and ThB.

RESULTS

Sequence analysis of AlInH and AInT. A BLAST search of all
nonredundant proteins as well as a CD search (28) with the AlnH
sequence in GenBank uncovered a large number of proteins ho-
mologous to the FlaRed enzyme superfamily (NCBI accession
number cl00801).These enzymes contain a flavin reductase do-
main or a domain typically associated with flavoprotein oxyge-
nases. The sequence identified with highest similarity was a puta-
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tive flavin reductase from Streptomyces sp. SA3_actF (GenBank
accession number ZP_07976974.1; 57% sequence identity). The
well-characterized NADH-dependent FMN reductase ActVB (ac-
cession number NP_629242.1 [36, 43, 44]), involved in the bio-
synthesis of actinorhodin, showed 49% sequence identity. A mul-
tiple sequence alignment with four closely related sequences is
shown in Fig. S3 of the supplemental material.

Proteins homologous to AInT belonged to the acyl-CoA dehy-
drogenase (ACAD) superfamily (NCBI accession number
cl09933). The sequence identified with highest similarity was a
putative oxygenase (GenBank accession number AEM44243.1)
from an uncultured bacterium (54% identity). More relevant in
terms of putative function were the angucyclinone hydroxylase
LndZ5 (37) from Streptomyces globisporus (53% identity) and
ActVA-ORF5 (36, 42-44) from Streptomyces coelicolor A3(2)
(48% identity), involved in biosynthesis of the aromatic
polyketides landomycin and actinorhodin, respectively. Sequence
comparison with the monooxygenase component of p-hydroxy-
phenylacetate hydroxylase (see Fig. S4 in the supplemental mate-
rial) from Acinetobacter baumannii (1) identified conserved resi-
dues in AInT that may be involved in catalysis (H396) and
formation of hydrophobic interactions (W210) or hydrogen
bonds (S171) with the flavin. According to the classification re-
ported by van Berkel et al. (45), AInT and AlnH form a class D
flavoprotein monooxygenase.

Inactivation of alnT and alnH. The genes alnT and alnH re-
side in different operons approximately 15.3 kbp apart within the
alnumycin gene cluster (35). In order to experimentally verify that
the gene products formed a two-component monooxygenase sys-
tem and were involved in the same biosynthetic step, both genes
were individually inactivated from cosmid pAlnuori as described
in Materials and Methods by using RED/ET recombineering (8) in
E. coli K-12. The resulting cosmids pAoriAalnT and pAoriAalnH,
containing the alnT and alnH deletions, respectively, were intro-
duced into the heterologous host S. albus through intergeneric
conjugation from E. coli ET12567/pUZ8002 (24). Since both alnT
and alnH were situated as last genes in their respective operon
structures, the gene inactivation experiments were unlikely to
stimulate any downstream effects.

Analysis of metabolites produced by the mutant strains. The
strains S. albus/pAoriAalnT and S. albus/pAoriAalnH were culti-
vated for 5 days, and the metabolites produced were analyzed by
HPLC. Encouragingly, the production profiles of the strains were
identical, and three novel metabolites, not detected from cultiva-
tions of the parental strain S. albus/pAlnuori, were observed (Fig.
2). One of the compounds was readily identified as K1115 A (Fig.
1), which has been previously obtained through inactivation of the
aldo-ketoreductase aln4 (35). For structure elucidation of the two
remaining metabolites, the strain S. albus/pAoriAalnT was grown
on a large scale, and the compounds produced were purified by
open column chromatography and preparative HPLC.

The second compound was confirmed as the decarboxylated
form of K1115 A, DHPA (Fig. 1), which has previously been iso-
lated from the marine Streptomyces sp. FX-58 (19). The structure
elucidation was based on 'H and "*C NMR spectra (Table 1), and
high-resolution MS measurements in the negative mode ([M —
H]™ observed 281.0848, calculated 281.0814). Consistent with
this assessment, the UV-Vis spectrum of DHPA was identical to
that of K1115 A (see Fig. S5 in the supplemental material).

For structure elucidation of the third metabolite, the molecular
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FIG 2 Analysis by HPLC monitoring of metabolites produced by the recom-
binant strains. The chromatogram traces are shown at 410 nm for S. albus/
pAoriAalnH containing K1115 A, DHPA, and ThA (A), S. albus/pAoriAalnT
containing K1115 A, DHPA, and ThA (B), and S. albus (C).

formula C,,H,,0, was inferred from the high-resolution mass
spectrometry data ([M — H]~ observed 285.1123, calculated
285.1127). A literature search revealed that the "H and '*C spectra
(Table 1) for the compound were similar to those reported for
HU235, a metabolite isolated from heterologous expression of the
R1128 pathway (29). Significantly, only a single carbonyl carbon
signal at 206.6 was present in the '>’C NMR spectra, indicating that
the compound isolated did not contain a quinone ring. The struc-
ture was finally verified by heteronuclear single quantum coher-
ence and heteronuclear multiple bond correlation techniques (see
Fig. S6 in the supplemental material), which demonstrated that
the metabolite was a novel polyketide denoted as ThA (Fig. 1).

In vitro activity of AInT/AInH and enzymatic synthesis of
ThB. Both AlnH and AInT were produced in E. coli TOP10 as
N-terminally histidine-tagged recombinant proteins that con-
tained an additional AHHHHHHHRS sequence and purified to
near homogeneity (see Fig. S1 and S2 in the supplemental mate-
rial) as described in Materials and Methods. Based on sequence
analysis, it was likely that AInH was an NADH-dependent flavin
reductase. In order to confirm this supposition, AlnH was incu-
bated together with FMN and an excess of NADH. Monitoring of
the reaction at 340 nm, specific for NADH, showed a clear de-
crease in absorbance over time, indicating oxidation of the cofac-
tor to NAD™. Activity was also seen with FAD, although FMN
appeared to be the preferred flavin species. Slow consumption of
NADPH was also detected with FMN but not with FAD (Table 2).
Similar to the closely related flavin reductase homologue ActVB
(11, 12), NADH and FMN appeared to be the preferred cofactors
(Table 2).

None of the metabolites isolated from the knockout strains
contained correctly cyclized pyran rings, which indicates that qui-
none formation is likely to occur at an earlier stage during
polyketide folding and that the natural substrate for AlnT is likely
to be an unstable and highly reactive bicyclic intermediate of the
pathway. Therefore, in order to demonstrate the regiochemistry
of the putative monooxygenase component AlnT, various sub-
strate analogues were screened in a reaction together with AlnH,
AlnT, FMN, and NADH. While none of the synthetic compounds
tested (e.g., dithranol and 1,8-dihydroxynaphthalene) proved
promising, HPLC analysis identified a new peak when ThA was
used as a substrate (Fig. 3A). The appearance of the product was
dependent on the presence of all of the reaction mixture compo-
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TABLE 1 NMR spectral data for DHPA, ThA, and ThB*
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NMR spectral data
DHPA ThA ThB
Position 'H (ppm) "C (ppm) 'H (ppm) C (ppm) 'H (ppm) °C (ppm)”
1 162.5 1.38,s, 3H 26.2 1.36, s, 3H 26.3
1-OH 13.07, s
7.28,dd, 1.2, 8.4 124.8 73.8
2-OH Exchange Exchange
3 7.59,dd, 7.5, 8.5 135.6 3.18,dd, 16.5, 1.5 (A) 40.9 3.23,d, 16.7 (A) 41.5
3.00, d, 16.5 (B) 3.06,d, 16.7 (B)
3a 133.7
4 7.75,dd, 1.2,7.5 118.8 6.99,d, 1.5 118.3 7.42,s 113.2
4a 132.8 139.4
5 7.65,d, 2.6 112.6 7.13,dd, 0.9, 8.2 118.0
5-OH 9.16, s, brd
6 150.9 7.46,dd,7.7,8.3 132.4 6.98,d, 8.4 115.4
6-OH 5.81, s, brb
7 7.02,d,2.6 124.1 6.83,dd, 0.9,7.7 110.8 6.61,d, 8.4 110.1
8 140.2 158.0
8-OH 9.72,d, 1.0 8.65, s, brd
8a 124.2 112.9
9 189.7 165.3
9-OH 15.92,d,1.0 Exchange
9a 117.0 108.6
10 183.0 206.6
10a 137.9
11 3.20, m, 2H 38.1 2.50, ddd, 10.2, 3.6, 1.0 60.7 2.53, m 61.4
12 1.69, m, 2H 23.9 1.80, m, (A) 21.6 1.90, m 21.6
1.59, m, (B) 158, m
13 1.05,t, 3H 14.3 1.11,t, 3H 13.1 1.06, t, 3H 13.2

@ Chemical shifts are reported relative to tetramethyl silane, which was used as an internal standard. Measurements were conducted in CDCl; (DHPA) and acetone-dé.
b Values were obtained indirectly via heteronuclear single quantum coherence spectroscopy measurements.

nents mentioned above and, importantly, a control reaction using
heat-deactivated AlnT that did not lead to product formation (Fig.
3B). The UV-Vis spectrum of the reaction product was similar to
that of ThA but displayed a bathochromic shift of 26 nm, which
was consistent with our expectation of a hydroxylation product
(see Fig. S5 in the supplemental material). This assumption was
verified by high-resolution MS measurements in the negative
mode ([M — H] ™ observed 301.1082, calculated 301.1076), which
confirmed the molecular formula, C,;H,,0s. Despite the instabil-
ity of the compound, multiple enzymatic reactions provided
sufficient material for structure elucidation by 'H NMR and de-
tection of selected carbon signals indirectly via heteronuclear sin-
gle-quantum correlation spectroscopy. The relatively large cou-

pling constant (%], 8.4 Hz) between H-6 and H-7 indicated that the
protons were vicinal, which thus excluded the m-position for the
hydroxyl group at the lateral ring. The distinction between the o-
and p-positions was accomplished by detection of the relatively
large downfield change in the chemical shift for H-4 (Table 1),
which confirmed that the product ThB was the p-hydroquinone
(Fig. 1).

DISCUSSION

The great chemical diversity of aromatic polyketides is brought
about via selection of starter units and the number of extension
cycles used in the initial polyketide synthesis, variations in cycli-
zation patterns, and through the action of numerous tailoring

TABLE 2 Apparent kinetic parameters for the reductase activities of AlInH and ActVB

Enzyme Substrate K, (LM) kot 571 Cosubstrate Reference
AlnH FMN 1.15 = 0.08 0.56 £ 0.01 NADH This study
FAD 123 £ 1.5 0.64 £ 0.02 NADH
NADH 455+ 28 1.05 £ 0.02 FMN
NADPH 2,687 * 1,480 0.93 = 0.38 FMN
NADPH No activity FAD
ActVB FMN 1.0 £0.1 9.2 04 NADH 8
FAD 8.7+ 0.6 8.2+ 0.7 NADH 9
NADH 6.6 = 0.5 9.2 04 FMN 9
FMN 39.6 2.7 NADH 9
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FIG 3 Analysis by HPLC of the AInT/AlnH reaction. The chromatogram
traces are shown at 430 nm for conversion of ThA into ThB in the presence of
AlnT, AlnH, FMN, and NADH (A) and the control reaction with ThA in the
presence of heat-inactivated AlnT, AlnH, FMN, and NADH (B).

24 26 27 28 29

enzymes (7, 16). Oxidative modifications are arguably one of the
most common means of generating diversity in polyketide metab-
olites, together with methylations, glycosylations, and reductions.
This holds especially true in the biosynthesis of polyaromatic me-
tabolites, since many of the pathway intermediates can also react
with molecular oxygen nonenzymatically, which could lead to the
formation of undesirable shunt products (31). Therefore, in order
to assert control over correct regiochemistry, particularly in p-
quinone formation, a specific tailoring reaction is requisite.

Enzymes belonging to three different families have been iden-
tified to be responsible for p-quinone biosynthesis in various
pathways, as indicated above. Gene clusters involved in the bio-
synthesis of BIQ metabolites harbor gene products homologous to
the much-studied p-hydroxyphenyl acetate hydroxylase C,/C, (1,
5, 40). Of these, ActVA-ORF5 and ActVB have been experimen-
tally demonstrated to form a two-component monooxygenase
system and to catalyze quinone formation in the biosynthesis of
actinorhodin (36, 44). ActVA-ORF5 has been shown to be the
actual FMN-dependent monooxygenase, while ActVB is a flavin:
NADH oxidoreductase that provides reduced FMN for ActVA-
ORF5. Analysis of the alnumycin A biosynthetic gene cluster re-
vealed that the most likely candidates for production of the
quinone arrangement in the lateral ring were the putative mono-
oxygenase AlnT and the flavin reductase AlnH.

Consistent with the assumption, the production profiles of
alnT and alnH deletion mutants were highly similar, indicating
that the gene products might be involved in the same biosynthetic
step. Somewhat surprisingly, endogenous flavin reductases of S.
albus were not able to complement the alnH mutation. Structural
elucidation of the metabolites, however, revealed that all of the
compounds lacked correct third ring cyclization, which suggested
that the substrate for AInH/AInT would be a highly reactive bicy-

OH OH (" OH OH QRS0
B _ COOH COOH [0] COOH
So0MET¢OOEEC S’
OH OH __— OH OH OH
y COOH L - HO L - o
OO 17 l-coon KIS A
. ~ i _
OH OH OH OH
1 - OH 0O
- COOH [0]
33 ssoliENIsooMENgos
3 (o} OH OH
o] H,0
COOH - S - o
16 DHPA
L bicyclic intermediate - \ o1 o o
-CooH
OO‘ :
ThA
o on P 0 OH
0 AlnT 0
9 " b . {
COOH COOH »
o. H,0
2 2 OH O prealnumycin
FMNH, FMN
AlnH
NAD* NADH NAD' NADH
ActVB
C FMNH, FMN

OH O

0, H,0

OH OH OH O
% (0 O
CooH —_— sy, COOH ActVA-5 ., ~COOH
. 4~

DDHK

ActVA-6 (e}
DHK

FIG 4 Model pathways for formation of the shunt products K1115 A, DHPA, and ThA in S. albus/pAoriAalnH and S. albus/pAoriAalnT (A), biosynthesis of
prealnumycin in Streptomyces sp. CM020 (B), and pathway towards formation of the model antibiotic actinorhodin in S. coelicolor (36) (C). Abbreviations:

DDHK, 6-deoxydihydrokalafungin; DHK, dihydrokalafungin.
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clic intermediate of the pathway. Retrosynthesis of K1115 A and
DHPA (Fig. 4A) implies that the compounds isolated might have
originated from an aldol condensation (41), in this case probably
nonenzymatic, between carbons C-4 and C-17 (polyketide num-
bering) of the bicyclic intermediate. The timing of the decarbox-
ylation of DHPA is more challenging to assess, but as B-keto acid
decarboxylation is a well-established reaction in chemistry (26), it
may be that the loss of the terminal carboxy group takes place
prior to cyclization. In any case, subsequent dehydration and non-
enzymatic oxidation of the intermediates would yield the final
quinone products (Fig. 4A). In a similar manner, formation of
ThA is likely to proceed via B-keto acid decarboxylation and C-3/
C-16 cyclization of the same bicyclic intermediate (Fig. 4A).

We propose that in the alnumycin pathway, AlnH and AlnT
form a two-component monooxygenase system that is responsi-
ble for hydroxylation of position C-11 (polyketide numbering) of
the bicyclic intermediate of the pathway (Fig. 4B). Specifically, our
data demonstrate that AlnH is a flavin:NADH oxidoreductase,
which is required to provide FMNH, for AInT for the actual mo-
nooxygenation reaction. The reduced FMN could next react with
molecular oxygen, according to the rules established for classical
flavin chemistry (30), and form an FMN peroxide intermediate
that would be capable of hydroxylating the substrate. Although
the probable natural substrate of the reaction is unstable and thus
not available for in vitro studies, the enzymatic synthesis of ThB
yielded strong evidence for the regiochemistry of the reaction and
indicated that the hydroxylation would occur in the lateral ring in
the para-position with regard to the hydroxyl group originating
from the polyketide backbone.

Our results conclusively verify that both the timing and regio-
chemistry of alnumycin quinone formation differ from the equiv-
alent reactions in the actinorhodin pathway (36) (Fig. 4C), which
was somewhat unexpected due to the high sequence similarity of
the monooxygenase components AInT and ActVA-ORF5. It is
interesting, however, that based on sequence similarity, AlnT is in
effect more closely related to LndZ5, which is responsible for hy-
droxylation of the equivalent lateral ring in the biosynthesis of the
larger four-ring angucycline antibiotic landomycin (37), than to
ActVA-ORFS5. It is plausible that an earlier hydroxylation step is
required in the alnumycin pathway to prevent unwarranted non-
enzymatic quinone formation, as seen in the structures of K1115 A
and DHPA. The results presented here also raise an interesting
question regarding the timing of quinone formation in the bio-
synthesis of medermycin and granaticin and whether they follow
the paradigms that have now been established for alnumycin (Fig.
4B) and actinorhodin (Fig. 4C) biosynthesis.
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