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ABSTRACT 1,8-Dihydroxynaphthalene (1,8-DHN) is a key intermediate in the biosynthe-
sis of DHN melanin, which is specific to fungi. In this study, we characterized the enzy-
matic properties of the gene products of an operon consisting of soceCHSI1, bdsA, and
bdsB from the Gram-negative bacterium Sorangium cellulosum. Heterologous expression
of soceCHS1, bdsA, and bdsB in Streptomyces coelicolor caused secretion of a dark-brown
pigment into the broth. High-performance liquid chromatography (HPLC) analysis of the
broth revealed that the recombinant strain produced 1,8-DHN, indicating that the
operon encoded a novel enzymatic system for the synthesis of 1,8-DHN. Simultaneous
incubation of the recombinant SoceCHS1, BdsA, and BdsB with malonyl-coenzyme A
(malonyl-CoA) and NADPH resulted in the synthesis of 1,8-DHN. SoceCHS1, a type lIl
polyketide synthase (PKS), catalyzed the synthesis of 1,3,6,8-tetrahydroxynaphthalene
(T,HN) in vitro. T,HN was in turn converted to 1,8-DHN by successive steps of reduction
and dehydration, which were catalyzed by BdsA and BdsB. BdsA, which is a member of
the aldo-keto reductase (AKR) superfamily, catalyzed the reduction of T,HN and 1,3,8-
tetrahydroxynaphthalene (T;HN) to scytalone and vermelone, respectively. The stereose-
lectivity of T,HN reduction by BdsA occurred on the si-face to give (R)-scytalone with
more than 99% optical purity. BdsB, a Snoal2-like protein, catalyzed the dehydration of
scytalone and vermelone to T;HN and 1,8-DHN, respectively. The fungal pathway for the
synthesis of 1,8-DHN is composed of a type | PKS, naphthol reductases of the short-
chain dehydrogenase/reductase (SDR) superfamily, and scytalone dehydratase (SD).
These findings demonstrated 1,8-DHN synthesis by novel enzymes of bacterial origin.

IMPORTANCE Although the DHN biosynthetic pathway was thought to be specific to
fungi, we discovered novel DHN synthesis enzymes of bacterial origin. The biosynthesis
of bacterial DHN utilized a type Ill PKS for polyketide synthesis, an AKR superfamily for
reduction, and a Snoal2-like NTF2 superfamily for dehydration, whereas the biosynthesis
of fungal DHN utilized a type | PKS, SDR superfamily enzyme, and SD-like NTF2 super-
family. Surprisingly, the enzyme systems comprising the pathway were significantly dif-
ferent from each other, suggesting independent, parallel evolution leading to the same
biosynthesis. DHN melanin plays roles in host invasion and adaptation to stress in
pathogenic fungi and is therefore important to study. However, it is unclear whether
DHN biosynthesis occurs in bacteria. Importantly, we did find that bacterial DHN biosyn-
thetic enzymes were conserved among pathogenic bacteria.

KEYWORDS 1,8-dihydroxynaphthalene, biosynthesis, melanin

ihydroxynaphthalene (DHN) melanin is a darkly pigmented polymer that is abun-
dant in fungi. In fungal cells, melanins confer resistance to environmental stress
and enhance the survival and competitive abilities of organisms in certain environ-
ments. In some pathogenic fungi, such as Colletotrichum and Magnaporthe, DHN
melanin is essential for the development of melanized appressoria, which are
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FIG 1 Biosynthesis of melanins from T,HN in bacteria and fungi. (A) The pathway of biosynthesis of
1,8-DHN by bacterial and fungal enzymes. The bacterial and fungal enzymes are represented in plain and
italic letters, respectively. Under the enzyme description, family names of enzymes are given in brackets.
(B) HPQ melanin and mompain biosynthesis by bacterial enzymes. Boldface numbers represent com-
pound numbers.

required for host invasion (1). In contrast, in Rosellinia species, DHN melanin is not
directly involved in pathogenesis but rather is associated with the development of
pseudosclerotia, which are melanized hyphae required for survival under adverse
conditions (2).

Similarly to the case in fungi, in some bacteria, melanization and pathogenesis are
closely related (3). For example, an hmgA mutant of Vibrio cholerae overproduced
pyomelanin and showed a 5-fold increase in the ability to colonize the intestines of
infant mice (4). Similarly, pyomelanin hyperproduction and increased persistence in
host cells were accompanied by hmgA disruption (5). In addition, Legionella pneumo-
phila utilizes pyomelanin for iron uptake under iron-limiting conditions (6). Although
pyomelanin and dihydroxyphenylalanine melanin, which is derived from the oxidation
of tyrosine by tyrosinases or laccases (3), are distributed among bacteria and fungi, DHN
melanin has not been discovered in bacteria.

1,8-DHN (compound 1) is a monomeric unit of DHN melanin that is synthesized via
a polyketide pathway (7, 8) (Fig. 1A). A type | polyketide synthase (PKS) assembles five
acetate units, derived from decarboxylation of malonyl-coenzyme A (malonyl-CoA), to
produce 1,3,6,8-tetrahydroxynaphthalene (T,HN; compound 2). Compound 2 is re-
duced by tetrahydroxynaphthalene reductase (T,HNR) to (R)-scytalone [(R)-compound
3], which is readily dehydrated by scytalone dehydratase (SD) to 1,3,8-trihydro-
xynaphthalene (T;HN; compound 4). Compound 4 is then reduced by trihydroxynaph-
thalene reductase (T;HNR) to (R)-vermelone [(R)-compound 5] and aromatized by SD to
compound 1. Compound 1 is polymerized into melanin by the action of laccases (9). In
Magnaporthe grisea, mutants lacking T;HNR or SD failed to infect host plants (10);
however, significant quantities of compound 3 were accumulated due to the presence
of T,HNR (11). In contrast, a mutant lacking the T,HNR was found to have the wild-type
phenotype (11).

Previously, we discovered a bacterial enzyme, RppA, that could synthesize com-
pound 2 from an actinomycete, Streptomyces griseus (12) (Fig. 1B). The fungal system for
the biosynthesis of compound 2 uses a type | PKS, whereas RppA is a type Ill PKS. The
pivotal unit for synthesizing polyketides is a B-ketoacyl-acyl carrier protein synthase
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FIG 2 Genetic organization of the soceCHST, bdsA, and bdsB genes in S. cellulosum. DNA fragments
cloned for heterologous expression are presented. pYS1 contained soceCHS1, bdsA, and bdsB. pSN1
contained soceCHST and bdsA. pSN2 contained bdsA and bdsB.

(KS) that condenses acetate units. Type | PKSs are composed of a KS and “modules,”
which are catalytic domains with distinct catalytic properties. These modules are
combined into a large polypeptide, consequently forming a large highly modular
protein. The type Ill PKS is a homodimer of KS, and other enzymes are not directly/
physically associated. In contrast, for RppA, modification enzymes, which act after the
synthesis of compound 2, are organized as an operon with rppA. Instead of the double
deoxygenation by naphthalene reductases and SD commonly found in fungi, actino-
mycetes utilize P-450 for dimerization of compound 2 to produce 1,4,6,7,9,12-hexa-
hydroxyperylene-3,10-quinone (HPQ) (13) (Fig. 1B). HPQ readily autopolymerizes to
generate HPQ melanin. In other cases, a monooxygenase, MomA, catalyzes the oxy-
genation of compound 2 to flaviolin (compound 6) (14) (Fig. 1B). However, the bacterial
enzymes responsible for the double-deoxygenation steps from compound 2 to com-
pound 1 have not yet been identified.

Sorangium cellulosum is a soil-dwelling Gram-negative bacterium of the group
Myxobacteria. The genome size of S. cellulosum is 13 Mbp, and this organism has great
potential for providing secondary products (15). In fact, S. cellulosum is a producer of
the eukaryotic cytotoxic chivosazol, the antitumor epothilone, and the siderophore
myxochelin. The heterologous expression of SoceCHS1, a type lll PKS from S. cellulosum,
shares 70% amino acid identity with RppA, resulting in the accumulation of compound
6, an auto-oxidized product of compound 2, in Pseudomonas putida KT2440 (16).

In this study, we focused on an operon consisting of soceCHS1, sce2134, and sce2135
from S. cellulosum. Because functionally related genes are often organized in operons,
we expected that sce2734 and sce2135 would be involved in the metabolism of
compound 2. Our results showed that sce2734, encoding a product designated bacterial
DHN synthase A (BdsA), was a novel naphthol reductase gene involved in catalyzing the
reduction of compound 2 and compound 4 to give compound 3 and compound 5,
respectively. T,HNR and T;HNR are members of the short-chain dehydrogenase/reduc-
tase (SDR) superfamily, whereas BdsA was found to belong to the aldoketoredutase
(AKR) superfamily. In addition, sce2135, encoding a product designated bacterial DHN
synthase B (BdsB), catalyzed the dehydration of compound 3 and compound 5 to give
compound 4 and compound 1, respectively. BdsB was found to be phylogenetically
distinct from SD, indicating that BdsB was a novel scytalone/vermelone dehydratase.

RESULTS

Organization of the bds operon and homology search and phylogenetic anal-
ysis of BdsA and BdsB. The gene organization of the 4.3-kb bds gene fragment that
includes the bds operon is shown in Fig. 2. The bds operon was found to be 2.5 kb in
length and consisted of soceCHST, bdsA, and bdsB. The stop codon of soceCHST was 56
nucleotides upstream from the start codon of bdsA, and the TGA stop codon of bdsA
overlapped the GTG start codon of bdsB. The organization of the bds operon suggested
that these three formed an operon that was transcribed from a promoter upstream of
soceCHS1. sce2132, encoding a 141-amino-acid protein with no apparent homology,
appeared to not be functionally linked to the bds operon. sce2136, which was located
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191 nucleotides downstream of bdsB, was found to contain four predicted transmem-
brane helices encoding 123 amino acid residues. Sce2136 is a member of the EamA-like
transporter family, implying that Sce2136 may act as a transporter. Sce2132 and
Sce2136 have not been studied to date because the bds operon is sufficient for the
production of compound 1 (as described below).

A BLAST search revealed that BdsA, consisting of 320 amino acid residues, showed
the highest (68% or higher) identity with several functionally unknown proteins of the
AKR superfamily, the members of which typically reduce carbonyl substrates in an
NAD(P)H-dependent manner (17). AKRs can be categorized into 16 families and are
found in all phyla. Furthermore, AKRs have an (a/B)g-barrel motif and retain a con-
served catalytic tetrad consisting of Asp, Tyr, Lys, and His. According to the phyloge-
netic tree analysis, BdsA was classified into the AKR13 family (see Fig. S1 in the
supplemental material). Among the identified AKRs, BdsA shared 53% identity with
XF1729 from Xylella fastidiosa 9a5c, which is a pathogen associated with crop disease.
XF1729 catalyzes the reduction of (+)-glyceraldehyde and 2-nitrobenzaldehyde in the
presence of NADPH (18). Sequence alignment of BdsA with AKRs revealed that the
catalytic tetrad (Asp62, Tyr67, Lys92, and His142) was conserved in BdsA (Fig. S2). These
in silico analyses led us to hypothesize that BdsA may be a reductase acting on
compound 2.

BdsB, consisting of 144 amino acid residues, belongs to the NTF2-like superfamily,
which is diverse in both sequence and function. By BLAST search, we were able to
identify more than 100 NTF2-like proteins, which shared 30% or higher identity with
BdsB; however, none of these proteins were functionally characterized. NTF2-like
proteins include limonene-1,2-epoxide hydrolases (19), A>-3-ketosteroid isomerase (20),
scytalone dehydratase (21), polyketide cyclase Snoal (22), and polyketide monooxy-
genase Snoal2 (23, 24), all of which have been functionally characterized. However,
these enzymes did not have sequence or functional similarities to BdsB (Fig. S3 and S4).
Moreover, BdsB and its homologous proteins formed a distinct clade among the
NTF2-like proteins (Fig. S3).

Heterologous expression of bds proteins in Streptomyces coelicolor. Streptomy-
cetes are Gram-positive, soil-living bacteria that produce a wide variety of secondary
metabolites, including aromatic polyketides. Over the past 2 decades, streptomycetes
have been utilized as hosts for the heterologous production of aromatic polyketides
(25). The key advantages of this approach include the posttranslational modification of
carrier proteins of polyketide synthases, the availability of acyl-CoA substrates, and high
tolerance of products due to abundant transporter proteins. S. coelicolor is a model
species for the study of actinomycete genetics and biology, and many genetic tools are
available to manipulate this organism (26). Therefore, to investigate the catalytic roles
of these enzymes, we overexpressed bds proteins in S. coelicolor M1146 (27) using
high-copy-number plasmid plJ6021 (28). We constructed six plasmids (pYS1, pSNT,
pSN2 [Fig. 2], plJ6021-soceCHST, plJ6021-bdsA, and plJ6021-bdsB), and S. coelicolor
M1146 was transformed with these plasmids.

HPLC analysis of the culture extracts revealed that expression of SoceCHS1 in S.
coelicolor M1146 resulted in the accumulation of compound 6 (Fig. 3A), consistent with
previous expression studies in Pseudomonas (16). Interestingly, S. coelicolor M1146/
pSN1, a recombinant strain carrying soceCHST and bdsA, produced compound 3, along
with the side product compound 6 (Fig. 3B), which was identical to authentic flaviolin.
The structure of compound 3 was characterized as scytalone by nuclear magnetic
resonance (NMR; Fig. S5) and mass spectrometry (MS) analyses. The absolute configu-
ration of compound 3 was shown to be the (R)-form, since the observed optical rotation
value ([a]¥ = + 23°) and the reported value ([a]5 = + 32°) (8) were nearly equal. For
determination of the enantiomeric excess of compound 3, we prepared 3,8-dihydroxy-
6-methoxy-tetralone (compound 7) by methylation of compound 3. Using chiral chro-
matography, the enantiomeric excess of compound 7 was found to be 92% (Fig. S6).
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FIG 3 HPLC chromatograms of the recombinant Streptomyces strains. Chromatograms of strains express-
ing SoceCHS1 (A); SoceCHS1 and BdsA (B); SoceCHS1, BdsA, and BdsB (C); BdsA and BdsB (E); BdsA (F);
and BdsB (G) are shown. (D) Chromatogram of authentic compound 1. (H) Chromatogram of the strain
carrying an empty vector. AU, absorbance units.
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These results strongly suggested that BdsA may be a novel AKR reductase that reduces
compound 2 to (R)-compound 3.

S. coelicolor M1146/pYS1, a recombinant strain carrying soceCHS1, bdsA, and bdsB,
secreted a dark-brown pigment into the broth. HPLC analysis revealed that S. coelicolor
M1146/pYS1 produced a single compound, which appeared to be identical to authentic
compound 1 (Fig. 3C and D). In contrast, recombinants expressing BdsA and BdsB (Fig.
3E), BdsA (Fig. 3F), or BdsB (Fig. 3G) did not produce any of the specific products
compound 1, compound 3, and compound 6, indicating that expression of SoceCHS1
was crucial for the production of polyketides. The contaminant migrating at a retention
time of 6 min was derived from the host strain (Fig. 3H). These results indicated that
SoceCHST1, BdsA, and BdsB were necessary and sufficient for the production of com-
pound 1 in a heterologous host.

In vitro reconstitution of 1,8-DHN synthesis. Simultaneous incubation of recom-
binant SoceCHS1, BdsA, and BdsB with malonyl-CoA and NADPH resulted in the
reconstitution of compound 1 synthesis in vitro (Fig. S7). This result was consistent with
our in vivo data and indicated that endogenous enzymes of the host were not involved
in the formation of compound 1. In addition, SoceCHS1 gave compound 2 from
malonyl-CoA (Fig. S7), suggesting that the substrate of BdsA was not compound 6,
which could be obtained from air oxidation of compound 2. These observations also
indicated that BdsA and BdsB could catalyze both of the deoxygenation steps, i.e.,
deoxygenation of compound 2 to compound 4 and deoxygenation of compound 4 to
compound 1.

Catalytic properties of BdsA. In order to investigate the properties of BdsA,
reactions with BdsA were performed in vitro. When BdsA was incubated with com-
pound 2 and NADPH, compound 3 was observed by HPLC analysis (Fig. 4A). For the
determination of the stereoselectivity in reduction by BdsA, the in vitro product was
methylated to compound 7, and compound 7 was analyzed by chiral HPLC analysis (Fig.
S6). The methylated derivative of compound 3 from the in vitro reaction comigrated
with that of (R)-compound 7 prepared from the recombinant strain, indicating that
compound 3 synthesized in vitro was a (R)-isomer (Fig. S6). The reaction did not
proceed when boiled BdsA was used instead of active enzyme or when NADPH was not
added to the reaction (Fig. 4A). The reaction followed Michaelis-Menten kinetics
(Fig. 4B), and the apparent K,, and V,,, values of compound 2 for the synthesis of
compound 3 were 95.4 = 13 uM and 0.050 = 0.003 uwM s~ ' (means * standard errors
[SE], n = 3), respectively. These results clearly showed that BdsA was a novel naphthol
reductase of bacterial origin. We also examined the reverse reaction for BdsA (Fig. S8).
Incubation of BdsA, (R)-compound 3, and NADP* gave compound 2, with a small
amount of compound 6 and contaminants which could be derived from compound 2,
showing that BdsA could also catalyze the oxidation of (R)-compound 3 to give
compound 2. Consistent with this, T,HNR and T;HNR of Magnaporthe grisea catalyze
the reverse reactions of compound 3 to compound 2 and compound 5 to compound
4, respectively (11).

To ascertain whether BdsA was involved in the second deoxygenation step, BdsA
was incubated with compound 4 and NADPH (Fig. S9). HPLC analysis confirmed that
compound 4 was converted to the product compound 5, the structure of which was
deduced from liquid chromatography-high-resolution MS (LC-HRMS) and 'H-NMR
analyses (Fig. S10). In contrast, inactive BdsA did not convert compound 4 to com-
pound 5. These results clearly showed that BdsA was involved in the first and second
reduction steps of the deoxygenation events. Note that compound 4 was readily
auto-oxidized to 2-hydroxyjuglone (compound 8) (29) due to its instability in air (Fig.
S9). The limited availability of compound 5 prevented our performing further analysis
of this reaction. Then, we chose 1,3-DHN (compound 9), a compound that was
structurally analogous to compound 4 and more stable than compound 4, as an
alternative substrate for investigation of the second deoxygenation step (Fig. S11).
Similarly to compound 4, compound 9 is subject to oxidation via atmospheric O, to
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FIG 4 Catalytic properties of BdsA. (A) HPLC chromatograms representing BdsA reactions. The enzyme,
substrate, and cofactor used are shown at the top right of the chromatograms. (B) Michaelis-Menten
saturation curve of BdsA.

give a corresponding oxygen adduct, lawsone (compound 10) (Fig. S11), but with a
somewhat lower rate than the decomposition of compound 4. Incubation of BdsA with
compound 9 and NADPH gave 3-hydroxy-1-tetralone (compound 11) as a single
product (Fig. S11). The optical rotation of compound 11 was [a]¥ = + 45°. The chiral
chromatography of compound 11 revealed that the product was almost completely
optically pure (Fig. S11). This reaction was also catalyzed by naphthol reductase, which
was partially purified from the brm-1 mutant of Verticillium dahliae (30). In addition,
T,HNR from Magnaporthe grisea also catalyzes this reaction, albeit with a low conver-
sion rate (8). However, those studies did not report the optical density or the
absolute configuration of compound 11. Unfortunately, because of the extreme
instability of the Mosher ester of compound 11, which undergoes further elimina-
tion and tautomerization to 1-naphthol, we could not determine the absolute
configuration of compound 11.

Catalytic properties of BdsB. Next, the dehydration reaction catalyzed by BdsB was
investigated in vitro. BdsB readily dehydrated (R)-compound 3 to compound 4, whereas
in the reaction using boiled BdsB, (R)-compound 3 remained intact (Fig. 5A). BdsB
displayed Michaelis-Menten kinetics (Fig. 5B), and the apparent K,,, and V,, ., values of
(R)-compound 3 for compound 4 synthesis were 5.5 = 1.7 uM and 0.20 = 0.02 uM s~
(means = SE, n = 3), respectively. In addition, the second deoxygenation step was
reconstituted by incubating compound 5 with BdsB. The reaction smoothly gave
compound 1 as a single product, whereas in the reaction using boiled BdsB, compound
5 remained intact (Fig. S12). These results clearly showed that BdsB was a novel
scytalone/vermelone dehydratase of bacterial origin.
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FIG 5 Catalytic properties of BdsB. (A) HPLC chromatograms representing BdsB reactions. The enzyme

and substrate used are shown at the top right of the chromatograms. (B) Michaelis-Menten saturation
curves of BdsB.

DISCUSSION

In this study, we discovered DHN (compound 1) biosynthetic enzymes of bacterial
origin. The biosynthetic route of compound 1 was composed of three classes of reactions,
including synthesis of polyketides, reduction of the carbonyl group, and dehydration of
the phenolic hydroxyl group. For polyketide synthesis, the bacterial DHN synthetic
route adopts a type lll PKS, SoceCHS1, whereas the fungal route utilizes a type | PKS,
such as PKS1, which synthesizes compound 2 from malonyl-CoA (31). Type Il PKSs are
thought to have evolved from a common ancestral protein, such as FabH, which
initiates the elongation of fatty acyl intermediates by condensing acetyl-CoA and
malonyl-ACP to form acetoacetyl-ACP (32). In contrast, the KS domain of type | PKS is
homologous to FabF, which is responsible for the repetitive condensation of malonyl-
ACP to fatty acyl intermediates to accomplish the extension of saturated and unsatu-
rated fatty acids of 16 to 18 carbons (32). Type | PKSs are widely distributed among
bacteria, although PKS1 and its orthologous enzymes have not been characterized.
Moreover, type lll PKSs for compound 2 have not been found in fungi. These facts,
together with the dissimilarity in the double-deoxygenation steps (see below), sug-
gested that the bacterial and fungal DHN synthesis routes may have evolved indepen-
dently.

The reduction of aldehydes and ketones to primary and secondary alcohols, respec-
tively, is often catalyzed by proteins that belong to two protein superfamilies, i.e., SDRs
and AKRs (17). The catalytic mechanisms of SDRs and AKRs are similar, although the
protein folds are unrelated (17). We have shown that BdsA, a novel member of the AKR
superfamily, catalyzes the reduction of compound 2 and compound 4 to compound 3
and compound 5. In contrast, fungal naphthol reductases, i.e, T,HNR and T;HNR,
belong to the SDR superfamily, indicating that BdsA may be a novel naphthol reductase
of bacterial origin. The reactions of BdsA and T,HNR were found to share a feature in
that the stereoselectivity in the reduction of compound 2 to give (R)-compound 3 was
the same in both. In addition, both BdsA and T,HNR catalyzed the reverse reaction, e.g.,
oxidation of (R)-compound 3 to compound 2.

We could not determine the stereochemistry of compound 5 or compound 11
because of the limited availability of the compounds as well as their instability.
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Therefore, the facial selectivity of the reduction of compound 4 remains unknown.
We assumed that the reduction of compound 4 could occur on the si face to give
(R)-compound 5 because compound 2 and compound 4 were structurally related
compounds. The facial selectivity of the reduction by T,HNR depends on the relatively
fixed position of the carbonyl oxygen atom of substrate naphthols (8). The correlation
between the substrate structure and the facial selectivity of the reduction by BdsA
remains to be clarified.

We showed that BdsB catalyzed the dehydration of (R)-compound 3 and compound
5 to compound 4 and compound 1. BdsB and fungal SD are both members of the
NTF2-like superfamily and catalyze the dehydration of (R)-compound 3 and compound
5. However, BdsB and SD were found to be phylogenetically distinct. BdsB contained a
conserved Snoal_2 (pfam12680)-like domain, which is thought to be a hydroxylase of
the aromatic polyketide nogalamycin (24). Siitonen et al. showed that SnoaW and
Snoal2 made up a two-component monooxygenase (23). SnoaW reduces quinone
to dihydroquinone, which enables the activation of oxygen and the formation of a
hydroperoxy intermediate. Then, Snoal2 catalyzes the protonation of the hydroperoxy
intermediate to yield the hydroxylated product. The protonation step may also be
involved in the dehydration of secondary alcohol by BdsB, since protonation of the
alcoholic oxygen is critical to improve the leaving group, a neutral water. Indeed,
aspartic acid and glutamic acid and other proposed catalytic residues of Snoal2 are
conserved among BdsB enzymes and Snoal2 (24). Although Snoal2 family proteins are
often found in type Il PKS clusters, the reaction and the amino acid sequence of BdsB
are distinct from those of type Il PKS.

Although the DHN biosynthetic pathway was thought to be specific to fungi, we
discovered novel DHN synthesis enzymes of bacterial origin. Interestingly, the same
biosynthetic pathway of a secondary metabolite was found to be conserved between
bacterium and eukaryote domains. DHN biosynthesis involved synthesis of polyketides,
reduction of the carbonyl group, and dehydration of the phenolic hydroxyl group.
Moreover, bacterial DHN biosynthesis utilized a type Ill PKS for polyketide synthesis, an
AKR superfamily member for reduction, and a Snoal2-like NTF2 superfamily member
for dehydration, whereas fungal DHN biosynthesis utilized a type | PKS, a SDR super-
family enzyme, and an SD-like NTF2 superfamily member. Surprisingly, the enzyme
systems comprising the pathway were significantly different from each other, suggest-
ing independent, parallel evolution leading to the same biosynthesis pathway.

Based on the discovery of DHN biosynthetic enzymes, it is unclear whether DHN
melanin may be produced in bacteria. Gross et al. assumed that soceCHST in S. cellulosum
So ce56 was not expressed and did not function under laboratory conditions because no
changes in secondary metabolite patterns were observed in soceCHST-inactivated strains
(16). It is sometimes difficult to ascertain correlations between stress (hyperthermia, hyper-
osmotic medium, starvation) and melanization because the response to stress is assumed
to be acquired individually via divergent evolution. Recently, Vijayan et al. isolated a
Gram-negative, bioluminescent marine bacterium, Vibrio harveyi MMRF546, from a darkly
pigmented sponge, Fasciospongia cavernosa (33). Surprisingly, V. harveyi MMRF546 pro-
duced a melanin molecule whose synthesis was inhibited by tricyclazole, an inhibitor of
T5HNR. Although it is possible that tricyclazole cross-inhibited an unknown melanin path-
way, this observation implied that the melanin produced by V. harveyi MMRF546 was
synthesized via the DHN pathway. However, it is unclear whether DHN biosynthesis occurs
in bacteria, although bacterial DHN biosynthetic enzymes are conserved among patho-
genic bacteria (see Fig. S13 in the supplemental material), such as human-pathogenic
Inquilinus limosus DSM 16000 (34) and plant-pathogenic Ralstonia solanacearum CMR15
(35), Pseudomonas cichorii JBC1 (36), and Nocardia casuarinae BMG51109 (37). Further
studies are needed to assess melanization by these pathogenic organisms.

MATERIALS AND METHODS

Materials. 1,8-DHN (compound 1) and malonyl-CoA were purchased from Sigma-Aldrich (St. Louis,
MO, USA). NADPH and NADP* were purchased from Oriental Yeast (Tokyo, Japan). 1,3-DHN (compound
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9) and trimethylsilyldiazomethane were purchased from Tokyo Chemical Industry (Tokyo, Japan). T,HN
(compound 2) was synthesized according to the method of Ichinose et al. (38). (*)-Scytalone (compound
3) and (*)-3-hydroxy-1-tetralone (compound 11) were synthesized according to the methods of Schatzle
et al. (8). Flaviolin (compound 6) was prepared from a recombinant S. coelicolor M1146 strain harboring
pNF2 (13). Luria-Bertani (LB) Lennox medium was purchased from Sigma-Aldrich. S. cellulosum So ce56
was purchased from Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ, Braunschweig,
Germany). Escherichia coli HST08, E. coli HST04, the pColdl plasmid, restriction enzymes, and other
DNA-modifying enzymes used for DNA manipulation were purchased from TaKaRa Bio Inc. (Shiga, Japan).
E. coli BL21 was purchased from the National BioResource Project (National Institute of Genetics of
Japan).

Construction of plasmids. Medium, growth conditions, and general recombinant DNA techniques
for E. coli and Streptomyces were previously described by Sambrook et al. (39) and Kieser et al. (26),
respectively. The chromosomal DNA of S. cellulosum So ce56 was used as a template for PCR. An Ndel
site was introduced at the start codon of soceCHST by PCR with primer | (5'-GCGGAATTCATATGGCCAC
ACTGTGCAGG-3'; the EcoRl site is underlined, and the Ndel site is italicized) and primer Il (5'-GCGGGA
TCCGCAGGAGCGACAGGGC-3'; the BamHiI site is italicized). The amplified fragment was cloned between
the EcoRI and BamHI sites of pUC19, yielding pUC19-soceCHS1. The Ndel-BamHI fragment excised from
pUC19-soceCHST was cloned between the Ndel and BamHI sites of plJ6021 and plJ4123, resulting in
plJ6021-soceCHST and plJ4123-soceCHS1, respectively.

An Ndel site was introduced at the start codon of bdsA (sce2134) by PCR with primer IIl (5'-CGGAA
TTATATGACCAACGCATCGCTCAA-3'C; the EcoRl site is underlined, and the Ndel site is italicized) and
primer IV (5'-GCGGGATCCTCACGGCGTCTCCTTCGTG-3'; the BamHI site is italicized). The amplified frag-
ment was cloned between the EcoRI and BamHl sites of pUC19, resulting in pUC19-bdsA. The Ndel-BamHI
fragment excised from pUC19-bdsA was cloned between the Ndel and BamHI sites of plJ6021 and
plJ4123, yielding plJ6021-bdsA and plJ4123-bdsA, respectively.

An Ndel site was introduced at the start codon of bdsB (sce2135) by PCR with primer V (5'-CGGAA
TTCATATGAGCACCCAGCAGCAAACCA-3’; the EcoRl site is underlined, and the Ndel site is italicized) and
primer VI (5'-GCGGGATCCGGATGGCGGGAACGACAA-3’; the BamHI site is italicized). The amplified frag-
ment was cloned between the EcoRIl and BamHI sites of pUC19, yielding pUC19-bdsB. The Ndel-BamHI
fragment excised from pUC19-bdsB was cloned between the Ndel and BamHI sites of pColdl, yielding
pColdl-bdsB.

A 2.5-kb gene fragment containing soceCHS1, bdsA, and bdsB was amplified by PCR with primer | and
primer VI. The amplified fragment was cloned between the EcoRI and BamHI sites of pUC19, yielding
pUC19-YS1. The Ndel-BamHI fragment excised from pUC19-YS1 was cloned between the Ndel and BamHI
sites of plJ6021, yielding pSY1.

A 2.1-kb gene fragment containing soceCHSTand bdsA was amplified by PCR with primer | and primer
IV. The amplified fragment was cloned between the EcoRl and BamHl sites of pUC19, yielding pUC19-YST.
The Ndel-BamHI fragment excised from pUC19-SN1 was cloned between the Ndel and BamHI sites of
plJ6021, yielding pSN1.

A 1.4-kb gene fragment containing bdsA and bdsB was amplified by PCR with primer Ill and primer
IV. The amplified fragment was cloned between the EcoRl and BamHI sites of pUC19, yielding pUC19-
SN2. The Ndel-BamHI fragment excised from pUC19-SN2 was cloned between the Ndel and BamHI sites
of plJ6021, yielding pSN2.

HPLC analysis of polyketides produced by recombinant Streptomyces. S. coelicolor M1146 was
transformed with plJ6021, plJ6021-soceCHS1, plJ6021-bdsA, plJ6021-bdsB, pSY1, pSN1, and pSN2. The
recombinant strains were individually inoculated into 50 ml of yeast extract-malt extract liquid medium
(26) containing 5 ug/ml kanamycin, and the resulting cultures were grown at 30°C. After 26 h, 5 ug/ml
thiostrepton was added to induce the tip promoter, and the cultures were incubated for an additional
48 h. Next, 1-ml aliquots of the supernatants from the cultures were acidified with 30 ul of 6 M HCl and
extracted with ethyl acetate. The ethyl acetate phases were evaporated, and the residues were dissolved
in a small amount of methanol. Reverse-phase HPLC-photodiode array detector (HPLC-PDA) (Jasco,
Tokyo, Japan) analysis was carried out using a Cosmosil 5C, 3 AR-Il column (Nacalai Tesque, Kyoto, Japan)
(4.6 by 150 mm), and the analytes were subjected to a gradient of 10% to 100% acetonitrile-water (both
containing 0.1% trifluoroacetic acid) at a flow rate of 1 ml/min at 40°C for 30 min. UV absorbance was
detected at 280 nm.

Isolation of scytalone (compound 3) from S. coelicolor M1146/pSN1. S. coelicolor M1146/pSN1
was used to inoculate 8 X 0.5 liters of yeast extract-malt extract liquid medium containing 5 ug/ml
kanamycin and was grown at 30°C. After 24 h, 5 ug/ml thiostrepton was added, and the cultures were
incubated for an additional 72 h. The pH of the culture supernatant was adjusted to 2 with 6 M HCl, and
extraction was then carried out using ethyl acetate. The organic layer was dried over anhydrous sodium
sulfate and evaporated until dry. The crude materials were dissolved in a small amount of benzene-
acetone (7:3 [vol/vol]) and were then subjected to flash chromatography on a silica gel using benzene-
acetone (7:3 [vol/vol]) as an eluent. The eluate was evaporated and dissolved in methanol for reverse-
phase preparative HPLC. The crude materials were purified using a reverse-phase preparative HPLC
apparatus equipped with a 5C,4-AR-Il column (Nacalai Tesque) (10 by 250 mm) by elution with 30%
methanol-water-0.1% trifluoroacetic acid at a flow rate of 3 ml/min at ambient temperature. The
collected fractions were lyophilized to give 30 mg of (R)-compound 3 as a white solid. NMR data were
collected on a Bruker BioSpin AV400N FT-NMR spectrometer (Bruker, Billerica, MA, USA). LC-electrospray
ionization-HRMS (LC-ESI/HRMS) analysis was carried out using a Q-exactive spectrometer (Thermo Fisher
Scientific, MA, USA). Optical rotations were measured on a Jasco P-2200 digital polarimeter (Jasco, Tokyo,
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Japan). (R)-compound 3 measurements were as follows: for "H-NMR (400 MHz, CD,0D), 6 2.64 (dd, 1H,
J = 7.6, 16.8 Hz, H-2b), 2.86 to 2.91 (m, 2H, H-2a and H-4b), 3.12 (dd, 1H, J = 2.4, 16.0 Hz, H-4a), 4.28 (m,
1H, H-3), 6.13 (s, TH, H-7), 6.25 (s, 1H, H-5); for 13C-NMR (100 MHz, CD,0D), & 40.0 (C-4), 48.3 (C-2), 67.8
(C-3), 102.5 (C-7), 110.2 (C-5), 112.5 (C-9), 146.3 (C-10), 167.4 (C-8), 167.5 (C-6), 203.3 (C-1); for negative-
mode LC-ESI/HRMS, [M-H]- = 193.0500 (calculated for C,,H,O,, 0.6 millimass units [mmu] error);
[l = + 23° (c 0.36, 95% ethyl alcohol [EtOH]).

Synthesis of 3,8-dihydroxy-6-methoxy-tetralone (compound 7). A solution of (R)-compound 3
(6.7 mg, 35 umol)-300 ul toluene-methanol (3:1 [vol/vol]) was added to 200 ul of 0.6 M trimethylsilyl-
diazomethane-hexane and stirred for 2 h at room temperature. The reaction was quenched with acetic
acid, and the reaction mixture was evaporated under reduced pressure. The crude materials were
purified using a reverse-phase preparative HPLC apparatus equipped with a 5C,;-AR-Il column (Nacalai
Tesque) (20 by 250 mm) by elution with 40% acetonitrile-water-0.1% trifluoroacetic acid at a flow rate
of 5 ml/min at ambient temperature. The collected fractions were evaporated to give 5.7 mg (27.4 umol,
79%) of (R)-compound 7 as a pale brownish solid. Direct analysis in real time/time of flight MS
(DART/TOF-MS) was performed using a JEOL AccuTOF-DART mass spectrometer (JEOL, Tokyo, Japan).
(R)-compound 7 measurements were as follows: for "H-NMR (400 MHz, CDCl,), 6 2.71 (dd, 1H,J = 7.9,17.1
Hz, H-2b), 2.89 to 2.96 (m, 2H, H-2a and H-4b), 3.14 (dd, TH, J = 3.6, 15.2 Hz, H-4a), 3.83 (s, 3H, -OCH,),
4.40 (m, 1H, H-3), 6.29 (d, 2H, H-5, and H-7), 12.70 (s, TH, OH); for *C-NMR (100 MHz, CD,0D), § 38.63
(C-4), 46.87 (C-2), 55.71 (-OCH,), 66.39 (C-3), 99.31 (C-7), 108.11 (C-5), 111.36 (C-9), 143.08 (C-10), 165.71
(C-8), 166.49 (C-6), 200.57 (C-1); for positive-mode DART/TOF-MS, [M+H]* = 209.08158 (calculated for
Cy,H,50,", 0.20 mmu error).

Chiral cell HPLC analysis. Chiral cell HPLC analysis was carried out using a Chiralpak AS-H column
(Daicel, Osaka, Japan) (4.6 by 250 mm), and the analytes were subjected to elution with 7% isopropyl
alcohol-hexane at a flow rate of 1 ml/min at 30°C for 40 min. UV absorbance was detected at 280 nm.

Expression and purification of recombinant SoceCHS1, BdsA, and BdsB. S. coelicolor M1146
harboring plJ4123-soceCHST or plJ4123-bdsA was used to inoculate 50 ml of yeast extract-malt extract
liquid medium containing 5 wg/ml kanamycin, and the cultures were grown at 30°C. After 26 h, 5 ug/ml
thiostrepton was added to induce the tip promoter, and the cultures were incubated further for an
additional 48 h. Cells were harvested by centrifugation and resuspended in a mixture consisting of 50
mM NaH,PO, (pH 8.0), 300 mM NaCl, 10 mM imidazole, and 10% glycerol. One tablet of cOmplete mini
EDTA-free inhibitor cocktail (Sigma-Aldrich) was dissolved in the cell suspension. A crude cell lysate was
prepared by sonication, and cell debris was removed by centrifugation at 20,000 X g for 20 min. The
cleared lysate was applied to nickel-nitrilotriacetic acid (Ni-NTA) columns (Qiagen, Hilden, Germany) and
then washed twice with a mixture consisting of 50 mM NaH,PO, (pH 8.0), 300 mM NacCl, 20 mM
imidazole, and 10% glycerol. The purified histidine-tagged protein was eluted with a mixture consisting
of 50 mM NaH,PO, (pH 8.0), 300 mM NacCl, 250 mM imidazole, and 10% glycerol and was dialyzed twice
against 2 liters of 10 mM Tris-HCl (pH 7.5) containing 10% glycerol and 50 mM NacCl.

E. coli BL21 cells harboring pColdI-bdsB were grown at 37°C in 50 ml LB broth containing 50 wg/ml
ampicillin. When the optical density at 600 nm reached 0.5, the cells were incubated for 30 min at 15°C
and then induced by addition of 0.1 mM isopropyl! thio-B-p-galactoside. The cells were then cultured for
an additional 24 h at 15°C. The crude protein was purified using Ni-NTA as described above.

The protein concentration was estimated using Bradford assays with a Bio-Rad protein assay kit
(Bio-Rad Laboratories, CA, USA) with bovine serum albumin as the standard. The purities of recombinant
SoceCHS1, BdsA, and BdsB were verified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(see Fig. S14 in the supplemental material).

In vitro reactions of SoceCHS1, BdsA, and BdsB. All reactions were performed in 100 ul of 100 mM
sodium phosphate (pH 7.5). For the SoceCHS1 reactions, 200 uM malonyl-CoA and 2 uM SoceCHS1 were
incubated in the buffer. For the forward BdsA reactions, 400 uM compound 2, compound 4, or
compound 9; 1 mM NADPH; and 2 uM BdsA were incubated in the buffer. For the reverse BdsA reactions,
(R)-compound 3, 1 mM NADP*, and 2 uM BdsA were incubated in the buffer. For the BdsB reactions, 400
uM (R)-compound 3 and 2 uM BdsB or 400 uM compound 5 and 1 uM BdsB were incubated in the
buffer. All reaction mixtures were incubated at 30°C for 60 min and were acidified with 20 ul of 6 M HC|
to quench the reactions. The mixture was then extracted with 200 ul ethyl acetate, and the ethyl acetate
phase was evaporated to dryness. The residue was dissolved in 20 ul methanol for HPLC-PDA analysis
as described above.

Determination of the kinetic parameters of BdsA. The reactions, which used reaction mixtures
containing 100 mM sodium phosphate (pH 7.5), compound 2, T mM NADPH, and 0.5 uM BdsA, were
performed in a total volume of 100 ul. The concentration of compound 2 was adjusted to between 20
and 250 uM. The reactions were initiated by adding compound 2, continued for 7 min, and stopped with
20 pl of 6 M HCI. The consumption rates of the substrate were 19.7% (20 uM), 14.9% (50 uM), 10.8% (100
M), 8.2% (150 uM), 7.2% (200 nM), and 6.3% (250 wM). The material in the mixture was then extracted
with ethyl acetate. The organic layer was collected and evaporated, and the residual material was
dissolved in 20 ul methanol for quantification of (R)-compound 3 by HPLC analysis, as described above.
(R)-compound 3 was used to generate the standard curve for the quantification of the product. Each
measurement was repeated three times independently. Steady-state parameters were determined by
Sigma plot analysis (Systat Software, CA, USA).

Determination of the kinetic parameters of BdsB. The reactions, which used reaction mixtures
containing 100 mM sodium phosphate (pH 7.5), (R)-compound 3, and 0.05 uM BdsB, were performed in
a total volume of 100 ul. The concentration of (R)-compound 3 was adjusted to between 1 and 15 uM.
The reactions were initiated by adding (R)-compound 3, continued for 20 s, and stopped with 20 ul of
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6 M HCI. The consumption rates of the substrate were 17.8% (1 uM), 7.9% (2.5 uM), 7.3% (5 uM), 8.7%
(7.5 uM), 5.8% (10 uM), and 10.0% (15 wM). The material in the mixture was then extracted with ethyl
acetate, and the unreacted (R)-compound 3 was quantified by HPLC, as described above, to measure the
reaction rate. Each measurement was repeated three times independently. Steady-state parameters were
determined by Sigma plot analysis (Systat Software).
Enzymatic preparation of T;HN (compound 4). Ten milliliters of solution containing 1 wM BdsB, 1
mM (R)-compound 3, and 100 mM sodium phosphate (pH 6.5) was incubated at 30°C for 60 min. The
reaction was acidified with 6 M HCl and extracted with ethyl acetate. The ethyl acetate phase was
evaporated to dryness, and the remaining residue was dissolved in a small amount of methanol and
purified using a reverse-phase preparative HPLC apparatus equipped with a 5C,;-AR-Il column (Nacalai
Tesque) (10 by 250 mm) by elution with 30% methanol-water-0.1% trifluoroacetic acid at a flow rate of
3 ml/min at ambient temperature. The collected fractions were lyophilized to give 2 mg T;HN (com-
pound 4) as a white solid. "TH-NMR data are shown in Fig. S15. Compound 4 measurements were as
follows: for TH-NMR (400 MHz, acetone-d,), 6 6.47 (d, J = 2.1 Hz, H-2), 6.56 (d, J = 7.2 Hz, H-7), 6.65 (d,
J = 1.9 Hz, H-4), 7.06 (d, J = 8.0 Hz, H-5), 7.13 (t, J = 7.6, 8.0 Hz, H-6); for negative-mode LC-ESI/HRMS,
[M-H]- = 175.0392 (calculated for C,,H,0;, 0.9 mmu error).
Enzymatic preparation of (+)-3-hydroxy-1-tetralone (compound 11). Next, 35 ml of a solution
containing 1 uM BdsA, 1T mM compound 9, 1.5 mM NADPH, and 100 mM sodium phosphate (pH 6.5) was
incubated at 30°C for 60 min. Compound 11 was extracted and purified as described above using a
reverse-phase preparative HPLC apparatus equipped with a 5C,4-AR-Il column by elution with 60%
methanol-water at a flow rate of 3 ml/min at ambient temperature. The yield of compound 11 was 0.4
mg. Compound 11 measurements were as follows: for 'TH NMR (400 MHz, CDCl,), 6 2.79 (dd, TH, J = 17.8,
8.0 Hz, H-2b), 2.95 to 3.04 (m, 2H, H-2a and H-4b), 3.23 (dd, 1H, J = 16.1, 3.9 Hz, H-4a), 4.45 (septet, 1H,
H-3), 6.75 (dd, 1H, J = 7.4, 0.8 Hz, H-5), 6.84 (d, 1H, J = 8.4 Hz, H-7), 7.41 (t, 1H, J = 8.0 Hz, H-6), 12.26
(s, TH, Ar-OH); for negative-mode LC-ESI/HRMS, [M-H]- = 179.0700 (calculated for C,,H,,05*, 179.07027);
for positive-mode LC-ESI/HRMS, [M-+H]* = 163.0753 (calculated for C,,H,,;0,*, 0.1 mmu error);
[a]¥ = + 45° (c 0.05, 95% EtOH).
Enzymatic preparation of vermelone (compound 5). Twenty milliliters of a solution containing 1
uM BdsA, 1 mM compound 4, 1.5 mM NADPH, and 100 mM sodium phosphate (pH 6.5) was incubated
at 30°C for 3 h. Compound 5 was extracted as described above. The yield of compound 5 was 1 mg.
Compound 5 measurements were as follows: for 'TH NMR (400 MHz, CDCl,), 6 2.79 (dd, 1H, J = 8.0, 17.8
Hz, H-2a), 2.95 to 3.04 (m, 2H, H-2b and H-4a), 3.23 (dd, TH, J = 3.9, 16.1 Hz, H-4b), 4.45 (m, 1H, H-3), 6.75
(dd, 1H, J = 0.8, 7.4 Hz, H-5), 6.84 (d, 1H, J = 8.4 Hz, H-7), 7.41 (dd, 1H, J = 0.8, 8.4 Hz, H-6), 12.26 (s, 1H,
Ar-OH); for negative-mode LC-ESI/HRMS, [M-H]- = 179.0700 (calculated for C,,H,,05%, 0.3 mmu error).
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