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Abstract

Marine natural products are an important source of lead compounds against many pathogenic
targets. Herein, we report the discovery of lobosamides A-C from a marine actinobacterium
Micromonospora sp., representing three new members of a small but growing family of bacterially
produced polyene macrolactams. The lobosamides display growth inhibitory activity against the
protozoan parasite 7rypanosoma brucef (Lobosamide A ICsq = 0.8 M), the causative agent of
human African trypanosomiasis (HAT). The biosynthetic gene cluster of the lobosamides was
sequenced and assembled and suggests a conserved cluster organization amongst the 26-
membered macrolactams. While determination of the relative and absolute configurations of many
members of this family is lacking, the absolute configurations of the lobosamides were deduced
using a combination of chemical modification, detailed spectroscopic analysis, and bioinformatics.
We implemented a “molecules-to-genes-to-molecules” approach to determine the prevalence of
similar clusters in other bacteria, which led to the discovery of two additional macrolactams,
mirilactams A and B from Actinosynnema mirum. These additional analogs have allowed us to
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identify specific structure activity relationships that contribute to the antitrypanosomal activity of
this class. This approach illustrates the power of combining chemical analysis and genomics in the
discovery and characterization of natural products as new lead compounds for neglected disease
targets.

INTRODUCTION

Neglected tropical diseases (NTDs) continue to be a significant global health burden, with
over 500 million people at risk in endemic areas. Despite this, less than 5% of worldwide
funding for NTDs has been allocated for the most neglected diseases.> Human African
trypanosomiasis (HAT) remains a serious problem, with 70 million people at risk in Africa
and an estimated 30,000 cases annually.2 HAT is caused by two different subspecies of the
protozoan parasite 7rypanosoma bruceiand can result in death if left untreated. The
development of new HAT treatments has been extremely slow, with a majority of the four
clinically used drugs having been discovered over 40 years ago.3 In addition, current HAT
therapeutics have drawbacks in administration, toxicity, and cost. For example, melarsoprol,
which remains the first-line treatment in many regions,* has a 5% drug-induced death rate.>
New compounds in clinical trials, such as SCYX-71586 and fexinidazole,” as well as new
formulations, such as nifurtimox-eflornithine combination therapy (NECT), hold promise
for improving HAT treatment worldwide.® However, the relatively few available drugs and
validated drug targets for HAT makes continued research for parasite-specific
antitrypanosomal lead compounds an important priority.®

Natural products have historically been an important source of clinically relevant
compounds, and the emergence of the marine environment as a rich source of new chemical
entities has heralded numerous recent successes, with many marine natural products
currently in preclinical or clinical trials.1% Marine bacteria have been particularly prolific
producers of important compounds, such as salinosporamide A, which is currently in late-
phase clinical trials for multiple myeloma.l1 In addition to many other biological activities,
marine natural products are an important source of lead compounds for global health targets.
Representatives of multiple classes of marine natural products have shown activity against 7.
brucei parasites including polyketides,12 alkaloids,13-14 diketopiperazines,® peptides,16 and
others.8

As part of our ongoing program to discover new lead compounds for NTDs, we have
screened our bacterially-derived marine natural products library against 7. b. brucei. Herein,
we report a family of structurally novel polyene macrolactams, lobosamides A-C (1 - 3,
Figure 1), which are produced by a marine sediment-derived Micromonospora sp., with
lobosamide A exhibiting sub-micromolar antitrypanosomal activity. To date, these molecules
represent the first polyene macrolactams with reported activity against 7. brucer parasites. In
order to confirm the structures and deduce the full absolute configurations for these new
molecules we sequenced the genome of the producing Micromonospora sp. and identified
the biosynthetic gene cluster (BGC) responsible for their production. Using a combination of
detailed spectroscopic and genome sequence analyses we assigned the full absolute
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configurations of the lobosamides, providing a rare example of the complete absolute
configurational assignment for a member of this compound class.

The increased availability of bacterial genomes and BGCs has the potential to change the
way natural products discovery is conducted.1’ In this study we have implemented a
“molecules-to-genes-to-molecules” approach by using the newly elucidated lobosamide
structure and assembled BGC as a query sequence to identify similar BGCs in other
organisms that have not yet been chemically annotated. This genome mining strategy, which
uses the genetic information found in biosynthetic gene clusters to predict molecular
frameworks, is gaining importance in natural product discovery platforms.18:19 Using this
approach, we identified a homologous BGC in the full genome sequence of a distantly
related marine actinobacterium, Actinosynnema mirum (ATCC 29888), which we predicted
to produce a related macrocyclic lactam.20 Using the predicted structure to guide the
isolation, we identified two additional 26-membered macrolactams, which provided
structure activity relationship (SAR) information about the features necessary for
antitrypanosomal activity. The success of this strategy provides further support for the
parallel implementation of molecular biology and analytical chemistry techniques for the
discovery of natural products with unique chemical and biological features.

RESULTS AND DISCUSSION

Identification and structure elucidation of lobosamides A-C

Initial screening of our marine bacterially-derived natural product library against axenic 7. &.
brucei parasites revealed a prefraction that exhibited significant trypanocidal activity and no
measurable cytoxicity towards mammalian cells in our phenotypic assay.2! This prefraction
was produced by Micromonospora sp. RL09-050-HVF-A isolated from a marine sediment
sample collected from Point Lobos in the Monterey Bay, CA. Secondary screening of a one-
compound, one-well ‘peak library” (Supplementary Information) identified two related
compounds in the trace as responsible for the biological activity. Isolation by reversed-phase
(RP)-HPLC led to the discovery of lobosamides A and B (Figure 1). Analysis of the (+)-
HRESIFTMS (obsd. [M+Na]* at m/ 506.2882) and NMR data for lobosamide A (1) gave
the molecular formula CogH4105N. Interpretation of the one- and two-dimensional NMR
spectra (gCOSY, gTOCSY, gHSQC) showed the presence of two conjugated polyene
systems, as well as four oxymethine protons, two vinyl methyl groups, two aliphatic methyl
groups, two aliphatic methines, and two sets of diastereotopic methylene protons. The 1H
spectrum of 1 also exhibited an exchangeable signal at & 7.58 (Table S1). Analysis of the
HMBC spectrum connected the two large spin systems through a 1,3-dimethyl moiety, and
the 26-membered macrocycle was closed around a secondary amide, thus completing the
planar structure of 1 (Figure 2A).

The geometries of the eight double bonds in lobosamide A were determined by analysis of
coupling constant information and NOESY correlations (Figure 2B, and Table S1). A similar
analysis for lobosamide B (2) identified it as a geometrical isomer of 1, with the C-14-C-15
olefin having a frans geometry based on its characteristically large coupling constant Py =
15.0 Hz) and ROESY analysis (Table S2 and Figure S1). Further analysis of the biosynthetic
products from this Micromonospora sp. revealed a third compound, lobosamide C (3), which
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had a similar UV profile to compounds 1 and 2. Analysis of the (+)-HRESITOFMS (obsd.
[M+H]* at m/z 467.3048) and NMR data revealed that lobosamide C shares an identical
planar structure with lobosamide A, with the exception of the absence of a hydroxyl group at
C-10. While compound 3 exhibited significant overlap in the alkene region of the 1H NMR
spectrum, DQF-COSY and gROESY experiments showed that compound 3 has the same
double bond configuration as lobosamide A (Table S4 and Figure S1).

The lobosamides are part of a relatively small, but growing family of bacterially
biosynthesized macrolactams, which includes salinilactam,?2 incednine,3 and
micromonlactam,24 amongst others?>-28 (Figure 1). The 26-membered macrocyclic core of
the lobosamides is shared by salinilactam and micromonolactam, but the structures of the
lobosamides differ from these compounds by the hydroxylation and methylation patterns, as
well as the length and configuration of the polyene systems. While many macrolactams
display antibacterial and anticancer activities, the lobosamides are the first reported
compounds in this family with activity against 7. brucei.

Relative configurations of lobosamides A-C

Configurational assignments for this class of molecules are challenging, due to the number
of chiral centers and the instability of the polyene system. Most of the reported polyene
macrolactam structures do not have the full absolute configurations assigned.24-27.29-32
These challenges also apply to the lobosamides, which are produced in low titer (~250 pg/L)
and are sensitive to light, heat, and acidic conditions. However, using a combination of
spectroscopic, synthetic and genomic approaches, we have deduced the complete absolute
configurations for all chiral centers in these new metabolites.

Initially, lobosamide C (3) was reacted with 2,2-dimethoxypropane, resulting in acetonide
formation exclusively between the hydroxyl groups at C-9 and C-11. Chemical shift analysis
of the geminal methyl groups revealed that the newly formed 6-membered ring adopted a
chair confirmation and these two hydroxyl groups were syn (Figure 3A).33 Key ROESY
correlations from H-13 to the axial proton at H-11 and the equatorial proton H-12b revealed
that these three atoms were on the same face of the molecule and that the hydroxyl group at
C-13 was syn to the hydroxyls at C-9 and C-11 (Figure 3A). Strong ROESY correlations
from the axial proton H-9 to both H-8 and Me-26 indicated these atoms adopted a gauche
configuration (3J4.g, 1.9 = 3.5 Hz). A key ROESY correlation between Me-26 and the
equatorial proton H-10b indicated an ant/ relationship between the hydroxyl group at C-9
and Me-26 (Figure 3A). Furthermore, the orientations of both polyene chains were
determined using ROESY analysis, highlighted by correlations between Me-26 and H-6,
H-7 and H-8, and H-13 and H-16 (Figure 3A).

The rigidity of the two conjugated alkene systems and the determination of their relative
orientations to the stereocenters in the western portion of the molecule allowed us to utilize
the strong ROESY correlations between each alkene chain and the eastern portion of the
molecule to also determine the relative configuration of the distal methyl group at C-25
(Figure 3B, for detailed explanation see Supplementary Information). The two alkene chains
are arranged with the pi-systems facing one another across the ring, making it possible to
identify the sets of alkene protons on the top and bottom faces of the molecule (Figure 3A).
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Because of the rigidity of these pi-systems, key ROESY correlations from the top face in the
western portion can be extended through the alkene chain to the top face of the eastern
portion of the molecule, where further ROESY correlations define the atoms on this top face
(Figure 3B). Using complementary analyses for protons on the bottom face, it was therefore
possible to deduce the relative configuration at C-25 based on ROESY correlations from
H-25 and Me-29 to atoms on the bottom and top faces, respectively (Figure 3B).

To provide additional evidence for this assignment, minimized energy structures for both
diastereomers at C-25 were modeled using DFT calculations, allowing conformational
flexibility around this stereocenter by only imposing nOe constraints in the acetonide ring at
the western portion of the molecule. Only the diastereomer predicted from our relative
configurational assignment (Figure 3C) was consistent with the ROESY correlations
observed in the eastern portion of the molecule, while the opposite configuration violated
multiple observed correlations (Supplementary Information). Lobosamides A and B have
very similar NMR correlations, but differ from lobosamide C by the inclusion of an
additional hydroxyl group at C-10. ROESY correlations from H-10 to H-9, H-11, and Me-26
and coupling constant analysis (344_9’ H-10 = 2.3 Hz) revealed that the hydroxyl at C-10 was
on the same face as the hydroxyls at C-9 and C-11 (Figure 3D), thus completing the relative
configurational assignments for all three natural products.

Identification and characterization of the lobosamide biosynthetic gene cluster

The lobosamides represent new members in the small family of 26-membered
macrolactams, which includes salinilactam?2 and micromonolactam.24 While structurally
similar, we sought to determine how the chemical diversity in this family is encoded on a
genetic level, as well as how their BGC organization compares to related macrocyclic
lactams. We used Single Molecule Real-Time Sequencing technology (SMRT, Pacific
Biosciences®) to obtain a complete genome sequence of Micromonospora sp. RL09-050-
HVF-A (Supplementary Information). This technology proved valuable in overcoming the
challenges of assembling BGCs from actinobacteria, particularly their high GC content
(>70%) and repetitive nature (especially in modular polyketide synthase and nonribosomal
peptide synthetase BGCs). We used AntiSmash to identify and annotate the polyketide
synthase (PKS) clusters in this organism, which led to the localization of the putative cluster
responsible for lobosamide biosynthesis (/o) (Genbank accession number: KT209587).34
Two lines of evidence provide support that /obis indeed the BGC responsible for
lobosamides biosynthesis: a) /ob is the only PKS BGC in the complete genome of
Micromonospora sp. RL09-050-HVF-A that is in agreement with the structure of
lobosamides, and b) /ob is syntenic, shares high percent identity and conserved overall PKS
domains architecture, with BGCs involved in the biosynthesis of closely related
macrolactams (for salinilactam and micromonolactam BGCs, see Figure 5 and Table S7).
Among the notable features in this BGC are a set of genes involved in the biosynthesis of the
3-aminobutyrate starter unit. The mechanism of this enzymatic sequence was recently
characterized for incednine, and involves the formation of p-glutamate and subsequent
stereospecific decarboxylation to form (S)-3-aminobutyrate (Figure 4B).3° This mechanism
was proposed for micromonolactam and is likely also present in salinilactam, which contain
methyl branches adjacent to the nitrogen atom in the macrocycle.22:24 Both LobP and LobO,
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which are proposed to catalyze these reactions (Figure 4B), share high amino acid sequence
identity to the homologous gene products in the BGCs of salinilactam (94% and 89%,
respectively) and incednine (70% and 71%, respectively). The cluster also contains genes
responsible for a natural amino acid protecting group strategy to prevent premature
macrocyclization, which was characterized in vicenistatin biosynthesis and hypothesized to
be found in other macrolactams3® (Figure 4B).

Despite our assignment of the relative configurations of the lobosamides, multiple attempts
to determine the absolute configuration of these molecules using chemical derivatization
were unsuccessful due to isomerization, degradation, and scarcity of the natural product.
However, genetic analyses of ketoreductase (KR) domains have shown that the absolute
configurations of the resultant hydroxyl groups can be accurately predicted based on key
conserved residues in the amino acid sequence.37-3 This technique has also been used to
assign the configurations of a number of recently reported natural products, many of which
have subsequently been verified by total synthesis or chemical derivatization.4%-44 In the
lobosamide gene cluster, all three KR domains were classified as A-type (Figure S2), which
agreed with our analysis of the spectroscopic data that indicated the three hydroxyls were
syn, and allowed us to assign their stereochemistry as 9%, 115, 13R. Based on these data and
the relative configurational assignments obtained from spectroscopic analyses and molecular
modeling, we therefore assigned the full absolute configuration of lobosamides A and B as
85, 9R, 10R, 115, 13R, 25S. Lobosamide C shares the same arrangement of functional
groups at each chiral center, but the change in priority due to the absence of the oxidation at
C-10 results in an absolute configuration of 85, 95, 115, 13R, 25S. Notably, these
assignments also agree with bioinformatic predictions of the methyl group at C-8 and the
recent report that the enzymes that catalyze starter unit biosynthesis exclusively produce
(5)-3-aminobutyrate.38:45

Genome-guided discovery of the mirilactams

As part of our analysis of the lobosamide gene cluster, we sought to assess the diversity of
this class of molecules by determining whether similar clusters existed in other bacteria.
Using the lobosamide gene cluster as a search query, we identified a highly similar gene
cluster in the genome of another actinomycete, Actinosynnema mirum (ATCC 29888).20
Although this strain is commercially available and the complete genome has been published,
only three natural products have been reported from A. mirun. the nocardicidins,*6 a
mycosporine-like amino acid,*” and the novel siderophore mirubactin, 8 from which the
gene cluster was identified using bioinformatics. A comparative analysis of the gene clusters
from the lobosamides, salinilactam, and A. mirum, revealed a highly conserved organization
of genes and percent identity in the encoded proteins (Figure 5A and Table S7). A
bioinformatic analysis of the polyketide modules in the A. mirum cluster revealed that the
chemical scaffold of the biosynthetic product from this cluster should be structurally
identical to the lobosamides (Figure 5B). We obtained the A. mirum strain and used UPLC-
ESITOFMS to perform a metabolomic analysis of culture extracts. Despite the absence of
the lobosamides from A. mirum extracts, we identified a metabolite with a UV profile
indicative of a conjugated polyene moiety, which differed in mass from the lobosamides by
approximately 28 amu. Purification of the target molecules from A. mirum extracts resulted
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in the discovery of two additional polyene macrolactams, designated mirilactams A and B (4
and 5, respectively, Figure 5C). The mirilactams differ from the lobosamides by the absence
of the methyl groups at C-8 and C-20 (Figure 5C). The acyltransferase domains at these
positions are predicted to load a methylmalonyl extender unit akin to the lobosamides,
suggesting a relaxed substrate specificity in the mirilactam BGC. The discovery of the
mirilactams exemplifies the utility of integrating genomics in natural products discovery but
highlights the importance of careful chemical analysis of gene products from bioinformatic
predictions.

Biological activities against T. b. brucei

With five related structures in hand, we assessed the activity of these molecules against 7.
brucei parasites to determine the specific structural elements required for activity. The
biological activities of all five analogs are summarized in Table 1. Although all five
compounds share the same 26-membered polyene macrocylic core, only lobosamides A and
B showed significant activity (ICs5q < 10 pM) against 7. brucei. Lobosamide B exhibits
attenuated activity compared to lobosamide A, suggesting that the isomerization of the
double bond at C-14-C-15 changes the conformation of the molecule unfavorably.
Lobosamide C, which lacks the hydroxyl group at C-10, was inactive at the highest
concentration tested (10 uM), suggesting that oxidation at this position is important for the
biological activity of these compounds. Neither mirilactam displayed antitrypanosomal
activity, despite their high structural similarity to the lobosamides. While data from the
lobosamides predicted that mirilactam B, which does not have the hydroxyl at C-10, would
be inactive, the lack of activity exhibited by mirilactam A suggests that the methylation
pattern of these molecules is also important. The mirilactams lack both the aliphatic methyl
at C-8 and the vinyl methyl at C-20. These structural deviations from the lobosamides have
abolished their antiparasitic activity, indicating that these positions play an important role.
As part of our lead discovery program for global health targets, we assessed the cytotoxicity
of our extracts in mammalian cells in order to uncover therapeutically relevant compounds.
None of the macrolactams discovered in this work showed cytotoxicity to mammalian cells
at the highest concentrations tested (Table 1), suggesting that the observed antitrypanosomal
activity likely occurs via a parasite-specific mechanism.

Polyene macrolides, such as amphotericin, are known antibiotics that exert their activity by
interaction and pore formation in membranes.4® These interactions are generally driven by
the sterol composition of membranes,®® which allows for selectivity amongst the many
known macrolide structures. Recently, the polyene macrolactam heronamide C was shown to
target membranes in yeast.°> Heronamide C contains a post-polyketide assembly hydroxyl
group akin to the lobosamides, which displayed more potent membrane affinity and
biological activity compared to 8-deoxyheronamide C, which lacks the post-assembly
oxidation. This is similar to the differential activity observed between lobosamide A (ICsq =
0.8 uM) and lobosamide C (ICsq > 10 uM). Many of the reported polyene macrolactam
structures contain post-assembly hydroxyl groups, raising the possibility that these
oxidations are an evolutionarily favorable contribution to the biological activities of this
class. While the instability of the polyene systems in the lobosamides likely prevents their
continued development as lead compounds for HAT, the parasite-specific activity displayed
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by these compounds makes them intriguing candidates for target identification studies. Little
is known about the mechanism of action of many HAT drugs, and the number of validated
targets in 7. bruceiis small. Future studies on the mode of action of the lobosamides will
prove valuable to find novel targets in the parasite for further development.

CONCLUSION

The lobosamides are new members of a small, but growing family of polyene macrolactam
natural products. They represent the first members of this family with significant activity
against 7. b. brucei. Based on the successes of polyene macrolides as antibiotics, further
investigation into the antitrypanosomal activity of macrolactams is warranted. The
identification and assembly of the biosynthetic gene cluster of the lobosamides has presented
a conserved organization of the biosynthetic gene clusters for 26-membered macrolactams
and was instrumental in the assignment of the absolute configuration of lobosamides. The
“molecules-to-genes-to-molecules’ approach used in the discovery of the mirilactams has
further expanded the members of this class and highlights the utility of using a bioinformatic
approach to expand the chemical diversity of lead compounds. Additionally, the mirilactams
have provided valuable SAR information for the biological activity of the lobosamides.
Further investigations into the mode of action and biological activity of this class against 7.
brucei may provide important lead compounds and therapeutic targets for further
development against HAT.

EXPERIMENTAL

General experimental procedures.

Solvents used for HPLC and LCMS chromatography were HPLC grade and were used
without further purification. NMR spectroscopy and high-resolution mass spectrometry data
were obtained for all compounds. NMR spectra were acquired on a 600 MHz spectrometer
equipped with a 5 mm HCN triple resonance cryoprobe and referenced to residual solvent
proton and carbon signals. HRMS data were acquired using University of California,
Berkeley QB3/Chemistry Mass Spectrometry Facility’s multimode electrospray ionization
(ESI) Fourier transfer mass spectrometer (FTMS) or an electrospray ionization (ESI) time-
of-flight (TOF) mass spectrometer.

Isolation, Cultivation, and Extraction of Micromonospora sp. RL09—050-HVF-A

Micromonospora sp. RL09-050-HVF-A was isolated from a marine sediment sample
collected from Point Lobos in the Monterey Bay, CA (Carmel, CA) at a depth of 15 m. This
collection was made under permit number MBNMS-2009-022 from the Monterey Bay
National Marine Sanctuary. The strain was isolated on HVF medium (10.0 g starch, 1.7 g
KCI, 0.01 g FeSO4-7H,0, 0.5 mg thiamine, 0.5 mg riboflavin, 0.5 mg nicotonic acid, 0.5 mg
pyridoxine HCI, 0.5 mg p-aminobenzoic acid, 0.5 mg myoinositol, 0.25 mg biotin, 3.0 g
KNO3, 20.0 mg CaCOg3, 0.5 g MgSO4-7H,0 and 0.5 g NapHPOy, 18 g agar, 1 L Milli-Q
water) supplemented with 50 mg/L cycloheximide and 50 mg/L nalidixic acid. Further
isolation was performed on MB medium (37.4 g Difco™ Marine Broth, 18 g agar, 1 L Milli-
Q water). The pure culture was cultivated in 2.8 L Fernbach flasks containing 500 mL
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fermentation medium GNZ (10.0 g glucose, 5.0 g NZ-amine, 1.0 g CaCOs3, 20.0 g starch,
5.0 g yeast extract), a stainless steel spring, and 20.0 g Amberlite XAD-16 adsorbent resin.
The culture was shaken at 200 rpm for 4 days. At the end of the fermentation period, the
cells and resin were removed by vacuum filtration using Whatman glass microfiber filters
and washed with deionized water. The resin and cells from each culture flask were extracted
with 250 mL of 1:1 methanol/dichloromethane. The organic extract was removed from the
cells and resin by vacuum filtration and concentrated /n vacuo. The crude organic extract,
given extract code RLUS1353, was subjected to solid phase extraction using a Supelco-
Discovery Cqg cartridge (5 g) and eluted using a MeOH/H,O step gradient (40 mL; 10%
MeOH, 20% MeOH, 40% MeOH, 60% MeOH, 80% MeOH, 100% MeOH, 100% EtOAc)
to afford seven fractions. The 10% MeOH fraction was discarded and the remaining six
(fractions A — F) concentrated to dryness /n vacuo. Analysis by LCMS revealed that
lobosamides A and B were present in the D (80% MeOH) fraction, while lobosamide C was
present in the E (100% MeOH) fraction. Mirilactam A was present in the D fraction, while
mirilactam B was present in the E (100% MeOH) fraction from the A. mirum extract.

Purification of the lobosamides and mirilactams

Lobosamides A and B were purified from prefraction RLUS1353D by RP-HPLC (Agilent
Eclipse XDB-C18 150 x 4.6 mm, 5 ym) using an isocratic separation (50% MeOH, 50%
H,0 + 0.02% formic acid, 1 mL min~1, lobosamide A tg = 31.7 min., ~250 ug/L lobosamide
B tg = 45.9 min., ~250 pg/L). Lobosamide C was purified from prefraction RLUS1353E by
RP-HPLC (Phenomenex Synergi Fusion-RP, 250 x 4.6 mm, 10 um) using an isocratic
separation (38% MeCN, 62% H,0 + 0.02% formic acid, 2 mL min~1, tg = 14.6 min., ~300

ug/L).

Mirilactam A was purified from the D fraction of the A. mirum extract by RP-HPLC
(Phenomenex Synergi Fusion-RP, 250 x 4.6 mm, 10 pm) by a gradient separation (45%
MeOH, 55% H,0 + 0.02% formic acid to 57% MeOH, 43% H,0 + 0.02% formic acid over
17 min, 2 mL min~1, tg = 14.1 min.). Mirilactam B was purified from the E fraction of the
A. mirum extract by RP-HPLC (Phenomenex Synergi Fusion-RP, 250 x 4.6 mm, 10 um) by
a gradient separation (45% MeOH, 55% H,0 + 0.02% formic acid to 57% MeOH, 43%
H,0 + 0.02% formic acid over 17 min, 2 mL min~1, tg = 16.5 min.).

Chemical characterization of compounds

Lobosamide A (1): [a]p?®= +67.5 (¢ 0.08, MeOH): UV (MeOH) A max (log ) = 245 (4.02),
253 (4.07), 295 (4.23) nm; See supporting information for NMR tables; IR (MeOH, cm™1):
3377.9, 2946.0, 2833.8, 2524.9, 2228.2, 2044.4, 1646.9, 1604.7, 14450.6, 1405.5, 1115.4,
1028.6; (+)-FTICRMS m/z506.2882 [M+Na]™ (calcd. for CogH4105NNa, 506.2877).

Lobosamide B (2): [a]p?°= -18.1 (¢ 0.34, MeOH); UV (MeOH) Amax (log €) = 241 (3.80),
249 (3.82), 294 (4.08) nm; See supporting information for NMR tables; IR (MeOH, cm™1):
3367.0, 2945.2, 2833.0, 2595.4, 2523.1, 2228.2, 2045.1, 1647.4, 1595.0, 1449.6, 1419.6,
1115.9, 1030.5; (+)-FTICRMS 1m/2506.2884 [M+Na]* (calcd. for CgH410O5NNa,
506.2877).
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Lobosamide C (3): [a]p2°= —203.9 (¢0.09, C5HsN); UV (MeOH) Amax (log €) = 231
(3.75), 282 (3.76) nm; See supporting information for NMR tables; IR (MeOH, cm™1):
3350.2, 1945.2, 2832.8, 2595.8, 2523.3, 2229.1, 2045.2, 1646.9, 1595.5, 1450.4, 1417.3,
1115.5, 1031.6. (+) HRESITOFMS /77/z 468.3112 [M+H]* (calcd. for CogHap04N,
468.3108).

Mirilactam A (4): See supporting information for NMR tables; (+) HRESITOFMS m/z
456.2746 [M+H]" (calcd. for CogHz204N, 456.2744).

Mirilactam B (5): [a]p2°= -76.7 (¢0.15, MeOH) UV (MeOH) A max (log ) = 242 (3.62),
289 (3.81), 338 (3.32) sh, 356 (3.22) sh nm; See supporting information for NMR tables; IR
(MeOH, cm‘l): 3350.3, 2945.1, 2832.8, 2595.7, 2523.2, 2230.5, 2045.4, 1645.3, 1600.1,
1450.3, 1417.4, 1115.7, 1030.6. (+) HRESITOFMS m/z 440.2794 [M+H]* (calcd. for
Cy7H3304N, 440.2795).

Synthesis of lobosamide C acetonide

Lobosamide C (2.6 mg) was dissolved in 2,2-dimethoxypropane (2 mL) and anhydrous
MeOH (1 mL), and 3 mg pyridinium paratoluenesulfonate was added. The reaction was
stirred for 18 h at room temperature under argon and then quenched with sat. NaHCOg3. The
aqueous phase was extracted 3 x with EtOAc and 2 x with CH,Cl,. The organic phase was
dried under inert gas and purified by RP-HPLC (Agilent Eclipse XDB-C18 150 x 4.6 mm, 5
um) using an isocratic separation (47% ACN 53% H,0 + 0.02% formic acid over 17 min,
1.3 mL min1, tg = 12.2 min.) to afford 770 ug of lobosamide C acetonide. (+)-
HRESITOFMS m/z508.3419 [M+H]* (calcd. for C3,HaNO,, 508.3421); 1H NMR
(DMSO-dj, 600 MHz): & 0.83 (1H, m, H-10a), 1.05 (3H, d, /= 7.0 Hz, H-26), 1.10 (3H, d, J
= 6.5 Hz, H-29), 1.12 (1H, m, H-12a), 1.28 (3H, s, acetonide equatorial, H-31), 1.41 (3H, s,
acetonide axial, H-30), 1.64 (3H, s, H-27), 1.71 (1H, m, H-12b)2 1.72 (1H, m, H-10b)?, 1.80
(3H, s, H-28), 1.92 (1H, ddd, /= 3.0, 10.0, 10.0 Hz, H-24b), 2.42 (1H, ddd, /= 4.0, 4.0, 12.5
Hz, H-24a), 2.51 (1H, m, H-8), 3.90 (1H, ddd, J= 3.0, 3.5, 11.5 Hz, H-9), 4.03 (1H, m,
H-25), 4.06 (1H, dddd, J= 2.5, 2.5, 10.5, 13.5 Hz, H-11), 4.50 (1H, m, H-13), 5.43 (1H, dd,
J=8.0, 10.5, H-14), 5.47 (1H, ddd, /= 5.0, 9.5, 15.0, H-23), 5.75 (1H, d, /= 11.0, H-21),
5.90 (1H, m, H-15)4 5.91 (1H, d, J= 15.0, H-2), 6.01 (1H, s, H-19), 6.11 (1H, dd, J=15.5,
3.5, H-7), 6.16 (1H, m, H-6)2 6.19 (1H, m, H-16)2 6.23 (1H, m, H-17)¢ 6.24 (1H, m,
H-22)4 6.30 (1H, dd, /=14.5, 11.5, H-4), 6.58 (1H, dd, /= 14.5, 10.0, H-5), 7.50 (1H, d, J=
10.0, NH) 4unresolved multiplicities due to signal overlap. 13C NMR (DMSO-dj;,
600MHz)?%: & 13.4 (C-27), 14.4 (C- 26), 17.5 (C-28), 19.5 (C-30, acetonide axial), 21.2
(C-29), 29.6 (C-31, acetonide equatorial), 29.7 (C-10), 38.6 (C-8), 40.5 (C-24), 43.7 (C-25),
44.7 (C-12), 62.8 (C-13), 65.6 (C-11), 71.3 (C-9), 97.7 (ketal, acetonide), 124.2 (C-2), 126.3
(C-15), 128.3 (C-4), 128.6 (C-6), 129.0 (C-16), 129.3 (C-22), 130.0 (C-21), 130.8 (C-23),
132.0 (C-20), 133.7 (C-18), 136.3 (C-19), 136.4 (C-14), 138.3 (C-17), 139.1 (C-3), 139.2
(C-5), 139.7 (C-7), 165.2 (C-1), Zchemical shifts determined from HSQC and HMBC NMR
data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Lobosamide A (1)- A'"5= ¢is, R=OH
Lobosamide B (2)- A'*'%= trans, R=OH
Lobosamide C (3)- A'*1%= ¢is, R=H

Salinilactam Micromonolactam

BE-14106

Figurel.
Structures of the lobosamides and related polyene macrolactams.
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B OH OH 0

~ANOESY correlation

Figure2.
Structure elucidation of the lobosamides. (A) Two large spin systems were identified by

COSY correlations (bold bonds) and connected through a 1,3-dimethyl moiety in the
polyene system using HMBC correlations (red arrows). The 26-membered macrocycle was
closed through an amide linkage. (B) The configurations of the 8 alkenes were determined
using NOESY correlations (black arrows) and coupling constant analysis.
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Figure 3.
Key ROESY correlations used in determining the relative configuration of the lobosamides.

(A) Analysis of lobosamide C acetonide allowed the assignment of the hydroxyl group at
C-13, the methyl group at C-8, and the relative configuration of both polyene systems. (B)
The relative orientation of the distal methyl group at C-25 was determined by key ROESY
correlations to both polyene chains. (C) Three dimensional structure of lobosamide C
acetonide determined by DFT molecular modeling. (D) Coupling constant and ROESY
analysis of lobosamide B provided the relative configuration of the hydroxyl at C-10.
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Proposed biosynthesis of the lobosamides. (A) Organization of the lobosamide biosynthetic
gene cluster (/ob). (B) Biosynthesis of the 3-aminobutyrate starter unit from glutamate. (C)
Module organization and proposed biosynthesis of the lobosamides.
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Figureb.
Comparative analysis of related polyene BGCs. (A) Comparison of the lobosamide,

mirilactam, and salinilactam BGC organization. (B) Domain organization of the polyketide
synthase modules. (C) Structures of the lobosamides, mirilactams, and salinilactam.

ACS Chem Biol. Author manuscript; available in PMC 2020 September 21.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Schulze et al.

Summary of the biological activities of the lobosamides and mirilactams.

Compound 1C5 T. b. brucei  1Cgo mammalian cells
Lobosamide A 0.8uM > 66 UM (T98G cells)
Lobosamide B 6.1 M > 66 UM (T98G cells)
Lobosamide C >10 uM > 33 UM (Hela cells)
Mirilactam A >10 uM Not determined

Mirilactam B >10 yM > 33 UM (Hela cells)
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