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Abstract

Two new siderophores, madurastatin D1 and D2, together with (-)-madurastatin C1, the
enantiomer of a known compound, were isolated from marine-derived Actinomadurasp. The
presence of an unusual 4-imidazolidinone ring in madurastatins D1 and D2 inspired us to
sequence the Actinomadura sp. genome and to identify the mad biosynthetic gene cluster,
knowledge of which enables us to now propose a biosynthetic pathway. Madurastatin D1 and D2
are moderately active in antimicrobial assays with M. luteus.
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Siderophores represent a crucial class of bacterial secondary metabolites that are employed
as iron chelators by microorganisms to facilitate the absorption of poorly soluble
environmental iron.! Siderophores feature high binding affinities toward Fe(l11) and often
contain multiple N, O functionalities®. They can also be employed by pathogenic bacteria to
acquire iron, the fundamental limiting nutrient for life, from their host organisms and
influence the cellular iron level of the hosts.2

The bacterial genus Actinomadura from the phylum Actinobacteria has been reported to
produce a series of phenolate-hydroxamate siderophores,? including madurastatins,3- and
maduraferrin.® The madurastatins were first characterized as aziridine-containing
pentapeptide siderophores; however, structural revision on the aziridine ring was suggested
by Thorson and Shaaban’ based on their analyses of siderophores with 2-(2-
hydroxyphenyl)oxazoline moieties. NMR data of the isolated madurastatin C1 (also
designated as MBJ-0034) from bacteria cell culture and synthetic analogs with aziridine-
and 2-(2-hydroxyphenyl)oxazoline moieties were compared by Hall in 2017,8 which
confirmed the structural revision proposed by Thorson and Shaaban. The absolute
configuration of madurastatin C1 (1) (Figure 1) was also established by Hall.8

As part of our goal to discover new natural products from marine invertebrate associated
bacteria®-11, our attention was drawn to strain WMMA-1423, a marine Actinomadura sp.
cultivated from the sponge 7edania sp., after its crude extract was found to inhibit the growth
of both MRSA and Bacillus subtillis on agar plates. We isolated two new madurastatins,
madurastatin D1 (2) and D2 (3) (Figure 1), as well as the enantiomer [1, (-)-madurastatin
C1] of the known compound madurastatin C1 by bioassay guided isolation using MRSA
(ATCC #33591) as the test strain. Though only slightly active against MRSA (vide infra),
fractions containing 1-3 were sufficiently active in agar plate assays as to peak our interest.
Madurastatin D1 (2) and D2 (3) feature the cyclic 4-imidazolidinone in contrast to the linear
a-amino amide in madurastatin C1. Both 2 and 3 exhibited lower MICs against M. luteus
than 1, suggesting that the additional heterocycle increases antibacterial activity. Due to the
unusual cyclization bridging two nitrogens, whole genome sequencing of strain
WMMA-1423 was conducted and a biosynthetic pathway to madurastatins D1 and D2 was
proposed.

HRMS data suggested the molecular formula of CogHzgN7Oq (7/2 = 618.2876, [M+H]*) for
madurastatin D1 (2). Since Fe has a unique isotope distribution (>*Fe:%6Fe:5"Fe ~ 6:92:2),
the observation of Fe(l11) adduct ions [M-2H+Fe]* (m/z=671.1991, Figure S14) was a clear
indicator of compound 2’s ability of binding iron and further confirmation with regard to the
assigned molecular ion. Compared to the known madurastatin C1, 2 had one additional
degree of unsaturation. By comparing of 1H and 13C NMR data (Table 1, Figure S3-S7)
between the reported madurastatin C18 and 2, The tertiary carbon C-26 (74.7 ppm) and the
methyl group carbon C-29 (19.7 ppm) were observed only in 2, which have HSQC
correlation to H-26 (4.01 ppm) and H-29 (1.21 ppm), respectively. H-26 showed COSY
correlations to H-29, and it also showed HMBC correlations to C-28 (37.9 ppm, N-Me
group attached to N-25) and to C-29, which suggested the connection between N-25 and
C-26. In light of these data, the structure of 2 was assigned as containing the 1, 2-
dimethyl-4-imidazolidinone cyclic structure.
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A molecular formula of CygH41N7Og (/1/2 = 632.3025, [M+H]*) was suggested by HRMS
data for madurastatin D2 (3). Fe(I11) adduct ions [M+Fe+Na-3H]* (/m/z = 707.1941) were
also observed (Figure S15). The NMR data (Table 1, Figures S8-S12) of 3 was compared to
2 and, since these two compounds have the same number of degrees of unsaturation, a
similar 4-imidazolidinone cyclic structure was also proposed for 3 despite a few differences.
The major difference was that the tertiary C-26 carbon in 2 was replaced by a
tetrasubstituted C-26 (77.9 ppm) in 3. Two methyl groups (C-29 and C-30) showed HMBC
correlations to C-26 and to each other as well, suggesting shared connectivity to the C-26.
These two methyl groups also showed different 13C chemical shifts (25.7 ppm for C-29,
19.8 ppm for C-30) and *H chemical shifts (1.29 for H-29, 1.11 for H-30), which suggested
both of them are connected to a carbon that belongs to a cyclic system. Thus, the structure of
3 was proposed with a similar 1, 2, 2-trimethyl-4-imidazolidinone cyclic structure.
Interestingly, the difference in methylation status at C-26 was found to induce slight, but
noticeable, differences in the 13C shifts for the Athydroxy lactams of compounds 2 and 3 as
well as a ~ 5 ppm difference in the 13C shifts observed at C-28; these are likely attributable
to conformational restrictions encountered by 3 but not 2.

The siderophoric properties of compounds 1-3 were assessed on the basis of the chrome
azurol S (CAS) assay (Figure S16).% Deferoxamine mesylate was also analyzed and served
as a positive Fe(l11) binding control. The colorimetric CAS assay revealed that 1 and 2 bind
iron with efficiencies comparable to deferoxamine mesylate whereas compound 3, bearing
the geminal-dimethyl moiety also bound iron but with noticeably impaired affinity relative
to 1 and 2. This trend in iron binding supports the notion that C-26 dimethylation imparts
conformational limitations to 3 that are lacking in compounds 1 and 2.

The absolute configuration of madurastatin C1 was determined by Hall and coworkers®
using the Marfey’s method (Figure S17).12 The 13C chemical shifts (Figure S2) of 1 were
identical to those reported for madurastatin C1 although the optical rotation of 1 was found
to be inverted from that of madurastatin C1. The C-9 configuration of madurastatin C1 was
shown to be 97 by Marfey’s method.8:12 Thus, we determined that 1 is the enantiomer of
madurastatin C1 and has stereocenter assignments as 95, 23R, Z8R. Notably, enantiomeric
natural product pairings are well known and have been rigorously reviewed.13 Since 2 and 3
were produced by the same organism, both compounds were proposed to have the same
configuration as found in 1 [9S, 23R, 30R (31R for 3)]. Further efforts to determine the
configuration of C-26 in 2 employed molecular modeling and density functional theory
(DFT) NMR calculations of the two models (23R, 26R, 30R- and 23R, 26S, 30R-). Spartan
14 (v.1.1.7 Wavefunction Inc. 2014) was used to identify the conformer Boltzmann
distribution for each diastereoisomer using molecular mechanics. Gaussian 09 was then used
to optimize the local geometry of the low energy conformers based on DFT energy
calculation (B3LYP/6-31G(d,p)), and the NMR chemical shifts of different stereoisomers
were calculated using GIAO method (Table S1). NMR chemical shifts were referenced to
TMS and benzene using the multistandard method.1# The DP4 probability method!® was
used to compare the calculated 13C NMR chemical shifts of the two models with the
experimental 13C chemical shifts and yielded a 100% probability for the R compared to the
Sconfiguration (Table S2).
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Previous reports have shown that madurastatin C1 inhibits the growth of M. Juteus*
Therefore, compounds 1-3 were tested for antibacterial activity against M. /uteus. Notably,
compounds 2 and 3 both inhibited M. luteus with MICs of 25.3 and 25.8 UM, respectively;
the MIC of compound 1, devoid of the imidazolidinone, was 108.1 uM. Thus, the 4-
imidazolidinone clearly benefits the antibacterial activity of these agents although efforts to
elucidate the specific mechanisms at play are beyond the scope of this report. Noteworthy is
that, although MRSA proved important during bioassay-guided fractionation, none of the
new madurastatins inhibited MRSA with MICs less than 100 pM.

To identify the biosynthetic cluster for madurastatin D1 (1) biosynthesis, the whole genome
of Actinomadura sp. WMMA-1423 was sequenced (GenBank accession number CP041244)
and analyzed using antiSMASH (version 5.0.0 rc1).16-17 Two gene clusters (57.9 kb and
46.7 kb, respectively) were identified as the nonribosomal peptide synthetases (NRPSSs),
transport and regulatory genes for (—-)-madurastatin C1 (1), madurastatin D1 (2) and
madurastatin D2 (3) production. Although antiSMASH identified these as separate clusters,
they were found to be co-localized in the genome (12.1 kb apart from each other) and thus,
represent one cluster. The architecture and annotation of the madurastatin (/mad) biosynthetic
gene cluster shown in Figure 2 and Table S3. The mad cluster consists of two NRPS genes
(Figure 2a, red, mad30, mads3), two chain initiation genes (red, maa31, maab0), two amino
acid tailoring genes (red, maa28, maabl), one S-adenosyl-methionine (SAM)-dependent
methyltransferase gene (red, madll) as well as additional biosynthetic (yellow), transport
(teal), regulation-related (green) and other genes (grey); full annotations are provided in
Table S3). Most of the proteins encoded in the /mad cluster are homologous to those involved
in cahuitamycin,8 albachelin,1® and amychelin?? biosynthetic pathways. The genome
analysis has allowed us to put forth a hypothesis with regard to the possible biosynthesis of
madurastatins, where a SAM-dependent mechanism is involved in the biosynthesis of
madurastatin D2 (Figure 2c, Table S3). Further biosynthetic studies to more completely
understand the assembly of 1-3, with special emphasis on the unique imidazolidinone of 2
and 3, are clearly warranted.

Mad28, Mad61 are likely ornithine N-monooxygenase and aspartate 1-decarboxylase
enzymes, responsible for generating the L- A-OH-Orn (L-hOrn) and p-alanine moieties,
respectively. Mad31 is homologous to salicylate synthase AmcL in amychelin biosynthesis
(59% identity) and Mad60 is homologous to the salicylate-AMP ligase CahJ (67% identity)
in cahuitamycin biosynthesis. Together, Mad31 and Mad60 likely catalyze the formation of a
Mad63-salicylate conjugate starting from chorismate. Mad63 contains one set of C, A, T
domains and very likely installs the oxazoline ring since it shows 58% identity to CahA;
CahA contains a cyclization domain that creates the oxazoline ring in cahuitamycins. We
envision that the growing chain is further extended by Mad30, which contains four sets of C,
A, T domains and one N-methylation (nMT) domain; antiSMASH analysis revealed that two
of the C domains function as PC; domains (Fig. 2c). The A domains in Mad30 are proposed
to activate Gly, p-Ala and L-hOrn substrates. We envision that epimerization of each L-hOrn,
accounting ultimately for the R stereocenters found in 1-3, likely results from the dual
epimerase/condensation activities of the °C; domains.?
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The nMT domain located between the third and fourth A domains is envisioned to catalyze
both mono- and dimethylation of the a-amine group of the initially added pb-hOrn. Both
mono- and dimethylated intermediates would undergo further condensation to add on the
final hOrn unit. Intramolecular nucleophilic substitution is then proposed to install the A-
hydroxy lactam (with liberation from Mad30) to afford (=)-madurastatin C1 (1) and the
dimethylated variant of 1; both are possible intermediates en route to madurastatin D1 (2)
although we favor the dimethylated species based on its complete absence during the course
of compound isolations. We envision that N-Me oxidation may play a central role in
imidazolidinone assembly, from the dimethylated version of 1, although it is not yet clear
which gene/s in the mad cluster would code for this chemistry (Figure 2¢). In proceeding
from 2 to 3, we invoke the SAM-dependent methyltransferase Mad11l; SAM-dependent
methylation at both sp? and sp? carbon adjacent to heteroatoms are well known.22-25 At
present, Mad11 appears to be the most likely candidate for converting monomethylated 2
into dimethylated madurastatin D2 (3).

In summary, we report the isolation and structural elucidation of madurastatin D1 (2) and D2
(3), two new madurastatin siderophores that showed /7 vitro activity against M. luteus. To
the best of our knowledge, only five other madurastatin analogs3—> have been isolated from
Actinomadura sp., and none of them contain the 4-imidazolidinone cyclic moiety. The
biosynthetic origins for this unique structure are currently unclear although we hypothesize
that a combination of methyltransferase and oxidase chemistries may prove central. While
scientifically intriguing, further studies will be required to test this biosynthetic hypothesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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1H and 13C NMR data for 2 and 3 (600 MHz for 1H, 125 MHz for 13C, ds-DMSO)

Table 1.

OH 0 o~ OH Rﬁé@“;‘fmm
24 e e sl
Cotimme o
madurastatin D2 (3)
— cosY = HMBC (key)
2 3
Posi
tion &¢, type 64, JinH2) &c, type 64, (JinH2)
1 1501 159.1
2 1167, CH 7.01, d (8.4) 1167,CH  698,d(7.6)
3 1341,CH 7.47,ddd (84,73,16) 1341,CH  7.451t(7.6)
4 1191,CH 6.95, (7.5) 1190,CH  691,t(7.6)
5 1281,CH  764,dd(76,14)  1281,CH  7.63,d(7.4)
6 1100 1100
7 1659 1659
9  675CH  501,dd(104,7.7)  67.4,CH  500,dd (10.2.8.0)
o weon LRI meon soEe
1 1702 1702
12 8.61,t(5.9) 8.56, s
13 220 3T GGsee0 220 560 d(is0)
14 1684 168.4
15 8.01,1 (5.4) 7.97,s
16 34.7,CH, 3.24, dd (6.6, 6.0) 34.8,CH,  3.25,dd (7.0, 5.6)
17 319,CH, 2.56-2.48, m 3L7,CH,  250-2.55,m
18 1708 1706
20 47.4,CH, 351-342,m 511,CH,  3.41-353,m
21 216,CH, 1.70-1.43,m 209,CH,  1.36-146,m
22 266,CH, i:ggjgg: m 250,CH,  1.85-1.94,m
23 648 CH 2.88,m 62.0, CH 2.93,1(5.0)
24 1716 169.9
26 747,CH 4.01,q (5.0) 77.9
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madurastatin D2 (3)

— cosy - HMBC (key)
2 3
Posi
tion . .
éc, type &4, (JinHz) &c, type &4, (JinH2)
28 37.9,CH, 229, 32.5, CHs 2.24,s
29 19.7,CH, 121,d (5.2) 25.7, CHs 1.29,s
30 518 CH 4.32-4.24,m 19.8, CH, 111s
31 1624 517,CH  3.91,dd (6.0, 5.4)
2 1633
3.51-3.57,m
33 S5L1,CH 3.41-3.46.m
34 216, CH, 1.87-1.79, m 475,CH,  343-347,m
1.67-1.73,m
35 213 CH, 2.03-1.95,m 213,CH, T
2.34-2.42,m
36 55CH 167173 m
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