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Abstract

Rishirilides are a group of PKS II secondary metabolites produced by Streptomyces bottropensis Go C4/4. Biosynthetic
studies in the past have elucidated early and late steps of rishirilide biosynthesis. This work is aiming to solve the remaining
steps in the rishirilide biosynthesis. Inactivation of the cyclase gene rsIC3 in Streptomyces bottropensis resulted in an inter-
ruption of rishirilide production. Instead, accumulation of the tricyclic aromatic galvaquinones was observed. Similar results
were observed after deletion of rs/O4. Closer inspection into RslO4 crystal structure in addition to site-directed mutagenesis
and molecular dynamic simulations revealed that Rs104 might be responsible for quinone formation on the third ring. The
RslO1 three-dimensional structure shows a high similarity to FMN-dependent luciferase-like monooxygenases such as the
epoxy-forming MsnOS8 which acts with the flavin reductase MsnO3 in mensacarcin biosynthesis in the same strain. The high
sequence similarity between RslO2 and MsnO3 suggests that RslO2 provides RslO1 with reduced FMN to form an epoxide

that serves as substrate for RslO5.
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Rsl gene cluster  Rishirilide gene cluster
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HPLC/ESI-MS  High-Performance Liquid Chromatog-
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PDB Protein Data Bank

AUC Area Under the Curve

CYC/ARO Cyclase/Aromatase
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SDS-PAGE Sodium Dodecyl Sulphate—Polyacryla-
mide Gel Electrophoresis

His-Tag Histidine tag

NAD Nicotinamide Adenine Dinucleotide

Apramycin® Apramycin Resistance

Spectinomycin®  Spectinomycin Resistance

SDM Site-Directed Mutagenesis

IPTG Isopropyl B-D-1-thiogalactopyranoside

Introduction

Rishirilide is a PKS-II secondary metabolite isolated from
two soil inhabitant Streptomyces species [S. rishiriensis
OFR-1056 and S. bottropensis Go C4/4 (S. bottropensis)]
and one deep-sea species (S. olivaceus SCSIO T05) [1, 2].
This compound has been shown to have moderate biologi-
cal activities including the inhibition of a2-macroglobulin,
glutathione S-transferase, and asparagine-tRNA synthase,
whose roles in cancer and thrombosis have been sufficiently
characterized over the past years [3].

Structurally, rishirilide is a tricyclic partially aromatic
polyketide with an unusual isopentyl sidechain and a car-
bonyl group on the third ring. This makes it an intriguing
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target of the biosynthetic pathway studies. Schwarzer et al.
identified the origins of the tricyclic backbone and some
other substitutions in rishirilide B. The analysis of labelled
compound using Nuclear Magnetic Resonance (NMR) spec-
troscopic revealed that the origin of isopentyl sidechain is
isobutyryl-CoA, which is derived from valine. The tricy-
clic skeleton is synthesized from nine acetate units, and
the methyl group is derived from a decarboxylation of one
acetate unit [4].

In the course of our rishirilide biosynthetic pathway stud-
ies, a remarkable amount of information on early and tailor-
ing steps has been recently elucidated and published. The
polyketide synthase RsIK4 and the putative 3-oxoacyl-ACP
reductase RslO3 are involved in the generation of the unu-
sual starter unit, and the early acting ketoreductase RslO10
is involved in first ring cyclization/aromatization [5].

Gene inactivation studies and biological assays yielded
a detailed insight into the rearrangement of the oxidative
carbon backbone in rishirilide biosynthesis. The flavin-
dependent RslOS is responsible for epoxide-opening in its
anthraquinonic substrate. Subsequently, flavin monooxyge-
nase RslO9 mediates the lactone-forming Baeyer—Villiger
oxidation, and the resulted rearranged intermediate is con-
verted to rishirilide A via the ketoreductase RslO8. Rishiri-
lide A is then converted to rishirilide B via Rs1O9 and water
release [6].

S. albus containing a cosmid with genes of the rishirilide
biosynthetic gene cluster (cos4) was producing rishirilide B
as major compound. S. albus containing cos4 with a dele-
tion in rs/O4 was producing galvaquinone A and B. And S.
albus containing cos4 with a deletion in rs/O1 was produc-
ing galvaquinone A as major compound. We have proposed
that galvaquinone A and B are shunt products resulting from
unstable intermediates [5].

In this study the involvement of one cyclase and two oxy-
genase in rishirilide biosynthesis was investigated. For this
purpose, excision of rsI/C3 gene using the markerless time-
saving CRISPR-Cas9 system, inactivation of rslO4 gene
using Redirect® technology, and crystallization of RslO4
and RslO1 proteins were carried out. Molecular dynamics
simulations and site-directed mutagenesis were used to pre-
dict the roles of RslO4 and RslO1 in quinone formation and
epoxidation on the third ring, respectively.

Materials and Methods
Bacterial Strains
S. bottropensis and Streptomyces albus J1074, E. coli DH5«a

for plasmid propagation, and E. coli ET12567/pUZ8002 for
intergeneric conjugation were used. Long-term storage of

Streptomyces and E. coli cells was done in glycerol 15%
(V/V) at — 20 °C and — 80 °C, respectively.

Bacterial Cultivation and Expression Media

TSB medium (Caso Boullion 30 g/l1) for Streptomyces cul-
tivation. LB-medium (Luria Bertani 20 g/l) and LB-agar
medium (LB medium with agar—agar 21 g/l) for E. coli
strains cultivation. SG* medium (glucose 20 g/, soytone
10 g/1, CaCO; 2 g/1, CoCl, 0.1% m/V, L-valin 2.34 g/1) for
secondary metabolites production in S. albus strains. YmPG
medium (yeast extract 4 g/l, pepton from casein 1 g/, glu-
cose 10 g/l, malt extract 10 g/1, MgCl,.6H,0 2 g/1, L-valin
5% 40 ml/l) for secondary metabolites production in S. bot-
tropensis strains. MS-agar medium (mannitol 20 g/, soya
flour 20 g/, agar—agar 21 g/l, MgCl, 10 mM) for interge-
neric conjugation. 2X YT medium (tryptone 16 g/1, NaCl
5 g/, yeast extract 10 g/l) for heat shock of S. bottropensis
spores preparing for intergeneric conjugation. All media
were freshly prepared, initial pH values were adjusted to
7.2 and directly autoclaved (Tuttnauer Systec 5075 ELV,
Germany).

CRISPR-Cas9 System for Gene Deletion of rs/C3in S.
bottropensis

The system used in this study has been developed and opti-
mized for actinomycetes in The Novo Nordisk Foundation
Center for Biosustainability [7]. Two cloning procedures
were required to prepare each construct: cloning of single-
guide RNA (sgRNA) scaffold specific for the target gene
between Ncol and SnaBI restriction sites and cloning of
Homologous-Directed Repair Template (HDR Template)
into Stul restriction site. SgRNA scaffold was designed by
fusing CRISPR RNA (crRNA, 20 nt specific to a unique
sequence in the target gene) with the associated sgRNA
core sequence (trans-activating CRISPR RNA, tracr RNA).
CRISPOR tool offered online from Zhang Lab was used for
detecting and evaluating the 20 nt crRNA guide sequences
ending with—NGG as Protospacer Adjacent Motifs (PAM)
for targeting rsIC3. In order to prepare the HDR-Template,
800 bps upstream—and 800 bps downstream the target gene
was PCR-amplified with 40 complementary base pairs from
the sides to be connected, then the two PCR products were
joined by overlapping PCR technique using only the two
primers annealed from the other sides (Table S1).

To transform the constructs into S. bottropensis, E. coli
ET12567/pUZ8002 was grown to an ODgy,=0.4-0.6 in the
presence of apramycin (50 pg/mL) and kanamycin (50 ug/
mL). After centrifugation cells were washed and mixed with
50 °C heat-shocked spores on MS-agar plates supported with
MgCl, (10 mM) at 28 °C for 16-20 h. After that, the plates
were overlaid with apramycin (50 ug/mL) and fosfomycin
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(200 pg/mL) and incubated again at 28 °C until the exconju-
gants appeared. During replica-plating of the exconjugants,
endonuclease activity of Cas9 was induced by thiostrep-
ton (1 pg/mL). Finally, deletion of the target gene in the
genomic DNA of some exconjugants was verified by PCR
and sequencing.

Complementation of Ars/C3 Mutant

After deletion of rsIC3 gene in S. bottropensis, the tem-
perature sensitive plasmid was eliminated by growing at
37 °C in liquid TSB media till the cells lost the resistance to
apramycin. Following this, S. bottropensis—ArsIC3 spores
were transformed with the integrative expression vector
pSET152 harboring rsIC3 gene (cloned between Xbal and
EcoRYV restriction sites) by intergeneric conjugation taking
into consideration that pSET152 vector carries apramycin
resistance marker (Table S1).

Redirect® Technology for rs/04 Gene Editing in S.
bottropensis

The protocol used for this study has been developed by Gust
B, Kieser T, and Chater KF [8]. The procedure was adapted
to this work with some modifications. For this purpose,
Cosmid 4 prepared in our laboratory by Xiaohui Yan from
pOJ436 backbone with the whole gene cluster of rishirilide
(Rsl gene cluster) was used after replacing the integrase
gene with ampicillin® marker by Olga Tsypik and replac-
ing apramycin® marker with spectinomycin® marker in this
work. The gene rs/O4 was replaced by apramycin cassette
using homologous recombination in an E. coli strain con-
taining pPBADafy plasmid in the presence of L-arabinose
(0.01 M). pLEERE and pCDF Deut-1 vectors were used
as PCR templates for the amplification of apramycin® and
spectinomycin® cassettes, respectively. Forward and reverse
primers were designed as mentioned in the protocol from
Gust and his colleagues with 60 nt (40 nt complementary
to the flanking regions of the target gene and 20 nt cor-
responding to the cassette sequence). PCR amplification
method mentioned in the protocol was followed as well.
After replacing rslO4 gene with apramycin® cassette, the
cosmid was transformed into S. bottropensis by intergeneric
conjugation using E. coli ET12567/pUZ8002 strain. The
overnight growing E. coli cells containing the prepared non-
integrative rs/O4-mutant Cos4 in the presence of apramycin
(50 pg/mL), spectinomycin (100 pg/mL), and kanamycin
(50 pg/mL) were mixed with the mycelia on MS-agar sup-
ported with MgCl, (10 mM) at 28 °C for 8 h. Then, the
plates were overlaid with apramycin (50 pg/mL) and fosfo-
mycin (200 ug/mL) but not with spectinomycin because the
cosmid was suicidal after undergoing double cross-over with
S. bottropensis genomic DNA. Replacement of rs/O4 in the
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genomic DNA of S. bottropensis with apramycin cassette
was verified by PCR depending on the difference in length
between rs/O4 (300 bps) and apramycin cassette (1045 bps)
(Table S1).

Induction of Secondary Metabolites Productionin S.
bottropensisArslO4 by Positive Regulators

We recently described that S. albus 11074 containing cos4
and a plasmid containing all three regulatory genes rs/iR1,
rsIR2 and rsIR3 produced more rishirilide B than S. albus
J1074 containing only cos4 [5]. In an attempt to find the
natural substrate of RslO4 enzyme, the Ars/O4 mutant of
S. bottropensis was transformed with the replicative vec-
tor pUWL-H harboring the three regulatory genes rs/R1,
rsIR2 and rsIR3. Intergeneric conjugation and overlay with
apramycin (50 pg/mL), hygromycin B (50 pg/mL), and fos-
fomycin (200 pg/mL) were carried out.

Expression and Extraction of Secondary Metabolites
of Streptomyces

YmPG and SG' media were used in this study for the fer-
mentation and secondary metabolite production in S. bottro-
pensis and S. albus strains, respectively. Prior to fermenta-
tion, precultures of the strains were prepared in TSB medium
in the presence of appropriate antibiotics at 28 °C/180 rpm in
the shaking incubator (Infors HT, Switzerland) for 2—3 days
till the formation of well-growing cultures. The fermenta-
tion medium was inoculated with 1% of the preculture and
then incubated at 28 °C/180 rpm for 5 days. Extraction of
the secondary metabolites was carried out by ethyl acetate
at pH 4, subsequently ethyl acetate was evaporated, and the
crude extracts were solved in methanol (100%) and analyzed
by HPLC/ESI-MS (Table S2).

Overexpression and Purification of RslO1 and Rsl04
Proteins

Each of rsl04 and rslO1 genes were amplified using cosmid
4 as a template. The amplified PCR products were cloned
into the expression vector pET21a(+) (Novagen, Merck,
Darmstadt, Germany) between Ndel and Xhol restriction
sites to produce C-terminal His-tag recombinant proteins
(Table S1). The resulted constructs were verified by PCR
and DNA sequencing. Expression was performed in E.
coli BL21 (DE3) Star cells (Invitrogen, Thermo Fisher,
Waltham, USA). The precultures of E. coli BL21 (DE3)
cells containing the constructs were prepared in LB-media
at 37 °C/180 rpm in the presence of 100 ug/ml ampicil-
lin overnight. Thereafter, the growing cells were inocu-
lated in 3 L LB-media for each protein and incubated at
the same conditions. By reaching an ODg, of 0.6, the
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overexpression was induced by addition of isopropyl f-D-
1-thiogalactopyranoside (IPTG, Carl Roth, Karlsruhe, Ger-
many) in a concentration of 0.1 mM and the media were
incubated again at 20 °C/180 rpm for 12 h. Cells were har-
vested 12 h after induction by Centrifugation at 5000 X g
for 10 min (Rotina 380P, Hettich, Germany). The cell pel-
let was re-suspended in four pellet volumes of lysis buffer
[Tris—HCI (pH 8.0, 50 mm), NaCl (300 mm)]. The cells
were lysed using French Pressure cell (40 K) at a pressure
of 800 to 1000 psi. The suspension was mixed with 10 pL
of DNase and incubated for 15 min on ice. Thereafter, the
protein containing soluble fraction was separated by cen-
trifugation at 10,000 X g, 4 °C, 1 h (Avanti J-6000 Rotor
JA-10, Bechmann Coulther, Germany). This fraction was
further purified by IMAC Ni—NTA affinity chromatogra-
phy as follows: The protein sample was loaded on a 5 mL
HisTrap™ FF column (GE Healthcare GmbH, Solingen,
Germany), which was previously equilibrated with lysis
buffer, using a flow rate of 0.5 ml/min. The column was
then stepwise washed with 5-15% elution buffer [Tris—HCI
(pH 8.0, 50 mm), NaCl (300 mm), imidazole (500 mm)] at
a flow rate of 2 ml/min. The desired protein was eluted with
50% elution buffer, analyzed by SDS-PAGE and its stabil-
ity was observed. Fractions containing the desired protein
were pooled and concentrated to a final volume of 1 mL by
centrifugation in a Vivaspin concentrator (Sartorius, Got-
tingen, Germany). Finally, the protein was purified with
a size exclusion HiLoad® 16/60 Superdex® 200 column
(GE Healthcare, Solingen, Germany), pre-equilibrated with
buffer [Tris—HCI (pH 7.5, 20 mm), NaCl (150 mm)].

Crystallization and Structure Determination
of RslO1

After size exclusion chromatography (Superdex S200 16/60)
in buffer (20 mM Tris pH 8.0, 150 mM NaCl), RslO1 pro-
tein was concentrated to 24 mg/ml before setting up initial
screens using sitting drop vapor-diffusion method at 20 °C.
A drop of 0.6 pl in total with different protein to reservoir
ratios (25%, 50%) was set and equilibrated again reservoir
solutions (50 pl), using an automatic crystallization drop-
set system (Oryx Nano, Douglas Instrument). Large crystal
clusters were grown for four weeks in 0.2 M calcium chlo-
ride, 0.1 M HEPES pH 7.0 and 33% polyethylene glycol
conditions. Then these crystals were crashed for seeding
experiment by using Oryx Nano. Then nice single crystals
were grown in conditions with 0.1 M HEPES pH 7.5 and
36% polyethylene glycol 600 after one week and kept grow-
ing for 4 weeks before harvesting. Crystals were mounted
on cryo-loops and flash frozen in liquid nitrogen prior to
data collection. Datasets to 1.6 A were collected at beamline
X06SA (PXI) at Swiss Light Source (Villigen, Switzerland)
with the PILATUS 6 M detector. The data were processed

using iMosflm [9] and XDS package [10], the crystal was
assigned to the space group P2,2,2, with unit cell dimen-
sions a=50.89, h=81.77 A and C=160.61 A.

RslO1 monooxygenase crystal structure was determined
by automated molecular replacement in MrBUMP [11]
using monomer of a monooxygenase from Agrobacterium
tumefaciens (PDB code: 217G, amino acid sequence iden-
tity of 24%) as search model. Automated model building
was carried out with Buccaneer [12], and manual model
building was performed in COOT [13]. Refinement of the
initial electron density was carried out using cycles of the
program phenix.refine [14]. The final structure was refined
to R,y =18% and Ry, =20% at resolution of 1.60 A. The
quality of the structure was validated by MOLPROBITY
[15]. (Table S3).

Crystallization and Structure Determination
of RslO4

After size exclusion chromatography (HiLoad Superdex S75
26/60, Merck, Darmstadt, Germany) in buffer solution (Tris/
HCI1 (pH 8.0) 20 mm, NaCl 150 mm), the protein was diluted
to 20 mg/ml. Initial screens were set up using the sitting drop
vapor-diffusion method at 20 °C. A drop of 0.6 uL total vol-
ume with different protein to reservoir ratios (1:3, 1:1, 3:1)
was set with an automated crystallization drop-setter (Oryx
Nano, Douglas Instrument, Berkshire, UK) and equilibrated
against different reservoir solutions (50 uL). Large single
crystals appeared within two days with a reservoir condi-
tion containing 6% ethanol, 0.1 m ammonium acetate (pH
5.5) and 1.5 m phosphate (pH 7.0). Crystals were mounted
in nylon loops and flash-frozen in liquid nitrogen prior to
data collection. A dataset to 1.8 A resolution was collected
at beamline X06DA of the Swiss Light Source (Villigen,
Switzerland) with a PILATUS 2 M detector. The data were
processed with autoPROC, and the crystal belonged to space
group P3,21, with unit cell dimensions of a=b=83.7 A and
c=823A [16]. The asymmetric unit contained two mono-
mers, at a solvent content of 47.43%. The crystal structure of
Rsl04 was determined by molecular replacement in MOL-
REP using the monomer of SnoaB (PDB: 3KNG, amino acid
sequence identity of 41%) as search model [17]. Refinement
of the initial electron density was carried out by iteratively
using phenix.refine, followed by model building in COOT
[13, 14]. The final structure was refined to R, =0.18 and
R =0.20 at a resolution of 1.8 A. The geometry of the
structure was validated by MOLPROBITY [15].

In Vivo Comparison of Rsl04 and SnoaB Activities
To compare between RslO4 and SnoaB enzymatic activity in

the oxygenation of RslO4-substrate and reproducing rishiri-
lide B, each of encoding genes was cloned with replicative

@ Springer



506

Molecular Biotechnology (2021) 63:502-514

expression vector pUWL-H between Clal and Spel restric-
tion sites and transferred into S. albus X Cos4ArslO4
growing mycelia by intergeneric conjugation on MS-agar
supported with MgCl, (10 mM) using E. coli ET12567/
pUZ8002 cells. After 8 h incubation at 28 °C, the plates
were overlaid with apramycin (50 pg/mL), hygromycin B
(50 pg/mL), and fosfomycin (200 pug/mL) and incubated
again at 28 °C till the exconjugants appeared. The secondary
metabolites were produced in SG + media at 28 °C/180 rpm
for 5 days, then the crude extracts were extracted by ethyl
acetate at pH 4 and analyzed by HPLC/ESI-MS (table S2).

Side-Directed Mutagenesis (SDM) Inside the Binding
Cavity of RslO4 Protein

The whole pUWL-H-rslO4 plasmid was PCR-amplified
using back-to-back 5°-phosphorylated primers. At 5'-end,
forward primers were designed with alanine codon for the
substitution mutation of asparagine 7, asparagine 52 or
methionine 29, and with phenylalanine codon for the substi-
tution mutation of tryptophan 56 or tyrosine 22 (Table S1).
In order to investigate the role of each amino acid in the
binding to RslO4 substrate, the PCR products were self-
ligated and transferred separately into S. albus X Cos4ArslO4
strain using the protocol of intergeneric conjugation on MS-
agar supported with MgCl, (10 mM) using E. coli ET12567/
pUZ8002 cells. After 8 h incubation at 28 °C, the plates
were overlaid with apramycin (50 pg/mL), hygromycin B
(50 pg/mL) and fosfomycin (200 pg/mL) and incubated
again at 28 °C till the exconjugants appeared. The secondary
metabolites were produced in SG + media at 28 °C/180 rpm
for 5 days, then the crude extracts were extracted by ethyl
acetate at pH 4 and analyzed by HPLC/ESI-MS (Table S2).
The residual activity of Rs104 was measured depending on
calculating the relative AUC of reproduced rishirilide B in
the crude extracts of S. albus X Cos4ArslO4 complemented
with mutants RslO4 in Asn7, Asn52, Trp56, Tyr22 and
Met29 comparing to relative AUC of reproduced rishirilide
B in the crude extract of S. albusx Cos4ArslO4 comple-
mented with wild type RslO4.

In Silico Prediction of Rsl04-Ligands Interactions

Molecular modelling was performed using the Schrodinger
Software Suite (Schrodinger Release 2019-2). The structure
of RslO4 was prepared using the Protein Preparation Wiz-
ard. In this step, atom types and bond orders were assigned,
missing atoms were added, water molecules beyond 5 ang-
stroms from hetero groups were deleted, water orientations
were sampled, tautomer/ionization states were assigned
corresponding to pH 7, the hydrogen bonding network was
optimized, followed by restrained minimization using the
OPLS3 force field. In the next step, all putative substrates
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were docked into the active site of RslO4 using Glide XP
with flexible ligand sampling. All default settings were used
except intramolecular hydrogen bonds were rewarded and
planarity of conjugated pi groups was enhanced.

The molecular dynamics simulations for selected models
were performed using the GPU-accelerated Desmond pro-
gram within the Schrodinger Software Suite (Schrodinger
Release 2019-2). The SPC solvent model was used, and the
force field was set to OPLS3e. The system energy was set
to 1.2, and NPT was used as the ensemble class. All sys-
tems were relaxed before simulations. Simulations were set
to run at 300.0 K and at 1.01325 bar. Simulation time for
the putative substrate was set to 35 ns with 35 ps trajec-
tory recording intervals, and simulation time for the putative
intermediate was set to 70 ns with 70 ps trajectory recording
intervals, resulting in an MD trajectory with 1000 frames
per simulation.

Results

Sequence Analysis of RsIC1, RsIC2, and RsIC3
Proteins

Sequence analysis using BLASTp was used to predict the
functions of RsIC1, RsIC2, and RsIC3 proteins. First, the
putative first ring CYC/ARO of nogalomycin (SnoaE), rho-
domycin (RdmK) and chartereusin (ChaF) were found to be
homologs of RsIC1 with 53%, 54% and 55% identity, respec-
tively [18, 19]. Second, the homologs of RslC2 included
ActlV (55% identity), AInR (54%) and Ssfy2 (53%) that act
probably as second ring CYC/ARO in the biosynthesis of
actinorhodin, alnumycin and tetracycline SF2575, respec-
tively [20-22]. Third, sequence alignments of RsIC3 to the
proposed fourth ring CYC/ARO in chromomycin (CmmX),
oxytetracycline (OxyL) and nogalomycin (SnoO) showed
49%, 44% and 50% identity, respectively [23-25].

Inactivation of rsIC3 and rslO4 in S. bottropensis

In order to show that rs/C3 is involved in rishirilide bio-
synthesis and in order to confirm the involvement of rs/O4
gene deletion experiments were carried out in S. bottropen-
sis. Trace amounts of rishirilide were detected in the crude
extract of S. bottropensisArsIC3. In addition, the tricyclic
aromatic galvaquinones (Fig. S1) could be detected in the
rslC3 mutant (galvaquinone 1 and 2). Complementation of
the rs/C3 mutant led to an increase in rishirilide B produc-
tion but formation of galvaquinones was also observed (Fig.
S1), indicating that the biosynthetic machinery in the com-
plemented mutant did not work as well as in the wt-strain. S.
bottropensis with a deletion in rs/O4 also failed to produce
rishirilides but accumulated galvaquinone 1 and 2 instead.
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In this mutant, galvaquinones production increased when
a plasmid containing the positive regulatory genes rsiRI,
rsIR2 and rsIR3 were coexpressed (Fig. S2) resulting in a
higher transcription of structural genes. The galvaquinones 1
and 2 were identical in their HPLC-retention times, UV- and
Mass-spectra compared to galvaquinones A and B respec-
tively. Structures of both compounds have been elucidated
before as products of S. albus X Cos4ArslO4 [5] (Supple-
mentary Fig. S3). Based on UV- and MS spectra Galvaqui-
none 2 is identical to Galvaquinone B but its retention time
in HPLC is different.

Molecular Weight and Stability of RslO1 and Rsl04

According to SDS-PAGE analysis, the molecular weights of
C-terminal his-tagged proteins RslO1 and RslO4 were con-
sistent with the predicted ones: 40.04 and 12.17 kDa, respec-
tively. After 12 h on ice, no precipitation was observed, in
addition to the stability by melting from freezing condition
at — 80 °C to the room temperature.

Crystal Structure of Rsl04 (PDB ID:7BIO)

The monooxygenase RslO4 crystallizes as a homodimer
and the overall structure of each subunit is made up of
three a-helices (a1-a3) and four p-strands (f1-p4) with a
ferredoxin-like fold (Fig. 1a). The additional a-helix in the
C-terminus of each monomer is generated by the TEV pro-
tease cleavage site of the His-tag sequence, which is required
for protein purification. The three a-helices are located on
one side of the homodimer. Together with an additional

Fig. 1 RslO4 Crystal structure: a
a Subunit A of RslO4 monoox-
ygenase with the secondary
structure elements labelled. The
monomer contains three o heli-
ces (al-a3) and four f strands
(B1- p4) with a ferredoxin fold.
The dimeric apo-form of RslO4
is shown from the side (b) and
top view (c¢). The two subunits
are coloured in green and blue,
respectively. (d) Electrostatic
potential surface shows a posi-
tively charged substrate binding
pocket (SBP)

p-strand of the other subunit, a five-stranded antiparallel
p-sheet (Fig. 1b—d), which is stabilized by ten main-chain
hydrogen bonds between B2 and B4 of two chains. This
strand-swapping feature in dimer formation and stabilization
can also be observed in homologous structures such as the
monooxygenases ActVA-Orf6 from Streptomyces coelicolor
and SnoaB from Streptomyces nogalater.

The interface between the two monomers is further sta-
bilized by hydrophobic interactions provided by p-sheets
and side chain hydrogen bonds contributed by Lys8, Ser43,
Glu85 and His87. Data collection and refinement statistics
are shown in table S3.

The closest structural homologue is SnoaB from S.
nogalater, with a sequence identity of 41%. The second
closest homologue, with an identity of 28% is SL3150, a
monooxygenase from Shewanella loihica involved in anti-
biotic biosynthesis. All the homologues share a similar fold,
even though the sequence identities for some of them are
lower than 10%. The homologues are mostly uncharacterized
and annotated as putative monooxygenases. Only a few have
been biochemically investigated, including ActVA-Orf6 (of
16% identity), SnoaB and MhuD (of 22% identity). MhuD
is a heme-degrading monooxygenase from Mycobacterium
tuberculosis. It binds two heme groups, indicating the high
flexibility of the substrate binding pocket. Sequence align-
ment of RslO4 together with the monooxygenases SnoaB
and ActVA-Orf6, which both convert phenolic substrates to
quinone products, showed that Asn52 and Trp56 are con-
served in the negatively-charged active site (Fig. 2).

Closer inspection of the active site of RslO4 revealed high
similarity between the positioning of Asn7, Asn52 and Trp56,
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Fig.2 Sequence alignment of monooxygenases with the same fold
like RslO4: The sequences have been selected based on identity from
the output of SWISS-MODEL search, and the overall sequence iden-
tities between RslO4 and homologies are ranging from 16 to 41%
[26]. SnoaB (UniProtKB AC: 054259) is a cofactor-independent
monooxygenase from S. nogalater (PDB code: 3KNG) [27]. HapK
(Q289J0) is a RedY-like protein from Hahella chejuensis KCTC
2396 (2JDJ) [28]. SL3150 (A3QHRS) is an antibiotic biosynthesis
monooxygenase from Shewanella loihica (2RIL). PA3566 (QOHYS51)

which are represented by Asnl8, Asn63 and Trp67 in SnoaB
coordinating oxidized dithranol by hydrogen bonds. Compar-
ing to ActVA-Orf6, positioning of Asn52 and Trp56, which
are represented by Asn62 and Trp66 in ActVA-Orf6 coordi-
nating oxidized acetyl dithranol by hydrogen bonds showed
also high similarity. The hydrogen bond formed by Tyr51 in
ActVA-Orf6 could be replaced by Tyr22 in RslO4.
Observation from 35 ns molecular dynamic simulations
suggested that the natural substrate of RslO4 is composed
of tricyclic aromatic triol-anthracene structure with methyl
group and methyl pentyl sidechain on the third aromatic ring.
The Trp56 initiates a hydrogen bonding network to the three
—OH groups (Fig. 3). On the hydrophobic side, Asn7-Asn52-
Wat3 triad located close to the third aromatic ring. In 70 ns
molecular dynamics simulations, this triad forms a hydrogen
bond with the peroxide in the proposed intermediate of Rsl04
(Fig. 4). It was also observed that Tyr22 contributes in the
stabilization of peroxy intermediate inside the binding pocket.

In Vivo Comparison of Rsl04 and SnoaB Enzymatic
Activities

In order to compare the monooxygenase activity of Rs104
with SnoaB, S. albus X Cos4ArslO4 was transformed with

@ Springer

is an uncharacterized protein from Pseudomonas aeruginosa PAO1
(1X7V) [29]. CC2132(Q9A6G2) is an uncharacterized protein from
Caulobacter vibrioides ATCC 19089 (3BM7). TT1380 (P83693) is
from Thermus thermophiles HB8 (11UJ) [30]. MhuD (P9WKH3) is
a heme-degrading monooxygenase from Mycobacterium tuberculosis
(3HX9) [31]. ActVA-Orf6 (Q53908) is a monooxygenase involved
in the actinorhodin biosynthesis from S. coelicolor (IN5T) [32].
Sequence alignment was performed in ClustalW and the figure was
prepared by ESPript 3.0 server [33, 34]

Fig.3 Predicted binding pose of the proposed tricyclic aromatic sub-
strate inside RslO4 binding site

each of rslO4 and snoaB genes cloned with replicative
vector pUWL-H to test their enzymatic abilities in Rs1O04-
substrate oxygenation and reproduce rishirilide B. Rishiri-
lide B was successfully reproduced by complementation
with rslO4. In contrast, no production of rishirilide B
could be observed in S. albus X Cos4AsnoaB.
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Fig.4 Predicted binding pose of the proposed peroxy intermediate
inside RslO4 binding site

Investigation on Oxygenation Mechanism of Rsl04
by Site-Directed Mutagenesis

For deeper inspection of RslO4 catalytic machinery, substi-
tution mutations in specific residues, which form the binding
center, were created. Asparagine7, asparagine52 and methio-
nine29 were replaced with alanine, while tryptophan56 and
tyrosine22 were replaced with phenylalanine. Changes in
rslO4 gene sequence were performed in pUWL-H vector,
thus it was possible to detect the incorporation of each resi-
due in the enzymatic activity in rishirilide B biosynthesis
in S. albus X Cos4ArslO4. These results revealed that there
is a clear trend of decreasing in rishirilide B production by
the complementation of S. albus X Cos4ArslO4 with site-
specific mutated rs/O4 genes comparing to the wild type. It

Fig.5 RslOl1 crystal structure:
a Stereo view of apo-form
monooxygenase RslO1 struc-
ture. The two monomers form
a tight homodimer. b In subunit
A, the substrate binding site
was occupied by a polyethylene
glycol (PEG) molecule derived
from the crystallization condi-
tion. ¢ Electrostatic potential
surface shows positively
charged substrate binding
pocket (SBP)

was found that the substitution mutation of each of aspara-
gine7 and asparagine52 reduced the production of rishirilide
B by approx. 92%, whereas the replacement of tryptophan56
resulted in approx. 60% reduction. Creating substitution
mutations of tyrosine22 and methionine29 showed the low-
est influence on rishirilide B production (approx. 40% reduc-
tion in the activity) (Fig. S4).

Crystal Structure of RslO1 (PDB ID: 7BIP)

The monooxygenase RslO1 crystallizes as a homodimer
and the overall structure of each subunit is made up of a
well-conserved 8 f-strands TIM-barrel surrounded by
8 a-helixes. Each p-strand connects an a-helix through a
short loop region. According to the structural homology
study using Swiss Model Server, RslO1 was revealed to be
FMN-dependent bacterial luciferase-like monooxygenase
(Fig. 5). Data collection and refinement statistics are shown
in table S3.

Structural homologs for RslO1 include MoxC (Unit-
protKB AC: 034974) a putative monooxygenase from B.
subtilis (PDB code: 1YW1); Lad A (A41U28) an alkane
monooxygenase from G.thermodenitrificans (3B90) [35];
MeR (Q8TXY4) a 5,10-methylenetetrahydromethanopterin
reductase from M. kandleri (1IEZW) [36]; FgD1 (PO9WNE1)
a F420-dependent glucose-6-phosphate dehydrogenase
from M. tuberculosis (3C8N) [37, 38]; AdF (093734) a
F420-dependent alcohol dehydrogenase from M. thermo-
philes (1IRHC) [39]; SsuD (P80645) an alkanesulfonate
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monooxygenase from E. coli (1M41) [40]; LuxA (P07740)
an alpha chain of an alkanal monooxygenase from V.harveyi
(BFGC) [41]; and MsnO8 (W8QCH3), a luciferase-like
monooxygenase from S. bottropensis (4USS) [42].

Protein sequence alignment of RslO2 with MsnO3
revealed a high identity (47%) using BLASTp. MsnO3
acts as flavin reductase by NADH to provide MsnO8 with
the essential reduced FMN for epoxidation and conversion
of deoxymensacarcin to mensacarcin [42]. A summary of
results obtained in this study is given in Fig. 6.

HO O O O O S-ACP

A

OHO O O

Enzymatic RsIC1
1st ring cyclization

0 0O O sacp

OHO O O

Enzymatic RsIC2
2nd ring cyclization
Complementation with rslC3

Enzymatic
3rd ring cyclization

Q_s-ace rslC3 Knockout S-ACP

o
CRISPR-Cas9 OOO
Spontanous

3rd ring cyclization 1 o4 OH O

<0

OH OH O O

Enzymatic RsIC3
3rd ring cyclization

rsl04 Knockout

REDIRECT technolo

Auto-Oxidation
OH OH OH O

Fig.6 Flow chart of methods and results obtained in this study: a
Based on sequence comparison RsIC1 is responsible for the enzy-
matic first ring cyclization/aromatization in rishirilide biosynthesis
and b RsIC2 is responsible for the enzymatic second ring cycliza-
tion/aromatization in rishirilide biosynthesis. ¢ Knockout of 3rd ring
cyclase gene “rslC3” using CRISPR-Cas9 system resulted in the pro-
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Discussion

In our previous studies about rishirilide biosynthesis we
could show that RsIK4 and RslO3 are involved in the selec-
tion of the starter unit. The assembly of rishirilide polyke-
tone from 9 acetate units and one valine-derived isobu-
tyrate is mediated by the minimal PKSs (RslK1, RslK2,
RsIK3) and RslA [4, 5]. It was proposed that Rs1O10 acts as
C9-ketoreductase and supports the first ring cyclization in
rishirilide polyketone [5].

Sequence analysis of rsIC1, rsiC2 and rslC3 suggests
that they act as cyclases during rishirilide biosynthesis.
Homology of RsIC1 (SnoaE 53%, RdmK 54% and ChaF
55%) is responsible for 1st ring cyclization in nogalo-
mycin-, rhodomycin- and chartereusin-biosynthesis,

O OH  Galvaquinone 2

OH O OH O

Galvaquinone 1

OH O OH O

Identical in its retention time,
UV- and MS spectrums to galvaquinone A
(Supplementary Fig. 12)

Identical in its UV- and MS spectrums
to galvaquinone B
(Supplementary Fig. 12)

O
\_ Tailoring ‘O‘ O%H
o

OH
Rishirilide B

E Investigation on RslO4 activity:

- Crystalization and structure determination.

- SDM inside the binding cavity

- In-silico prediction of the binding interactions
- Comparison with its homologs (SnoaB)

F Investigation on RslO1/RslO2 activity:

- Crystalization of RslO1.

- Comparison with RslO1 homologs (MsnO8)
- Comparison with RslO2 homolog (MsnO3)

duction of small amounts of galvaquinone 1 and 2. Complementa-
tion with rsIC3 gene resulted in the reproduction of rishirilide B. d
Knockout of the monooxygenase “rs/O4” using REDIRECT® tech-
nology resulted in the production of small amount of galvaquinones 1
and 2. e Studies on RslO4. f Studies on Rsl01/Rs102
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respectively [18, 19]. We therefore propose that RsIC1 and
RslO10 mediate the cyclization/aromatization of the st
ring in rishirilide-biosynthesis. RsIC2 homologs (ActlV
55%, AInR 54% and Ssfy2 53%) act as 2nd ring cyclases
during actinorhodin-, alnumycin- and tetracycline-biosyn-
thesis, respectively [20-22]. Thus RsIC2 is considered as
2nd cyclase in rishirilide biosynthesis. And homologs of
RsIC3 (Cmm 49%, Oxy 44% and SnoO 50%) are involved
in ring cyclization of the last ring during the biosynthesis
of chromomycin A3, oxytetracycline and nogalomycin,
respectively. Thus RslC3 is most likely the 3" ring cyclase
involved in rishirilide biosynthesis [23-25].

A mutant with a deletion in rs/C3 was still producing
small amount of rishirilide B indicating that the formation
of the third ring can also occur non-enzymatically.

The production of galvaquinone 1 (galvaquinone A) and
galvaquinone 2 in our mutants indicate that the cycliza-
tion step 3, catalyzed by RslC3, also occurs chemically,
although to a much smaller extend. It also indicates that
early intermediates of the pathway chemically easily con-
vert to Galvaquinone derivatives. (Supplementary Fig.
S1).

The deep-sea-derived S. olivaceus SCSIO TO05 was
described to produce rishirilides and galvaquinone deriva-
tives. The rishirilide cluster (rsd-cluster) in this strain is very
similar to the rsl-cluster in S. bottropensis. [2]. And recently
the rishirilide derivative Lupinacidin A and Galvaquinone
B have been isolated from the sea anemone Gyractis sesere
[43]. These results indicate that intermediates of biosyn-
thetic pathways to rishirilides can chemically be converted
efficiently to galvaquinones.

As we were not able to detect novel intermediates of the
pathway in our mutants we decided to focus our research on
Rs104 and RslO1, which are both involved in biosynthetic
steps which follow the cyclization process.

The high similarity of RslO4 in the sequence and three-
dimensional structure with the monooxygenase SnoaB sug-
gests that Rs104 mediates a mono-oxygenation in rishirilide
biosynthetic pathway. Interestingly, complementation of S.
albus x Cos4ArslO4 with rslO4 restored rishirilide produc-
tion but complementation with snoaB did not indicate dif-
ferent function of both enzymes. Unlike SnoaB which oxy-
genates the middle non-aromatic ring of 12-deoxynogalonic
acid during nogalomycin biosynthesis [27], Rs1O4 might
oxygenate the third lateral aromatic ring in its tricyclic aro-
matic substrate to form a quinonic product.

According to the observation from molecular dynamics
simulations, Trp56 contributes in the orientation of substrate
positioning inside RslO4 pocket through an H-Bonding net-
work with the three —OH groups, which in turn leads to an
electron delocalization in the third aromatic ring. It is pos-
sible that Asn7-Asn52-Wat3 triad catalyzes a proton abstrac-
tion from the tricyclic aromatic substrate and reduces the

activated peroxide with the same proton to form a peroxy
intermediate (Fig. 7).

This intermediate is stabilized inside RslO4 binding
center by Asn7-Asn52-Wat3 triad and Trp56, in addition to
Tyr22 through hydrogen bindings. The results of dynamic
simulations match those of the Site-Directed Mutagenesis
which demonstrated the importance of Asn7, Asn52, Trp56,
Tyr22, and Met29 in the catalytic mechanism of RslO4.
Although the computer simulations did not indicate any
cooperation of Met29 in the reaction, it is conceivable that
this residue helps in the protein conformational stability.

The present mechanism seems to be consistent with other
research which found that Trp67 in SnoaB and Trp66 in
ActVA-Orf6 are mainly responsible for the orientation and
electron delocalization in their substrates. There are similari-
ties between the roles of Asn7-Asn52-Wat3 triad in Rs104
and the role of Asn18-Asn63-Wat33 in SnoaB. In accord-
ance with the contribution of Tyr51 in stabilizing the per-
oxy intermediate of ActVA-Orf6, Tyr22 seems to be impor-
tant for the stabilization of RslO4 intermediate. Following
oxygenation, this intermediate would release H,O to form
Rs1O4 quinone product [27, 32, 44] (Fig. 8).

RslO1 belongs to the family of FMN-dependent lucif-
erase-like monooxygenases. The high similarity in three-
dimensional structure between RslO1 and the epoxy-
forming MsnO8 enzyme in mensacarcin biosynthesis in S.
bottropensis indicates a similar activity of RslO1 enzyme
in the epoxide formation to form RslO5-substrate during
rishirilide biosynthesis in the same strain. According to
the high sequence identity between RslO2 and MsnO3
(47%), it is most likely that RslO2 acts as flavin reduc-
tase, by using NADH as a hydrogen source, to provide
RslO1 with the reduced FMN in a similar mechanism of

H,N Asn52
HO O 0)\)\(
o Tyr22
Asn7 2N Y
NH -
E 2 HN oy Ty Q
HNO. 0
P~ |
H H\ /O_H
(o)
o) .0 (o) o]
O
\H' \H‘ H

Fig. 7 Proposed binding of a putative substrate in the binding pocket
of RslO4
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Fig. 8 Proposed Biosynthetic pathway of rishirilide B

MsnO8-MsnO3 two-component epoxide-forming system
[42] (Fig. 8).

Following the epoxidation mediated by RslO1-RslO2
system, RslO1 product undergoes an epoxide reduction
by RslOS5 and then oxidative carbon backbone rearrange-
ment including Rsl09-mediated Baeyer—Villiger oxidation
and lactone formation. Subsequently, RslO8 catalyzes a
keto-reduction to form rishirilide A. Lactone-opening and
water elimination in rishirilide A leads to the production
of rishirilide B [6] (Fig. 8).

Conclusion

During rishirilide biosynthesis, Rs1C3 mediates a cycli-
zation step leading to an intermediate with an unknown
structure. The cofactor-independent monooxygenase
Rsl1O4 catalyzes the quinone formation of the third ring.
The putative flavin reductase RslO2 uses NADH as a
source of hydrogen and provides RslO1 with the reduced
FMN. In his turn the FMN-dependent luciferase-like
monooxygenase RslO1 is responsible for the formation of
an epoxide providing a substrate for RslOS5.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12033-021-00314-x.
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