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ABSTRACT: The chemical examination of two undescribed RO ® (& (O & SO

marine actinobacteria has yielded three rare merosesterterpenoids, ?‘.”.« <]<j -<: <I‘:|( :|< % j[x

marlnoterplns A—-C ( 1- 3, respectlvely) . These comp ounds were
isolated from the culture broth extracts Of two marine-derived ’ Polyketide Synthase [j\> Methyltransferase » Oxidoreductase ’ Anthranilate CoA-Ligase

actinomycetes associated Wlth the famlly Streptomycetaceae, (our [::>Po\yprenyl synthase ‘Prenyltransferase Ij‘>Monooxygenase»Dehydralase/Eplmerase
strains were CNQ-253 and AJS-327). The structures of the new [, Reguiatory & Transporter

o —O o
compounds were determined by extensive interpretation of 1D and AN AT J I
2D NMR, MS, and combined spectroscopic data. These L]
g S o s . . N Marinoterpin A
compounds represent new chemical motifs, combining quinoline- o

N-oxides with a linear sesterterpenoid side chain. Additionally,

consistent in all three metabolites is the rare occurrence of two five-ring ethers, which were derived from an apparent cyclization of
methyl group carbons to adjacent hydroxy-bearing methylene groups in the sesterterpenoid side chain. Genome scanning of AJS-327
allowed for the identification of the marinoterpin (mrt) biosynthetic cluster, which consists of 16 open-reading frames that code for a
sesterterpene pyrophosphate synthase, prenyltransferase, type II polyketide synthase, anthranilate:CoA-ligase, and several tailoring
enzymes apparently responsible for installing the N-oxide and bis-tetrahydrofuran ring motifs.

B INTRODUCTION

As part of a broad investigation of the novel metabolites from
marine-derived actinomycete bacteria,' we have encountered a
series of rare quinoline merosesterterpenoids that possess
unusual five-membered ring ethers positioned on a linear
sesterterpenoid side chain. Our attention was initially drawn to o o

this linear sesterterpenoid metabolite class as part of an NS — — — —
exhaustive chemical examination of our strain AJS-327, a g

taxonomically unique and distant relative of the genus N 2

Streptomyces. Subsequently, three closely related metabolites, ©

marinoterpins A—C (1—3, respectively; Figure 1) were isolated

from the culture broths of two marine-derived actinomycetes, o o

our strains CNQ-253 and AJS-327. The two strains, both of N _ _ _ _ _
which were isolated from the La Jolla, California local marine 1 on

environment, are related to actinomycetes in the family N 5

Streptomycetaceae; however, the weak 16S sequence compar-

ison of strain AJS-327 to type strains shows it is likely a new Figure 1. Structures of marinoterpins A—C (1-3, respectively),
species or even genus. illustrating the quinoline and bis-ether-substituted sesterterpenoid side

chains. The configurational assignments for 1, which are based on a
comparison with model compounds, are tentative.

B RESULTS AND DISCUSSION

Isolation and Structure Elucidation of Marinoterpins

A—C. The EtOAc extracts from the seawater-based culture _Spedal [ssue: Ne.ltural Products: An Era of Discovery ]OC
broths of actinomycete strains AJS-327 and CNQ-253 were in Organic Chemistry ‘
fractionated by C-18 reversed-phase column chromatography, Received: February 2, 2021

followed by C-18 preparative HPLC, to afford marinoterpin A Published: April 12, 2021

(1) from strain AJS-327 and marinoterpins B (2) and C (3)

from strain CNQ-253 (Figure 1).
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Table 1. NMR Spectroscopic Data for Marinoterpins A—C (1-3) (CD;0D, 500 MHz)

marinoterpin A (1)

marinoterpin B (2)

marinoterpin C (3)

no. Sy mult (J, Hz) S¢ Sy mult (J, Hz) S¢ Sy mult (J, Hz) S¢
2 147.6 149.6 163.1
3 135.5 134.4 138.3
8.48, s 129.5 7.89, s 129.2 7.67, s 135.5
4a 1289 129.8 121.3
S 8.16, dd (8.2, 1.3) 130.8 7.97,d (8) 129.3 7.64,d (8) 1282
6 7.79, br t (7.7) 130.2 7.69, t (7.5) 129.5 7.29, t (7.5) 122.6
7 7.97, br t (7.9) 1342 7.82, t (8) 131.7 7.60, t (8) 129.8
8 8.66, d (8.8) 120.0 8.60, d (9) 119.7 7.55,d (8) 114.4
8a 1424 138.5 138.5
9 2.78, s 16.1 273, s 15.0 4.55, m 77.1
I 202.9 3.61,d (7) 33.1 3.33,d (7) 28.9
2/ 3.12, dd (16.9, 5.8) 49.8 5.33,t (7) 122.1 541, t (7) 121.2
2.97, dd (16.9, 7.6)
3 2.17, m* 30.3 139.4 1382
4/ 1.51, m/1.37, m 374 2.18, m* 40.2 2.19, m” 39.1
5’ 1.99 27.8 2.11, m* 28.7 2.13, m” 27.7
6’ 5.33, m” 121.3 5.32, m* 121.0 5.37, m” 129.6
7’ 140.1 140.2 138.8
8’ 2.59, dd (15.2, 5.8)"/2.18, m” 40.3 2.58, dd (15, 5.5)/2.18, m” 40.3 2.58, dd (15, 5.5)/2.18, m“ 39.1
9’ 4.57, m" 77.5 4.55, m” 77.5 4.55, m” 76.3
10’ 5.19, d (8.5)" 1262 5.18, m” 126.3 5.19, m” 124.8
11 140.7 140.7 139.6
12/ 2.04, m* 40.0 2.06, m* 40.0 2.06, m” 38.5
13’ 2.02, m* 28.6 2.05, m* 28.6 2.05, m* 28.9
14/ 531, m* 120.8 5.29, m” 120.8 5.30, m” 120.1
15’ 140.2 140.2 137.1
16 2.59, dd (15.2,5.8)%/2.18,m" 402 2.58, dd (15, 5.5) /2.18, m*” 40.3 2.58, dd (15, 5.5) 39.5
17’ 4.57, m? 77.4 4.55, m” 774 4.55, m” 76.1
18’ 5.19, d (8.5)" 125.9 5.18, m” 125.9 5.18, m” 1252
19’ 138.0 138.0 139.6
20 1.73, s 25.9 1.72, s 259 1.73, s 24.8
21 1.03, d (6.6) 20.1 1.79, s 16.4 161, s 16.1
22 4.39, t (14.3)%/4.23, m” 69.0 421, d (13)/4.38, t (12.5) 69.0 4.21,d (13)/4.39, t (12.5) 67.9
23’ 1.70, m* 16.7 1.67, s 16.7 1.73, s 15.1
24 439, t (14.3)"/4.23, m” 69.0 421, d (13)/4.38, t (12.5) 69.0 421, d (13) /439, t (12.5) 67.9
25 1.70, m* 18.3 1.69, s 18.3 171, s 15.5

“Coupling constants were not determined due to overlapping signals. “The coupling constant was derived from 2D homo-J-resolved 'H NMR

spectral data.

The molecular formula of marinoterpin A (1) was assigned
as C;HyNO, on the basis of an observed protonated
molecular ion at m/z 544.3411 [M + H]* and a corresponding
sodium adduct ion at m/z 566.3231 [M + Na] in the HR-ESI-
TOFMS in combination with *C NMR spectroscopic data.
UV absorption at 320 nm coupled with 14 degrees of
unsaturation indicated that 1 is composed of an aromatic
chromophore with added unsaturation. The IR spectrum of 1
showed characteristic absorption bands at 1180 and 1699
cm™!, indicating the presence of an N-oxide’ and suggesting
the presence of a conjugated carbonyl group, respectively. Two
substructures, a quinoline-N-oxide moiety and a uniquely
modified linear sesterterpenoid chain, were assigned by the
analysis of 1D and 2D NMR spectroscopic data (Tables 1 and
S1). These data revealed the presence of S methyl groups, 9
methylene carbons, 12 methine carbons (9 sp® carbons), and 9
quaternary carbons, including 1 carbonyl carbon (Table 1 and
Figures S1—S7). The characteristic '"H NMR features of the 2-
methylquinoline-N-oxide were five aromatic protons at Jy; 8.66
(1H, d, ] = 8.8, H-8), 8.48 (1H, s, H-4), 8.16 (1H, dd, ] = 8.2,

11141

1.3, H-5), 7.97 (1H, br t, ] = 7.9, H-7), and 7.79 (1H, br t, ] =
7.7, H-6) and a methyl group at &y 2.78 (3H, s, H-9).
Sequential "H—"H COSY correlations of H-5 to H-6 to H-7
and to H-8, HMBC NMR correlations of H-4 to C-2 (5
147.6), C-8a (6. 142.4), and C-S (S¢ 130.8), and correlations
of H-5 to C-4 (8¢ 129.5) and C-8a, and of H-8 to C-4a (5¢
128.9) and C-8a indicated that the aromatic substructure is a
2,3-disubstituted quinoline ring (Figure 2). HMBC NMR
correlations from the methyl group H;-9 to C-2, C-3 (¢
135.5), C-8 (8¢ 120.0), and C-8a allowed the methyl group to
be positioned at the C-2 position of the quinoline ring.* The
reported carbon chemical shifts of the 2-methylquinoline
moiety are dc4 26.1, dc, 158.0, and d-¢ 148.7 in CDCl,. In
this case, however, the assignment of an N-oxide is required to
explain the upfield carbon chemical shifts (C-9 (5¢ 16.1), C-2,
and C-8).* These carbon chemical shifts are in good agreement
with those previously reported for quinoline-N-oxides.” The
modified sesterterpenoid chain, which features two tetrahy-
drofuran rings, was defined by comprehensive analysis of the
2D NMR data (Figure 2). '"H NMR data showed that the

https://doi.org/10.1021/acs.joc.1c00262
J. Org. Chem. 2021, 86, 11140—11148
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o ¥\ ROESY

Figure 2. 2D COSY, HMBC, and overall ROESY NMR correlations
for marinoterpin A (1).

resonances from the similar tetrahydrofuran components
seriously overlapped. The 2D NMR data, however, clearly
resolved these resonances. HMBC correlations from the
methyl groups H3-20" (84 1.73 and ¢ 25.9) and H3-25" (64
1.70 and 5 18.3) to C-19’ (6. 138.0) and C-18' (5 125.9),
coupled with correlations from the oxygenated methylene
protons H,-24" (8, 4.39 and 4.23) to C-14’ (5 120.8), C-15'
(8¢ 140.2), C-16" (8¢ 40.2), and C-17’ (8¢ 77.4), defined the
terminus of the sesterterpenoid chain and positioned an ether
carbon at C-17’. COSY correlations between H,-13’ (5} 2.02)
to H-14" (8 5.31), H,-16" (851 2.59/2.18) to H-17' (6 4.57),
and H-18' (8y 5.19) further established these relationships.
HMBC correlations from H,-4' (5y 1.51/1.37) to C-5' (8¢
27.8) and from H,-2' (g 3.12/2.97) to C-1' (§¢ 202.9), C-4'
(8¢ 37.4), and C-21" (8¢ 20.1) showed the beginning of the
sesterterpenoid chain. Finally, HMBC correlations from H-4 to
C-1" and from H,2" to C-1' demonstrated that the two
substructures were connected at position C-1'. The geometry
of the C-6' (8¢ 121.3) and C-7' (5. 140.1), C-10" (5 126.2)
and C-11’ (8¢ 140.7), and C-14' and C-15’ double bonds were
assigned as Z, E, and Z configurations on the basis of ROESY
correlations of H-6" (8 5.33) to H-8' (6 2.59/2.18), H-10’
(84 5.19) to H-12' (54 2.04), and H-14' to H-16’, respectively
(Figure 3).

Figure 3. 3D molecular model of one five-ring ether in marinoterpin
A (1), showing the identical NOE correlations for both ethers using
Avogadro molecular modeling software. (NOE correlations are the
dashed arrows).

We attempted to evaluate the relative configurations at the
C-3’, C-9' (8¢ 77.5), and C-17’ position of 1 on the basis of
ROESY NMR data. Unfortunately, ROESY NMR correlations
did not provide convincing information. However, we could
clearly see the relationship of the adjacent five-membered ring
ether protons by the ROESY analysis (Figure 3), and

correlations between H-4 and H,-2’ established the solution
conformation of the quinoline ring (Figure 2.). 2D homo-J-
resolved '"H NMR data showed the large coupling constants
(8.5 Hz each) of H-10" and H-18' with no NOE correlations
between H-9' (8 4.57) and H-10" and H-17' and H-18/,
indicating that H-9" and H-10" and H-17' and H-18" were in
anti-configurations. The specific rotation of 1 ([a]} + 5.91, ¢ =
0.05, CH;OH) suggested, based on model studies with chiral
synthetic methylene tetrahydrofurans, that C-9’ and C-17’
were both in R* R* configurations.” We also attempted to
define the absolute configuration of 1 by X-ray methods.
Although 1 is a solid, we were unable to obtain a crystal of an
appropriate size and structure. As a result, we could not assign
the configuration at C-3'.

Marinoterpin B (2) was isolated as an optically active
colorless oil ([a]¥ + 5.00, ¢ = 0.08, CH,;OH). The molecular
mass of 2 was obtained from the HR-ESI-TOFMS spectrum,
which showed a protonated molecular ion at m/z 528.3469 [M
+ HJ*, (caled for Cy3sH 4 NO;, 528.3478). On this basis, and
considering the NMR data, the molecular formula was assigned
as C35H,sNO;, which indicated that marinoterpin B (2) was
composed of 14 double-bond equivalents analogous to 1. The
UV spectrum of 2 displayed three absorption bands at A,
204, 237, and 318 nm, suggesting the presence of the quinoline
aromatic nucleus without additional conjugation. An initial
analysis of 2 by '"H, *C and 2D NMR methods clearly
illustrated that 2 is an analogous 2-methylquinoline-N-oxide-
based merosesterterpenoid. As in 1, the 2-methylquinoline-N-
oxide ring in 2 was assembled by the interpretation of COSY
and HMBC spectral data (Table S2). COSY correlations of
four methine signals from H-5 to H-8 (6 7.97, 7.69, 7.82, and
8.60) established four consecutive aromatic protons. HMBC
correlations from H-6 to C-4a and C-8, H-7 to C-5 and C-8a,
H-8 to C-4a and C-6, and H-5 to C-4, C-7, and C-8a
confirmed the presence of the quinoline ring system (C-4a to
C-8a). The H-4 aromatic proton signal, which was observed as
a singlet at oy 7.89, showed HMBC correlations to C-2, C-3,
C-8a, and C-1’, thus confirming the presence of the quinoline
ring. The aromatic methyl group, H;-9 (6y 2.73), was
positioned at C-2 on the basis of HMBC correlations from
H;-9 to C-2 and C-3 and the chemical shift observed for 1.
Based upon the NMR data and the comparison with 1,
marinoterpin B (2) was also assigned as a 2-methylquinoline-
N-oxide (Figure 1).

Detailed 1D and 2D NMR data for 2 allowed the
sesterterpenoid side chain from C-6’ onward to be assigned
as identical to that of 1 (Tables 1 and S2). On the basis of the
above observations and analyses, the structure of 2 was
assigned for marinoterpin B. While it is tempting to assign the
relative configurations in 2 as those in 1 based upon 2D NMR
and optical rotation data, we can only suggest analogous
configurations for marinoterpin B (2).

Marinoterpin C (3), a minor metabolite, was obtained as a
colorless oil that showed a protonated molecular ion at m/z
528.3468 [M + H]*, which is consistent with a molecular
formula of C;H,(NO; that indicated 3 contained the same
number of degrees of unsaturation as in 1 and 2. An initial
analysis of the "H NMR spectral data for 3 (Table 1) provided
obvious evidence that this compound had an oxygenated
sesterterpenoid side chain identical to that in 1 and 2. The only
difference between marinoterpin B and C was observed in the
aromatic chromophore. The chemical shifts of five aromatic
protons were shifted slightly upfield (5 7.67, 7.64, 7.60, 7.5,

https://doi.org/10.1021/acs.joc.1c00262
J. Org. Chem. 2021, 86, 11140—11148
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Figure S. Prenylated quinoline biosynthetic clusters. Organization of the marinoterpin biosynthetic gene cluster (mrt) from Streptomyces sp. AJS-
327 (GenBank accession 0. MW452943), the aurachin biosynthetic gene cluster (aua) from Stigmatella aurantiaca Sg alS (GenBank accession nos.
AM404078 for locus I, HES80420 for locus II, and HES80421 for locus III), the aurachin RE biosynthetic cluster (rau) from Rhodococcus
erythropolis JCM 6824 (GenBank accession no. AB694012), and the aurachin SS biosynthetic gene cluster (sau) from Streptomyces sp. NA04227
(GenBank accession no. KY810820). The arrows, which are color coded based on the putative function and point in the direction of transcription,
represent open reading frames. MEP is the methylerythritol 4-phosphate pathway.

and 7.29). Additionally, the absence of a signal for the aromatic
methyl in the NMR spectrum of 3 and the presence of a new
oxygenated methylene carbon signal at 6 77.1 suggested the
absence of the N-oxide and a replacement of the methyl at C-2
by a hydroxymethyl group. Consequently, the analysis of the
2D COSY, HMQC and HMBC NMR data for 3 led to the

confident assignment shown in Figure 1.

Marinoterpin A Biosynthetic Gene Cluster. Sesterter-
penes are a small class of terpene natural products that are not
commonly isolated from bacteria.’ As a result, only a few
bacterial geranylfarnesyl polyprenyl synthases have been
biochemically characterized, such as those involved in the
biosynthesis of somaliensenes A and B,” atolypenes,”® and the
sestermobaraenes.” Marinoterpins 1—3 are structurally related
to the aurachins, a small family of natural products bearing

https://doi.org/10.1021/acs.joc.1c00262
J. Org. Chem. 2021, 86, 11140—11148
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Figure 6. Proposed biosynthesis of marinoterpin A (1) from strain AJS-327 and those of marinoterpins B (2) and C (3) from strain CNQ-253.
Polyketide synthase abbreviations are ketosynthase (KS,), chain length factor (CLF), and acyl carrier protein (ACP).

prenylated quinoline, 4-quinolone, or quinoline N-oxide cores.
While the marinoterpins are composed of previously unknown
sesterterpenoid side chains with two unusual five-membered
ethers, the aurachins more commonly possess sesquiterpenoid
and monoterpenoid side chains (Figure 4). The basic
aurachins A—D (4—7, respectively) were isolated from the
myxobacterium Stigmatella aurantiaca strain Sg a15,"’ aurachin
RE (8) was isolated from Rhodococcus erythropolis JCM 6824,
and aurachin SS (9) with a monoterpenoid side chain was
isolated from a culture of Streptomyces sp. NA04227." Stable
isotope enrichment studies with '*C- and '®O-labeled
precursors revealed that the quinoline and quinolone cores
in 4—7 were synthesized from anthranilic acid and acetate,"
suggesting the involvement of a polyketide synthase.
Characterization of the aua,"’ and sau'’
responsible for the biosynthesis of 4—7, 8, and 9, respectively,
revealed the following set of core genes shared between the
three clusters: a prenyltransferase, an acyl carrier protein
(ACP), two f-ketoacyl-ACP synthases, and a benzoate:CoA
ligase (Figure S). The presence of two p-ketoacyl-ACP
synthases and an ACP in all three clusters further supported
that a type II polyketide synthase (PKS) was involved in the
assembly of the aurachin core. Unlike modular type I PKS
systems where catalytic domains are arranged linearly across
multimodular megasynthases, type II PKS systems contain
dissociated domains that are used iteratively during the
synthesis of a polyketide. A minimal type II PKS cluster
typically includes a ketosynthase (KS or KSa) that forms C—C
bonds through Claisen-like condensation reactions with
activated acyl and malonyl extender units, a KSf or chain-
length factor (CLF) that determines the length of the carbon

11
rau, clusters

11144

chain, and an ACP containing a phosphopantetheine arm that
tethers the growing acyl chain.'*™"¢

As the genome of Streptomyces sp. AJS-327 was recently
sequenced (GenBank accession number SKBR00000000), the
6.5 Mbp genome was scanned for putative aurachin-like
biosynthetic clusters. Initial screening using AntiSMASH'’
failed to identify any type II PKS clusters that would be
responsible for synthesizing marinoterpin A. With access to the
aua, sau, and rau clusters, the anthranilate: CoA ligase, KS,, and
KS; homologues, respectively, were used to screen the genome
of AJS-327 using the BLAST+ package.'® A 22 kbp region on
scaffold one contained “hits” to the biosynthetic hooks, and an
annotation of the corresponding region (the mrt cluster)
revealed 16 open-reading frames that encode a sesterterpene
diphosphate synthase (mrtP), a prenyltransferase (mrtA), two
p-ketoacyl-ACP synthases (mrtC and D), an ACP (mrtB), and
a benzoate:CoA ligase (mrtD). In addition to the genes
required to synthesize the prenylated quinoline core, the mrt
cluster also codes for a variety of tailoring enzymes to further
functionalize the disubstituted quinoline ring, including two
cytochrome P450s (mrt] and K), a flavin monooxygenase
(mrtG), an FAD-dependent oxidoreductase (mrtl), an NAD-
dependent epimerase or dehydratase (mrtF), and a methyl-
transferase (mrtH) (Figure S and Table S4). Because only
marinoterpin A has been isolated from AJS-327, it is unclear
what role the methyltransferase MrtH plays in its biosynthesis,
if any. A detailed investigation of the mass spectrometry data
using the Global Natural Product Social Molecular Networking
(GNPS) platform'” did not identify any methylated
marinoterpin derivatives.

Based on the similarities between the aua, rau, sau, and mrt
gene clusters, a biosynthetic route for marinoterpin A (1) was
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proposed (Figure 6). It must be noted that the biosynthetic
cluster responsible for assembling marinoterpins B (2) and C
(3) is currently unknown because the compounds were
isolated from Streptomyces. sp. CNQ-253 and its genome has
not yet been sequenced. However, due to structural similarities
to 1, especially the presence of two tetrahydrofuran rings on
the sesterterpenoid side chain, the biosyntheses of 2 and 3 are
also proposed.

The biosynthesis of 1—3 starts with the activation and
priming of anthranilate. This priming mechanism was
established for the biosynthesis of 4—7, where two aryl-CoA
ligases, namely, AuaEIl and AuaE, are required for the
activation of anthranilate and ACP loading, respectively.”’
Interestingly, while the aua cluster contains two anthranilate-
CoA ligase homologues, the sau, rau, and mrt clusters only
contain one copy. A sequence comparison with various aryl-
CoA ligases and anthranilate-specific adenylation domains
(Figure S21) suggests that the priming mechanism catalyzed
by MrtE is analogous to the EncN-mediated priming of
benzoate in enterocin biosynthesis.”’ The first half-reaction
adenylates anthranilate to form the anthraniloyl-AMP inter-
mediate, while the second half-reaction uses transthioester-
ification with either CoA or the phosphopantetheine prosthetic
group of MrtB to eliminate AMP and form either anthraniloyl-
CoA or anthraniloyl-MrtB, respectively.

As observed with the biosynthesis of 4—7'% and supported
with °C feeding studies,'” KS, (MrtC) and KS; (MrtD)
catalyze two extensions with malonyl-CoA after anthranilate is
transferred to the ACP (MrtB) to yield the intermediate 10.
The release of 10 and the decarboxylation of the second
malonyl-CoA extender unit affords the 4-hydroxy-2-methyl-
quinoline intermediate 11. The formation of the C25
geranylfarensyl diphosphate (GFPP) side chain proceeds
through the condensation of hemiterpenes dimethylallyl
diphosphate and isopentenyl diphosphate using the polyprenyl
diphosghate synthase MrtP; in a similar reaction catalyzed by
AuaA,” the isoprenoid side chain is attached to the 4-hydroxy-
2-methylquinoline intermediate at position C-3 using the
prenyltransferase MrtA to yield the 3-geranylfarnesyl-2-methyl-
4-quinolone intermediate 12. A phylogenetic comparison of
the characterized polyprenyl diphosphate synthases (Figure
§22) and prenyltransferases (Figure S23) shows that the
geranylfarnesyl diphosphate synthases are more closely related
to each other than to shorter chain polyprenyl synthases, and
the prenyltransferases clade together based on the type of
intermediate the isoprenoid unit is attached to.

Following the formation of the aurachin-related intermediate
12, a series of reactions, including N-oxidation and bis-ether
ring formation on the sesterterpenoid side chain, are required
for its conversion to 1. While the furanosesterterpenoids
isolated from the sponge Luffariella variabilis also contain a
five-membered ring ether on their sesterterpene chains,* the
corresponding biosynthetic cluster is not known. Given the
number of tailoring enzymes present in the mrt cluster, it’s
unclear what enzymes are ultimately involved in forming the
tetrahydrofuran rings, as well as the order of events. Therefore,
in an attempt to tease apart the enzymes involved in converting
12 to 1, we implemented a bioinformatic investigation that
focused on the monooxygenase MrtG and cytochrome P450s
Mrt] and MrtK.

During aurachin biosynthesis in S. aurantiaca Sg al$, the
Rieske oxygenase AuaF installs the N-hydroxylase on aurachin
D (7) to form aurachin C (6).>* In the rau cluster, the

cytochrome P450 RauA catalyzes N-hydroxylation."' While the
mrt cluster does not contain a Rieske oxygenase homologue, it
does contain two cytochrome P450s and a flavin mono-
oxygenase; both enzyme classes are known to catalyze N-
oxidation. A comparative analysis of the two cytochrome
P450s from the marinoterpin cluster with the N-hydroxylase-
catalyzing P450 from the rau cluster showed that RauA shares
only a 20% amino acid identity with Mrt] and a 21% identity
with MrtK. Although the two P450s from the mrt cluster have
low similarities to RauA, it cannot be ruled out that one is
responsible for installing the N-hydroxyl moiety in 1.
Interestingly, an unknown monooxygenase was proposed to
install the secondary alcohol on the C-9’ position of the
farnesyl side chain in aruachin RE (8),"" and a similar enzyme
may be responsible for oxidizing the linear sesterterpene chain
in coleifolide B.>> It is thus speculated that one of the
cytochrome P450s (Mrt] or K) could oxidize the C-9” and C-
17" methylene groups on the sesterterpene side chain to
secondary alcohols in the marinoterpin biosynthesis to form
intermediate 13, and radical abstraction of the methyl moieties
at C-22" and C-24" could lead to tetrahydrofuran ring
formation. Alternatively, the oxidation of C-22" and C-24’ in
13, followed by intramolecular cyclization and dehydration,
could afford the five-membered ring ethers.

To evaluate whether the flavin monooxygenase MrtG could
be involved in N-oxidation, a phylogenetic analysis with
characterized flavin monooxygenases was carried out, which
suggested that MrtG is more closely related to AuaG than
other N-oxidizing flavin monooxygenases, such as those
involved in valanimycin biosynthesis®*~>* (Figure $24).
During a detailed biosynthetic investigation of aurachins A
(4) and B (5), AuaG was shown to catalyze the migration of
the farnesyl group from the C-3 position to the C-4 position
on the quinoline core through a semipinacol rearrangement,”
thus converting aurachin C (6) to 5. Based on their similarity,
we propose that MrtG is a unique flavin monooxygenase that
may be involved with the bis-ether ring formation observed in
1-3.

B CONCLUSIONS

While linear sesterterpenoids are rare, sesterterpenoids and
their cyclized analogs in é)articular are common metabolites,
especially from sponges.”’ > The isoquinoline N-oxides are
common components of plants, whereas the quinoline N-
oxides are commonly produced by bacteria.”>~** However, to
the best of our knowledge, this is the first time linear quinoline
merosesterterpenoids containing the replicate tetrahydrofuran
functionalities observed in 1—3 have been described. The
identification of the marinoterpin (mrt) biosynthetic cluster
from Streptomyces sp. AJS-327 and a comparison to other
aurachin gene clusters allowed us to propose a biosynthetic
route for the 3-geranylfarnesyl-2-methylquinoline core shared
among marinoterpins A—C. Future biochemical character-
ization experiments with the mrt tailoring enzymes will
ultimately shed light on the reactions needed to furnish the
two tetrahydrofuran rings on the linear sesterterpenoid side
chain as well as the N-oxidation observed in marinoterpins A
and B.

B EXPERIMENTAL SECTION

General Experimental Procedures (Strain AJS-327). Optical
rotations were measured on a JASCO P-2000 polarimeter, and UV
spectra were recorded with a Varian Cary UV—visible spectropho-
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tometer. Fourier transform infrared (FT-IR) spectra were obtained
using a PerkinElmer 1600 FT-IR spectrophotometer. 1D and 2D
NMR spectral data were obtained on a JEOL 500 MHz NMR
spectrometer. The NMR chemical shifts were referenced to the
residual solvent peaks (8y 3.31 and c 49.0 for CD;OD). The
chemical shift values are reported in parts per million, and the
coupling constants are reported in Hertz. High-resolution ESI-TOF
mass spectra were provided by the mass spectrometry facility at the
Department of Chemistry and Biochemistry at the University of
California, San Diego, La Jolla, CA on an Agilent 6530 HR-TOF
LCMS system. Preparative HPLC separations were performed using a
Shimadzu SCL-10AVP instrument with a Shimadzu SPD-MI10AVP
diode array detector system, and a Luna 10 yum C18 (2) column (10
X 250 mm, 10 ym, Phenomenex) was used at a flow rate of 3 mL/min
for preparative HPLC.

Sample Collection, Bacterial Isolation, and Identification
(Strain AJS-327). Strain AJS-327 was isolated from an unidentified
detached sponge fragment collected on the beach 200 m south of
Scripps Pier in La Jolla, CA. The sponge fragment was collected in a
sterile S0 mL tube and transported to the laboratory, where it was cut
into small fragments with sterile scissors within 1 h and used for
isolation with Al medium-based agar plates (10 g of soluble potato
starch, 4 g of yeast extract, 2 g of peptone, 750 mL of natural seawater,
250 mL of distilled water, and 18 g of agar). Strain AJS-327 was
identified by partial (1380 bp) 16S rDNA sequence analysis using a
NCBI BLASTn search. The closest matching type strains were the
Streptomyces cacoi strain NBRC 12748 (96% identity; accession no.
NR_041061.1), the Streptomyces oryzae strain NBRC 109761 (96%
identity; accession no. NR_146025.1), the Streptomyces artemisiae
strain YIM 63135 (96% identity; accession no. NR_116242.1), and
the Streptomyces armeniacus strain NBRC 12555 (96% identity;
accession no. NR_112247.1). The very poor matches strongly
indicate that our strain represents a novel lineage within the
actinomycete family Streptomycetaceae.

Cultivation and Extraction of Strain AJS-327. Strain AJS-327
was cultured in 12 X 1 L volumes of a seawater-based Al medium (10
g of starch, 4 g of yeast extract, and 2 g of peptone) while shaking at
200 rpm for 15 days at 27 °C. The whole culture broth was extracted
with ethyl acetate (2 X 12 L), and the ethyl acetate extract was
concentrated to yield 2.0 g of the organic extract.

General Experimental Procedures (Strain CNQ-253). Optical
rotations were measured using a JASCO P-2000 polarimeter with a 10
cm cell. UV spectra were obtained using Varian Cary 50 Bio UV—
visible spectrophotometer. IR spectra were acquired on a PerkinElmer
1600 series FTIR spectrometer. 'H, *C, and 2D NMR spectral data
were obtained on a Varian Inova 500 MHz NMR spectrometer. High-
resolution mass spectra were recorded on a ThermoFinnigan
MAT900XL instrument with an Agilent ESI-TOF detector at The
Scripps Research Institute, La Jolla, CA. Low-resolution LC/MS
spectra were obtained on a Hewlett-Packard HP1100 integrated LC-
MS system with a reversed-phase C18 column (Agilent, 4.6 mm X
100 mm, S pm) at a flow rate of 0.7 mL/min. Reversed-phase HPLC
separations were performed using a semipreparative C18 Phenomenex
Luna (2) S yum (10 mm X 250 mm) column with a CH;CN/H,O
gradient solvent system. Preparative HPLC was performed using a
Waters model 4000 system with a UV variable-wavelength detector
monitoring at 210 nm using a C18 Nova-Pak 6 ym 60 A, (40 mm X
300 mm) column.

Bacterial Isolation and Identification (Strain CNQ-253). The
actinomycete strain CNQ-253 was obtained from a marine sediment
sample collected at a depth of —46 m off San Diego, CA in 2001. A
partial 16S rDNA sequence analysis (991 bps) indicated that the
closest formally described species is S. cacaoi (accession no.
AB184183, 97.6%); however, the relatively low level of identity
suggests that strain CNQ-253 belongs to a new Streptomyces species.

Fermentation and Extraction (Strain CNQ-253). Strain CNQ-
253 was cultured at 27 °C for six days while shaking at 215 rpm in ten
% 1 L volumes of the liquid medium A1Bfe+C (composed of 10 g of
starch, 4 g of yeast extract, 2 g of peptone, 1 g of CaCOj;, 40 mg of
Fe,(S0,);-4H,0, and 100 mg of KBr per 1 L of seawater). Amberlite

XAD-7 resin (20 g/L) was added at the end of the fermentation
period to adsorb extracellular secondary metabolites, and the culture
and resin were shaken at a low speed for two additional hours. The
resin and cell mass were collected by filtering them through
cheesecloth and washed with DI water to remove salts. The resin,
cell mass, and cheesecloth were then soaked for 2 h in acetone, after
which the acetone extract was filtered and reduced to dryness, and the
residue was taken up in ethyl acetate to give 1.95 g of a brown oily
organic extract from a 10 L culture.

Isolation of Marinoterpin A (1). The organic broth extract of
strain AJS-327 (2.0 g) was fractionated by C-18 reversed-phase
vacuum flash chromatography using a step-gradient solvent system
consisting of MeOH and H,0. The MeOH/H,O (100:0) fraction
contained compound 1. The fraction was subjected to reversed-phase
HPLC separation (Phenomenex Luna 10 ym, C18 (2) 250 X 10 mm
column; 4 mL/min) using a gradient elution from 70% to 100%
aqueous MeOH for 30 min to obtain compound 1. Marinoterpin A
was further purified by reversed-phase HPLC (Phenomenex Luna 10
um, 250 X 10 mm column; 3 mL/min; UV detection at 230 nm)
using isocratic elution (85% aqueous MeOH) to obtain 1 (3 mg, tg =
23.0 min).

Isolation of Marinoterpin B (2) and C (3). The organic broth
extract of strain CNQ-253 was fractionated by C-18 reversed-phase
vacuum liquid chromatography (H,0/CH;O0H, gradient 90:10 to
0:100%) to give six fractions. Fraction four was then further purified
by preparative RP HPLC (Prep Nova-Pak HRC 18, 6 ym, 300 mm X
40 mm) with CH;CN/H,O as eluent, followed by semipreparative
isocratic HPLC to give marinoterpin B (2,185 mg). Fraction five was
further purified by isocratic RP HPLC to yield marinoterpin B (2,
12.2 mg), and marinoterpin C (3,15 mg).

Marinoterpin A (1). Amorphous solid; [a]} + 5.91 (¢ = 0.05,
CH;0H); UV (CH;0H) 4,,,, (log &) 202 (4.34), 234 (4.21), 320
(3.37) nm; IR (film) v, 3404, 1699, 1404, 1325, 1181, 1075 cm™;
'H and '*C NMR data, see Table 1; HRMS (ESI/Q-TOF) m/z [M +
H]* Caled for C3;H,NO, 534.3427, found 544.3411; [M + Na]*
Caled for C3sH,sNO,Na 566.3246, found 566.3231.

Marinoterpin B (2). Colorless viscous oil; [a]% + 5.00 (¢ = 0.08,
CH;0H); UV (CH;0H) 4, (log €) 204 (3.80), 237 (3.72), 318
(2.89); IR (KBr) v, 3317, 2924, 2851, 1750, 1677, 1500, 1442,
1378, 1310, 1226, 1099, 750 cm™'; 'H and *C NMR data, see Table
1; HRMS (ESI/Q-TOF) m/z [M + H]* Calcd for CyH,NO,
528.3478, found 528.3469.

Marinoterpin C (3). Colorless viscous oil; [a]F + 4.62 (¢ = 0.106,
CH;0H); UV (CH;0H) A, (log) 230 (3.74), 236 (2.89), 276
(2.72); IR (KBr) v, 3320, 2924, 2854, 1715, 1643, 1589, 1436,
1378, 1093, 756 cm™}; 'H and *C NMR data, see Table 1; HRMS
(ESI/Q-TOF) m/z [M + H]" Calcd for C4,H,(NO, 528.3478, found
528.3468.
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