AWARD NUMBER: W81XWH-13-1-0171

TITLE: Development of Diazaquinomycin Class Antibiotics for the Treatment of Drug-Resistant
TB Infections

PRINCIPAL INVESTIGATOR: Professor Scott Franzblau

CONTRACTING ORGANIZATION: University of lllinois at Chicago
Chicago, IL 60612-7231

REPORT DATE: October 2016

TYPE OF REPORT: Final Report

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are those of the author(s) and should not be
construed as an official Department of the Army position, policy or decision unless so designated by
other documentation.



F A d
REPORT DOCUMENTATION PAGE OME No. 6704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
October 2016 Final Report 15July2013 - 14July2016
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Development of Diazaquinomycin Class Antibiotics for the W81XWH-13-1-0171
Treatment of Drug-Resistant TB Infections 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Scott Franzblau, Ph.D.; sgf@uic.edu.

5e. TASK NUMBER
Larry Klein, Ph.D.; llk@uic.edu

_ _ 5f. WORK UNIT NUMBER
Email: sgf@uic.edu

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
University of Illinois at Chicago NUMBER

809 S. Marshfield Rm 520
Chicago, IL 60612-4305

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)
U.S. Army Medical Research and Materiel Command

Fort Derrick, Maryland 21702-5012

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for Public Release; distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

In the current proposal, we utilize a panel of TB tests to generate potential therapeutics that target M. tuberculosis growth. The source of
therapeutics is our growing library of aquatic bacteria, since these unique microorganisms have the proven ability to produce unique
molecules that have a relatively high potential for use as medicines. This model has been successful in just a few years of its
implementation, as recently we have licensed a novel anti-TB natural product to B&C Biopharm in South Korea. In addition, from
screening our library of compounds against non-replicating TB, we have identified eight aquatic bacterial strains that target non-replicating
TB, all of which do not exhibit signs of known antibiotic classes. From this screening we have also identified a promising class of
antibiotics (DAQ) that appear to selectively target mycobacteria with drug-like potency. In this proposal we will 1) identify the antibiotics
from the eight actinomycete strains that target non-replicating M. tuberculosis and evaluate their ability to be viable TB leads, 2) synthesize
and evaluate the DAQ antibiotics for their potential to become viable drugs, and 3) identify how the DAQ antibiotics work in the cell. The
Partnering Pl Option poises us to fuse small molecule chemistry, aquatic microbiology, and molecular biology with drug discovery to
utilize novel small molecules that target NR M. tuberculosis. This proposal utilizes our capacity to identify antibiotics from libraries of
aquatic actinomycete strains, and thoroughly profile hits and leads with respect to anti-TB potency, selectivity, and drug-like behavior.

15. SUBJECT TERMS

Nothing listed
16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18.NUMBER | 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES | USAMRMC
a. REPORT b. ABSTRACT C. THIS PAGE uu 19b. TELEPHONE NUMBER (include area
U U U code)
64

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 739.18




Table of Contents

Page

11 e T LU o] 4 o 1 o P 1

KB W O S - e e e e e e e e 1

Overall Project SUMMAIY .......oooiee it e et et e 2

Key Research Accomplishments..........coooo i, 14
CONCIUSION e e e e 16
Publications, Abstracts, and Future DireCtions...........cccooviiiiiiiie e ennnn. 21
INVENTIONS, Patents, LiCENSES ..ottt e e e 24
RepPOrtable OULCOMES. ... e e e e e e e e e 24
Other AChIBVEMENTS ... e e 25

R I EIN GBS ... ittt e e e e e e e 26



1) Introduction

In 2013 the World Health Organization estimated that there were 1.5 million deaths as a result of
tuberculosis (TB) infection, with 9.0 million new cases reported. The most significant threat to
our population is multidrug- and extensively drug-resistant strains of M. tuberculosis (MDR- and
XDR-TB), which are resistant to first and second line drug regimens and resulted in 210,000
fatalities in 2013 (of 480,000 reported infections).! A major deficiency of current TB treatment is
its long duration, which is necessary to eliminate a persistent subpopulation of slow-growing or
non-replicating cells. Importantly, TB is a disease that affects predominantly underprivileged
populations in the developing world and the emergence of drug-resistant forms coupled with the
ease at which TB spreads between humans has solidified it as a pathogen of global concern. The
current award focuses on the discovery of new TB leads from aquatic actinomycete bacteria and

the development of the diazaquinomycin class of compounds as TB leads.

2) Keywords: tuberculosis, actinomycete, antibiotic, drug discovery



3) Overall Project Summary:

Task 1. Synthesis of DAQA and identification of secondary metabolites that target M.

tuberculosis Hz7Rv. As summarized in the 2014 and 2015 annual reports, we successfully

completed the total synthesis of DAQA (Figure 1, Task 1 i) to generate sufficient material for in
vitro and in vivo PK and ADME studies.

Additionally, according to Task 2 i & ii, we determined the MIC of DAQA and analogs
Figure 1. Total synthesis of DAQA.
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presented in detail in previous DOD annual reports. The summary of these screening efforts is
as follows. We isolated and identified six major specialized metabolites from eight strains (Task
1 ii) that exhibited antibiotic activity toward M. tuberculosis. Most activities were accompanied
by toxicity toward eukaryotic cells, a common phenomenon in the search for natural products
from nature. In each of these cases, we deprioritized further characterization of biological
activity. A summary of these structures are in Figure 2. Strains D076, G017, and Z002 lost
activity during the fractionation process, potentially due to compound degradation. Much deeper
efforts are needed to understand the causes for this loss in bioactivity. From strain G039, in
addition to identifying four bioactive angucyclines, we reported the rare isolation and
characterization of a novel pimarane diterpene from an actinomycete strain, one of
approximately twenty actinomycete-derived diterpenes of the 12,000 reported to date; this was a
particularly rare find. This past year (since the 2015 report), we published these results in the

journal Marine Drugs (Figure 3).2



Figure 3. Bioactive structures from G039.
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Task 2. Determine potential of DAQA and other leads for in vivo efficacy.
In vivo evaluation of diazaquinomycin A (Task 2 iii). As stated in the 2015 annual report, we

performed an initial tolerance assessment of DAQA as our first in vivo study and the compound
exhibited no qualitatively detectable ill effect and was well tolerated when dosed daily by oral
gavage at 100 mg/kg for five days in uninfected mice. While it is possible this difference was due
to limited oral bioavailability, our Caco-2 data predicted otherwise. This past year we further
assessed the in vivo capacity of DAQA.

We assessed the pharmacokinetics (PK) of DAQA in mouse lungs and plasma. Dosing twenty-
four seven- to ten-week old male Balb/c mice with DAQA followed by analysis at half-, one-, two-
, and four-hour time points resulted in observation of DAQA in lungs and plasma by LC-MS. The
greatest concentrations were seen at two hours, though none of the time points resulted in
concentrations that could be observed above the LC-MS limit of quantitation (LOQ). Interestingly,
the internal standard, tetramethyl-diazaquinomycin, was also frequently below the LOQ when
extracted from matrices but not when injected in clean ACN indicating that DAQA solubility was

likely a cause. In addition to dosing of 100 mg/kg in 10 puL/kg vehicle by oral gavage, half of the



mice were dosed at 50 mg/kg in 5 pL/kg vehicle intraperitoneally. Similar to the toxicity study,
mice dosed by oral gavage remained healthy throughout all PK time points, while acute toxicity
evidenced by hunched posture, closed eyes, decreased activity, and a rough coat followed dosing
by IP.

Despite the lack of conclusive data in the PK study, we progressed to in vivo studies of DAQA
to examine efficacy in TB-infected mice in collaboration with Carolyn Shoen in the lab of
Michael Cynamon. Unfortunately, the vehicle was found to be toxic when two control mice died
after four days, so the experiment failed to produce conclusive results.

Task 3. Studies toward Mechanism of Action of DAQA. (Task 3 i-iii) In the 2014 annual report,

we stated that DAQA did not significantly inhibit the activity of thymidylate synthase A, as was
reported previously in the literature (for other Gram—positive bacteria, not TB). This finding was
significant, as the research community long thought ThyA was a major target of the
diazaquinomycin compound class and we showed that at least in TB, this was likely not the case.
In the 2015 annual report, we detailed our efforts to generate resistant mutants in M. tuberculosis
toward DAQA. We also discussed the screening of an entire clone library of overexpressed genes
in M. tuberculosis, while one clone (TOE Rv0953c) showed a definite shift towards resistance to
the diazagquinomycin compound class, which was more pronounced after induction of expression
(a continuation of work from Task 3 ii, as reported in detail in DOD 2015 Annual Report). This
clone was of the F420-bearing enzymes class that are absent in humans, not well represented in
prokaryotes, but present extensively in mycobacteria, providing an attractive, although non-
essential, target. Hereafter, we will present a summary of the many experiments that performed in

the past year aimed at identifying the target of DAQA (Figure 4; summary of Task 3 i-iii)).



Figure 4. Summary of experiments performed to determine DAQA mechanisms of action.
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Having eliminated the possibility that DAQA targets thymidylate synthase as it had been

reported for other organisms, we set out to establish the mechanism of inhibition in

M. tuberculosis. Initially, we attempted to directly capture a molecular target of DAQA using the

DARTS method, but that proved unfruitful (Task 3 iii).>* Later, approaches using overexpression

mutant screening, transcription profiling, and a screening against clofazimine-resistant mutant

strains (rCLF1 and rCLF4) revealed potential mechanisms of action involving oxidative stress,

F420 biosynthesis, pyrimidine biosynthesis, and MmpL5 efflux. We set out to confirm each of these

with additional targeted experiments. Although we were unable to confidently identify a singular



molecular target using the experiments as detailed herein we gained potential evidence suggesting

inhibition by oxidative stress (Figure 5).

Table 1. Resistance of Rv0953c, Rv2486, and Rv3500c M. tuberculosis OE mutants to 3.

Strain Rifampin MIC (uM) DAQ-A MIC (uM) Fold change from WT?
Uninduced Induced Uninduced Induced Uninduced Induced
Wild-type 0.0026 0.00 0.24 0.20 1.0 1.0
TOE Rv0953c 0.0044 0.01 0.91 1.3 3.8 6.5
TOE Rv2486 0.0017 0.00 0.40 0.42 1.7 2.1
TOE Rv3500c 0.0016 nd 1.4 nd 5.8 nd

#fold change as compared to wild-type is given as a measure of resistance. nd — not determined; the growth of the
Rv3500c OE strain was insufficient to determine MIC in the presence of ATc.

Following overexpression library screening discussed in the 2015 annual report and in the
preceeding paragraphs, the Rv0953c OE mutant exhibited a shift toward resistance to DAQA,
which was more pronounced after induction of expression. A second clone overexpressing
Rv3500c showed resistance in uninduced conditions but induction of expression was detrimental
to growth. The third clone selected for follow-up, a Rv2486 OE mutant, only showed a two-fold
shift in MIC. This was deemed insignificant and the mutant deprioritized (Table 1).

Rv3500c (yrbE4B) encodes a putative ABC transporter predicted to be involved in lipid
catabolism. It is in the kstR regulon, which contains some 74 genes involved in the utilization of
diverse lipids for energy.® YrbE4B is predicted to be required for growth on cholesterol. Rv0953c
is predicted to be an Faxo-dependent oxidoreductase and is also in the kstR regulon.® While
Rv0953c is not yet characterized, Fazo-bearing enzymes of this class are absent in humans, not
well represented in prokaryotes, but present extensively in mycobacteria, including the reduced

genome of M. leprae, providing an attractive, although non-essential, target.”



M. tuberculosis transcription profile following DAQA treatment.
With the aim of uncovering the DAQA MOA, we collaborated with the Clifton Barry lab of

the National Institute of Allergy and Infectious Diseases at the NIH to generate a transcription

profile of M. tuberculosis following treatment with the compound. This profile was generated

Figure 5. Transcription profile of M. tuberculosis following treatment with DAQA.
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concurrently with those of well-studied TB inhibitors with the purpose of gaining insight into the
DAQA MOA by comparison. The transcription pattern revealed for DAQA was consistent at the
two tested concentrations, but without a close match from the known anti-TB compounds
(Figure 9). Thus, no definitive conclusions about a mechanism could be inferred from these results,

but some general characteristics of the DAQA mechanism could be inferred. Twenty-seven of the



thirty-two most down-regulated genes were transposases, while the most highly up-regulated
genes were those coding for the peroxidase katG (Rv1908c), iron-sulfur cluster restoration, and
the biosynthesis of two siderophores, mycobactin and exochelin. This combination of upregulated
genes is indicative of oxidative stress while the implications of downregulated transposases are
unknown.? In general, there was a massive oxidative stress response implicated by DAQA that
was similar to that observed for known TB drugs CLF and BDQ (TMC207).> 1% Despite these
similarities, DAQA did not have a similar effect on electron transport as CLF when tested in a

separate experiment.

Clofazimine-resistant mutants are cross-resistant to DAQA.

Following observation of an oxidative stress response in the microarray study, we tested
whether the mechanism was iron-dependent by screening strains of M. tuberculosis with DAQA
first on iron-depleted GAS media, then on GAS media supplemented with a range of iron
concentrations from 0 to 800 pg/L. Two clofazimine resistant mutants and a bedaquiline-resistant
mutant were selected for testing along with wild type in order to further assess commonality
between the DAQA mechanism and that of clofazimine or bedaquiline (Table 2). While no
connection between iron concentration and activity was observed, two additional observations
were made.

We first observed that M. tuberculosis strains were more susceptible to DAQA when they
were grown on GAS media at any iron concentration than when grown on 7H12 media. This
phenomenon had one exception in the bedaquiline-resistant strain rTMC207 (BK12), which has a
atpE subunit ¢ mutation. Why DAQA activity remains consistent between media types only in this

mutant is as of yet unexplained. We subsequently investigated this difference in activities between



media types for the other strains by substituting the glycerol carbon source in GAS media with the

palmitic acid carbon source from 7H12 media, but were unable to identify a significant trend.

Table 2. Effect of iron concentration and nutrient composition on anti-TB activity of DAQA.
Media (ferric ammonium citrate conc., pg/L)

Compound  Mtbstrain | 7H12 (40) | GAS (0) | GAS (50) 8&; g&;
Hs7RV 030 | <010 | <010 | <0.10 <0.10
(CLF1 3.00 0.50 0.33 0.38 0.37
DIRGAA (CLF4 2.26 0.48 0.45 0.42 0.36
TMC207(BK12) 0.16 0.16 0.17 0.18 0.16
Ha7RV 0.03 0.04 0.05 0.06 0.03
- (CLF1 0.08 0.10 0.05 0.03 0.01
(CLF4 0.03 0.03 0.03 0.01 0.01
rTMC207(BK12) 0.01 0.03 0.01 0.01 0.02
HarRv 0.19 0.15 0.15 0.15 0.14
NH (CLF1 0.15 0.15 0.12 0.18 0.14
(CLF4 0.29 0.12 0.52 0.29 0.20
rTMC207(BK12) 0.15 0.08 0.13 0.14 0.13
Ha7RV 0.10 0.2 0.54 0.72 0.39

(CLF1 > 26 > 26 > 26 > 26 > 26

PA-824 (CLF4 > 26 > 26 > 26 > 26 > 26
TMC207(BK12) 0.10 0.14 0.38 0.42 0.29
HarRv 0.73 0.86 0.83 0.85 0.65
(CLF1 1.86 1.24 1.25 167 158
TMC207 (CLF4 1.59 181 1.58 1.70 1.64
rTMC207(BK12) 5.97 3.29 3.28 3.21 3.09
HarRv 0.26 0.28 0.08 0.14 011
cLF (CLF1 2.00 1.95 1.19 1.97 181
(CLF4 137 2.10 174 1.86 154
TMC207(BK12) 0.14 0.29 0.15 0.15 0.14

The second observation was that mutant strains rCLF1 and rCLF4, products of an unpublished
spontaneous clofazimine-resistant mutant generation study in the ITR, exhibited a cross-resistance
to DAQA with a nine-fold increase in MIC on all media types. This was a welcome discovery as
we have yet to achieve generation of spontaneous M. tuberculosis Hs7Rv mutants resistant to

DAQA for genome sequencing. Thus far, each attempt results in an abundance of phenotypically

10



resistant colonies rather than a few truly resistant strains. These rCLF mutant strains also exhibit
marked cross-resistance to PA-824 and other nitroimidazoles due to mutations in Fax cofactor
biosynthesis genes, which are involved in the pro-drug activation mechanism of these compounds,
as well as cross-resistance to bedaquiline (TMC207) due to mutations in the MmpL5 efflux

suppressor gene, 112

Table 3. Genes and their descriptions from DAQA-resistant strains rCLF1 and rCLF4.
Gene Name
rCLF1 rCLF4  Enzyme function

Rv0382c  Rv0382c orotate phosphoribosyltransferase (PyrE); pyrimidine biosynthesis

Rv0678 Rv0678  MmpL5 efflux pump transcriptional repressor
Rv3261* probable F4o biosynthesis protein (FbiA)

Rv1173* probable FO synthase (FbiC)
Rv2932 phenolpthiocerol synthesis type-I polyketide synthase (PpsB)
Rv0552 hypothetical amidohydrolase

Rv0050 involved in peptidoglycan biosynthesis (PonA1l)

Rv1392  probable S-adenosylmethionine synthetase (MetK)

*Rv3261 and Rv1173 are separate genes but code for enzymes in the same pathway. Rows shaded gray to
illustrate mutations shared between ITR strains rCLF1 and rCLF4.

DAQA activity against M. tuberculosis strains with efflux requlator, pyrimidine biosynthesis,
and F4»0 biosynthesis gene mutations.

This is a continuation of unsuccessful attempts to complete Task 3 i. The follow-up

experiments were more successful. Upon discovery of the DAQA cross-resistant mutants rCLF1
and rCLF4, we compared the genomes of each strain with the aim of identifying a common
mutation responsible for resistance. Of the eight total mutations between them, those shared were
present in the MmpL5 efflux pump transcriptional repressor gene (Rv0678) and the orotate

phosphoribotransferase gene (Rv0382c; pyrE) from the pyrimidine biosynthesis pathway, while

11



Table 4. Susceptibility of M. tuberculosis mutant strains to DAQA.
MIC (pg/mL)

Strain 3 PA824 CLF RIF
‘Wild type’
Ha7Rv? 0.19 0.10 0.11 0.04
efflux (Rv0678); pyrimidine biosynthesis (pyrE); Fazo biosynthesis?
rCLF1 2.23 > 26 2.04 0.05
rCLF4 1.25 > 26 1.17 0.04
MmpL5 efflux pump repressor (Rv0678)?
Hs7Rvcrzr1 0.18 0.11 0.20 0.02
Hs7Rvcrz-r2 0.09 0.13 0.24 0.04
pyrimidine biosynthesis®
Ha7Rv (Mizrahi) 0.8
MTBSRM1°¢ 0.8
MTBSRM2¢ 0.8
upp::Tn® 0.8
Faz0 biosynthesis’
7A2 (fbiAB-) 0.3 >50
5A1 (fbiC-) 0.2 >50
control strains'
14A1 (Rv3547-)9 0.3 >50
T3 (fgd-)? 0.3 >50
rRIF-BJ" 0.2 0.4

ascreened at the ITR; Pscreened in the Mizrahi lab; °5-flourouracil-resistant mutant; Aa74
in upp causing a frameshift mutation; 95-flourouracil-resistant mutant, nsSSNP in pyrR, Asp91Asn;
etransposon insertion in upp 5-flourouracil-resistant mutant; 'screened in the Barry lab; SPA824-
resistant controls; "rifampin-resistant Beijing strain.

two others were mutations in separate genes (Rv1173; fbiC and Rv3261; fhiA) within the Fazo
biosynthetic pathway (Table 3). The mutation in the Rv0678 transcription repressor allows for
efflux of clofazimine and bedaquiline by the MmpL5 pump, orotate phosphoribosyltransferase
(PyrE) is involved in catalyzing the synthesis of pyrimidine biosynthesis intermediate orotidine 5'-
monophosphate (OMP), and Fazo is a flavin derivative cofactor involved in numerous bacterial
redox reactions.''?12 13 The Rv0678 repressor and fbiA genes are classified as non-essential by

Himar1-based transposon mutagenesis but pyrE and fbiC were found to be essential.> *#

12



We identified strains with single-mutations of each mutation shared between the rCLF
mutants. These were screened in order to confirm the role of each mutation in DAQA resistance
(Table 4). Our first bioassay revealed that M. tuberculosis Rv0678 mutant strains from the Stewart
Cole lab, Ha7Rvcezr1 and HsrRverz-re,2 were susceptible to DAQA. This all but completely
nullifies the possibility that DAQA is a substrate of the MmpL5 efflux system since rCFL4 and
H37Rvcrz-r1 share gene sequence mutations while mutations in rCLF1 and Hz7Rvcrz.r2 are
unique.

We also screened for inhibition of the pyrimidine biosynthesis pathway in collaboration
with the Mizrahi lab at The University of Cape Town. An M. tuberculosis strain with
anhydrotetracycline-inducible expression (pyrE Tet-ON) was developed according to published
methods to facilitate exploration of this enzyme and it’s potential as a target for anti-tuberculosis
treatment.’® Interestingly, no sensitivity was observed in the pyrE Tet-ON mutant when it was
treated with DAQA in the absence of anhydrotetracycline. Importantly, this strain is unstable and
so far, not validated for PyrE conditional expression level. These negative results were supported
when 0.39 to 100 uM concentrations of uracil, a downstream product of the PyrE enzyme, were
unable to rescue Hs7Rv treated with DAQA. In a previous report, the Mizrahi lab described the
anti-tuberculosis activity of 5-flourouracil (5-FU) and its MOA within the pyrimidine biosynthesis
salvage pathway.™ With this in mind, we screened DAQA and 5-FU in combination against TB
with the aim of identifying synergy that would suggest pyrimidine biosynthesis inhibition, but no
synergy was observed between the tested 5-FU concentrations of 0.39 to 100 uM. Pyrimidine
salvage pathway mutant strains, MTBSRM1 and MTBSRM2, were also screened and both were
susceptible. The observed MICs in all Mizrahi lab screenings were slightly greater than the

reported MIC (0.1 pg/ml) possibly due to the strain difference and/or precipitation of the

13



compound, which was observed in test wells containing the highest concentrations of 6.4 and 3.2
png/ml. Together, these studies suggest that the DAQA mechanism does not involve disruption of
pyrimidine biosynthesis despite the pyrE gene mutation presence in both of the ITR rCLF mutant
strains. This left one remaining possibility.

Having nearly eliminated the shared mutations between rCLF1 and rCLF4 in Rv0678 and pyrE
as target candidates, we then decided to explore whether mutations shared in Fao biosynthesis
were indicative of inhibition of that pathway by DAQA. Possible additional support for Faxo
involvement was found when the gene for the putative Fazo-dependent Rv0953c protein was a
target candidate revealed in the aforementioned OE panel screening at the IDRI. Surprisingly,
these final mutations were also eliminated as possible target candidates when DAQA was able to
inhibit M. tuberculosis strains 7A2 (fbiAB-) and 5A1 (fbiC-) with the same potency as the wild
type when tested through a collaboration with the Clifton Barry lab at the NIH. Additional
screenings against environmental actinomycetes based on the recognition that these microbes also
utilize biochemical pathways dependent on F420 show some promise of assisting with MOA studies

but were incomplete and inconclusive regarding the role of Fazo.

4) Key Research Accomplishments for Entire Project Period (2014 — 2016):

e Publication of G039 molecules and their biological activity in Marine Drugs?
(Mullowney et al. Mar Drugs. 13: 5815-5827, 2015)

Isopimara-2-one-3-o0l-8,15-diene (1)

14



e Publication of DAQ molecules and their biological activity in ACS Infectious Diseases.®
These are among the first freshwater actinomycete metabolites discovered to date.
(Mullowney et al. ACS Inf. Dis. 1: 168-174, 2015); Article featured on the cover of ACS
Inf. Dis. April issue

]
I I .
H 0] H
Diazaquinomycin E _
VCARS5 LCsy= 9.0 uM
OVEARS E‘f},_goﬂ_ - pg/mL

e Publication of discovery of novel diazaquinomycin analogs (strain FO01) and explanation
of weak cytotoxic activity (necessary for TB mechanism of action studies).!” (Mullowney
et al. Marine Drugs 2014, 12, 3574)

e Optimized an efficient route for total synthesis of diazaquinomycin A

e Attempts at determining the efficacy of DAQA in mice were unsuccessful due to deaths
related to the highly viscous vehicle

e DAQA exhibits potency and selectivity toward TB, while exhibiting a mechanism of
action different from all known clinically available TB drugs; transcription profiling
evidence suggests MoA is due to oxidative stress on the cell

e Identification and dereplication of twelve specialized metabolites from aquatic microbial
strains with biological activity

e The majority of this work was the foundation of a dissertation of Dr. Michael
Mullowney, who successfully defended on 11/7/16

e Work resulting from this funding received press from NPR News, ACS PressPac, IL-IN
Sea Grant, and UIC News

5) Conclusion

Despite decades of research into actinomycete small molecules from terrestrial and marine
environments, to the best of our knowledge identification of secondary metabolites from

freshwater Actinobacteria has been virtually absent from the peer-reviewed literature. The unique
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structures and activity of the diazaquinomycins provide first evidence that the Great Lakes, and
more broadly freshwater environments, are a relatively unexplored resource for novel biologically
active molecules.

From a Micromonospora sp. in Lake Michigan sediment, we isolated novel antibiotic
molecules of the diazaquinomycin class. An analog, compound DAQA, displayed an in vitro
activity profile similar or superior to clinically used TB agents and maintained potent inhibitory
activity against a panel of drug-resistant TB strains. This compound displayed a selectivity profile
targeted toward M. tuberculosis, even within the genus Mycobacterium. Since the 1980’s, other
research groups reported that members of the diazaguinomycin class exhibited weak antibacterial
activity by targeting thymidylate synthase, though no reports of their anti-TB activity existed and
our studies have suggested an alternate MOA in TB. Preliminary in vitro analysis of DAQA
predicts that it will exhibit high metabolic stability, and therefore a long predicted serum half-life
in vivo. Though DAQA was well tolerated in a dedicated five-day in vivo tolerance test, subsequent
pharmacokinetics and efficacy experiments revealed toxicity that was suspected to be caused by
the highly viscous vehicle. Additionally, DAQA was not observed above the LOQ in the PK study.
This might indicate that compound exhibits poor bioavailability but the presence of the internal
standard below the LOQ suggests an incompatibility of the PK methods with the poorly soluble
DAQs.

Exhaustive attempts at a new DAQ total synthesis and whole cell biocatalysis methods (not
discussed) were both aimed at facilitating the modification of the DAQ structure at the
B-substituted position, but neither were successful. Reasons for the failed synthesis are uncertain.

The biocatalysis experiment likely failed because of the limited solubility of DAQA in aqueous
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media added to potential difficulty of its penetration through the lipopolysaccharide outer
membrane of E. coli.

In the M. tuberculosis OE mutant screen, both Rv0953c oxidoreductase and Rv3500c
transporter OE mutants exhibited a six-fold MIC increase and are predicted to be involved with
lipid metabolism as part of the kstR regulon.® The fact that both mutants were resistant and
contained mutations within the same regulon lends support to the potential of this pathway as a
mechanism of resistance to DAQA . Importantly, the basal levels of the Rv0953c and Rv3500c
genes’ expression exhibited four-and two-fold increases in MIC, respectively, in the uninduced
mutants. Continually overexpressed genes could lead to global metabolic pathway changes that
might hinder interpretation of results such as identification of the exact site targeted in the pathway.
But since these enzymes have been identified as non-essential, they are likely not targets of DAQA
21418 Instead, they may be involved in resistance by redox inactivation (Rv0953c) and efflux
(Rv3500c) of the compound from the cell. Additionally, the oxidoreductase may protect against
general ROS or DAQ-related active derivatives involved in the oxidative stress evidenced in the
microarray results. Interestingly, Rv0953c and Rv3500c were not up- or down-regulated
significantly in the transcription profiling study, suggesting that though some protective effect can
be gained by engineering strains that upregulate these genes, M. tuberculosis Hz7Rv does not
innately respond to oxidative stress or DAQ treatment by this mechanism.

Though differing overall patterns in the transcription profiles suggest separate mechanisms
between DAQA and other TB inhibitors, the oxidative stress response observed for the compound
was similar to that from dipyridyl, menadione, and CLF.2® Interestingly, we were able to disprove
the possibility that inhibition of respiration similar to that of CLF was a part of the DAQA MOA.

Because of the potential role of iron chelation in oxidative stress and a small level of resistance
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observed when culturing in 7H12, 22 we tested the effects of iron and a palmitic acid carbon
source on the activity of DAQA. We found no correlation between iron concentration in media
and DAQA inhibition of M. tuberculosis, and were unable to identify a protective effect using the
alternate carbon source.

Though we found potential MOA leads when two clofazimine-resistant strains exhibited cross-
resistance to DAQA, we were unable to identify a singular target following screening of additional
mutants. These experiments suggested that DAQA was not a substrate of the MmpL5 efflux system
and that it did not have an effect on pyrimidine or F42 cofactor biosynthesis.

Also, attempts at isolating a protein target for DAQA using the DARTS assay were
unsuccessful. This may be because the DAQs have a multi-faceted mechanism that may not
include direct interaction with a singular protein target.

In general, the major challenges of developing DAQA as an anti-tuberculosis drug lead have
been tied to the compound’s limited solubility. Harsh conditions in the total synthesis have been
prohibitive to derivatization aimed at improving solubility, exploring SAR, and embarking on
additional MOA studies. The culmination of the aforementioned experiments saw the elimination
of specific targets and pathways within a set of potential mechanisms established either through
previous reports or by OE library screen and transcription profiling. More global approaches to

target identification will be required in future studies to generate additional potential target leads.

Future directions.
If the DAQs are without a future as a tuberculosis therapy, additional studies into the

remarkably selective mechanism still hold potential of revealing a novel target for future TB
treatments. Our studies show that DAQA exhibits potency and selectivity toward TB, while

exhibiting a mechanism of action different from all known clinically available TB drugs. Thus,
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there is a continued focus on the characterization and eventual elucidation of the MOA in our
laboratories. The most immediate goal is to generate mutant strains resistant to DAQA for full
genome sequencing using the avirulent M. tuberculosis strain mc?7000.2* Mutations identified to
confer resistance will be prioritized as genes for potential molecular targets worthy of further
investigation. The mc?7000 strain has mutations allowing for its safe use in BSL-2 containment
and is a sufficient replacement for Hs7Rv with its similar susceptibility to DAQA at an MIC of
0.14 uM in the MABA %4

Additionally, many of the findings described in the previous chapter could be explored in
greater depth. To test the specificity of the MOA of DAQA in M. tuberculosis, synthetic DAQ
derivatives inactive in the MABA could be tested against DAQA-susceptible cancer cell lines. A
similar loss of activity would suggest that the pharmacophore and possibly the MOA is shared
between M. tuberculosis and mammalian cells, while retention of activity would suggest the
opposite. Additionally, the substructure of the DAQA’s central quinone coupled with results from
the microarray profile suggest that extensive redox chemistry might be responsible for cell damage
in M. tuberculosis. The selectivity of the compound opposes the assumption of such a typically
promiscuous mechanism, but testing the generation of ROS by DAQA using appropriate ROS-
sensitive dyes would confirm whether this suspected activity is valid.? Target candidates revealed
from the OE mutant panel could be further investigated as well, though this would likely involve
more resource-intensive molecular genetics experiments. For example, screenings of DAQA
against a double Rv0953c/Rv3500c OE mutant resulting in increased resistance and tests in
Rv0953c and Rv3500c transposon mutants resulting in increased susceptibility would greatly

support that this lipid catabolism pathway is part of a mechanism of resistance. In a more
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bioinformatic approach, discovery of the DAQ biosynthetic gene cluster may reveal closely
associated resistance genes that could guide studies toward a mechanism in M. tuberculosis.?®

Biocatalytic derivatization of the DAQ core to hydroxylate the B-position might be
facilitated if one of the more soluble synthetic DAQ analogs was used as the substrate. Since these
previously described a, O-, and N- modified derivatives tend to lack significant activity, the core
of the hydroxylated product could be converted back into the more active DAQA-like structure.
Once a hydroxy-DAQA was achieved, further derivatizations could be made at the reactive
hydroxyl group to include photo-reactive probe moieties for target capture and pull-down.

In the absence of better-informed approaches to understanding the DAQ MOA, a
systematic approach to eliminating the possibility of the canonical antibiotic mechanisms of action
would be a logical step. As Walsh has eloguently described in his book Antibiotics: Actions,
Origins, Resistance, nearly without exception, antibiotics act by one of four general modes of
action: 1) inhibition of peptidoglycan synthesis in the membrane, 2) protein synthesis inhibition,
3) inhibition of DNA or RNA synthesis, or 4) inhibition of DNA/RNA precursor synthesis.?’
Studies of DAQA in these areas could identify a target or serve to further support that this class
acts by a novel mechanism.

Unfortunately, attempts at determining the efficacy of DAQA in mice were unsuccessful due
to deaths related to the highly viscous vehicle necessitated by the poor solubility of the compound.
In the absence of a more soluble analog with retained potency, the continuation of in vivo
evaluation for this antibiotic class is dependent on the determination of a better tolerated
formulation. Use of the recently described intrapulmonary aerosol delivery method may be the
ideal administration route for such an insoluble compound.?® Following optimization of an

administration method, DAQA should be tested against an acute infection model in addition to
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retesting in the chronic infection model. This would allow the assessment of DAQA as a

companion to bactericidal drugs in vivo if it is bacteriostatic. Importantly, a second attempt at

quantitative pharmacokinetic data acquisition would greatly inform efficacy and additional in vivo

experiments. These studies aim to identify a possible novel molecular target of the

diazaquinomycins in TB and test the in vivo potential of this class as a part of further assessing

their potential as anti-TB drug leads.

6) Publications, Abstracts, and Future Directions

a)

b)

Lay Press:

ACS PressPac: The ACS selected our paper in ACS Infectious Diseases to appear in
their monthly press release. April 8, 2015.

Illinois-Indiana Sea Grant: Features our ACS Infectious Disease publication. March
24, 2015.

Toronto Star: Antibiotic Hunters. Murphy lab was the major feature of a piece that
documented our collection trip and tuberculosis discovery efforts in
Iceland. September 20, 2014.

NPR News: The Environmental Report: Murphy lab featured in an interview that
describes our Great Lakes antibiotic discovery program. February 4, 2014.

UIC News Cover story: Highlights a Department of Defense grant between Drs.
Murphy and Franzblau to combat the pathogen M. tuberculosis. April 17, 2013.

The Columbia Chronicle: A feature on our drug-discovery program. March 18, 2013.

Science Daily: A feature on our drug-discovery program. March 13, 2013.

Peer-reviewed scientific journals:

Mullowney, M. W., O hAinmhire, E., Tanouye, U., Burdette, J. E., Pham, V.
C., Murphy, B. T. A pimarane diterpene and cytotoxic angucyclines from a marine-
derived Micromonospora sp. in Vietnam’s East Sea. Marine Drugs, 2015, 13, 5815.
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http://www.acs.org/content/acs/en/pressroom/presspacs/2015/acs-presspac-april-8-2015/turning-to-freshwater-sources-to-fight-drug-resistant-tuberculosis-other-infections.html
http://lakesideviews.blogspot.com/2015/03/cure-to-tb-may-be-living-at-bottom-of.html
http://lakesideviews.blogspot.com/2015/03/cure-to-tb-may-be-living-at-bottom-of.html
http://projects.thestar.com/antibiotics-resistance-and-the-race-for-new-bacteria/
http://michiganradio.org/post/researcher-hunts-new-medicines-great-lakes
http://news.uic.edu/key-to-tb-cure-could-lie-underwater
http://columbiachronicle.com/researchers-search-for-tb-treatment-underwater/
https://www.sciencedaily.com/releases/2013/03/130307190524.htm
http://www.mdpi.com/1660-3397/13/9/5815

Mullowney, M.; Hwang, C.; Newsome, A.; Wei, X.; Tanouye, U.; Wan, B.; Carlson,
S.; Barranis, N.; © hAinmhire, E.; Chen, W.-L.; Krishnamoorthy, K.; White, J.; Blair,
R.; Lee, H.; Burdette, J.; Rathod, P.; Parish, T.; Cho, S.; Franzblau, S.; Murphy, B.
T. Diaza-anthracene antibiotics from a freshwater-derived actinomycete with selective
antibacterial activity toward M. tuberculosis. ACS Inf. Dis. 2015, 1, 168. *Article
featured on cover April 2015 issue.

Mullowney, M. W.; O’hAinmhire, E. O.; Shaikh, A.; Wei, X.; Tanouye, U.;
Santarsiero, B. D.; Burdette, J. E., and Murphy, B.T. Diazaquinomycins E-G, novel
diaza-anthracene analogs from a marine-derived Streptomyces sp. Mar. Drugs. 2014,
12, 3574.

Presentations made during the project period:

Poster presentations:

*Mullowney, M.W., Hwang, C.H., Krishnamoorthy, K., Roberts, D., Klein, L., Shaikh,
A., Tanouye, U., Rathod, P., Parish, T., Cho, S., Franzblau, S., and Murphy,
B.T. Diaza-anthracene antibiotics from marine and freshwater-derived actinomycete
bacteria that inhibit drug-resistant M. tuberculosis. Marine Natural Products Gordon
Conference, Ventura, CA, March 5-6, 2014.

*Mullowney, M.W., Hwang, C.H., Krishnamoorthy, K., Roberts, D., Klein, L.,
Shaikh, A., Tanouye, U., Rathod, P., Parish, T., Cho, S., Franzblau, S., and Murphy,
B.T. Diaza-anthracene antibiotics from marine and freshwater-derived actinomycete
bacteria that inhibit drug-resistant M. tuberculosis. Marine Natural Products Gordon-
Merck Research Seminar, Ventura, CA, March 9, 2014.

*Mullowney, M.W., Hwang, C.H., Krishnamoorthy, K., Roberts, D., Klein, L.,
Shaikh, A., Tanouye, U., Rathod, P., Parish, T., Cho, S., Franzblau, S., and Murphy,
B.T. Diaza-anthracene antibiotics from marine and freshwater-derived actinomycete
bacteria that inhibit drug-resistant M. tuberculosis. The 52nd Annual MIKI Medicinal
Chemistry Meeting in Miniature, Chicago, IL, April 12, 2014.

*Mullowney, M.W.; Hwang, C.H.; Newsome, A.; Krishnamoorthy, K.; Roberts, D.;
Klein, L.; Shaikh, A.; Tanouye, U.; Rathod, P.; Parish, T.; Cho, S.; Franzblau, S.G.;
and Murphy, B.T. Diaza-anthracene antibiotics from marine and freshwater-derived
actinomycete bacteria that inhibit drug-resistant M. tuberculosis. David J. Slatkin
Symposium, Chicago, IL. November 15, 2014.
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4648258/
http://pubs.acs.org/action/showLargeCover?jcode=aidcbc&vol=1&issue=4
http://pubs.acs.org/action/showLargeCover?jcode=aidcbc&vol=1&issue=4
http://www.mdpi.com/1660-3397/12/6/3574
http://www.mdpi.com/1660-3397/12/6/3574

*Mullowney, M.W., © hAinmhire, E., Tanouye, U., Wan, B., Cho S., Franzblau, S.G.,
Burdette, J.E., Pham, V.C., Murphy, B.T. "A novel diterpene and cytotoxic molecules
from a marine-derived actinomycete in Vietnam." The 53rd Annual MIKI Medicinal
Chemistry Meeting in Miniature, Lawrence, KS, April 2015.

*Mullowney, M.W., O hAinmhire, E., Tanouye, U., Burdette, J.E., Pham, V.C.,
Murphy, B.T. "A novel pimarane diterpene and cytotoxic angucyclines from a marine-
derived Micromonospora sp. in Vietnam’s East Sea." American Society of
Pharmacognosy 2015 Annual Meeting, Copper Mountain, CO, July 2015.

Oral presentations:

*Mullowney, M. W. - Diaza-anthracene antibiotics that inhibit drug-resistant
Mycobacterium tuberculosis. Joint Baxter-UIC NMR Meeting, Chicago, IL, May 21,
2014.

*Mullowney, M.W. - Natural Products Drug Discovery: Inhibitors of drug-resistant
M. tuberculosis from aquatic actinomycetes. Invited research talk presented at the
“Careers in Scientific Research” event at DePaul University, Chicago, IL, May 15,
2015.

Fitz-Henley, J. - Isolation and structure elucidation of natural product antibiotics with
inhibitory activity against Mycobacterium tuberculosis. 1) UIC SROP Research
Symposium, Chicago, IL, July 2015; 2) Illinois Summer Research Symposium,
Chicago, IL, July 2015.

Murphy, B. T.— University of Illinois at Chicago — Rockford Campus, College of
Pharmacy; Diaza- anthracene antibiotics that inhibit drug-resistant Mycobacterium
tuberculosis. - 02/03/14

Murphy, B. T.— Seoul National University, Seoul, South Korea. Diaza-anthracene
antibiotics from an underexplored source — freshwater-derived actinomycete

bacteria — that inhibit drug-resistant M. tuberculosis. - 04/28/14

Murphy, B. T.— US-China Marine Biotechnology Summit, Yantai, China;
“Prospecting Freshwater Sources for Drug-lead Discovery.” - 08/20/14

Murphy, B. T.— David Slatkin Symposium, Chicago, IL; “Prospecting Freshwater
Sources for Drug-lead Discovery.” - 11/15/14
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Murphy, B. T.— Perlman Symposium on Antibiotic Discovery and Development,
University of Wisconsin Madison; “Prospecting Freshwater Sources for Drug-lead
Discovery.” - 05/01/15

Murphy, B. T.— Andrews University, Berrien Springs, Ml; “Harnessing the
cultivatable microbiome in the Great Lakes to combat Mycobacterium tuberculosis.”
- 10/05/15

7) Inventions, Patents, and Licenses

Nothing to report

8) Reportable Outcomes

I. Identification and dereplication of twelve specialized metabolites from

aquatic microbial strains with biological activity.

ii. Optimized an efficient route for total synthesis of diazaquinomycin A.

iii. DAQA exhibits potency and selectivity toward TB, while exhibiting a

mechanism of action different from all known clinically available TB drugs.

iv. Transcription profiling evidence suggests DAQA MOoA is due to oxidative

stress on the cell.

v. A total of three peer-reviewed publications, six poster presentations, and
nine oral presentations at local, national, and international conferences and

settings.

9) Other Achievements
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Graduation of one student, Michael Mullowney who dedicated his
dissertation work to the study of DAQA. Michael received four

awards/scholarships as a result of this work.

Research training of one underrepresented minority undergraduate student
(Jewelle Fitz-Henley), who volunteered in the laboratory and won four

university-level awards, and presented her work at a local research forum.
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ABSTRACT: Multidrug- and extensively drug-resistant strains of
Mycobacterium tuberculosis are resistant to first- and second-line drug
regimens and resulted in 210,000 fatalities in 2013. In the current
study, we screened a library of aquatic bacterial natural product
fractions for their ability to inhibit this pathogen. A fraction from a
Lake Michigan bacterium exhibited significant inhibitory activity, from
which we characterized novel diazaquinomycins H and J. This
antibiotic class displayed an in vitro activity profile similar or superior
to clinically used anti-tuberculosis agents and maintained this potency
against a panel of drug-resistant M. tuberculosis strains. Importantly,
these are among the only freshwater-derived actinomycete bacterial
metabolites described to date. Further in vitro profiling against a broad panel of bacteria indicated that this antibiotic class
selectively targets M. tuberculosis. Additionally, in the case of this pathogen we present evidence counter to previous reports that
claim the diazaquinomycins target thymidylate synthase in Gram-positive bacteria. Thus, we establish freshwater environments as
potential sources for novel antibiotic leads and present the diazaquinomycins as potent and selective inhibitors of M. tuberculosis.

HyRy MIC
DAQH (1) n-5 0.04 pg/mL
DAQJ (2) n=6 0.07 ug/mL

KEYWORDS: natural products, Great Lakes, actinobacteria, antibiotic, diazaquinomycin, drug discovery

In 2013 the World Health Organization estimated that there world, and the emergence of drug-resistant forms coupled with
were 1.5 million deaths as a result of tuberculosis (TB) the ease with which TB spreads between humans has solidified

infection, with 9.0 million new cases reported.’ The most it as a pathogen of global concern.*

significant threat to our population is multidrug- and Natural products have been essential components of
extensively drug-resistant strains of Mycobacterium tuberculosis antibacterial drug discovery; they serve both as a direct source
(MDR- and XDR-TB), which are resistant to first- and second- of small molecule therapies and as an inspiration for biologically
line drug regimens and resulted in 210,000 fatalities in 2013 (of active synthetic derivatives.® In particular, actinomycete bacteria
480,000 reported infections).' ™ A major deficiency of current have been an abundant source of these bioactive secondary
TB treatment is its long duration, which is necessary to metabolites, providing us with greater than half of the
eliminate a persistent subpopulation of slow-growing or

nonreplicating cells. Importantly, TB is a disease that affects Received:  January 12, 2015

predominantly underprivileged populations in the developing Published: March 8, 2015
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antibiotics on the market today.>® However, in previous

decades extensive antibiotic screening efforts have exhausted
the repertoire of unique terrestrial actinobacteria, resulting in
the continuous re-isolation of known antibiotic scaffolds. As a
result, researchers prospected new sources for drug lead
discovery, such as the ocean. Libraries of organisms (including
bacteria) and their resulting secondary metabolites were created
that were not incorgorated in the biological screening efforts of
previous decades.®” This investment had a considerable effect
toward progress in natural product drug discovery, affording the
development of several drugs from marine sources (Prialt,
Yondelis, Halaven).®~*°

The next logical step is to expand this paradigm to freshwater
environments, which harbor distinct environmental selection
pressures and growth conditions and to date are virtually
unexplored for their capacity to afford unique actinomycete
bacteria. Furthermore, despite several cultivation-independent
studies aimed at characterizing lake actinomycete populations,"'
to the best of our knowledge few efforts (including one study
from our laboratory) have identified secondary metabolites
from freshwater-derived actinomycetes, and included in this gap
is a notable absence of studies aimed specifically at generating
anti-TB drug leads.'>™"* Thus, a major focus of our antibiotic
discovery program is to study actinobacteria derived from the
Great Lakes and other freshwater bodies. We have created an
extensive library of these bacteria and their resulting secondary
metabolite fractions. A preliminary in vitro growth inhibition
screening of this fraction library against M. tuberculosis Hy;Rv
led to the identification of a Micromonospora sp. isolated from
Lake Michigan sediment, whose fraction exhibited submicro-
molar inhibitory activity. From this strain we isolated and
characterized two novel secondary metabolites, diazaquinomy-
cins H and J (DAQH and DAQJ), which to our knowledge are
among the only freshwater-derived actinomycete metabolites
described to date.'>'® Further in vitro profiling suggested that
this group of diaza-anthracene antibiotics selectively targets M.
tuberculosis over other bacteria and is active against several
forms of drug-resistant TB. Herein we present the identification
and in vitro biological characterization of this unique antibiotic
class.

B RESULTS AND DISCUSSION

Isolation and Identification of DAQH (1) and DAQJ (2).
Screening of our actinomycete secondary metabolite library
against M. tuberculosis in the microplate Alamar Blue assay
(MABA) and low-oxygen-recovery assay (LORA) led to the
selection of Lake Michigan-derived strain B026 for further
chemical investigation. A 28 L fermentation of B026 was
performed, and following the extraction of secondary
metabolites from the fermentation broth and several chromato-
graphic steps using bioassay-guided fractionation, 0.3 mg each
of 1 and 2 was purified using RP-C18 semipreparative HPLC
(24 mL min~’, gradient of 50% aqueous ACN to 100% ACN
for 25 min, followed by an isocratic flow of 100% ACN for 15
min; fy 18.6 and 22.0 min, respectively).

Detailed structure elucidation analysis for compounds 1 and
2, including full "H and *C NMR assignments in addition to
2D NMR data and MS experiments, is located in the
Supporting Information. Combined NMR and high-resolution
IT-TOF mass spectrometry (MS) experiments of 1 established
the molecular formula as C,,H,,N,O, whereas the UV
spectrum displayed a characteristic absorption profile of
molecules from the diazaquinomycin class, thus helping to
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confirm the fused diaza-anthracene core skeleton. 'H NMR
resonances for aromatic (H3, H6) and aliphatic (H11, H12)
hydrogens and their associated correlations from a hetero-
nuclear multiple-bond correlation (HMBC) NMR experiment
suggested that each lactam ring contained o-unsaturated, f-
alkylated carbonyl moieties (Table S1). 'H NMR data
suggested there was a clear asymmetry to the ring system,
and further exploration of the HMBC and MS data confirmed
the presence of methyl and isononyl f-substituents on either
lactam ring. The connectivity of each set of hydrogens in the
isononyl group was determined using correlation NMR
spectroscopy (COSY) and a series of one-dimensional selective
total correlation spectroscopy (TOCSY) experiments (Figure
2). Therefore, the structure of 1 is as shown (Figure 1).

N )
H O H

DAQH (1) n=5 DAQA (3)

DAQJ(2) n=6

Figure 1. Structures of diazaquinomycins H (1), J (2), and A (3).

' —
HMBC COSY and
TOCSY

Figure 2. Key 2D NMR correlations of 1.

Structure elucidation of DAQJ was executed in the same
fashion as DAQH, using a similar series of MS and one- and
two-dimensional NMR experiments to identify the molecule. A
14 Da increase in molecular weight and an extra resonance in
the 'H and *C spectra suggested an additional methylene was
present in the aliphatic side chain.

In Vitro Evaluation of 1-3 in M. tuberculosis Whole
Cell Assays. Once compounds 1 and 2 were identified, we
tested their ability to inhibit replicating M. tuberculosis in vitro
using the MABA. The MABA is a phenotypic whole cell-based
microplate dilution assay that employs a fluorometric readout,
relying on the correlation of resazurin dye reduction to bacterial
proliferation.’*'® Compounds 1 and 2 exhibited minimum
inhibitory concentrations (MICs; defined as the lowest
concentration resulting in >90% growth inhibition of Hz,Rv
and averaged from triplicates) of 0.04 and 0.07 ug/mlL,
respectively. A luminescence reporter gene assay (LuxABCDE
driven by hsp60) was used to confirm that the activities of 1
and 2 were not readout dependent. Further biological
characterization of 1 and 2 was difficult, because a 28 L
fermentation afforded only 0.3 mg of each. Fortunately, in a
previous study, we isolated and identified four analogues of the
diazaquinomycin antibiotic class from a marine-derived
Streptomyces sp.” DAQs F and G were a coeluting isomeric
mixture, but DAQA (3) and DAQE were purified and screened
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Table 1. In Vitro Activity of 3 against a Drug-Resistant M. tuberculosis Panel

MIC (ug/mL)
3 RMP* INH® BY8 Km? PA824°
M. tuberculosis Hz,Rv MABA 0.10 <0.08 0.05 0.12 0.65 0.01
LORA 0.72 0.85 >13.7 110
Drug-resistant M. tuberculosis strains rRMP 027 >2.00 0.02 0.27 092 0.03
rINH 0.13 0.01 >2,00 0.46 0.95 0.03
SM 0.17 0.03 0.02 >2.00 0.95 0.11
KM 0.06 <0.01 0.03 120 >2.00 0.19
rCS 0.14 <0.01 0.01 041 098 0.12

“RMP, rifampicin. bINH, isoniazid. “SM, streptomycin. dKM, kanamycin. “PA824, experimental nitroimidazole antibiotic. rRMP (ATCC 35838);
fINH (ATCC 35822); rSM (ATCC 35820); rCS (cycloserine; ATCC35826); rKM (ATCC 35827).

in the MABA, exhibiting MICs of 0.1 and 0.04 ug/mL,
respectively. From this strain, compound 3 was produced in
relatively large amounts; thus, all further biological experiments
were carried out using this molecule. Moving forward, the
solubility of DAQA was an important consideration in all
biological testing, DAQA exhibited a maximum room temper-
ature concentration of 0.15 yg/mL in water in a previous study
and 600 pg/mL in DMSO in the current study.'®

We also tested 3 for its ability to inhibit nonreplicating M.
tuberculosis in the LORA."® Low-oxygen adapted M. tuberculosis
carrying the luxABCDE plasmid was exposed for 10 days to
serially diluted 3 in 96-well microplates in a low-oxygen
environment created with an Anoxomat commercial system.
After 28 h of normoxic “recovery,” activity was assessed using
the ability to block recovery of the production of a luminescent
signal. The MIC value of 3 was 0.72 pug/mL.

As a confirmatory approach for its anti-TB activity, the
minimum bactericidal concentration (MBCg,; defined as the
lowest concentration that reduces cfu by 99% relative to the
zero time inoculum) was determined for 3 by subculture onto
7H11 agar just prior to addition of the Alamar Blue and Tween
80 for MABA MBCy and reading of luminescence on day 10
from a lux reporter strain for LORA MBC,,. Compound 3
exhibited an MBCy, of 0.37 g/mL under normoxic conditions,
but did not exhibit a significant MBCgy under hypoxic
conditions.

Cytotoxicity Evaluation of 1-3. To assess the cytotox-
icity of the DAQ_class, compounds 1—3 were tested in vitro
against Vero cells (ATCC CRL-1586). They did not exhibit
Cytotoxicity at 28 M, the highest testing concentration.
Insufficient yields of 1 and 2 prevented further cytotoxicity
screening of these compounds; however, compound 3 exhibited
a range of LC, values when screened against a panel of human
cancerous [MDA-MB-435 (0.09 uM), MDA-MB-231 (3.6
4M), HT-29 (5.7 uM), OVCAR3 (0.48 uM), OVACR4 (4.3
4#M), Kuramochi (9.4 pM)] and noncancerous cell lines
[MOSE (22 uM), MOE (>28 sM)]. Further details describing
these experiments can be found in the Supporting Information.
Compound 3 was also tested in a previous study against ovarian
cancer cell line OVCARS and exhibited an LCg, value of 8.8
uM."” After further investigation, we determined that the
moderate cytotoxicity in this cell line was due to DNA damage
via the induction of apoptosis.'” A previous paper indicated that
compound 3 and DAQC exhibited no significant inhibition
when screened for antifungal activity against Mucor miehei and
Candida albicans.®® We also assessed the ability of 3 to inhibit
the growth of C. albicans (ATCC90028), but no significant
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activity was exhibited when tested at the highest concentration
of 10 ug/mL.

We performed a tolerance assessment of 3 in vivo. It was
previously published that 3 deposited solid residues and
exhibited acute toxicity when dosed at 100 mg/kg intra-
peritoneally,'®*! whereas in our study the compound exhibited
no qualitatively detectable ill effect and was well tolerated when
dosed daily by oral gavage at 100 mg/kg for S days in
uninfected mice. Although it is possible this difference is due to
limited oral bioavailability, our Caco-2 data predict otherwise.

Antibiotic Specificity of 3 toward M. tuberculosis. To
assess the ability of DAQA to overcome antibiotic resistance in
TB and to gain potential insight into the mechanism of action
for this compound class, we screened 3 against a panel of
mono-drug-resistant strains using the MABA (Table 1).
Compound 3 maintained potency across the panel, which
suggested the absence of cross-resistance with current anti-TB
agents.

To assess the specificity of 3 toward M. tuberculosis, we
screened 3 against a panel of non-tuberculosis mycobacteria
using broth microdilution with a spectrophotometric readout at
Agzo (Table 2). Interestingly, 3 exhibited selectivity toward M.
tuberculosis and the closely related M. bovis BCG (MIC = 0.12
pg/mL).

In the first reports of the diazaquinomycin class, screening of
3 and its 9,10-dihydro derivative, DAQB, against a panel of
bacteria revealed a relatively weak MIC of 6.25 ug/mL against
three Staphylococcus aureus strains (FDA209P, ATCC6538P,
KB199) and Streptococcus faecium IFO3181 while exhibiting a
MIC of 1.13 pg/mL against Micrococcus luteus** In the
current study, we determined the MICs of 3 against a diverse
panel of Gram-negative and Gram-positive pathogens.”
Compound 3 did not exhibit significant inhibitory activity
toward Gram-negative bacteria and showed weak inhibitory
activity against the Gram-positive bacteria tested. The results of
this and previous studies indicate that 3 possesses a narrow
spectrum of activity and shows greatest inhibition toward the
pathogen M. tuberculosis.

Caco-2 Permeability and Liver Microsome Stability of
3. Compound 3 was incubated at 1 uM for 30 min with 0.5
mg/mL of human and mouse liver microsomes and resulted in
96 and 98% of the parent compound remaining, respectively. In
addition, to predict absorption via oral administration, Caco-2
bidirectional permeability was performed by incubating 5 uM 3
(with vinblastine and propranolol controls) and measuring
apical and basolateral concentrations using tandem LC-MS.
Compared to control compounds, 3 exhibited moderate
absorption showing permeabilities of 44 nm/s with 82%
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Table 2. Antimicrobial Spectrum of 3¢

MIC (pg/mL)

mycobacteria M. abscessus >7.5

M. chelonae >7.5

M. marinum >7.5

M. kansasii >7.5

M. avium 3.85

M. smegmatis 4.56

M. bovis 0.12
G+° MSSA® 4

MRSA°® 16

E. faecalis 8

E. faecium 8

VRE? 2

S. pyogenes >25

S. pneumoniae >10

B. thuringiensis 25

B. cereus 14579 25

B. cereus 10987 12.§

B. anthracis 6.25

B. subtilis 100
G- A. baumannii 128

E. coli 128

E. cloacae 64

K pneumoniae 128

P. geruginosa 128

P. mirabilis 64

“ATCC designations are listed in the Supporting Information.
PMethicillin-sensitive S. aureus. “Methicillin-resistant S. aureus.
dVa.ncomycin-resistant E. faecium. °*Gram-positive bacteria. SGram-
negative bacteria.

recovery (from apical to basolateral) and 9 nm/s with 98%
recovery (from basolateral to apical) and no efflux substrate
potential (0.2 efflux ratio).

Studies toward Mechanism of Action of 3. Given its
mild reported antibiotic activity, observation of potency against
M. tuberculosis provided sufficient motivation for us to further
explore its biological mechanism of action. It was reported that
the antibacterial activity of 3 was reversed when folate,
dihydrofolate, leucovorin, and thymidine were added to the
growth medium, suggesting that the target was within the folate
pathway.®* Shortly after its discovery, previous studies claimed
that 3 inhibited thymidylate synthase competitively with its
coenzyme S,10-methylenetetrahydrofolate in both E. faecium
and Ehrlich ascites carcinoma, with K| values of 36 and 14 uM,
respectively.”® Thymidylate synthase is an attractive target as it
plays a crucial role in DNA replication and repair by
synthesizing de novo deoxythymidine monophosphate
(dTMP) from deoxyuridine monophosphate (dUMP). M.
tuberculosis encodes for two structurally and mechanistically
unrelated thymidylate synthase enzymes (ThyA and ThyX);
therefore, we attempted to determine whether either was the
target of 3.2%%

Using a cell-free enzyme assay, we found that 3 did not
significantly inhibit the activity of purified human ThyA
(HsThyA), M. tuberculosis ThyA (MtThyA), or MtThyX
when compared to the positive control, folate analogue and
known ThyA inhibitor 1843U89 (Figures SI and $2).%% To rule
out the possibility of 3 being metabolized to a biologically
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active species within the cell, we performed in vitro testing
against M. tuberculosis thyA and thyX overexpression mutants.
We did not observe a significant differential in the MIC when 3
was screened against M. tuberculosis thyA and thyX over-
expression mutants under induced (+ anhydrotetracycline) and
uninduced (— anhydrotetracycline) conditions, compared to
the HjRv wild-type strain (Figure S3). Additionally, we
observed no reversal of the antibiotic properties of 3 when the
culture medium was supplemented with thymidine, indicating
that there was likely no disruption in the thymidylate synthase
related enzymatic processes of the folate pathway.

Despite decades of research into actinomycete small
molecules from terrestrial and marine environments, to the
best of our knowledge identification of secondary metabolites
from freshwater actinobacteria has been virtually absent from
the peer-reviewed literature. The unique structures and activity
of the diazaquinomycins provide first evidence that the Great
Lakes and, more broadly, freshwater environments are a
relatively unexplored resource for novel biologically active
molecules.

From a Micromonospora sp. in Lake Michigan sediment, we
isolated novel antibiotic molecules of the diazaquinomycin
class. An analogue, compound 3, displayed an in vitro activity
profile similar or superior to those of clinically used TB agents
and maintained potent inhibitory activity against a panel of
drug-resistant TB strains. This compound displayed a selectivity
profile targeted toward M. tuberculosis, even within the genus
Mycobacterium. Since the 1980s, other research groups have
reported that members of the diazaquinomycin class exhibited
weak antibacterial activity by targeting thymidylate synthase,
although no reports of their anti-TB activity existed and our
studies have suggested an alternate mechanism of action in M.
tuberculosis. Preliminary in vitro analysis of 3 predicts that
DAQA will exhibit high metabolic stability and, therefore, a
long predicted serum half-life in vivo. Further studies are
underway in our laboratories including mutant generation
experiments, screening of 3 against a large overexpression
library of essential M. tuberculosis genes, and determination of
the pharmacokinetic properties of 3 in mice. These studies aim
to further assess the potential of 3 as a TB drug lead and
identify the molecular target of the diazaquinomycins in M.
tuberculosis.

B METHODS

Collection and Identification of Actinomycete Strain
B026. Strain B026 was isolated from a sediment sample
collected by PONAR at a depth of 56 m, from ca. 16.5 miles off
the coast north of Milwaukee, WI, USA, in Lake Michigan
(43°1327" N, 87°34'12” W) on August 23, 2010. Strain B026
(GenBank accession no. KP009553) shared 100% 16S rRNA
gene sequence identity with the type strain Micromonospora
maritima strain D10-9-5 (GenBank accession no.
NR109311).%

Isolation and Characterization of DAQH (1) and DAQJ
(2) from Strain B026 Fermentation Broth. Strain B026 was
grown in 28 L for 5 days at 21 °C while shaking at 220 rpm.
The extracellular secondary metabolites were absorbed from
the fermentation broth using Amberlite XAD-16 resin, followed
by extraction with acetone and partitioning between water and
ethyl acetate. The organic layer was dried under vacuum to
afford 1.1 g of extract.

Using a series of bioassay-guided steps involving preparative
and semipreparative normal phase (NP) and reversed phase
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(RP) high-performance liquid chromatography (HPLC), the
organic layer from the liquid—liquid partition was fractionated
and purified to afford diazaquinomycin H (1, 0.3 mg, 0.00026%
yield) and diazaquinomycin J (2, 0.3 mg, 0.00026% yield). See
the Supporting Information for more detailed descriptions of
fermentation and extraction methods for B026 and subsequent
isolation and purification methods for 1 and 2.

Diazaquinomycin H (1): red solid (0.3 mg); UV (MeOH)
Amax (log €) = 278 (3.83), 301 (3.72), 357 (3.26), and a broad
absorption with maximum at 472 (2.59) nm; 'H NMR (900
MHz, CDCl;—1% CF,CO,D) and “C NMR (226.2 MHz,
CDCl,~1% CF,CO,D), see Table S1; HRESLITTOF MS m/z
383.1993 [M + H]* (caled for C,,H,,N,0,, 383.1971), m/z
381.1771 [M — HJ™ (caled for Cp,H,(N,O,, 381.1820), m/z
7653778 [2 M + H]" (caled for C,Hy;N,O,, 765.3863), and
m/z 7633639 [2M — H]™ (caled for C,,HN,O;, 763.3712).

Diazaquinomycin J (2): red solid (0.3 mg); UV (MeOH)
Amex (log €) = 278 (3.37), 300 (3.26), 356 (2.90), and a broad
absorption with maximum at 472 (2.44) nm; 'H NMR (900
MHz, CDCl,;—~1% CF,CO,D) and “C NMR (226.2 MHz,
CDCl;—1% CF;CO,D), see Table S1; HRESI-ITTOF MS m/z
3972162 [M + H]* (caled for CHyoN,0,, 397.2127), m/z
395.1924 [M — H]™ (caled for C,3H,,N,0,, 395.1976), m/z
793.4129 [2M + H]* (caled for C,H,,N,O,, 793.4176), and
m/z 791.3825 [2M — H]™ (caled for CygHooN,Oy 791.4025).

In Vivo Tolerance Assessment of 3. Compound 3 was
prepared in a dosing vehicle of 10% polyethylene glycol 400
(PEG 400), 10% polyoxyl 35 castor oil (Kolliphor EL, BASF),
and 80% oleic acid. The formulation was then administered by
oral gavage at 100 mg/kg of 3 to a pair of female BALB/c mice
once daily for 5 days followed by observation for qualitative
indicators of toxicity (e.g., weight loss, ragged fur, huddling).
Approval for animal studies was provided by the Office of
Animal Care and Institutional Biosafety (OACIB) Institutional
Biosafety Committee (IBC), case 12-183.

Cell-free ThyA and ThyX Enzyme Inhibition Assay.
Overexpression and purification of M. tuberculosis ThyA and
ThyX were performed as detailed in Hunter et al.*® Human
thymidylate synthase A gene (commonly referred to as TYMS)
in pET17xb was transformed into BL21(DE3)pLysS. The
enzyme was overexpressed in LB media supplemented with 40
pg/mL chloramphenicol and 100 p#g/mL ampicillin at 37 °C
until ODy,, 0.6, when the culture was inoculated with 1 mM
IPTG and incubated further at 18 °C for 18 h. Cultures were
spun down, and the cell-pellet from a 1.5 L culture was lysed in
30 mL of 20 mM potassium phosphate, S00 mM NaCl, 10 mM
MgCl,, 0.1 mM EDTA, and 1 mM 2-mercaptoethanol at pH
7.9 on ice by sonication (5 cycles, 1 min, 90 W). The crude
extract was spun down at 4 °C and 30597 RCF. A total of 27.5
mL of clarified lysate was obtained; 5.4 g of ammonium sulfate
(around 35% saturation) was added in three parts and allowed
to dissolve at 4 °C. The precipitate obtained was spun-down at
4 °C and 11952 RCF. Thirty milliliters of supernatant was
obtained, to which 10.75 g of ammonium sulfate (approx-
imately 80% saturation) was added slowly at 4 °C and allowed
to dissolve. The precipitate obtained was again spun-down at 4
°C and 11952 RCF. It was redissolved in 15 mL of 20 mM Tris,
100 mM NaCl, 2 mM 2-mercaptoethanol, and 10% glycerol at
pH 7.8, concentrated to 7 mL, and buffer exchanged into 20
mM Tris, 100 mM NaCl, 2 mM 2-mercaptoethanol, and 10%
glycerol at pH 7.8. The sample was purified on a $ mL HiTrap
Q column (low-salt buffer, 20 mM Tris, 100 mM NaCl, 2 mM
2-mercaptoethanol, and 10% glycerol at pH 7.8; high-salt
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buffer, 20 mM Tris, 1 M NaCl, 2 mM 2-mercaptoethanol, and
10% glycerol at pH 7.8). The protein eluted out before 40%
high-salt buffer. Further purification was carried out using a
Hiload 16/200 Superdex 200 pg size exclusion column using 20
mM Tris, 100 mM NaCl, 2 mM 2-mercaptoethanol, and 10%
glycerol at pH 7.8. HsThyA-containing fractions were pooled
and buffer exchanged into 50 mM Tris, 150 mM NaCl, 2 mM
TCEP, and 30% glycerol at pH 7.8 and stored at —80 °C until
further use.

MtThyA (562.8 ng), MtThyX (8.4 pg), and HsThyA (638.4
ng) were pre-incubated with inhibitors (13 4M) for 15 min at
room temperature in 125 mM TES, 60 mM MgCl,, 2.5 mM
EDTA, and 2 mM 2-mercaptoethanol at pH 7.9. The control
contained DMSO without inhibitors. FAD (10.5 uM) was
included in the pre-incubation in the case of MtThyX. The total
reaction volume was 151 4L for MtThyA and HsThyA and 160
UL for MtThyX.

Radiolabeled dUMP solution was made by mixing 20 uL of
5’ H-dUMP and 5 uL of 10 mM dUMP in 475 uL of water.
After 15 min, mTHF (67 M for MtThyA, S.1 uM for
MtThyX, and 5.5 uM for HsThyA) and radiolabeled dUMP (5
4L) were added to 18 uL of the enzyme/inhibitor samples.
NADPH at 145 uM was also added to the MtThyX samples. All
samples were incubated at room temperature for 30 min. Total
reaction volume in all cases was 26 yL. Reaction was stopped
after 30 min by the addition of 20 4L of stop solution (1.5 N
TCA, 1.1 mM nonradioactive JUMP). A volume of 200 uL of
10% charcoal (w/v) was added, and samples were incubated on
ice for 15 min before being spun-down at 4 °C and 14100 RCF
for 15 min. A 100 uL aliquot of the supernatant was assayed by
liquid scintillation counting to determine the amount of
tritium-containing water produced by the reaction.

In Vitro Screening of 3 against M. tuberculosis thyA
and thyX Overexpression Mutants. Recombinant strains
were constructed in which each gene (thyA or thyX) was under
the control of a tetracycline inducible promoter.® Plasmids
were transformed into M. tuberculosis by electroporation.®'
Recombinant and wild-type strains were grown to late log
phase in roller bottles with the presence of inducer (150 ng/mL
anhydrotetracycline). The MIC of compound 3 was
determined by measuring bacterial growth after § days in the
presence of the test compound and inducer.*” Compounds
were prepared as a 10-point 2-fold serial dilution in DMSQO and
diluted into 7H9-Tw-OADC medium in 96-well plates with a
final DMSO concentration of 2%. Each plate included assay
controls for background (medium/DMSO only, no bacterial
cells), zero growth (2% 100 M rifampicin), and maximum
growth (DMSO only), as well as a rifampicin dose response
curve. Cultures were filtered through a S um filter and
inoculated to a starting ODjy, of 0.02. Plates were incubated for
S days, and growth was measured by ODgy. The percent
growth was calculated and fitted to the Gompertz model*
MIC was defined as the minimum concentration at which
growth was completely inhibited and was calculated from the
inflection point of the fitted curve to the lower asymptote (zero
growth).
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Complete NMR assignments, 1D and 2D NMR spectra,
HRMS data, and UV data for 1 and 2, in addition to
bioassay methods and figures from investigations of the
bioactivity and mechanism of action of 3 (PDF)
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Abstract: As part of our program to identify novel secondary metabolites that target
drug-resistant ovarian cancers, a screening of our aquatic-derived actinomycete fraction
library against a cisplatin-resistant ovarian cancer cell line (OVCARS5) led to the isolation
of novel diaza-anthracene antibiotic diazaquinomycin E (DAQE; 1), the isomeric mixture
of diazaquinomycin F (DAQF; 2) and diazaquinomycin G (DAQG; 3), and known analog
diazaquinomycin A (DAQA; 4). The structures of DAQF and DAQG were solved through
deconvolution of X-Ray diffraction data of their corresponding co-crystal. DAQE and
DAQA exhibited moderate LCs values against OVCARS of 9.0 and 8.8 uM, respectively.
At lethal concentrations of DAQA, evidence of DNA damage was observed via induction
of apoptosis through cleaved-PARP. Herein, we will discuss the isolation, structure
elucidation, and biological activity of these secondary metabolites.
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1. Introduction

Since the 1940s, natural products have proven essential as both a direct source of small molecule
cancer therapies and as an inspiration for biologically active synthetic analogs of natural products; in
total 131 of the 175 small molecule cancer drugs are natural products or are derived from natural
products [1]. Ovarian cancer, which is the fifth leading cause of cancer death and most lethal
gynecological disease in US women, would greatly benefit from new therapies [2]. New drugs are
needed because all patients are treated with the same regimen of carboplatin/paclitaxel, and sadly
chemoresistant disease reoccurs in most women, resulting in death [3,4].

Our program explores the capacity of actinomycete bacteria isolated from both marine and
freshwater environments to produce biologically active secondary metabolites. Screening of our
actinomycete secondary metabolite library against the ovarian cancer cell line OVCARS led to the
selection of strain FO01 for further chemical investigation. After several chromatographic purification
steps using bioassay-guided fractionation, we isolated diazaquinomycin E (DAQE; 1), the isomeric
mixture of diazaquinomycins F and G (DAQF, 2; DAQG, 3), and the known analog diazaquinomycin
A (DAQA; 4). The three new compounds are mono-normethyl analogs of the diazaquinomycin
structural class. DAQE and DAQA inhibited the growth of OVCARS cells with moderate potency
(LCso = 9.0 and 8.8 pM, respectively). Further biological evaluation was performed on the most
abundant analog, DAQA, while we were unable to evaluate the biological activity of the isomeric
mixture of DAQF and DAQG due to their low mass yield. Details of the elucidation and biological
activities are described herein.

2. Results and Discussion
2.1. Structure Elucidation of DAQE, DAQF, and DAQG

Following a series of chromatographic steps, 1 (Figure 1) was obtained as red powder. The
molecular formula was assigned as C3H2sN204 on the basis of combined nuclear magnetic resonance
(NMR) and high-resolution mass spectrometry (MS) experiments. This formula demanded 11 degrees
of unsaturation. The unique chromophore of a fused diaza-anthracene ring system consistent with the
diazaquinomycin structural class was observed in the UV spectrum of 1. Analysis of the 'H-NMR
spectrum of 1 suggested the presence of an isolated aromatic hydrogen (8y 6.94, s, H-6). Integration of
the H-6, Hs-11, H>-12, H>-17, H3-16, and H3-21 resonances in the 'H spectrum further supported a
mono-normethylated DAQ core skeleton, revealing an integration value of three for the a-substituted
methyl hydrogens (8y 2.32, Hs-11) rather than the typical integration value of 6 for this resonance in
previously reported symmetric DAQs. This mono-normethylation afforded an asymmetry to 1.

Analysis of '>*C-NMR data suggested the presence of two quinone carbonyls (6¢ 180.8, C-10; 173.1,
C-9), two lactam carbonyls (8¢ 163.0, C-2; 162.9, C-7), one methine alkene carbon (¢ 127.5, C-6),
seven quaternary carbons (6¢c 159.7, C-5; 154.2, C-4; 137.8, C-3; 136.5, C-8a; 134.1, C-9a; 118.0,
C-4a; 117.8, C-10a), eight methylene carbons (¢ 34.9, C-17; 32.3, C-14; 31.8, C-19; 30.7, C-12; 29.6,
C-18; 28.8, C-13; 22.5, C-15; 22.5, C-20), and three methyl carbons (8¢ 14.1, C-16; 14.1, C-21; 13.0,
C-11) (Table 1). Given that the molecular formula afforded 11 degrees of unsaturation and the
molecule contained four carbonyls and eight quaternary alkene carbons, the remaining degrees were
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satisfied by the fused ring system. Key HMBC, COSY, and 1D-TOCSY correlations are given in
Figure 2. Since the molecule is asymmetric, we were able to employ proton-based spectroscopic
experiments to distinguish between resonances of the B-substituted alkyl groups. Interpretation of
COSY and 1D-TOCSY data defined two distinct spin systems, which were then connected to the core
ring system using HMBC correlations (Figure 3 and Supplementary Figures S4-S8).

Figure 1. Structure of diazaquinomycins E (1), F (2), G (3), and A (4).

21M|? o !2‘/\/\16
54 108 14 1
d a e

O?’I\I.iSa ﬁaleZO
H O H

DAQE (1)

DAQG (3) DAQA (4)

Table 1. 'H and *C-NMR data (CDCls/1% CF5;CO,D) of 1.

Position Bca 'H mult. (J, Hz) °

2 163.0°

3 137.8

4 154.2

4a 118.0

5 159.7

127.5 6.94 s

7 162.9°

8a 136.5

9 173.1

9a 134.1

10 180.8
10a 117.8

11 13.0 2325
12 30.7 3.12 bt (6.4)
13 28.8 1.52m
14 323 1.51m
15 22.5 1.42m
16 14.1 0.96 t(7.3)
17 34.9 3.11t(7.7)
18 29.6 1.60 p (7.6)
19 31.8 143 m
20 22.5 1.40 m
21 14.1 0.94 t (7.3)

2226.2 MHz; ® 900 MHz; ° resonances are interchangeable,
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Figure 2. Key 2D NMR correlations of 1.
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1

Figure 3. 1D TOCSY correlations of 1. Arrows indicate irradiated resonances.
(A) Expansion of 'H-NMR spectrum (600 MHz) of 1; (B) Expansion of 1D TOCSY
spectrum of 1 (irradiation of 1.51 ppm); (C) Expansion of 1D TOCSY spectrum of 1
(irradiation of 1.62 ppm).
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An HMBC correlation from H»-17 to C-10a, and of H-6 to C-17 and C-10a, positioned the spin
system of C-17—C-18-C-19—C-20—C-21 on the normethy! half of the diaza-anthracene core. Similarly,
an HMBC correlation from H;-12 to C-3 positioned the spin system of C-12—-C-13—-C-14—C-15-C-16
on the a-methylated ring of the diaza-anthracene core. Two lactam carbonyl resonances were observed
in the °C DEPTQ spectrum; due to overlap it was not possible to distinguish between them in an
HMBC experiment (Table 1). The remaining quinone carbons C-8a, C-9, C-9a, and C-10 were
assigned based on comparison with reported values of other diazaquinomycin analogs [5,6]; our
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assignments were highly consistent with reported values. Therefore, the structure of 1 was determined
as shown and named diazaquinomycin E.

Following a series of chromatographic steps, the co-eluting isomeric mixture of 2 and 3 (Figure 1)
was obtained as red powder. The molecular formula for the mixture of constitutional isomers was
assigned as C,1H4N,O4 on the basis of combined NMR and high-resolution MS experiments. This
formula demanded 11 degrees of unsaturation. A chromophore of a fused diaza-anthracene ring system
consistent with 1 was observed in the UV spectrum of the compound mixture. The diaza-anthracene
core of DAQF and DAQG was determined to be mono-methylated as was previously described for 1.
This was evidenced by the presence of an aromatic hydrogen in the 'H-NMR spectrum (8y 6.98, s, H-6
of 2 or 3). Evidence for a second minor isomer was observed adjacent to the resonance at &y 6.98
(6y 6.95, s, H-6 of 2 or 3) (Supplementary Information, Figures S11 and S14). Integration of the major
aromatic hydrogen and the n-pentyl and n-propyl group resonances in the 'H spectrum further
supported a mono-normethylated DAQ core skeleton. Distinguishing separate, complete sets of Bc
shifts from DEPTQ and HMBC experiments was not possible due to the structural similarity and
inability to separate 2 and 3. Partial carbon shift data shared by the isomers was extracted from an
HSQC experiment (Supplementary Information, Table S1). Interpretation of COSY data defined two
distinct spin systems, one n-pentyl group and one n-propyl group.

To confirm the structural features observable by NMR analysis and to determine the remaining
connectivity of the structures, an X-ray structure determination was attempted. The mixture of 2 and 3
co-crystallized from methanol using a slow evaporation technique. Compounds 2 and 3 occupied the
same molecular site, crystallizing in the monoclinic space group P2;/m (No. 11), with a mirror plane
bisecting the molecules through the central carbonyl atoms C9-O9 and C10-O10. The major
isomer (2), present as 52.6% of the crystal, is defined with a methyl group carbon atom, C11, on atom
C3 adjacent to the propyl-substituted C4 atom, and a methine group carbon atom, C6, adjacent to the
pentyl-substituted C5 atom. A constitutional isomer (3), present as 47.4% of the crystal, is modeled
with the methyl group carbon atom, C11, on atom C3 adjacent to the pentyl-substituted C4 atom, and
a methine group carbon atom, C6, adjacent to the propyl-substituted C5 atom. Partially occupied
water molecules are evident from the electron density maps, and near the methyl groups. The
C3(methyl)-C6(H):C3(H)-C6(methyl) fragment occupancy was refined to a ratio of 0.704(8):0.296(8),
and the C4(n-propyl):C4(n-pentyl) fragment occupancy ratio was 0.566(9):0.434(9). The molecules
are packed in the crystal through hydrogen bonding with the amide hydrogen atoms and
adjacent carbonyls. The intensity data was collected at experimental station 21-ID-D, Life
Sciences-Collaborative Access Team (L.S-CAT), at Advanced Photon Source, Argonne National
Laboratory, and processed with XDS [7]. The structure was solved and refined with SHELX [8]. The
final R-factor was 0.0799 for 1525 intensities greater than 26, and 0.0961 for all 2030 unique data. The
X-ray analysis supports the proposed structures of 2 and 3 (Figure 4, Supplementary Figures S17 and S18).
Therefore, 2 and 3 were determined as shown and named diazaquinomycin F and diazaquinomycin G,
respectively. Crystallographic data for the structure of 2 and 3 were deposited under accession number
CCDC 996646 and can be obtained free of charge from The Cambridge Crystallographic Data Centre.
The ratio of 2 and 3 in the co-crystal does not necessarily reflect the weight percentage in the
compound mixture, as evidenced by uneven H-6 resonances in the 'H-NMR spectrum (Supplementary
Figures S11 and S14).
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Figure 4. Co-crystal structure of diazaquinomycin F (2) and diazaquinomycin G (3).

Structure numbered to emphasize DAQF occupancy in the co-crystal.

The known metabolite DAQA (4) was isolated and characterized based on comparison of 'H-NMR
and HRMS data with those appearing in literature [5,9].

2.2. DAQA (4) Induces DNA Damage, Cell Cycle Arrest, and Apoptosis through Cleaved-PARP

Compounds 1 and 4 were tested for in vitro cytotoxicity against the ovarian cancer cell line
OVCARS. Dose response analysis of the isolated compounds revealed an LCso of 9.0 uM for 1 and
8.8 uM for 4 after treatment of cells for 96 h (Supplementary Figure S1).

Further cell-based experiments were performed on 4 due to its high yield. Western blot analysis of
OVCARS cells treated with 17.6 pM (LCio) of 4 showed increased levels of p21 (a cell cycle
inhibitor) after 8 h (Figure 4). Interestingly, levels of p21 decreased after 24 h when compared
to solvent control (Figure 4). Reduction of p21 protein after 24 h correlated with an increase in
cleaved-PARP, an indication of apoptosis (Figure 5). The induction of cell cycle arrest, leading to
apoptosis suggests significant DNA damage. To address this possibility, immunofluorescence for
phospho-histone H2A.X was performed on OVCARS cells treated with 4 at 17.6 uM. Enhanced
DNA damage, as monitored by increased phospho-histone H2A.X staining, was seen after 8 h and 24 h
treatment with 17.6 uM of 4 when compared to solvent control (Figure 6a,b).
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Figure 5. Compound 4 induces cell cycle arrest followed by apoptosis.

p21

Faold change
_|

1=

8 hours 24 hours

DMSO DAQA DMSO DAQA & o',-r &

L ] =
Cleaved-PARP E E 8 hours 24 hours
P21 S Cleaved-PARP

.

-

Actin ———— c——— E—— —

Fold change

T

——
i
8 hours 24 hours
OVCARS cells treated with 17.6 pM of 4 showed induction of cell cycle arrest through increased
p21 after 8 h, and induction of apoptosis through increased cleaved-PARP after 24 h. Densitometry
of westerns was performed from three replicates. Statistical significance is donated by * for
increased expression, and # for decreased expression. Student z-test was performed for all statistics
and are represented as SEM +/—, * and # p < 0.05.

Figure 6. Compound 4 induces DNA damage in OVCARS cells. (a) H2A.X foci images
taken after treatment of OVCARS5 cells with DAQA at 17.6 uM 8 h and 24 h;
(b) Quantification of phospho-histone H2A.X foci as a fold increase over DMSO solvent
control. Statistical significance is donated by * using student ¢-test. * p <0.05.
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Diazaquinomycins A and B were originally isolated from a Streptomyces sp. after exhibiting
moderate inhibitory activity against four Gram-positive bacteria (three Staphylococcus aureus and one
Streptococcus faecium IFO 3181 strains) in agar-based assays [5,9]. A follow-up publication by the
same group reported that DAQA exhibited cytotoxicity against Vero and Raji cell lines, while also
inhibiting thymidylate synthase in Ehrlich ascites carcinoma [10]. Additional studies were carried out
in order to increase the solubility and bioactivity of DAQA, and some success was achieved through
modification of the C-3 and C-6 methyl groups to short chain ester and ether derivatives [11]. Nearly
15 years later, DAQC was isolated from a Streptfomyces sp.; this report was also the first mention of
DAQD, though the metabolite was only observed through (—)-ESI MS experiments and was never
fully characterized [6]. The observation of an aromatic resonance in the 'H spectrum (H-6) of 1 is a
feature unique among existing diazaquinomycin analogs; previously reported structures of this class
contain a methyl group at this position [5,6,9]. In the current study, though four secondary metabolites
were isolated and characterized from strain FOO1, we observed ten additional diazaquinomycin analogs
(based on the presence of characteristic UV spectra and MS? fragmentation patterns) in LCMS data of
our bioactive fractions. Positive ion values ranged from m/z 355.1 [M + H]" to 425.2 [M + HJ, and
given that UV spectra remained consistent among derivatives, structural modifications likely occurred
in the a-substituted methyl and B-substituted alkyl groups. Finally, 1 and 4 exhibited moderate
cytotoxicity toward OVCARS cells by inducing apoptosis and enhancing DNA damage.

3. Experimental Section
3.1. General Experimental Procedures

UV spectra were measured on a Shimadzu Pharma Spec UV-1700 spectrophotometer (Shimadzu,
Kyoto, Japan). NMR spectra were obtained on a Bruker 600 MHz DRX NMR spectrometer (Bruker,
Karlsruhe, Germany) equipped with an inverse 5 mm TXI cryogenic probe with z-axis pfg and
XWINNMR version 3.5 operating software, and a 900 (226.2) MHz Bruker AVANCE NMR
spectrometer (Bruker, Karlsruhe, Germany) equipped with an inverse 5 mm TCI cryogenic probe with
z-axis pfg and TopSpin version 1.3 operating software at the University of Illinois at Chicago Center
for Structural Biology (Chicago, IL, USA). Chemical shifts (8) are given in ppm and coupling
constants (J) are reported in Hz. 'H and '>C-NMR resonances of 1 and 2 are reported in Table 1.
High-resolution mass spectra were obtained on a Shimadzu ion trap-time of flight (IT-TOF)
spectrometer at the University of Illinois at Chicago Research Resources Center (Chicago, IL, USA).
High-performance liquid chromatography (HPLC-UV) data were obtained using a Hewlett-Packard
series 1100 system controller and pumps with a Model G1315A diode array detector (DAD)
(Hewlett-Packard, Palo Alto, CA, USA) equipped with a reversed-phase Cis column (Phenomenex
Luna, 100 x 4.6 mm, 5 pm) at a flow rate of 0.5 mL-min"'. Semi-preparative HPLC scale separations
were performed using a Hewlett Packard Series 1050 system (Hewlett-Packard, Palo Alto, CA, USA)
with a Phenomenex Luna semi-preparative Cis column (250 x 10 mm, 5 wm) at a flow rate of
2.4 mL-min"". Preparative HPLC scale separations were performed using a Waters LC4000 System
equipped with a Phenomenex Luna preparative C;g column (250 x 21.2 mm, 5 um) at a flow rate of

16 mL-min ",
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3.2. Selection of Actinomycete Strain FO01 for Further Investigation

We screened our library of ca. 2000 secondary metabolite fractions (from ca. 500 aquatic-derived
actinomycete strains) in an in vitro single dose screen (20 pg/mL) against OVCAR5 and
identified strain FOO1 as a promising bioactive lead, among other strains. Strain FO01 (GenBank
accession number KJ656126) shared 98% 16S rRNA gene sequence identity with the most
closely related type strains Streptomyces coacervatus (GenBank accession number AB500703) [12],
Streptomyces hygroscopicus subsp. jinggangensis (GenBank accession number NC_017765) [13], and
Streptomyces roseochromogenes subsp. oscitans (GenBank accession number NZ_CM002285) [14].

3.3. Fermentation and Extraction

Strain FOO1 was cultured under two different media conditions. The culture that yielded 1 and 4 was
grown in 44 x 1 L portions in Fernbach flasks containing high nutrient A1 medium (filtered ocean
water, 10 g starch, 4 g yeast, 2 g peptone, 1 g calcium carbonate, 100 mg potassium bromide, and
40 mg iron sulfate) for 5 days at 21 °C while shaking at 220 rpm. The culture that yielded 2 and 3 was
grown in 5 x 1 L portions in Fernbach flasks containing high nutrient CGS medium (filtered ocean
water, 4 g casamino acids, 10 mL glycerol, and 5 g soy peptone) for 5 days at 21 °C while shaking
at 220 rpm. Extraction methods for each growth condition were the same. Sterilized Amberlite
XAD-16 resin (15 g-L™") was added to each flask to absorb the extracellular secondary metabolites.
The culture medium and resin were shaken for 8 h and filtered using cheesecloth to remove the resin.
The resin, cell mass, and cheesecloth were extracted with acetone overnight, concentrated under
vacuum, and partitioned between water and ethyl acetate. The organic layer of the A1 fermentation
was dried under vacuum to afford 6.3 g of extract. The organic layer of the CGS fermentation was
dried under vacuum to afford 1.1 g of extract.

3.4. Isolation and Characterization of Diazaquinomycins E (1), F (2), and G (3)

DAQE was isolated from the fermentation broth (A1 media) of strain FOO1. The organic layer from
the liquid-liquid partition was fractionated using silica gel flash column chromatography (100 g of
silica) eluting with an isocratic 95% chloroform (CHCl5):5% methanol (MeOH) solvent system to
afford eight fractions. Using bioassay-guided fractionation, it was determined that fractions 2 and 3
contained the bioactive constituents, thus they were combined and separated using RP-C;g preparative
HPLC (16 mL-min”', gradient of 50% aqueous acetonitrile (ACN) to 100% ACN for 20 min, followed
by an isocratic flow of 100% ACN for 10 min) to afford nine fractions. Fraction 8 (¢r 17.2 min, 14 mg)
was separated using RP-Cg semi-preparative HPLC (2.4 mL-min’, gradient of 50% aqueous ACN
to 100% ACN for 25 min, followed by an isocratic flow of 100% ACN for 15 min) to afford
diazaquinomycin E (1, g 22.1 min, 0.9 mg, 0.014% yield).

DAQF and DAQG were isolated from the fermentation broth (CGS media) of strain FOO1. The
organic layer from the liquid-liquid partition of the culture extract was fractionated using silica gel
flash column chromatography (100 g of silica) eluting with an isocratic 95% CHCl3:5% MeOH
solvent system to afford eight fractions. Using bioassay-guided fractionation, it was determined that
fraction 8 contained the bioactive constituents, thus, it was separated using normal phase silica gel
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(NP-Si) semi-preparative HPLC (2.0 mL-min"', gradient of 99% CHCl::1% MeOH to 90%
CHCl3:10% MeOH for 10 min, followed by an isocratic flow of 90% CHCI3:10% MeOH for 15 min)
to afford 7 fractions. Fraction 4 (tr 18.1 min, 2.2 mg) was separated using NP-Si semi-preparative
HPLC (2.0 mL-min”’, gradient of 99% CHCl3:1% MeOH to 90% CHCl3:10% MeOH for 10 min,
followed by an isocratic flow of 90% CHCl3:10% MeOH for 10 min) to afford 7 fractions. Fraction 5
(tr 19.3 min, 0.4 mg) was separated using NP-Si semi-preparative HPLC (2.0 mL-min ", gradient of
99% CHCls3:1% MeOH to 90% CHCl3:10% MeOH for 10 min, followed by an isocratic flow of 90%
CHCl5:10% MeOH for 10 min) to afford the co-eluting isomeric mixture of 2 and 3 (z 19.3 min,
0.28 mg, 0.025% yield).

Diazaquinomycin E (1): Red solid (0.9 mg). UV (MeOH) Anax (log €) = 282.5 (3.90), 362.5 (3.24),
and a broad peak with maximum at 486.0 (2.56) nm. "H-NMR (900 MHz, CDCls~1% CF 3CO2D) and
PC-NMR (226.2 MHz, CDCl5—1% CF5CO,D), see Table 1. HRESI-ITTOF MS m/z 397.2198 M+ H]"
(caled. for Cy3HzoN,O4: 397.2127), m/z 395.1943 [M — H] (caled. for CpHyN2O4: 395.1971),
m/z 419.1997 [M + Na]" (caled. for CosHpeN,OsNa: 419.1947), m/z 793.4211 [2M + H]" (caled. for
Ca46Hs7N4Og: 793.4176), and m/z 815.3997 [2M + Na]" (caled. for C46HssN4OgNa: 815.3996).

Diazaquinomycin F (2) and diazaquinomycin G (3): Red solid (0.28 mg). For UV, partial NMR,
and HRMS data, see Supplementary Information (Table S1; Figures S11-S16).

3.5. OVCARS Cytotoxicity Assay

OVCARS cells were cultured in minimum essential media (Life Technologies, 11090-081,
Carlsbad, CA, USA) and supplemented with 10% fetal bovine serum (Life Technologies, 16000-044)
1% L-glutamine (Life Technologies, 25030-081), 1% nonessential amino acids (Life Technologies,
11140-050), 1% sodium pyruvate (Life Technologies, 11360-050) and 1% penicillin/streptomycin
(Life Technologies, 15140-122). OVCARS cells (5000/well) were plated in a 96 well plate one day
prior to treatment. The next day, cells were treated with varying doses of the given compound in
regular culture media. The doses tested were 10.0 pg/mL, 5.00 pg/mL, 2.50 pg/mL, 1.25 pug/mL,
0.625 pg/mL, 0.313 pug/mL, 0.156 ug/mL, and 0.0781 pug/mL. Doses higher than 10.0 ug/mL could not
be tested due to compound insolubility in DMSO. Test plates were incubated at 37 °C with 5% CO,
for 96 h, After 96 h, media was removed from the cells and washed with cold PBS. Cells were
permanently fixed to the culture plate using 5% trichloroactetic acid (TCA). A sulforhodamine B
(SRB) assay was performed as previously reported [15]. Percent survival was calculated by comparing
samples treated with 1 or 4, and samples treated with the relevant volume of DMSO solvent control.
Prism 6 GraphPad was used to graph the results and determine the LCsg in pM concentrations.

3.6. Western Blot Analysis

Cells were plated at a density of 50,000 cells in a 6 well plate one day before treatment. Cells were
treated with 17.6 pM 4 for 8 h and 24 h. DMSO was used as a solvent control. Western blot gels were
run as previously described [16]. An amount of 30 ug of cell lysate was run for each sample. p21
(#9247) and cleaved-PARP (#9541) from Cell Signaling were used to probe protein membranes at
concentrations of 1:1000 in 5% milk/TBS-T. Actin (Sigma-Aldrich, St. Louis, MO, USA) was used as
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a loading control at a concentration of 1:1000. Anti-rabbit HRP-linked antibody (cell signaling) was
used for all blots at 1:1000. Densitometry was performed using ImageJ software. All samples were
performed in triplicate.

3.7. Immunofluorescence

Cells were plated at a density of 25,000 cells in a chamber slide (Millipore, PEZGS0816, Billerica,
MA, USA) one day before treatment. After one day, cells were treated with 17.6 uM of 4 for 8 h and
24 h. After the treatment, cells were washed with 1X cold PBS and fixed with 4% paraformaldehyde,
and permeabilized with 0.2% Triton-X100 in PBS for 10 min. Cells were then washed twice with
1x PBS and blocked with 10% goat serum in PBS. Phospho-histone H2A.X (Cell Signaling, #9178,
Beverly, MA, USA) was incubated on the cells for 1 h at room temperature in 10% goat serum/PBS at
a concentration of 1/100. After two PBS washes, cells were incubated with anti-rabbit AlexaFluor 488
(Life Technologies, Carlsbad, CA, USA) for 30 min at room temperature and mounted using
Vectashield Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA, USA). Images were
taken on a Nikon E600 Microscope with a DS-Ril Digital Camera and NIS Elements Software (Nikon
instruments, Melville, NY, USA). Image] software was used to count cells. The number of DAPI
positive cells that were also positive for phosphor-histone H2A.X were expressed as a percentage of
total DAPI stained cells. Only cells with defined foci were counted as positive. At least three random
fields from three independent experiments were counted.

4. Conclusions

Three new diaza-anthracene analogs were identified, diazaquinomycin E (1), F (2), and G (3) from
the culture broth of a marine-derived Streptomyces sp. DAQE and its known analog DAQA exhibited
moderate cytotoxicity toward OVCARS cells (LCsp of 9.0 and 8.8 uM, respectively). At lethal
concentrations of DAQA, evidence of DNA damage was seen with induction of apoptosis through
cleaved-PARP. Among existing diazaquinomycins, 1-3 are the first reported members of the class to
exhibit a variation in the diaza-anthracene core skeleton.
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Abstract: A screening of our actinomycete fraction library against the NCI-60 SKOV3
human tumor cell line led to the isolation of isopimara-2-one-3-0l-8,15-diene (1), lagumycin B
(2), dehydrorabelomycin (3), phenanthroviridone (4), and WS-5995 A (5). These secondary
metabolites were produced by a Micromonospora sp. isolated from sediment collected off
the Cat Ba peninsula in the East Sea of Vietnam. Compound 1 is a novel
A¥-pimarane diterpene, representing one of approximately 20 actinomycete-produced
diterpenes reported to date, while compound 2 is an angucycline antibiotic that has yet to
receive formal characterization. The structures of 1 and 2 were elucidated by combined NMR
and MS analysis and the absolute configuration of 1 was assigned by analysis of NOESY
NMR and CD spectroscopic data. Compounds 2—5 exhibited varying degrees of cytotoxicity
against a panel of cancerous and non-cancerous cell lines. Overall, this study highlights our
collaborative efforts to discover novel biologically active molecules from the large,
underexplored, and biodiversity-rich waters of Vietnam’s East Sea.
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1. Introduction

Natural products and their synthetic derivatives are essential toward the discovery of drugs,
accounting for greater than 74% of marketed small molecule therapies [1,2]. In particular, actinomycete
bacteria have provided us with an abundance of bioactive compounds, including more than half of
marketed antibiotics and many clinically useful anticancer drugs [2]. Of the different classes of
molecules produced by actinomycetes, the terpenes are a structurally diverse group of natural products
with approximately 60,000 members. A recent study unveiled that the capacity of actinomycetes to
produce diterpenes has been significantly underestimated, where 25 of 100 randomly selected strains
were identified as potential diterpene producers [3]. Despite this, only an estimated twenty diterpenes of
actinomycete origin have been reported to date [4]. This is an exceedingly scarce fraction of the nearly
12,000 diterpenes described in the peer-reviewed literature, which are predominantly plant- and
fungal-derived. In the current study, we report the rare isolation of a diterpene from an actinomycete strain.

Our program explores the potential of marine and fresh water-derived actinomycete secondary
metabolites to serve as antibiotic and anticancer drug leads [5,6]. As part of this program, the University
of Illinois at Chicago has partnered with the Vietnam Academy of Science and Technology to explore
the potential of Vietnam’s East Sea to provide such leads. The East Sea in Vietnam covers an area of
approximately three-million km? and traces 3000 km of coastline. This stretch is comprised of a
multitude of microenvironments covering depths from 200 m to 5000 m. The marine biodiversity within
the East Sea is considered to be some of the most extensive in the world, yet it remains poorly understood
and explored. In the current study, through an in vitro growth inhibition screening of our fraction library
against the NCI-60 SKOV3 human tumor cell line, we identified an actinomycete isolated from sediment
collected off the Cat Ba peninsula in the East Sea of Vietnam. From this strain we isolated and
characterized the novel diterpene isopimara-2-one-3-0l-8,15-diene (1) and lagumycin B (2), an
angucycline that has yet to receive full structural characterization in the peer-reviewed literature
(Figure 1) [7]. In addition, we identified the previously reported angucyclines dehydrorabelomycin (3) [8,9],
phenanthroviridone (4) [10,11], and WS-5995 A (5) [12,13]. Herein we present the structure elucidation
and biological activity of these compounds.

2. Results and Discussion
2.1. Structure Elucidation of Isopimara-2-one-3-0l-8,15-diene (1) and Lagumycin B (2)

Following a series of chromatographic experiments, 1 was obtained as a colorless solid. Combined
HRMS and NMR experiments allowed for the assignment of the molecular formula as C20H300z,
indicative of six degrees of unsaturation. 'H and '*C NMR data are shown in Table 1. In the 'H NMR
spectrum, we observed evidence for four sp> quaternary carbon-bound methyl groups, one vinyl group,
an oxymethine geminal to a hydroxy group, a pair of geminal hydrogens adjacent to a carbonyl, and
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additional methylene and methine groups on 1 that constituted the remainder of a pimarane diterpene
core skeleton.

Table 1. 'H and 1*C NMR data (CDCL) of 1.

Position  *C, Type“ 'H, Mult. (J, Hz) *°
lax 49.8, CH; 2.25,d(12.3)
leg 2.58,d(12.3)

2 211.8,C
3 83.0, CH 3.91,d(4.0)
3-OH 3.44,d(4.0)
4 453,C
5 50.3, CH 1.78, m
6 18.8, CH, 1.58, m
1.80, m
7 32.3, CH; 2.03, m
8 1264, C
9 134.3,C
10 438, C
11 21.4, CH; 1.76, m
e 1.88, m
124 34.8, CH> 133, m
124 1.53,m
13 35.3,C
14 41.6, CH; 1.76, m
1.88, m
15 145.9, CH 5.72,dd (17.5, 10.7)
16 111.2, CH; 4.85,dd (17.5, 1.4)
4.92,dd (10.7, 1.4)
17 28.3, CH; 0.98,s
18 20.6, CH3 0.93,s
19 29.3, CH; 1.21,s
20 16.5, CH; 0.72, s

?226.2 MHz; ® 600 MHz; ¢ s = singlet; d = doublet; dd = doublet of doublets; m = multiplet.

Analysis of >C- DEPTQ and HSQC NMR data for 1 indicated the presence of one carbonyl carbon
(8c 211.8, C-2), two fully-substituted endocyclic alkene carbons (8¢ 126.4, C-8; 134.3, C-9), one vinyl
methylene carbon (3¢ 111.2, C-16), one vinyl methine carbon (8¢ 145.9, C-15), one oxymethine carbon
(3¢ 83.0, C-3), and fourteen additional sp® carbons. Given that the molecular formula of 1 afforded six
degrees of unsaturation and the molecule contained one carbonyl, one vinyl, and one endocyclic alkene
group, the remaining three degrees were satisfied by the tricyclic pimarane ring system. Key HMBC,
COSY, and 1D-TOCSY correlations are given in Figure 2.



Mar. Drugs 2015, 13

L0

OH O OH

isopimara-2-one-3-ol- lagumycin B (2) dehydrorabelomycin (3)
8,15-diene (1)

phenanthroviridone (4) WS-5995 A (5)

Figure 1. Structures of compounds 1-5.

/N HMBC
— (COSY and 1D-TOCSY

CH, H
OCH; [ ° CHa
HO
CH
Ot H /
1
U
NOE

Figure 2. Key 2D NMR correlations of 1 and 2.

5818



Mar. Drugs 2015, 13 5819

The connectivity of the two distinct spin systems of C-11-C-12 and C-5-C-6—-C-7 was determined
by interpretation of the COSY NMR spectrum. Confirmation of these assignments was supported by a
series of 1D-TOCSY experiments that exploited the solvent effect of CéDs on lower frequency chemical
shifts, which served to deconvolute the signal overlap observed when '"H NMR experiments were run in
CDCl;s (Table S2 and Figures S5-S8) [14]. At this point in the elucidation process, we used HMBC
correlations of methyl groups in 1 to piece together the tricyclic diterpene core. Geminal methyl groups
were confirmed at C-4 based on HMBC correlations from H3-19 and H3-20 to C-3, C-4, and C-5. Signal
H3-18 exhibited correlations to C-1, C-9, and C-10, suggesting a bond to the quaternary C-10. The
connectivity of ring A was further established by observation of HMBC correlations from Hz-1 to C-3,
C-5, C-9, C-10, and C-18, suggesting that this methylene was between the C-2 carbonyl and C-10.
Additionally, the oxymethine signal (H-3) showed HMBC couplings to C-2, C-4, C-19, and C-20, while
the hydroxy signal (3-OH) displayed correlations to C-2 and C-3. This supported that H-3 and 3-OH
were connected to the same carbon, which was positioned between the carbonyl at C-2 and the
quaternary C-4. Couplings were also observed from H-5 to C-4 and C-10, solidifying the fusion of rings
A and B. The connectivity of the C-5-C-6—C-7 spin system from ring A to the remainder of the core
was established by observation of HMBC correlations from Ha-7 to C-8 and C-9. Correlations from
H>-14 to C-7, C-8, C-9, C-12, C-15, and C-17 placed it between the alkene C-8 and quaternary C-13.
Resonance H3-17 showed HMBC correlations to C-12, C-13, C-14, and C-15, placing it at position 13.
HMBC correlations between the vinyl methine hydrogen (H-15) and C-13, C-14, and C-17 supported this,
while correlations from H2-16 to C-15 and C-13 provided further evidence for connectivity of the vinyl
group to C-13. The remaining connectivity of ring C was satisfied by HMBC correlations from Hz-11 to
C-8, C-9, and C-13.

A 2D-NOESY NMR experiment was employed in order to determine the relative stereochemistry of 1,
revealing correlations between H3-20 and H3-18, Hs-18 and H-11ax, H-11ax and H-12¢q, and H-12¢q and
Hs-17; this suggested that these hydrogens projected out from the same face of the molecule. This
orientation was supported by the observation of NOESY correlations between hydrogens H-3 and Hs-19,
and H3-19 and H-5, projecting from the opposite face of the molecule (Figure 2).

To identify the absolute configuration of centers in 1, a CD spectrum was acquired and analyzed
(Figure S11). Compound 1 exhibited a positive Cotton effect at the » — n* carbony] transition of
290 nm, indicating that the B-axial methy] group (C-18) was in the rear upper left octant when the octant
rule was applied [15]. Thus, the absolute configuration of stereocenters in 1 was elucidated as 3R, 5R,
10S, and 138, establishing the structure of 1 as shown.

Following a series of chromatographic steps, 2 was obtained as a pale orange solid. Combined HRMS
and NMR experiments allowed for the assignment of the molecular formula as CisHi20s, indicative of
thirteen degrees of unsaturation. The UV absorption profile (maxima of 204, 280, 310, and 410 nm) of 2
displayed characteristics of an extended aromatic ring system similar to the previously reported
angucycline isolates 3, 4, and 5. 'H and C NMR data are shown in Table 2. A singlet resonance at
31 5.19 (2H, H-5) observed in the 'H NMR spectrum indicated the presence of oxygenated methylene
protons. Two highly deshielded resonances at du 10.45 (1H, 1-OH) and 8u 11.70 (1H, 8-OH) gave
evidence of two hydroxy peri-protons. The observation of three aromatic signals at 8y 7.30 (1H, H-9),
du 7.81 (1H, H-11), and 3u 7.66 (1H, H-10) indicated the presence of a tri-substituted aromatic ring.
Additionally, two singlet resonances were observed in the aromatic region at 8u 6.54 (1H, H-4) and
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dH 6.85 (1H, H-2), indicating the presence of isolated hydrogens on a separate, tetrasubstituted aromatic
system. Finally, a singlet resonance at 81 2.33 (3H, H3-13) evidenced one aromate-bound methyl group.

Analysis of PC-DEPTQ NMR data suggested the presence of two quinone carbonyls (5c 186.6, C-12;
183.4, C-7), two hydroxy-substituted aromatic carbons (161.7, C-8; 154.5, C-1), one oxygenated
methylene carbon (8c 70.7, C-5), one methyl carbon (8¢ 21.3, H3-13), and an additional twelve aromatic
carbons. Given that the molecular formula afforded thirteen degrees of unsaturation and the molecule
contained two carbonyls and seven double bonds, the remaining degrees were satisfied by the fused
angucycline ring system.

Interpretation of COSY NMR data defined one distinct aromatic spin system that connected
C-9-C-10-C-11, supporting the aforementioned evidence for a 1,2,3-trisubstitued benzene moiety.
A phenolic hydroxy peri-proton at u 11.70 showed HMBC correlations to C-7a, C-8, and C-9,
establishing hydroxy connectivity to C-8. An aromatic hydrogen at H-10 exhibited an HMBC correlation
to C-11a, completing assignments for the 1,2,3-trisubstitued benzene. An HMBC correlation observed
between aromatic hydrogen H-11 and the carbonyl C-12 was critical to establishment of the phenol
position relative to the central quinone ring. The positions of the C-7 and C-12 relative to the oxygenated
carbon at C-6a were based on comparison to previously reported *C chemical shift values of similarly
substituted paraquinones [16,17]. The 1-OH peri-proton showed HMBC correlations to C-1, C-12b, and
C-2, providing evidence for connectivity of the hydroxy group to C-1. The singlet aromatic methyl signal
at H3-13 exhibited correlations to C-3, C-2, and C-4 in the HMBC spectrum, placing it meta to the
hydroxy group at C-1. HMBC correlations from the oxygenated methylene at H2-5 to C-4a, C-4, C-12b,
and C-6a established connectivity of the naphthoquinone fragment to the phenol moiety. Key COSY and
HMBC correlations are given in Figure 2. Thus, the structure of 2 is as shown with the name lagumycin
B, following the structure and nomenclature established in the 1995 dissertation by Balk-Bindseil
and Laatsch [7].

The characterization of known compounds 3—5 was based on comparison of 'H NMR and HRMS
data with those appearing in literature (Figures S18-S23) [8-13].

Table 2. 'H and '3C NMR data (CDCls) of 2.
Position BC, Type? 'H, Mult. (J, Hz) >°

1 154.5, C
1-OH 10.45, s
2 121.1, CH 6.85, s
3 143.7, C
4 1182, CH 6.54, s
4a 130.3, C
5 70.7, CH, 5.19, s
6a 157.0, C
7 183.4,C
Ta 113.5,C
8 161.7, C
8-OH 11.70, s

9 125.2, CH 7.30,d (8.1)
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Table 2. Cont.

10 137.2, CH 7.66,t(8.1)
11 121.3, CH 7.81,d (8.1)
11a 1322, C

12 186.6, C

12a 124.4, C

12b 109.9, C

13 21.3, CHs 2.33, s

“226.2 MHz; ® 600 MHz; ¢ s = singlet; d = doublet; t = triplet.
2.2. Cytotoxicity Evaluation of 1-5

Following their identification, compounds 1-5 were assessed for cytotoxicity in two high-grade
ovarian cancer cell lines, OVCAR4 and Kuramochi [18]. Potential for selective cytotoxicity was
evaluated using two non-cancerous mouse cell lines representing the putative progenitor cells of ovarian
cancer, murine ovarian surface epithelial (MOSE) and murine oviductal epithelial (MOE). Screening of
1-5 against this panel revealed 3 and 4 to be non-specifically cytotoxic, which was in accord with their
previously reported bioactivities [8,10,11,19-21]. Compound 2 exhibited up to 14-fold enhanced
cytotoxicity against non-cancerous murine cell lines MOSE and MOE, with LCso values of 9.80 uM and
10.8 uM, respectively. Generally speaking, this para-quinone scaffold is not an attractive lead, as higher
toxicity in non-tumorigenic cell lines confers serious overall toxicity. In contrast, compound 5 showed
approximately seven-fold greater activity toward Kuramochi ovarian cancer cells with an LCso of 18.6
uM (Table 3). Previous studies reported that 5 inhibits tumor cell proliferation and viability in L1210
lymphocytic leukemia cells in vitro with an ICso range of 0.24-0.65 uM [22]. Compound 1 was not
significantly active in all bioassays in the current study.

Table 3. In vitro cytotoxicity of 1-5.

Compound Cytotoxieity LCso (uM) ¢
Kuramochi OVCAR4 MOSE MOE
1 >33.1 >33.1 >33.1 >33.1
2 >32.5 >32.5 9.80 10.8
3 6.72 11.0 3.50 28.5
4 1.11 4.82 2.85 6.20
5 18.6 127 >149 >149

“ Doxorubicin was used as the positive control and was lethal at the lowest concentration tested (0.078 puM).

Compounds 2-5 are classified as angucyclines, which are among the largest class of type II PKS
natural products and are known to exhibit a wide variety of biological activities [23]. Compound 2 was
initially isolated from marine Streptomyces sp. B8245 and reported in a dissertation, but it has yet to
receive formal characterization [7]. Both 3 and 4 have previously been identified as intermediates in
kinamycin biosynthesis [24,25]; this product was not detected in our fermentation extracts. Similarly,
compound 3 was proven to be a biosynthetic intermediate of jadomycin and gilvocarcin in a
Streptomyces lividans strain [26], though these were also not observed in secondary metabolite fractions
produced by our Micromonospora strain. In previous reports, 3 exhibited no detectable activity when
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screened against a panel of Gram-negative and Gram-positive bacteria [27], but inhibited a wide range of
cancer cell lines at micromolar potency. Compound 4 was reported to have a variety of antibiotic and
cytotoxic properties and our data support these non-specific biological activities [10,11,21]. Finally,
compound S was first isolated from a Streptomyces auranticolor strain and was reported to exhibit
anticoccidial activity against the apicomplexan poultry parasite Eimeria tenella, while exhibiting no
significant biological activity when screened against a panel that included two fungal species, a human
parasite, and several Gram-negative and Gram-positive bacteria [12,13]. This compound was also
studied more recently for its aforementioned antileukemic activity, where it inhibited proliferation
leading to apoptosis through DNA cleavage, blockage of nucleoside transport and inhibition of DNA,
RNA, and protein synthesis [22]. To our knowledge, this study is the first to report cytotoxicity of
compound § in carcinomas. In most cases, 4 is significantly more cytotoxic than 3 and 5. Presumably,
this is due to the pyridine function in 4. Additionally, a contributing factor to reduced cytotoxicity may
be the loss of aromaticity in the adjacent anthraquinone ring (5), though further biological testing and
structure activity analyses are required to support this.

3. Experimental Section
3.1. General Experimental Procedures

Optical rotation measurement was performed in MeOH using a 10.0 cm cell on a PerkinElmer 241
polarimeter at 25 °C. The UV spectra were measured on a Shimadzu Pharma Spec UV-1700
spectrophotometer. NMR spectra were obtained on a Bruker 600 MHz DRX NMR spectrometer
equipped with an inverse 5 mm TXI cryogenic probe with z-axis pfg and XWINNMR version 3.5
operating software, and a 900 (226.2) MHz Bruker AVANCE NMR spectrometer equipped with an
inverse 5 mm TCI cryogenic probe with z-axis pfg and TopSpin version 1.3 operating software at the
University of Illinois at Chicago Center for Structural Biology. Chemical shifts (8) are given in ppm and
coupling constants (J) are reported in Hz. 'H and '*C NMR resonances of 1 and 2 are reported in
Tables 1 and 2, respectively. 'H and '*C NMR chemical shifts were referenced to the CDCl3 (8u 7.26 ppm
and dc 77.0 ppm, respectively) and CsDs solvent signals (8u 7.16 ppm and Sc 128.1 ppm, respectively).
High resolution mass spectra were obtained on a Waters Synapt QToF mass spectrometer at the
University of Illinois at Chicago Research Resources Center (UIC RRC). High-performance liquid
chromatography (HPLC-UV) data were obtained using a Hewlett-Packard series 1100 system controller
and pumps with a Model G1315A diode array detector (DAD) equipped with a reversed-phase Cig column
(Phenomenex Luna, 100 mm x 4.6 mm, 5 um; Torrance, CA, USA) at a flow rate of 0.5 mL -min.
Semi-preparative HPLC scale separations were performed using a Hewlett Packard Series 1050 system
with a Phenomenex Luna semi-preparative Cig column (250 mm x 10 mm, 5 um) at a flow rate of
2.4 mL-min"'. Preparative HPLC scale separations were performed using a Waters LC4000 System
equipped with a Phenomenex Luna preparative Cis column (250 mm x 21.2 mm, 5 pm) at a flow rate of
16 mL-min~'. Silica gel column chromatography was conducted using Bonna-Angela Technologies
Cleanert® silica gel (Wilmington, DE, USA) with an average particle size of 40-60 um and an average
pore size of 60 A.
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3.2. Collection and Identification of Actinomycete Strain G039

Strain G039 was isolated from a sediment sample collected by PONAR at a depth of 22 m, from ca.
3.3 miles off the coast southeast of C4t Ba Peninsula in Vietnam (20°41'30” N, 107°05'58"" E) in July
of 2011. Strain G039 (GenBank accession number KR703606) shared 99% 16S rRNA gene sequence
identity with the type strain Micromonospora haikouensis (GenBank accession number NR117442) [28].

3.3. Fermentation and Extraction

Strain G039 was grown in 38 x 1 L portions in Fernbach flasks containing high nutrient media
components in artificial seawater (10 g starch, 4 g yeast extract, 2 g peptone, 1 g calcium carbonate,
100 mg potassium bromide, 40 mg iron sulfate, and 33.3 g Instant Ocean® (Blacksburg, VA, USA)
per liter of dH20) for 7 days at 21 °C while shaking at 220 rpm. Sterilized Amberlite XAD-16 resin
(15 g'L™") was added to each flask to absorb the extracellular secondary metabolites. The culture medium
and resin were shaken for 10 h and filtered using cheesecloth to remove the resin. The resin, cell mass,
and cheesecloth were extracted with acetone overnight, concentrated under vacuum, and partitioned
between water and ethyl acetate. The organic layer was dried under vacuum to afford 3.52 g of extract.

3.4. Isolation and Characterization of Isopimara-2-one-3-0l-8,15-diene (1) and Lagumycin B (2)

The organic layer from the liquid-liquid partition was fractionated using silica gel flash column
chromatography (23 cm x 3.5 cm, 85 g silica) eluting with a step gradient solvent system of 200 mL
100% hexanes (HEX), 200 mL 90% HEX:10% dichloromethane (DCM), 200 mL 70% HEX:30% DCM,
200 mL 100% DCM, 200 mL 70% DCM:30% ethyl acetate (EtOAc), 200 mL 70% EtOAc:30% DCM,
200 mL 100% ethyl acetate, 200 mL 95% EtOAc:5% 2-propanol, 200 mL 90% EtOAc:10% methanol
(MeOH), 200 mL 50% EtOAc:50% MeOH, 400 mL 95% MeOH:5% ammonium hydroxide (NHsOH)
to afford eleven fractions. Upon re-screening, it was determined that fraction 3 contained the bioactive
constituents, thus, it was further separated using RP-Cis preparative HPLC (16 mL-min~!, gradient of
50% aqueous MeOH to 100% MeOH over 25 min, followed by an isocratic flow of 100% MeOH for
15 min), to afford 13 fractions. Fractions 6 and 11 exhibited biological activity so they were further separated.

Fraction 6 was further purified using RP-C1s semi-preparative HPLC (2.4 mL-min™!, gradient of 70%
aqueous MeOH to 80% MeOH for 37.5 min, followed by an isocratic flow of 100% ACN for 10 min)
to afford phenanthroviridone (4, fr 37.5 min, 0.66 mg, 0.019% yield), lagumycin B (2, ¢z 40.2 min, 0.9
mg, 0.026% yield) and WS-5995 A (5, rr 42.0 min, 1.2 mg, 0.034% yield).

Fraction 11 was further separated using RP-Cis semi-preparative HPLC (2.4 mL-min, gradient of
80% aqueous MeOH to 90% MeOH for 37.5 min, followed by an isocratic flow of 100% ACN for 10 min)
to afford 8 fractions. Fraction 2 was further purified using two iterations of RP-Cis semi-preparative
HPLC (2.4 mL-min~!, gradient of 80% aqueous MeOH to 90% MeOH for 37.5 min, followed by an
isocratic flow of 100% ACN for 10 min) to afford dehydrorabelomycin (3, fr 26.7 min, 0.4 mg,
0.011% yield). Purification of compound 3 also afforded isopimara-2-one-3-0l-8,15-diene (1, fr 27.5 min,
0.9 mg, 0.026% yield), eluting as a neighboring peak observable at 220 nm.

Isopimara-2-one-3-o0l-8,15-diene (1): Colorless solid (0.9 mg). [a]5 = +20.7 (¢ = 0.00053, MeOH).
UV (MeOH) Amax (log €) = 204 (3.67) and shoulders at 228 (3.39) and 242 (3.30) nm. CD (¢ = 0.0031,
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MeOH): Amax (Ag) = 225 (+65.2), 250 (—4.4), 290 (+54.4) nm (Figure S11). 'H NMR (900 MHz, CDCl3)
and >C NMR (226.2 MHz, CDCl3), see Table 1. HRESI-QToF MS m/z 303.2338 [M + HJ (caled. for
C20H3102: 303.2319), and m/z 325.2141 [M + Na]" (caled. for C20H3002Na: 325.2138).

Lagumycin B (2): Pale orange solid (0.9 mg). UV (MeOH) Amax (log €) = broad absorptions with
maxima at 204 (3.57), 280 (2.86), 310 (2.73) and 410 (2.27) nm. '"H NMR (600 MHz, CDCI3) and
3C NMR (226.2 MHz, CDCls), see Table 2. HRESI-QToF MS m/z 309.0773 M + H]" (caled. for
Ci18H130s: 309.0757).

3.5. OVCAR4, Kuramochi, MOSE, MOE, and Vero Cytotoxicity Assays

Human ovarian OVCAR4 and Kuramochi cancer cells were maintained in RPMI 1640 (11875-093,
Life-technologies; Carlsbad, CA, USA) supplemented with 10% FBS (16000-044, Life-technologies;
Carlsbad, CA, USA) and 1% penicillin/streptomycin. Non-cancerous murine ovarian surface epithelium
(MOSE) and murine oviductal epithelium (MOE) cells were maintained as previously reported [29].
Concentration-response experiments were performed as previously described for 72 h [6].

4. Conclusions

Of the five compounds isolated in this study, two were previously unreported. Compound 1 represents
a relatively rare example of the isolation of a diterpene from an actinomycete strain. Since a previous
report that mined the genomes of a small population of actinomycete strains suggested that this phylum
has a far greater capacity to produce diterpenes (25 of 100 strains) than is represented in the peer
reviewed literature, it is possible that this discrepancy is a product of these pathways remaining silent
under laboratory growth conditions, or of the methods used to isolate natural products from bacteria,
namely bioassay-guided fractionation [3]. One possible explanation of the latter phenomenon is that
specific classes of diterpenes are conserved within Actinobacteria, and that these classes are not
biologically active in the typical barrage of assays used to discover small molecule leads, though in the
absence of extensive genome mining and subsequent structure identification-bioactivity experiments,
this will remain speculation.

The novel diterpene isopimara-2-one-3-o0l-8,15-diene (1) was isolated along with the angucycline
lagumycin B (2), and three other angucyclines from a Micromonospora sp. collected in the East Sea of
Vietnam. The angucyclines exhibited varying degrees of cytotoxicity against a panel of cancerous and
non-cancerous cell lines, with the notable exception of WS-5995 A (5), which showed enhanced
cytotoxicity against the Kuramochi cell line when compared to non-tumorigenic cell lines. Though not
significantly active in our bioassays, the discovery of isopimara-2-one-3-0l-8,15-diene contributes to the
growing but still relatively small number of diterpenes identified from actinomycetes. This study
highlights our collaborative efforts to discover novel biologically active molecules from the large,
underexplored, and biodiversity-rich waters of Vietnam’s East Sea.
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