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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).1 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
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3) Overall Project Summary:

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

tuberculosis H37Rv. 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 

against M. tuberculosis H37Rv and a panel of diverse bacterial pathogens. This work was 

Figure 1. Total synthesis of DAQA. 

Figure 2. Summary of bioactive structures from TB-active strains. 
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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  
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X Task 2. Determine potential of DAQA and other leads for in vivo effic acy. 
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 µL/kg vehicle by oral gavage, half of the 

Figure 3. Bioactive structures from G039. 
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mice were dosed at 50 mg/kg in 5 µL/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 diazaquinomycin 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)).  
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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).3, 4 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 

Figure 4. Summary of experiments performed to determine DAQA mechanisms of action. 
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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 (µM)  DAQ-A MIC (µM) Fold change from WTa 
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 
afold 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.5 YrbE4B is predicted to be required for growth on cholesterol.6 Rv0953c 

is predicted to be an F420-dependent oxidoreductase and is also in the kstR regulon.5 While 

Rv0953c is not yet characterized, F420-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.7 
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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 

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 

Figure 5. Transcription profile of M. tuberculosis following treatment with DAQA. 
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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.8 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).9, 10 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 μg/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 c 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 
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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., μg/L) 

Compound Mtb strain 7H12 (40) GAS (0) GAS (50) GAS 
(200) 

GAS 
(800) 

DAQA 

H37Rv 0.30 < 0.10 < 0.10 < 0.10 < 0.10 
rCLF1 3.00 0.50 0.33 0.38 0.37 
rCLF4 2.26 0.48 0.45 0.42 0.36 

rTMC207(BK12) 0.16 0.16 0.17 0.18 0.16 

RMP 

H37Rv 0.03 0.04 0.05 0.06 0.03 
rCLF1 0.08 0.10 0.05 0.03 0.01 
rCLF4 0.03 0.03 0.03 0.01 0.01 

rTMC207(BK12) 0.01 0.03 0.01 0.01 0.02 

INH 

H37Rv 0.19 0.15 0.15 0.15 0.14 
rCLF1 0.15 0.15 0.12 0.18 0.14 
rCLF4 0.29 0.12 0.52 0.29 0.20 

rTMC207(BK12) 0.15 0.08 0.13 0.14 0.13 

PA-824 

H37Rv 0.10 0.22 0.54 0.72 0.39 
rCLF1 > 26 > 26 > 26 > 26 > 26 
rCLF4 > 26 > 26 > 26 > 26 > 26 

rTMC207(BK12) 0.10 0.14 0.38 0.42 0.29 

TMC207 

H37Rv 0.73 0.86 0.83 0.85 0.65 
rCLF1 1.86 1.24 1.25 1.67 1.58 
rCLF4 1.59 1.81 1.58 1.70 1.64 

rTMC207(BK12) 5.97 3.29 3.28 3.21 3.09 

CLF 

H37Rv 0.26 0.28 0.08 0.14 0.11 
rCLF1 2.00 1.95 1.19 1.97 1.81 
rCLF4 1.37 2.10 1.74 1.86 1.54 

rTMC207(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 H37Rv mutants resistant to 

DAQA for genome sequencing. Thus far, each attempt results in an abundance of phenotypically 
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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 F420 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. 11, 12 

DAQA activity against M. tuberculosis strains with efflux regulator, pyrimidine biosynthesis, 
and F420 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 

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

Enzyme function rCLF1 rCLF4 

Rv0382c  Rv0382c orotate phosphoribosyltransferase (PyrE); pyrimidine biosynthesis 

Rv0678  Rv0678 MmpL5 efflux pump transcriptional repressor 

Rv3261* probable F420 biosynthesis protein (FbiA) 

Rv1173* probable FO synthase (FbiC) 

Rv2932 phenolpthiocerol synthesis type-I polyketide synthase (PpsB) 

Rv0552 hypothetical amidohydrolase 

Rv0050 involved in peptidoglycan biosynthesis (PonA1) 

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. 
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two others were mutations in separate genes (Rv1173; fbiC and Rv3261; fbiA) within the F420 

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 F420 is a flavin derivative cofactor involved in numerous bacterial 

redox reactions.112,12, 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.5, 14 

Table 4. Susceptibility of M. tuberculosis mutant strains to DAQA.  

MIC (μg/mL) 
Strain 3 PA824 CLF RIF 

‘Wild type’ 
H37Rva 0.19 0.10 0.11 0.04 

   efflux (Rv0678); pyrimidine biosynthesis (pyrE); F420 biosynthesisa 
rCLF1 2.23 > 26 2.04 0.05 
rCLF4 1.25 > 26 1.17 0.04 

  MmpL5 efflux pump repressor (Rv0678)a 
H37RvCFZ-R1 0.18 0.11 0.20 0.02 
H37RvCFZ-R2 0.09 0.13 0.24 0.04 

 pyrimidine biosynthesisb 
H37Rv (Mizrahi) 0.8 

MTBSRM1c 0.8 
MTBSRM2d 0.8 

upp::Tne 0.8 
F420 biosynthesisf 

7A2 (fbiAB-) 0.3 >50 
5A1 (fbiC-) 0.2 >50 

control strainsf 
14A1 (Rv3547-)g 0.3 >50 

T3 (fgd-)g 0.3 >50 
rRIF-BJh 0.2 0.4 

ascreened at the ITR; bscreened in the Mizrahi lab; c5-flourouracil-resistant mutant; ∆a74 
in upp causing a frameshift mutation; d5-flourouracil-resistant mutant, nsSNP in pyrR, Asp91Asn; 
etransposon insertion in upp 5-flourouracil-resistant mutant; fscreened in the Barry lab; gPA824-
resistant controls; hrifampin-resistant Beijing strain. 
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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, H37RvCFZ-R1 and H37RvCFZ-R2,12 were susceptible to DAQA. This all but completely 

nullifies the possibility that DAQA is a substrate of the MmpL5 efflux system since rCFL4 and 

H37RvCFZ-R1 share gene sequence mutations while mutations in rCLF1 and H37RvCFZ-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.15 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 µM concentrations of uracil, a downstream product of the PyrE enzyme, were 

unable to rescue H37Rv 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.15 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 µM. 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 µg/ml) possibly due to the strain difference and/or precipitation of the 
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compound, which was observed in test wells containing the highest concentrations of 6.4 and 3.2 

µg/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 F420 biosynthesis 

were indicative of inhibition of that pathway by DAQA. Possible additional support for F420 

involvement was found when the gene for the putative F420-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 F420. 

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

• Publication of G039 molecules and their biological activity in Marine Drugs2

(Mullowney et al. Mar Drugs. 13: 5815-5827, 2015)
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• Publication of DAQ molecules and their biological activity in ACS Infectious Diseases.16 
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 

• Publication of discovery of novel diazaquinomycin analogs (strain F001) and explanation 
of weak cytotoxic activity (necessary for TB mechanism of action studies).17 (Mullowney 
et al. Marine Drugs 2014, 12, 3574) 

• Optimized an efficient route for total synthesis of diazaquinomycin A 
• Attempts at determining the efficacy of DAQA in mice were unsuccessful due to deaths 

related to the highly viscous vehicle  
• 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 

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

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

• 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 diazaquinomycin 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 

β-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.6 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 

.5, 14, 18 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 H37Rv 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.19 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, 20-23 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 F420 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 mc27000.24 Mutations identified to 

confer resistance will be prioritized as genes for potential molecular targets worthy of further 

investigation. The mc27000 strain has mutations allowing for its safe use in BSL-2 containment 

and is a sufficient replacement for H37Rv with its similar susceptibility to DAQA at an MIC of 

0.14 μM in the MABA.24 

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.25 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.26  

Biocatalytic derivatization of the DAQ core to hydroxylate the β-position might be 

facilitated if one of the more soluble synthetic DAQ analogs was used as the substrate. Since these 

previously described α, 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 eloquently 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.27

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.28 Following optimization of an 

administration method, DAQA should be tested against an acute infection model in addition to 

20 



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) 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. 

 

b) Peer-reviewed scientific journals: 

Mullowney, M. W., Ó 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.; Ó 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. 
 

c) 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., Ó 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., Ó 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, MI; “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 MoA 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

24 



i. 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.

ii. 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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