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ABSTRACT: Oxidative rearrangements play key roles in introducing structural complexity and biological activities of natural products
biosynthesized by type II polyketide synthases (PKSs). Chartreusin (1) is a potent antitumor polyketide that contains a unique rearranged
pentacyclic aromatic bilactone aglycone derived from a type II PKS. Herein, we report an unprecedented dioxygenase, ChaP, that catalyzes
the final a-pyrone ring formation in 1 biosynthesis using flavin-activated oxygen as an oxidant. The X-ray crystal structures of ChaP and
two homologs, docking studies and site-directed mutagenesis provided insights into the molecular basis of the oxidative rearrangement that
involves two successive C-C bond cleavage steps followed by lactonization. ChaP is the first example of a dioxygenase that requires a flavin-
activated oxygen as a substrate despite lacking flavin binding sites, and represents a new class in vicinal oxygen chelate (VOC) enzyme

superfamily.

INTRODUCTION

Linear and angular aromatic polyketides biosynthesized by bac-
terial type II PKSs can be morphed into structurally diverse natural
products by an assortment of redox enzymes. These oxidative rear-
rangements dramatically expand the structural complexity and in-
crease the biological activities of aromatic polyketides. Examples
include the biosynthesis of the y-pyrone ring in xantholipin,' dihy-
dropyridine ring in jadomycin,? spiro-rings in fredericamycin’ and
griseorhodin,* cyclopentadiene ring in kinamycin,? and a-pyrone
ring in chartreusin® as shown in Figure 1. Considering the key role
of oxidation in generating complex natural products,’ discovery of
novel multifunctional oxidase from nature is of great interest not
only to find new natural catalysts but also to develop new method-
ology in the application of organic and medicinal chemistry.

Chartreusin (1), which was originally isolated from Streptomy-
ces chartreusis during screening of antibacterial agents against M-
cobacterium tuberculosis, consists of a structurally unique penta-
cyclic aromatic bilactone aglycone and a disaccharide (Figure 1).8
Compound 1 is a potent DNA-binding antitumor agent via radical-
mediated single-strand DNA break, and inspired the development
of IST-622, a novel semisynthetic derivative of 1 showing promis-
ing anticancer activity in a phase II clinical study.’ The cha gene
cluster for the biosynthesis of 1 was identified from S. chartreusis
HKI-249 revealing a type I PKS biosynthetic origin.® However, its
detailed biosynthetic steps to construct the unusual aglycone has
been a subject of much speculation. It was proposed that a linear
anthracycline aromatic polyketide 2 derived from ten malonyl-CoA
and an S-adenosyl methionine was a putative biosynthetic interme-
diate (Figure 2A). Then, a Baeyer-Villiger oxidation followed by

ring rearrangement and lactonization is thought to take place and
give the pentacyclic ortho-benzoquinone compound 3. Finally, an
unprecedented oxidative rearrangement, which was most likely cat-
alyzed by a dioxygenase ChaP and other additional enzymes,®’ is
proposed to yield 1 (Figure 2A). Here, we demonstrate that ChaP,
a rather small enzyme consisting of only 130 amino acid residues,
catalyzes the final oxidative rearrangement steps from 3 to 1
through an intermediate 7 in the presence of flavin-activated oxy-
gen (Figure 2A). The crystal structures of ChaP and two homolo-
gous enzymes were determined at resolutions of 1.6—2.0 A. In ad-
dition, docking studies and site-directed mutagenesis revealed the
molecular basis for this unusual oxidative rearrangement.
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Figure 1. Examples of natural products synthesized by type II PKSs
where oxidative rearrangement (highlighted in red) play a key role in
generating structural complexity.
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Figure 2. Biosynthesis of chartreusin (1). (A) Biosynthetic pathway for 1. (B) Compounds isolated from WT, mutant strains, and enzymatic
and chemical reactions. (C) HPLC analysis of metabolic extracts from WT, mutant and complementary strains. (D) /n vitro biochemical

reactions catalyzed by ChaP.

RESULTS AND DISCUSSION

Identification of chartreusin biosynthetic gene cluster from
S. chartreusis NA02069. The initial antibacterial screening from
our strain collection led to the isolation of 1 together with its mon-
osaccharide (4)'° and 9'-desmethyl (5)!! derivatives from S. char-
treusis NA02069 (Figure 2C, iii, Table S4, S7 & S8).!? The high
titer (~1.0 g/L) of 1 provided an opportunity to reinvestigate the
enigmatic steps in the biosynthesis of 1, as biosynthetic intermedi-
ates from mutant strains may accumulate in sufficient quantities for
elucidation of the biosynthetic pathway. Therefore, the genome of
the producing strain NA02069 was sequenced by a combination of
PacBio and NGS, and assembled to a complete linear chromosome.
The putative chartreusin biosynthetic gene cluster (cha) was then
identified and showed the same gene organization and a high de-
gree of identity (>95%) to that in S. chartreusis HKI-249 (Table
S3).% Inactivation of the KSa-encoding gene chad completely abol-
ished the production of 1, as well as 4 and 5 (Figure 2C, iv), con-
firming the link between the cha cluster and the biosynthesis of 1.

In vivo characterization of ChaP. To examine the role of ChaP,
we knocked out the chaP gene in wild-type (WT) S. chartreusis
NA02069. The resulting AchaP mutant strain abolished the produc-
tion of 1, 4 and 5 but accumulated two new compounds 3 and 6
(Figure 2C, v). We then fermented the AchaP mutant strain in large
scale and obtained sufficient quantities of both compounds for
charcterization. Compound 3 was shown to have a molecular for-
mula of C33H3,014 by its HRESIMS ion at m/z 675.1696 ([M+Na]").
The NMR spectra of 3 was comparable to those of 1, except for the
presence of an additional carbonyl carbon signal at dc 182.6 (C-15),
which showed an HMBC correlation with a downfield aromatic
proton signal at oy 8.39 (H-17) (Table S5), suggesting this carbonyl
carbon connected at C-16. To further disclose its structure, 3 was
reduced with NaBHj4 to afford a diol derivative 3a with a molecular

formula of C33H36014 (m/z 679.1992, [M+Na]"). The HMBC cor-
relations of H-14 (du 5.31, d, J = 6.0 Hz) with C-4 (dc 115.1), C-6
(dc 147.6) and C-16 (dc 134.4), and of H-15 (du 4.82, d, J=6.0 Hz)
with C-3 (dc 132.7), C-5 (8¢ 113.7) and C-17 (d¢c 134.0) established
the structure of 3a (Figure 2B, Table S6). Thus, 3 is indeed the ex-
pected ortho-benzoquinone intermediate as shown in Figure 2A.
Compound 6 was determined as the monosaccharide derivative of
3 (Figure 2B, Table S9). When 3 was supplied to the AchaA strain,
production of 1 was restored (Figure 2C, vii), thereby verifying 3
is an on-pathway biosynthetic intermediate. On the other hand, the
conversion of 3 to 1 in AchaA background cannot exclude the pos-
sibility that other downstream enzymes encoded in cha gene cluster
may also be involved in the biotransformation. Thus, we cloned
chaP gene into a Streptomyces integrative vector pSET152 under
the control of KasO* promoter and transformed the resultant plas-
mid into S. albus J1074. Upon feeding of 3 into S. albus J1074 ex-
pressing chaP gene, around half conversion of 3 to 1 was obtained
after 12 h of culture (Figure 2C, viii), indicating ChaP is sufficient
for catalyzing this oxidative rearrangement.

Biochemical characterization of ChaP and identification of
key intermediate. The successful biotransformation of 3 to 1 en-
couraged us to dissect this unusual reaction in detail. We thus over-
produced and purified ChaP as a colorless protein from E. coli
BL21(DE3) (Figure S2). Unfortunately, no activity was observed
when 3 was incubated with ChaP (Figure 2D, 1) in spite of our ex-
haustive efforts.

We thus re-analyzed the nature of ChaP. Notably, ChaP does not
have high sequence identity (>30%) to any characterized proteins,
but it belongs to the vicinal oxygen chelate (VOC) enzyme super-
family (Figure S3).!> Members of this family include glyoxalase I,
the fosfomycin resistance proteins, two-substrate oa-keto acid de-
pendent oxygenases, and the catechol 2,3-dioxygenases,'3 the latter
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of which catalyze the non-heme iron-dependent oxidative cleavage
of C—C bond adjacent to the vicinal hydroxyl groups in catechol
using O as oxidant (Figure S4).'4!5 Most likely, ChaP catalyzes a
catechol 2,3-dioxygenase-like reaction to cleave the C—C bond in
ortho-benzoquinone. However, these dioxygenases require cate-
chol to coordinate with iron center, and there is no precedence that
ortho-benzoquinone, which has two electrons less than that of cat-
echol, can be accepted as substrate. We thus speculated that i) the
ortho-benzoquinone group in 3 must first be reduced by a ketore-
ductase-like enzyme to afford catechol-type compound as the sub-
strate, or, ii) the two-electron rich 0> or its equivalent serves as
the oxidant instead of regular O,.

The first possibility can be excluded as no additional ketoreduc-
tase is required in the biotransformation from 3 to 1 as mentioned
before. For the second hypothesis, the most common 0> equiva-
lent in secondary metabolism is 4a-flavin hydroperoxide (Fl-4a-
OOH), which is derived from two successive one-electron transfers
from FIH; to oxygen.'® We thus attempted to incubate 3 with ChaP
in the presence of NADH, FAD and flavin reductase (Fre) from E.
coli,'” followed by LC-MS analysis. Surprisingly, after 30 min of
incubation the production of 1 was observed along with two minor
compounds 7 (m/z 709.1739 [M+Na]") and 8 (m/z 663.1675
[M+Na]") (Figure 2D, vi). In contrast, no reaction occurred when
boiled ChaP was used (Figure 2D, ii). To obtain sufficient 7 and 8
for structure elucidation, a large-scale enzymatic reaction was per-
formed. Compound 8 was isolated and characterized as a shunt me-
tabolite (Figure 2B, Table S10). Purification of 7 was challenging
as it converted to 1 spontaneously. However, during purification, a
methyl derivative 9 with a molecular formula of C33H34016 (m/z
723.1893 [M+Na]") was precipitated from the methanol solution of
7. Complete 1D and 2D NMR of 9 indicated the structure of 9 is
similar to that of 1. Additional methoxyl and carboxylic acid groups
at C-2 were observed by a key HMBC correlation of O-methoxyl
group (Ju 3.24) with a sp’-hybridized quaternary carbon C-2 (5¢
100.6) as well as a characteristic chemical shift (6c 169.3) for a
carboxylic group. The structure of 9 was further reinforced by com-
parison of experimental and calculated *C NMR chemical shifts
(Table S11). The structure of 7 is thus proposed to have a hemiketal
group at C-2 (Figure 2A).

The identification of 7 raised the question if it is a biosynthetic
intermediate from 3 to 1. We thus conducted a time-course analysis
for the ChaP-catalyzed reaction. The production of 7 increased at
early time point, which finally converted to 1 when substrate 3 was
consumed (Figure 2D, iii—vii). As 7 can also be converted to 1
spontaneously, we further measured the effect of ChaP concentra-
tion on the rate of reaction when 9 was used as substrate, which can
converted to 7 in aqueous solution. The production of 1 increased
with increasing the concentrations of ChaP (Figure S6). Moreover,
the conversion of 9 to 1 required the presence of all co-enzyme and
cofactors as omitting anyone of them led to dramatically decrease
conversion rates (Figure S6). Taken together, these data firmly es-
tablish that ChaP is responsible for two successive steps in conver-
sion of 3 to 1 through the intermediate 7.

Next, we investigated the effect of various co-enzymes and co-
factors for ChaP activity. Four flavin reductases (Figure S7) cloned
from the genome of S. chartreusis NA02069 were overproduced
and purified as bright yellow proteins, suggesting all of them carry
flavin cofactors FAD or FMN. The identities of these confactors
were determined by comparison of authentic FAD or FMN stand-
ards by LC/MS analysis (Figure S8). Comparable amounts of 1
were produced by replacing Fre with either of these four flavin re-
ductases (Figure S9). No products were observed when either Fre
or NADH was omitted from reaction system (Figure S9). The con-
version rate of 1 was significantly decreased when NADH was sub-
stituted with NADPH (Figure S9). Moreover, the activity of ChaP
was almost lost when metal ion in ChaP was removed by EDTA,

or replaced with other divalent cations such as Co**, Mg?*, Cu?",
and Mn?", or with Fe3*, but can be rescued by Fe?* (Figure S10). It
is notable that no activity was observed when ChaP was incubated
with 3 in the presence of H,O, (Figure S9), suggesting the hydrop-
eroxide anion may require flavin cofactor for delivery. In addition,
ChaP can accept aglycone 6 and monosaccharide derivative 10 as
substrates to produce 4 and 11, respectively (Figure 2D, viii—xi).

In vitro characterization of ChaP homologs. Homologs of
chaP gene are widely distributed in bacterial genomes, and are
mainly embedded in primary biosynthetic pathways (Table
S15—-S22). A phylogenetic tree was constructed to include ChaP,
its homologs and other enzymes in VOC superfamily. ChaP and its
homologs were found to fall into a separate clade from other en-
zymes in VOC family (Figure S11). As none of these homologous
proteins is functionally characterized, we were curious if they cat-
alyze similar reaction. Thus, eight ChaP homologus enzymes (des-
ignated as ChaP-H1 to ChaP-HS, Figure S12) with amino acid se-
quence identities ranging from 65% to 30% were overproduced to
homogeneity (Figure S2). Intriguingly, five homologs (ChaP-H1—
ChaP-HY) can efficiently convert 3, 6 and 10 to 1, 4 and 11, respec-
tively, with comparable conversion rates to that of ChaP; whereas
three of them were inactive (Figure S13—S15). It is uncertain at this
stage why these homologous enzymes showed activities towards 3,
as no cha or similar gene clusters are encoded in their genomes.
Nonetheless, it can be speculated that these enzymes take part in
the degradation of ortho-benzoquinone-type compounds from the
environment.

Crystal structures of ChaP and two homologs. To further in-
vestigate the mechanistic details of the unusual reaction, the struc-
tures of ChaP and two homologous proteins ChaP-H1 from Rhodo-
coccus phenolicus and ChaP-H2 from Streptomyces curacoi were
solved at 1.70 A, 2.00 A and 1.63 A resolution, respectively (Table
S23). ChaP-H1 and ChaP-H2 share 65% and 61% amino acid se-
quence identity with ChaP, respectively. Analysis of the crystal
structures revealed a symmetric homodimer with each monomer
featuring two similar Boff motifs (Figure 3A—3C). These enzymes
are structurally highly similar to each other with r.m.s. deviations
of 0.8—1.0 A (Figure 3D). The location of two narrow symmettic
active pockets, which likely accommodate the plate-shaped sub-
strate, is defined by the presence of two Fe'! ion binding sites in the
interface of the two monomers (Figure 3). Fe'' ion is coordinated
by one tyrosine residue (Y125), one glutamate residue (E119), a
pair of histidine residues (H7 and H63), and two water molecules
with an average distance of 2.23 A (Figure S17). Moreover, one of
the histidine residues (H7) is from the other monomer.

Docking study and site-directed mutagenesis of ChaP. Three-
dimensional structure searching using the Dali server'® revealed
that ChaP homodimer shares similarity to BphC (PDB: 1KWS)
from Pseudomonas sp. in terms of Fe' binding sites with r.m.s. de-
viations of 2.3 A (Figure S18)," albeit extremely low sequence
identity (<5%). BphC is a well characterized 2,3-catechol dioxy-
genase in VOC enzyme family, which catalyze the non-heme Fe'™-
dependent oxidative cleavage of catechols to 2-hydroxymuco-
naldehyde products.!® Docking of the ChaP with 10 and hydroper-
oxide anion (HOO") was conducted by the Induced Fit Docking
workflow.?’ The final docking poses were selected using BphC-
substrate-NO (nitric oxide) complex structure (PDB: 1IKW8) as ref-
erence. As shown in Figure 3F and Figure S19, the substrate coor-
dinated with Fe!' through ortho-quinone group in a narrow groove,
and was clamped by Q91, Y92, Y109, R102 from one side, and F37
and R54 from another side; the HOO™ was surrounded by D49, F37
and Y125. The big aromatic n-electron system of the substrate has
strong T-shaped n-n, amide-n, 6-n and cation-m interactions with
F37,Y109, Q91 and R102. Importantly, two hydrogen bonds were
observed between D49 and HOO", and Y109 and O-14 of substrate
10.
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Figure 3. Structures of ChaP and its homologous enzymes and proposed catalytic mechanism. The dimeric structure of ChaP (PDB: 6A4Z7)
(A), ChaP-H1 (PDB: 6A52) (B), and ChaP-H2 (PDB: 6A4X) (C), (D) superimposed image of ChaP (wheat), and its homologs ChaP-H1
(yellow) and ChaP-H2 (aquamarine) and their symmetric monomer was marked as light gray. (E) Colored surface of ChaP and the putative
substrate position by docking. The molecular surface was colored by amino acid hydrophobicity according to the Kyte-Doolittle scale: the
hydrophobicity scale from least to most was colored blue to orange to red with zero hydrophobicity colored as white. (F) Amino acid residues
in ChaP that form the active site. Residues from two monomers were colored in gold and silver, respectively. (G) Proposed mechanism for

ChaP-catalyzed reaction.

To investigate the individual role of the above putative active res-
idues, systematic site-directed mutagenesis of ChaP was performed.
Consistent with the observed hydrogen bonds in docking study,
both D49A and Y109A mutants showed 9-fold and ~33-fold de-
creases in conversion rates, respectively. The Q91A mutant retained
the activity, whereas, the Q91L resulted in a 7-fold decreased activ-
ity putatively by steric hindrance. Moreover, the Q91E resulted in
~40% loss in conversion rate, suggesting the neutral charge is im-
portant for its activity. Other mutations including Y92F, Y125A,
Y125F, R102L, F37A, R54L maintained substantial activity, indi-
cating these residues may only have structural roles or have week
interaction with substrate (Figure S20).

Proposed Mechanism of ChaP. Taken all data together, we pro-
pose a plausible mechanism for the ChaP-catalyzed oxidative rear-
rangement mechanism (Figure 3G). After coordination of the ortho-
benzoquinone group with Fell, the flavin-activated hydroperoxide

anion (HOO") enters the active site and binds to Fe''. The neighbor-
ing D49 stabilizes HOO by forming a hydrogen bond and initiates
the reaction through deprotonation. The peroxide anion performs a
nucleophilic attack at C-14, leading to the formation of intermediate
I1. Similar to the catalytic mechanism found in 2,3-catechol dioxy-
genase,'*!% a Criegee rearrangement will take place to yield seven
membered lactone intermediate III, followed by a subsequent hy-
drolysis to afford a-keto acid I'V. Once the formed a-keto acid dif-
fuses out of the active site, it will undergo a spontaneous ring clo-
sure to give the hemiketal compound 7, which can be further trans-
formed to 9 in the presence of methanol. On the other hand, a sec-
ond molecule of flavin-activated HOO™ can rebound to Fe!l of IV,
leading to the formation of intermediate V. The peroxide anion can
then attack C-15 to arrive at VI followed by C-14—C-15 cleavage
to form VII with the release of a molecular of CO,. VII can undergo
a spontaneous lactonization to give final product 1.

ACS Paragon Plus Environment

Page 4 of 6



Page 50of 6

oNOYTULT D WN =

Journal of the American Chemical Society

CONCLUSION

In conclusion, we have identified the key oxidative rearrange-
ment steps for installing the final o-pyrone ring in the biosyn-
thesis of 1. Our present data indicated that ChaP is a novel bi-
functional enzyme, which not only catalyzes the oxidative
cleavage of C—C bond adjacent to ortho-quinone to afford inter-
mediate 7 via a “2,3-catechol dioxygenase”-like mechanism, but
also mediates an oxidative decarboxylation to finally generate
the a-pyrone moiety. It is unprecedented that ChaP and its ho-
mologous enzymes accept ortho-benzoquinone and flavin-acti-
vated oxygen (O,>) as substrates, in contrast to the substrates
utilized by canonical 2,3-catechol dioxygenase. Structural anal-
ysis of ChaP and its homologs ChaP-H1 and ChaP-H2 indicated
the overall structures of these dimeric proteins are similar to
those of 2,3-catechol dioxygenase despite lacking sequence
similarity. Docking studies and site-directed mutagenesis anal-
ysis of ChaP provided mechanistic insight into the unusual oxi-
dative rearrangement. This novel strategy for the construction
of pharmaceutically important a-pyrone ring can be applied to
the development of diverse antibiotic derivatives with potent bi-
ological activities. Our study resolves the long-standing mystery
in chartreusin biosynthesis,*’! and expands the catalytic diver-
sity of VOC enzyme superfamily.
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