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SUMMARY

This study establishes a new anti-M. tuberculosis (M. tb) drug lead screening scheme
that integrates in vitro and in vivo methods for early detection of bioactive constituents during
the purification of nature-derived extracts.

Two in vivo M. tb quantification methods were established: 1) the determination of a
Mycobacterium genus-specific cell wall fatty acid, tuberculostearic acid, with GC-MS/MS and 2)
determination of M. tb marker RNAs with real-time PCR. Both are efficient, accurate and
relatively inexpensive, and adaptable to in vitro and in vivo M. tb growth and inhibition
monitoring in anti-M. tb drug discovery programs. The conventional in vitro high-throughput
phenotypic screening, the newly designed M. tb bioautography on thin layer chromatography
plates, as well as the determination of quantitative purity-activity relationship study all aid in
exploring and screening for bioactive principles in a crude state.

Two classes of cyclic peptides, hytramycins and a xylamycin, were isolated from the
extracts of two different actinomycete strains through bioassay-guided fractionation. The
structures were elucidated mainly with LC-MS and 1D/2D-NMR. Both peptides contain unusual
amino acid residues in the structural cores, and also exhibit strong anti-M. tb activity in vitro

with unique antimicrobial mechanisms of action.
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1. Introduction

1.1 Tuberculosis

1.1.1 Facts about pandemic tuberculosis

Tuberculosis (TB) is a frequently lethal infectious disease caused by Mycobacterium
tuberculosis (M. tb), most common in low- and middle-income countries. It is estimated that
approximately one-third of the world’s population is infected with M. tb, and 10% of these will
develop active tuberculosis during their lifetime [1, 2]. The World Health Organization (WHO)
estimated that in the year 2012 TB claimed about 1.3 million lives worldwide and 8.6 million
new TB cases were detected [3] (Figure 1), giving it the distinction of having the highest human
mortality of all microbial infections.

People with weakened immune systems have a much greater risk of developing active
TB. A person infected with HIV is about 25 times more likely to develop active TB than one not
suffering from HIV infection. There were an estimated 1.1 million HIV positive new TB cases
globally including 0.32 million deaths in 2012. TB is the leading cause of death among people
infected by HIV, accounting for one in four HIV-related deaths [3].

Another important factor in the control of tuberculosis is the prevalence of drug-
resistance. There were an estimated 0.45 million multi-drug resistant (MDR) TB cases among
notified TB patients with pulmonary TB worldwide in 2012. About 60% of these cases occur in
Brazil, the Russian Federation, India, China, and South Africa alone (“BRICS” countries).
According to the WHO, reliable data suggest approximately 9% of MDR-TB cases also have

resistance to fluoroquinolones and at least one of the anti-M. tb injectables (aminoglycosides or

1



cyclic peptides), termed extensively drug-resistant (XDR) TB. As of October 2012, 84 countries
had reported at least one XDR-TB case [3]. XDR-TB has been transmitted to HIV co-infected
patients and is associated with high mortality [4, 5]. For the near future, TB will continue to be a

major public health threat.

Estimated tuberculosis (TB) incidence rates, 2011
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Figure 1. Estimated TB incidence rate by countries in 2011 (Global tuberculosis report 2012,
WHO 2012)

1.1.2 TB etiology
Mycobacterium tuberculosis is an aerobic but hypoxia-tolerant, acid-fast bacillus, 2-4 pm
in length and 0.2-0.5 pum in width, first discovered in 1882 by Robert Koch. M. tb divides every

15-20 hrs, sharing the same slow-growing characteristic as some other bacterial species in the



Mycobacterium genus. This makes effective detection and diagnosis of tuberculosis difficult,
especially in children, the immune-deficient, and in latent TB infection (LTBI).

M. tb does not retain crystal violet nor safranin due to the high lipid content in its cell
wall, thus it is classified neither as a Gram-positive nor a Gram-negative bacterium with regard
to staining properties. In spite of this, M. tb is usually categorized as a Gram-positive bacterium
on the basis of closer genetic relatedness. Mycobacteria, along with some Nocardia sp., are
unique in retaining carbol fuchsin following decolorization with acid-alcohol in the Ziehl-
Neelsen staining procedure and so are termed “acid-fast”, a property also conferred by the
unique cell wall. The mycobacterial cell wall is a complex combination of lipids and
carbohydrates and accounts for 60% of the dry weight of cell mass [6, 7]. Inner layers of the cell
wall consist of arabinogalactan and peptidoglycan [8, 9], requiring the organism to synthesize a
large quantity of carbohydrates from lipids via gluconeogenesis. The thick waxy outer layer of
the cell wall mainly consists of mycolic acids, a group of a-branched B-hydroxylated long chain
fatty acids, which build a defensive barrier with extremely low fluidity, conferring low cellular
permeability and consequently an intrinsic resistance to antibiotics [10-13]. Outside the cell
wall, another capsule layer built from polysaccharides and proteins with traces of lipids render
the mycobacterial surface rather hydrophobic, leading to bacterial aggregation or clumping
during culturing in liquid media [8, 14].

The transmission of tuberculosis most commonly occurs when M. tb, in an aerosol
droplet, enters the alveolar passages of exposed hosts. Macrophages, pneumocytes as well as
dendritic cells are considered to be involved in the host defense during the early stage of

infection [15]. The kernel of infected macrophages constructs the granuloma, i.e., tubercles, a



characteristic which literally defines the disease. No obvious symptoms of disease appear in this
phase of an infection, and the host does not transmit the bacteria to others, unless the
containment of granuloma tissue fails after a change in immune status of the host. This is
commonly caused with increasing age, malnutrition, or HIV co-infection. These factors release
the viable infectious bacilli into the airways and permit them to spread further through
coughing [16].

Other than active tuberculosis, an infected person can carry the asymptomatic or latent
tuberculosis. This situation is mimicked by in vitro latency when the available oxygen level
drops below about 0.06% saturation, culture turbidity, colony forming units (CFU), and
synthesis of DNA starts to slow down or cease [17-19], the concentration of glycine
dehydrogenase and isocitrate lyase rise abruptly, and the production of a unique antigen, URB-
1, is detected. The non-replicating stage of M. tb enables the bacterium to lie dormant in the
host for a long period of time, with the capability to revitalize at a later time. All of these facts

contribute to the difficulties of tuberculosis detection, treatment, and control.

1.1.3 TB diagnosis and quantification

It has been estimated that an early test with 85% sensitivity and 97% specificity in the
diagnosis of TB infection, including active, latent, and drug-resistant strains, could prevent
392,000 deaths annually, accounting for 22% of global TB deaths [20]. However, existing
diagnostic tests are still incapable of detecting sputum-smear-negative cases, childhood
tuberculosis, and accurate prediction of reactivation of latent tuberculosis [21, 22]. To evaluate
the time required to diagnose TB by established methods, chest tomography, microscopy aided

by Ziehl-Neelsen staining, and serological identification of TB-specific antibodies can take less



than 2 hrs to accomplish. The disadvantages of these three methods include poor specificity,
low resolution between mycobacterial species, and low sensitivity, respectively [22]. Sputum
smear microscopy has a particularly low sensitivity for detecting TB among HIV co-infected
patients.

Representing recent progresses in rapid and sensitive culture examination of M. tb,
BACTEC mycobacterial growth indicator tubes (BACTEC 960/MGIT) require a mean detection
time of 13.3 days, the radiometric BACTEC 460 system needs 14.8 days, while growth on the
Lowenstein-Jensen medium requires 25.6 days. Whereas measurement of CFU on L-J medium
still serves as a gold standard, the BACTEC 460 system [23] gives the most accurate counts of
viable culture, followed by MGIT [24, 25]. Immunological diagnosis mainly encompasses the
tuberculin skin test (TST), the T-SPOT.TB assay, and the QuantiFERON-TB Gold (QFT-G) test
which measures interferon-y using an enzyme-linked immunosorbent assay (ELISA) [26, 27]. TST
has a major drawback of yielding false positives in individuals with a history of BCG vaccination;
T-SPOT.TB appears to be more sensitive than either QuantiFERON tests or TST [28, 29].

Nucleic acid amplification tests (NAAT) are highly sensitive molecular techniques for
laboratory diagnosis of pulmonary tuberculosis. This test can differentiate M. tb from non-
tuberculous mycobacteria (NTM). Insertion sequence 6110 (IS6110) has been commonly
selected as the amplification target. However, for smear-negative cases, this PCR method may
not be consistently accurate [30, 31]. One example of NAAT in clinical use is the commercially
available test kit, COBAS" TaqMan® MTB Test, which qualitatively detects M. tb in liquefied and

concentrated human respiratory specimens.



By far, the most commonly adopted laboratory M. tb quantification method for
assessing response to inhibitory agents is the agar dilution method, involving serially diluted
test samples of extracts, fractions, or compounds of known concentrations added to the molten
media in Petri dishes or microplates and allowed to solidify. Then the inoculum is spotted or
spread on an agar surface, the plates are incubated, and CFUs enumerated after 18-21 days
[32].

Oxidation-reduction indicator dyes, such as the Alamar blue reagent, make the
guantification of mycobacteria more rapid, sensitive, and accurate [23, 33]. The blue non-
fluorescent reagent turns pink and fluorescent upon reductive reactions with endogenous
dehydrogenases in live cells; therefore, bacterial growth can be visualized by the color change
and measured by fluorometry. Alternatively, reporter genes have been introduced on plasmids,
enabling the bacterial viability to be rapidly determined by measuring the fluorescence or
luminescence from the expressed proteins, such as green fluorescent [34, 35] and luciferase

proteins [36, 37], e.g. the luminescent M. tb H37Rv strain bearing a luxABCDE gene.

1.2 TB chemotherapy

1.2.1 Anti-TB drugs

The current first-line treatment for TB is a multiple drug regimen consisting of rifampin
(RMP), isoniazid (INH), pyrazinamide (PZA), and ethambutol (EMB) (Figure 2), taken for the first
two months, then isoniazid and rifampin alone for another four months, in order to achieve
high cure rates [38]. There is still a relapse rate of 2 to 3% in patients initially considered to be

cured. Second-line anti-M. tb drugs, used primarily in cases of drug-resistance, include



aminoglycosides [amikacin (AMK), streptomycin (SM), kanamycin (KM)], thioamides
[ethionamide (ETH), prothionamide (PTH)], polypeptides [capreomycin (CAP), viomycin,
enviomycin], fluoroquinolones [ciprofloxacin (CIP), levofloxacin (LEV), moxifloxacin (MOX)],
cycloserine (CS), and terizidone (TZ). For the treatment of latent TB infection, 6-9 months of
monotherapy with INH is considered the gold standard with 93% effectiveness.

In 1990, the WHO established the Directly Observed Treatment--Short-course (DOTS)
strategy [39, 40] to better control and treat TB by focusing on the following five elements: (1)
political commitment with increased and sustained financing; (2) diagnosis primarily by
sputum-smear microscopy among patients; (3) direct observation of standardized treatment; (4)
a definite supply of drugs and a management system; and (5) systematic monitoring of cases
and treatment outcomes. Properly implemented DOTS treatment has a success rate exceeding
95% and prevents the emergence of further MDR strains of tuberculosis. The WHO extended
the DOTS program in 1998 to “DOTS-Plus” to include the treatment of MDR-TB. Implementation
of DOTS-Plus requires the capacity to perform drug-susceptibility testing and the availability of
second-line anti-M. tb agents, in addition to all the requirements for DOTS.

Currently available TB treatment still has some major challenges: long duration and
complexity in dosing, strong adverse effects, increasing incidence of MDR and XDR TB, HIV co-
infection, and non-adherence in latent TB treatment [41]. Accordingly, there is an urgent need
to improve the current treatment regimen and develop new anti-M. tb agents. The most recent
clinical pipeline of new TB drugs consists of fluoroquinolones (gatifloxacin, moxifloxacin in
phase lll), nitro-imidazoles [PA 824, delamanid (OPC-67683) in phase Il], diarylquinoline

[bedaquiline (TMC207) in phase Il], sudoterb (LL-3858) in phase Il, oxazolidinones (PNU-100480



in phase 1), 1,2-ethylenediamine (SQ109 in phase 1), AZD 5847 in phase |, as well as increased
dosage of rifampin and its analog, rifapentine [41-43] (Figure 2). In spite of these emerging
therapies, new challenges still hamper the development of anti-M. tb drugs, potentially
exemplified by the insufficient profit opportunity of the TB drug market for pharmaceutical
industries, the unclear mechanisms of TB dormancy, persistence, and drug resistance, and time-

consuming clinical testing [41].
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1.2.2 Antimycobacterial natural products

Historically, a great number of antimicrobial agents have been discovered from natural
resources, including herbal and microorganism extracts. Over 350 plant species from a wide
range of families have been recognized as showing antimycobacterial activity [44]. Between
1990 and 2011, nearly 1000 compounds isolated from both terrestrial and marine sources have
been reported to exhibit antimycobacterial activity, some having minimum inhibitory
concentration (MIC) values of less than 4 pug/mL [45-48]. These compounds belong to a wide
range of chemical classes and provide scaffolds for the design and development of new
antimycobacterial drugs. However, notable concerns with these compounds still remain in
terms of their cytotoxicity toward mammalian cells and the essential lack of in vivo efficacy
studies.

Actinomycetes in particular have proven to be a rich resource for anti-mycobacterial
antibiotic drug discovery. Clinically used anti-M. tb drugs from actinomycete sources, mainly
exemplified by capreomycin (CAP), cycloserine (CS), kanamycin (KM), neomycin (NEQ), rifampin
(RMP), and streptomycin (SM), have played important roles in the treatment of tuberculosis.
Considering the structural diversity among these chemical classes, there might be a general
perception that metabolites from soil and aquatic microorganisms have been completely
exploited in recent decades. On the contrary, it can be estimated that only 1-3% of all
actinomycete antibiotics have been discovered, and that less than one part in 10" of the
earth’s soil surface has actually been screened for bioactive actinomycetes [49]. To find the
remaining bioactive compounds requires a combination of modern technologies for high-

throughput screening, selective procedures to dereplicate the commonly known antibiotics,
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methods to enrich rare strains, culturing and harvesting techniques for the uncultured
actinomycetes from nature, as well as biosynthetic engineering of the active agents in bacteria
[50]. However, the strategies and innovations currently being used to address the discovery of
new antibiotics have not translated into success in finding novel structural cores of antibacterial

compounds [51, 52].

1.3 Statement of problem and specific aims

Conventional bioassay-guided fractionation (BGF), i.e., purification of individual
constituents from a crude extract prioritized by in vitro bioactivities, follows empirical
streamlines in which in vivo assays are usually not carried out until pure compounds with a
balance of good activity and low toxicity have been isolated. However, efforts particularly on
later rounds of BGF based on in vitro assays often turn out to be futile in the end when these
elaborately purified fractions exhibit low efficacy due to loss of active constituents, impurities
that interfere with activities, i.e., synergy, or poor in vivo stability and efficacy. In the present
study, a different BGF scheme, Prioritization by Orthogonal Biological Evaluation (PrOBE), is
applied (Figure 3). This includes in vivo efficacy studies by means of the newly established M. tb
guantification methods for infected mouse tissue samples. Primary fractions are prioritized
early based on MICs aided by bioautography of thin layer chromatograms and the
determination of quantitative purity-activity relationships (qPAR).

The following five groups of contributions to this broader aim are made in the present
study: Two newly developed TB quantification techniques, using GC-MS/MS (A) and real-time
PCR (B) techniques, are verified as reliable surrogates for bacterial cell counts in the in vivo

efficacy studies of the test samples, i.e., extracts, fractions, or pure compounds. Phenotypic
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screening (C) involving in vitro specificity and selectivity assays with both replicating and
dormant M. tb strains based on the established MABA and LORA methods provide valuable
bioactivity parameters of each test sample. Bioautography (D) greatly facilitates the procedure
of identifying and targeting active fractions in vitro in very early fractionation steps.
Quantitative purity-activity relationship studies, qPAR (E), identify the combinational effects of
each constituent on the bioactivity of the isolated fractions, which serves as a tool to
dereplicate known compounds, explore minor but active principles, and verify the proven major
actives. Overall, with these methods available from both in vitro and in vivo stages, the
efficiency and accuracy of the throughput procedures on anti-M. tb natural product screening
are considerably elevated. The integration of these methods is introduced in details in “Chapter
4: Phenotypic Screening (Methodology)”.

In order to demonstrate feasibility of the PrOBE approach to TB drug discovery, two
batches of actinomycete extract libraries were investigated consecutively, screening for novel
anti-M. tb drug leads with unique mechanisms of action. Structural elucidation by advanced
spectroscopic methods together with in vitro bioactivity tests of the isolated cyclic peptides,
including the use of TLC-bioautography and gPAR methods, led to identification of hytramycins
and xylamycin, and aided in determination of the chemical and biological properties of these

two potential anti-TB leads.
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Figure 3. The PrOBE approach to lead discovery and the contributions from the present work

In order to reinforce the establishment of the PrOBE approach, the study implemented
the following three main aims:
Specific Aim 1: In vivo quantification of M. tb with GC-MS/MS and real-time PCR methods
Subaim 1.1 Validation of tuberculostearic acid (TBSA) as a biomarker for M. tb quantification by
GC-MS/MS
Subaim 1.2 Method establishment of using M. tb-specific genes as CFU surrogates for in vivo M.
tb quantification by real-time PCR
Specific Aim 2: In vitro evaluation of anti-M. tb fractions using phenotypic screening,

bioautography, and gPAR
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Subaim 2.1 Isolation of anti-M. tb drug leads from actinomycete extracts through phenotypic
screening

Subaim 2.2 Early biological assessments of bio-active crude fractions through TLC -
bioautography

Subaim 2.3 Determining quantitative purity-activity relationship (qPAR) to rationalize the
prioritization of bioactive fractions

Specific Aim 3: Bioassay-guided fractionation (BGF) and isolation of anti-M. tb compounds
derived from actinomycetes

Subaim 3.1 Isolation of anti-M. tb leads from the ECUM 14046 strain

Subaim 3.2 Isolation of anti-M. tb leads from the ECUM 8412 strain



2. Quantification of TBSA with GC-MS/MS *

2.1 Introduction

In vivo screening to test anti-tuberculosis compounds has long been obstructed by the
lack of accurate, efficient, and sensitive surrogate biomarkers for quantification of M. tb growth.
Quantitative analysis of M. tb via the determination of CFU from serially diluted suspensions
has always presented difficulties due to 1) the highly hydrophobic mycobacterial cell wall which
predisposes individual bacteria to aggregate in aqueous media and 2) the long generation time,
requiring 2-3 weeks to visualize colonial growth. The clumping issue is only partially
ameliorated through the use of non-ionic surfactants and/or physical dispersion such as
vortexing and sonicating. Especially in the initial evaluation of compounds for anti-M. tb activity
in vivo where infection and treatment times can range from weeks to months, the additional
time required for CFU determination further decreases the efficiency of hit to lead and lead
optimization efforts. Metabolic surrogates employed in axenic culture of M. tb (e.g. MIC
determination) such as redox dye reduction, fluorescent protein expression and intracellular
ATP measurement, lack sensitivity and/or specificity for use in samples containing low numbers
of M. tb and high numbers of host cells or tissues. Therefore, a simple, rapid and accurate
method for quantifying M. tb from cell culture and tissue homogenates should facilitate drug
discovery efforts for TB.

Tuberculostearic acid (10R-methyloctadecanoic acid, TBSA, CigH330,) is a methyl-

branched fatty acid reported as a constituent of the cell wall of the genus Mycobacterium,

! Contents presented in this chapter has been partially published in: Geping Cai, Guido F. Pauli,
Yuehong Wang, Birgit U. Jaki, Scott G. Franzblau. Rapid determination of growth inhibition of
Mycobacterium tuberculosis by GC-MS/MS quantitation of tuberculostearic acid. Tuberculosis.
2013, 93, 322-329 (Appendix G)
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including M. tb [53-55], and other phylogenetically related organisms within the suborder
Corynebacterineae including the genera Nocardia, Corynebacterium, Gordonia, and Turicella
[53, 56, 57]. Compared to mycolic acids which form clusters of high molecular weight
homologues, TBSA has a favorable physico-chemical profile with regard to volatility and
ionization efficiency, making it a superior analytical target with respect to specificity and
throughput. The detection of TBSA in sputum specimens with gas chromatography — mass
spectroscopy (GC-MS) has been used for rapidly diagnosing pulmonary M. tb infection [58-61].
TBSA was detected in specimens with tuberculous meningitis at concentrations of 25 to 50 fmol
(10" mol) [62]. However, there have been no reports of using TBSA as quantitative biomarker
of M. tb growth, especially in vitro drug-mediated growth inhibition in broth, in macrophage
cell models, and in mouse models.

As macrophages are immune effector cells in tuberculosis and as intracellular anti-M. tb
activity is likely required to observe efficacy in the established mouse models of M. tb infection,
macrophage culture infection models have been used for the evaluation of established and
experimental anti-M. tb agents [63, 64]. This infection model was also evaluated as a drug
inhibition assay with both TBSA and CFU determination. Since gamma-interferon is a principal
mediator of macrophage activation and is essential in resistance to intracellular M. tb infection,
gamma-interferon knock-out (GKO) mice exhibit more serious tissue necrosis and a more rapid
and fatal tuberculosis infection [65, 66]. To date GKO mice have been used in anti-M. tb drug
efficacy assays with only CFU as bacterial growth indicator [67-69]. In this study, it is

demonstrated that TBSA can be used to rapidly quantify M. tb in infected macrophage cells
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(J774) and GKO mouse lung homogenates in a dose-dependent manner after exposure to

various anti-M. tb drugs.

2.2 Materials and methods

2.2.1 Sample preparation and TBSA analysis by GC-MS/MS

The TBSA standard was obtained from the Research Institute for Chromatography
(Kortrijk, Belgium) and was derivatized to its methyl ester (TBSAME) by a slight modification of
the reported methods [70, 71]. In detail, approximately 0.2 mg TBSA was saponified from M. tb-
containing samples by adding 1 mL of 1.2 M NaOH and MeOH (50%/50%) followed by
autoclaving (120 °C for 15 min), and methylated with 2 mL of 6 N HCl and MeOH (54%/46%) in
an 80 °C water bath for 10 min followed by quick cooling. The samples were extracted with 1.25
mL of n-hexane and methyl t-butyl ether (50%/50%), the supernatant was purified by mixing
and extracting with 3 mL of 0.3 M NaOH, and then dehydrated with approximately 10 mg
anhydrous Na,S0O4. Then, 95 uL of the purified supernatant was spiked with 5 pL nonadecanoic
acid tri-deuterated methyl ester (MND-ds) in n-hexane of known concentration as internal
standard. The internal standard was synthesized with nonadecanoic acid (Sigma) and MeOH-d,
(Sigma) using the same method as TBSA. TBSAME and MND-ds elute in the Agilent HP-5ms
Capillary GC column (Agilent 19091S-433, 5% phenyl methyl silox, 30 m x 2, 1.D. 0.25 mm, film
thickness 0.25 um) at 8.6 min and 9.2 min respectively within a total run of 12.6 min, using a GC
temperature ramp starting from 220 °C to 280 °C at a rate of 6 °C/min, then at 50 °C/min to
310 °C and held for 2 min. Both TBSAME and MND-d3 were fragmented into their qualifiers and

quantifiers in an Agilent 7890A GC system linked with an Agilent 7000A triple quadrupole mass
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spectrometer. Multiple Reaction Monitoring (MRM) mode was applied with collision energy of
10 eV: m/z 312.5 to 143 and to 199 for TBSAME, and m/z 315.5 to 104 and to 146 for MND-d5,
as quantifiers and qualifiers for both compounds respectively (Figure 4). TBSAME
concentrations were calculated with the Agilent Masshunter Quantitative software based on a

calibration curve of serially diluted TBSAME standard solutions spiked with MND-d5.

143

199

146 104 0

Figure 4. Structures and putative MS fragmentations of TBSAME and MIND-d;

2.2.2 TBSA correlation with CFU in vitro

The Hs7Rv (ATCC 27294) and Erdman (ATCC 35801) strains of M. tb were obtained from
the American Type Culture Collection (Bethesda, MD). For in vitro correlations of TBSA with CFU,
cultures were grown in Middlebrook 7H9 broth (BD Biosciences) supplemented with oleic acid,
albumin, dextrose, catalase (OADC, Fisher Scientific). To determine the linearity of correlation
of TBSA with CFU, stationary phase cultures were harvested after 9 days of incubation. Six 50
mL aliquots of the culture were centrifuged, and the pellets were each re-suspended in 50 mL

of PBS buffer solution. For each, five serial dilutions of 1:5 were prepared in PBS. After
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removing 100 pL aliquots of each diluted suspension for CFU determination on Middlebrook
7H11 agar (BD Biosciences) with 10% OADC, the remaining 39.9 mL of each sample was
centrifuged, and the pellets were processed for TBSA analysis as per the above method for
converting the TBSA standard compound to TBSAME. The concentrations of TBSAME from the
same gradient were averaged.

To monitor the correlation of TBSA with CFU during growth in axenic medium, one
milliliter of 1.7-2 x 10’ CFU/mL M. tb Hs;Rv or Erdman was inoculated into 300 mL of
Middlebrook 7H9 liquid culture media (with 10% OADC). At 48-hr intervals for 14 days, 100 uL
aliquots of culture were serially diluted for CFU determination and the remaining 30 mL of

sample was processed as above for quantification of TBSA.

2.2.3 Drug inhibition of M. tb in axenic medium

M. tb H37Rv was incubated for 7 days in 300 mL of Middlebrook 7H9 with 10% OADC in a
1 L flask with shaking at 120 rpm until early plateau phase was reached as determined by
optical density using a Klett-Summerson colorimeter. Individual cultures received isoniazid (INH,
Sigma) at 21, 63, and 189 ng/mL or rifampin (RMP, Fisher Bioreagents) at 33, 99, and 296 ng/mL.
Three aliquots of 25 mL were removed from each flask before (Day 0) and 7 days after addition
of drugs, and each aliquot used for the determination of CFU and for TBSA in the bacterial

pellets.

2.2.4 Growth of M. tb Erdman in macrophages
Adherent macrophages (1774, 3"or 4™ passage) were cultured in three 6-well plates in 5

mL of Dulbecco's Modified Eagle Media (D-MEM, ATCC, Manassas, VA) supplemented with 10%
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fetal bovine serum (FBS, Atlanta biologicals, Lawrenceville, GA) and 200 U/mL polymyxin B
(Sigma). Macrophages were exposed to M. tb Erdman suspended in D-MEM at a multiplicity of
infection of approximately 1 for one hour, and then culture media was separated from the
macrophage monolayer on the plate surface. Extracellular M. tb was removed by washing the
layer of macrophage cells attached to the plate twice with 5 mL of warm Hanks’ Balanced Salt
Solution (HBSS, Atlanta Biologicals). The washings, combined with the initial 5 mL culture media,
were centrifuged at 1485 x g for 10 min at room temperature (Eppendorf centrifuge 5415D, 24-
place fixed-angle rotor) and supernatant was discarded. Both the media/wash pellets from the
mixture of extracellular M. tb and unattached macrophage cells and the adherent layer of
macrophages were treated with 1 mL of 0.25% SDS and incubated at 37 °C for 10 min to release
intracellular M. tb. One-hundred microliters of lysate were used for CFU determination on
Middlebrook 7H11 agar plates. Five milliliter warm D-MEM media was added to the remaining
wells and two wells of the 6-well plates were processed in the same manner ondays 1, 3,5, 6
and 7 post-infection. In this manner growth curves of M. tb were established from both
adherent and floating macrophages. After taking aliquots for CFU, lysate and washings on day 5,
6, and 7 were combined and centrifuged and the resulting pellets were used for determination

of TBSA.

2.2.5 Drug inhibition of M. tb in macrophages

One day after infection, the culture media was replaced with fresh media containing
three 4-fold concentrations of anti-M. tb drugs in D-MEM); three replicate wells were set up for
each drug concentration and for drug-free media controls. The pellets of both floating and

adherent macrophages were combined and lysed for CFU determination and then centrifuged
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for TBSA analyses. Drug-free controls were harvested on T1, T3, T5 and T7 while drug-treated

samples were evaluated only on T7.

2.2.6 Growth inhibition of M. tb in gamma-interferon knock-out (GKO) mice treated with anti-
M. tb drugs

Ninety-two GKO mice (11 weeks old, female, Jackson Laboratory) were infected by
aerosolization of 10 mL of a suspension containing 2 x 10° CFU/mL M. tb Erdman using an
aerosol infection chamber (Glas Col, Terre Haute, IN). Growth was monitored by TBSA and CFU
in untreated mice at days 10, 17 and 24 post-infection. Ten days after infection, groups of 5
mice were treated by oral gavage daily for fourteen days with one of three two-fold dosages of
RMP, INH, MOX, PA and EMB suspended in 0.5% carboxylmethylcellulose (CMC). All drugs were
administered in 200 uL CMC, except for MOX which was delivered in 100 pL, 200 pL and 400 uL
of a 1.6 mg/mL stock solution. Two days following the final dose, mice were euthanized, both
lungs removed and homogenized in 3 mL of HBSS. After removal of an aliquot for CFU
determination, 2.5 mL of lung homogenates were centrifuged and pellets used for TBSA

analysis.
2.3 Results

2.3.1 Correlation of TBSA with CFU in vitro

There was a linear correlation of log;oCFU values with log;oTBSA from a serially diluted
stationary phase culture of HssRv (R? = 0.9774, Figure 5). In growing cultures of both M. tb
Hs;Rv and Erdman, TBSA synthesis appears to initially lag behind the increase in CFU, however

the overall correlation of these parameters throughout the growth curves of the two strains
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were R? = 0.9112 and R? = 0.9314, respectively (Figure 6). No significant differences in growth

rate or TBSA concentration were found between M. tb H3;Rv and Erdman.
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Figure 5. Correlation of TBSA and CFU from serially diluted M. tb Hs;Rv from stationary phase
culture. For TBSA, each data point represents the mean of six culture aliquots, each
independently serially diluted, and for CFU, each data point represents one aliquot.
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Figure 6. Growth curves of M. tb and TBSA-CFU correlation. (A) TBSA and CFU during in vitro
growth of M. tb Hs;Rv and Erdman. Solid line with closed squares: H3;Rv CFU; Solid line with
closed circles: H3;Rv TBSA; Dashed line with open squares: Erdman CFU; Dashed line with open
circles: Erdman TBSA; (B) Linear correlation of log1,TBSA and log;oCFU of M. tb Hs;Rv (solid line,
closed dots) and Erdman (dashed line, open dots)
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2.3.2 Dose-dependent inhibition of INH and RMP on M. tb growth in bacterial broth

In axenic medium both INH and RMP effected significant dose-dependent inhibition of
TBSA (Figure 7) while this marker increased by 35-55 pg/mL in untreated controls over the 7-
day incubation period. Despite the reduction in CFU relative to pre-treatment values with the
two higher concentrations of INH and all three concentrations of RMP, as expected, the
thermally stable TBSA never fell significantly below pre-treatment levels reflecting its nature of
a bacteriostatic biomarker. The R? values of CFU and TBSA across the concentration ranges

were 0.698 for INH and 0.629 for RMP.
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Figure 7. TBSA (A-B) and CFU (C-D) response to INH and RMP in vitro. (* 0.01 < p < 0.05; **
0.005 < p <0.01; *** p < 0.005 compared with CTRL)
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2.3.3 Growth and drug-inhibition of M. tb in macrophage culture

Six-well plates were used to obtain sufficient quantities of M. tb for TBSA analysis. A
preliminary experiment indicated that in such cultures, M. tb Erdman within adherent
macrophages, increased within one day after infection and greatly decreased after day 3 (data
not shown). The number of M. tb recovered from floating macrophages increased slowly but
continuously starting from the day of infection. Considering both M. tb residing within adherent
and floating macrophages, the total intracellular M. tb titer increased by 0.8 log;,CFU over the
7-day incubation.

In a subsequent experiment, untreated intracellular M. tb gradually increased throughout
the 7 days of culture as indicated by both a 0.22 pg/mL increase in TBSA concentration and a
0.63 logyo increase in CFU. With the exception of the effect of EMB on CFU, all drugs
demonstrated a concentration-dependent inhibition of both TBSA and CFU at day 7 (R* > 0.7 for
each readout). Whereas the highest concentrations of INH and RMP appeared bactericidal
when assessed by CFU (i.e., values below that observed on day 1), TBSA concentrations never
fell below starting levels (Figure 8). The correlation between TBSA and CFU during growth in
untreated control cultures was better (R? = 0.87) than when considering both untreated and

drug-treated cultures (R? = 0.45) (Figure 8C; TABLE I).
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Figure 8. M. tb Erdman growth inhibition in macrophages. (A-B) Growth and responses of
TBSA and CFU in M. tb Erdman-infected macrophages to 7-day drug exposure. The drug
concentrations (ug/mL) were: 0.01, 0.04 and 0.16 for RMP and INH, 0.025, 0.1 and 0.4 for
moxifloxacin (MOX) and PA 824 (PA), and 0.25, 1.0 and 4.0 for ethambutol (EMB). Each data
point represents an individual culture; (C) TBSA and CFU correlation for all cultures (dashed line,
y = 0.35x-2.93, R? = 0.45) and for only untreated control cultures (solid line, closed circles, y =
1.26x-8.15, R* = 0.87)

TABLE I. CORRELATION OF DRUG CONCENTRATION AND CFU OR TBSA IN MACROPHAGE
INFECTION MODEL
RZ

CFU  TBSA
RMP 0.98 0.89

INH 0.96 0.88
MOX 090 0.73

PA 0.77 0.77
EMB 0.02 0.86

Drug

2.3.4 Inhibition of M. tb growth in the lungs of gamma-interferon gene knock-out (GKO) mice
by anti-M. tb drugs

M. tb in the lungs of untreated GKO mice increased by 5.1 log;,CFU from day 3 to day 24
post-infection while TBSA increased by 1.74 pg/mouse from day 10 to day 24 post-infection.
TBSA in lung homogenates at day 3 post-infection was still below the limit of detection. All
three dosages of the five established and experimental anti-M. tb drugs significantly decreased
the level of TBSA in lung homogenates after 14 days treatment (except the low dosage of 3.75
mg/kg/day rifampin) compared with untreated mice, and did so in a dose-dependent manner

(Figure 9).
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TABLE I1).
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TBSA correlated well with CFU with an overall R value of 0.733 for all samples and 0.974

for only untreated controls. RMP and MOX demonstrated the most proportional dose-response

effects in both TBSA and CFU (R? > 0.8) (Figure 9C
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Figure 9. M. tb Erdman growth inhibition in GKO mice. Growth and responses (day 24 after
infection) of TBSA (A) and CFU (B) in M. tb Erdman-infected GKO mice (combined right and left
lung homogenates) after treatment with three dosages of five anti-M. tb drugs; Drug dosages
(mg/kg/day) used to treat infected GKO mice are (in the order of Low, Medium and High): 3.75,
7.5, 15 for RMP, 6.25, 12.5, 25 for INH, 8, 16, 32 for MOX, 25, 50, 100 for PA, and 100, 200, 400
for EMB in five replicates each dosage; (C) Overall correlation of log,,CFU with log;oTBSA in all
samples (dashed line, y = 0.41x-0.18, R® = 0.73) and in only untreated control samples (solid line,
closed circles, y = 0.55x-1.2, R* = 0.97)

TABLE Il. CORRELATION OF DRUG DOSE AND CFU OR TBSA IN GKO MOUSE INFECTION MODEL
R2
CFU  TBSA
RMP 0.92 0.89
INH 0.59 0.68
MOX 0.91 0.88
PA 0.87 0.14
EMB 035 0.44

Drug
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2.4 Discussion

The ability to rapidly and accurately quantify M. tb is essential in anti-M. tb drug
screening and useful in TB diagnosis. CFU analyses, while representing the gold standard for
quantifying viable, cultured bacilli, suffer from the tendency of M. tb to clump, its long
replicating time and the labor intensity. A number of M. tb biomarkers have been proposed [21],
some of which may be candidates for quantification employing modern analytical chemistry
instrumentation with better precision and sensitivity than conventional methods. In the case of
TBSA analysis, as little as 40.5 picograms (102 g) of pure compound was detected in a single
injection using GC-MS/MS.

The mycobacterial cell wall is a complex structure that accounts for 60% of the cellular
dry weight and consists primarily of a combination of lipids and carbohydrates.
Tuberculostearic acid is a lipid tail of phosphatidyl-myo-inositol mannosides (PIMs) formed
through the linkage of a phosphatidyl glycerol while PIMs are lipopolysaccharides that directly
associate with the M. tb primary plasma membrane [6, 72, 73]. Among the most abundant long
chain fatty acids containing 14-26 carbons, TBSA is detected in most mycobacterial species but
not in mammalian hosts [7, 54, 74]. For this reason detection of TBSA in clinical samples has
been explored as a diagnostic biomarker of TB [59-62, 75, 76]. While these represent semi-
guantitative measurements of TBSA in human clinical samples, reports performing a validated
and selective quantification of TBSA from lung tissue, for use in animal models, were non-
existing. According to a recent report hexacosanoic acid (labeled as “Cy¢”) can be a secondary
biomarker (in addition to TBSA) for M. tb in sputum samples [60]. This study also monitored Cys

as the methyl ester (labeled as “C;6ME”) in our in vitro samples and the response to INH and
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RMP was similar to that seen with TBSA (Figure 10). However concentrations of Cys were
approximately 100-fold lower than those of TBSA and provided no additional advantage over

monitoring of TBSA.
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Figure 10. C;¢ME response to INH (A) and RMP (B). (* 0.01 < p < 0.05; ** 0.005 < p < 0.01; ***
p < 0.005)

This study validated TBSA as a quantitative biomarker for M. tb in axenic medium, in
macrophages and in the lungs of infected mice. That TBSA persists after M. tb is no longer able
to replicate was clearly evident when monitoring growth in axenic medium. This is consistent
with the fact that TBSA is a chemically stable, intrinsic cell wall component. Likewise, once bio-
synthesized, TBSA persists, but does not further accumulate in the presence of effective
concentrations of bactericidal or bacteriostatic drugs. In both macrophage and GKO mouse
experiments there was a higher correlation of TBSA with CFU in M. tb that was growing and not
exposed to drugs vs. the correlation of these parameters when considering both treated and

untreated cultures/mice. This is consistent with the observation that CFU stops/declines more
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abruptly than TBSA after drug exposure likely due to the persistence of the marker in dead cells.
The stability of TBSA in non-viable M. tb limits its utility in drug studies to those that measure
inhibition of growth and requires sufficient treatment duration such that significant differences
can be observed between treated and untreated cells or mice. Therefore, TBSA can serve as a
bacteriostatic, but not as a bactericidal biomarker.

For most drugs the concentration/dosages were highly correlated with TBSA or CFU in
both models (TABLE I; TABLE Il) with the exception of 1) EMB by CFU in the macrophage model
and by both readouts in the mouse model and 2) PA 824 in the mouse using the TBSA readout
where there was no further reduction at dosages above 50 mg/kg/day. The more pronounced
dose-responses observed in TB-infected macrophages compared to mice is possibly due to a
more direct correlation between the amount of drug applied and the resulting exposure in the
former. Although this study failed to demonstrate any heightened sensitivity of TBSA synthesis
vs. CFU overall with respect to the response to individual drugs, the results with ethambutol in
both macrophages and mice suggested that some degree of decreased TBSA might be tolerated
without compromising viability. Ethambutol, a classical bacteriostatic drug, has previously been
shown to reduce both the amount of TBSA and octadecenoic acid (18:1) in Mycobacterium
vaccae growing in vitro. Ethambutol inhibits the activity of arabinosyl transferase which in turn
is responsible for glycosylation in the biosynthesis of the cell wall-associated arabinogalactan
and lipoarabinomannan [77], the result of which is disorganization of the cell wall outer layer,
loss of cellular integrity and changes in free lipid composition [7].

When using TBSA as the biomarker for M. tb viability in drug screening assays, our goal is

to distinguish at least a one logypdifference between treated and untreated samples. The limit
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of detection of the GC-MS/MS instrument used in this study is ~10° cells/mL broth and 10*
cells/mL macrophage lysate or per GKO mouse, rivaling the sensitivity of a reporter enzyme-
based fluorescence method that can be used in live mice [78]. At this level of sensitivity,
inhibition of growth in the lungs of mice by drugs could easily be detected in immune-deficient
GKO mice, a model enabling high lung titers of M. tb to be achieved prior to significant
morbidity and mortality. Based on these results, TBSA-monitored evaluation of drug activity in
immune-competent mice should also be feasible using currently available mass spectrometer
upgrades that increase sensitivity.

In summary GC-MS/MS based quantification of TBSA is useful for rapidly quantifying the
degree of drug-mediated growth inhibition of M. tb in vitro, in macrophage culture and in mice
and can be used with any strain without genetic manipulation. The processing cost is low and
time allowed is as short as less than 24 hrs. The exceptional heat stability of TBSA enables
cultures to be autoclaved prior to analysis, simplifying downstream processing and biosafety
concerns.

These advantages of TBSA as an M. tb biomarker facilitate its utilization in the in vivo
active principle screening procedures at the earlier stages of purification of single constituents
from complex mixtures. Due to the short infection and treatment cycle of GKO mice, relatively
large sample numbers of extracts or fractions prioritized in vitro can be tested in a single dosage
for an efficacy study. At the end of the treatment, the determination of TBSA concentration in
the lung tissues using GC-MS/MS provides instant results in comparison with the conventional

CFU enumeration. This keeps the total duration of an in vivo efficacy study within 25 days.



3. Quantification of TB-specific RNAs with real-time PCR

3.1 Introduction

Determination of CFU remains the routine and gold standard method for enumeration of
bacteria in host tissue, while most metabolic surrogates, such as redox dye reduction,
fluorescent protein expression, and intracellular ATP measurement, lack sensitivity or specificity
for use in samples containing low numbers of M. tb and a large amount of host tissue. While
the GC-MS/MS quantification of tuberculostearic acid for such a purpose was described in the
previous chapter [79], the extraordinary stability of the analyte precludes its use in
distinguishing bacteriostatic from bactericidal activity.

Previously, the detection of M. tb-specific insertion sequences with high copy numbers,
such as 1S6110, were reported to be good candidate analytes for clinical diagnosis of M. tb
infection using DNA-based real-time PCR [80-84]. However, some DNA sequences may not be
useful for the assessment of bacterial viability and monitoring growth response to drug
therapies due to DNA persistence in the host samples following bacterial death. In contrast,
amplification of RNA fragments of M. tb in infected host samples provides a determination of
viable cell counts since RNA is not easily amplified from dead M. tb [85]. The M. tb surface
protein, antigen 85B (fbp-B) [86-88], encoding a mycolyl transferase [89], ranks among the top
25 most abundantly expressed genes of M. tb [90]. However, real-time PCR quantification of
antigen 85B to monitor the efficacy of drug treatment using the sputum samples of TB patients
was shown to have relatively low sensitivity [85, 91]. Alternatively, the mRNA of isocitrate lyase

(ICL), an enzyme of the glyoxylate shunt (an alternative pathway to the tricarboxylic acid cycle,

32
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shown to be related to the mycobacterial persistence in macrophages), was proven to be a
more reliable biomarker than fbpB for M. tb viability due to its strong correlation with CFU
isolated from patient sputum before and during therapy [92]. Although the mycobacterial
genome codes for two icl isoforms, icl1 and icl2, there are two domains in the ic/2 sequence
that overlap with the sequence of ic/1, rendering icl/1 twice as abundant in copy numbers as ic/2
[93]. Based on this consideration, ic/1 was selected as another gene target for our in vivo M. tb
guantification studies, and was anticipated to rival the expression level of fbpB with better
sensitivity in the mouse samples containing low bacterial titers. In addition, 16S rRNA, the
highly expressed housekeeping gene, has served as a target for the assessment of M. tb viability.
The quantification of 16S rRNA was adopted for its sensitivity and susceptibility to anti-M. tb
agents in clinical samples, and its correlation to CFU was comparable with fbpB and ic/1 [94-98].

Despite recent progress in this methodology, there are no reports of the use of real-
time PCR for M. tb mRNA quantification in animal tissues, in particular for the purposes of
determining bacterial load during growth and drug treatment. In this study, three target RNAs
were evaluated for the correlation between the absolute RNA level of target genes using real-
time PCR and the CFU counts, and for the determination of the dose responses in mice treated
with various anti-M. tb agents.
3.2 Materials and methods
3.2.1 In vitro correlation of RNA level with CFU

M. tb Erdman (ATCC 35801) was inoculated into 300 mL of Middlebrook 7H9 culture
media (Becton Dickinson and Co.) in a 1 L flask and incubated with shaking at 120 rpm for 16

days. A small aliquot was used for CFU determination on Middlebrook 7H11 agar media (Becton
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Dickinson and Co.). Eight 10-fold serial dilutions were prepared in triplicate by transferring 5 mL
of bacterial culture media into 45 mL of PBS solution followed by thorough mixing. Five
milliliters from the final dilution was discarded to keep 45 mL of bacterial culture media in each
tube. Following centrifugation at 1485 x g at 25 °C for 10 min, the supernatant liquid was gently
decanted. One milliliter of PBS solution was added to the pellets and the tubes were vortexed.
After centrifugation as above, the pellets were used for total RNA extraction. An equal volume

(5 pL) of total RNA was used for reverse transcription (RT) and PCR.

3.2.2 In vitro M. tb growth in axenic medium

M. tb Erdman (approximately 6.4 x 10® CFU/mL, in logarithmic growth phase) was
inoculated into 400 mL of Middlebrook 7H9 culture media and incubated at 37 °C with shaking
at 120 rpm for 18 days. At two-day intervals, 1 mL aliquots of culture were removed in triplicate,
a small portion of each was inoculated onto Middlebrook 7H11 agar media for CFU
determination, and the samples were then centrifuged at 1485 x g for 10 min at 25 °C. After
decanting the supernatant, 50 uL of RNAlater solution (Sigma) was added to each pellet to
maintain RNA integrity, followed by a brief vortex and storage at 4 °C. RNA extraction was
carried out simultaneously for all samples after the last day of sampling. Equal volumes (14.2 pL)

of total RNA were used for RT and PCR.

3.2.3 Correlation of RNA level with CFU in the presence of mouse lung tissue
M. tb Erdman was incubated in Middlebrook 7H9 culture media until reaching plateau
phase (4 x 10’ CFU/mL). Eight 10-fold serial dilutions were prepared in triplicate by transferring

5 mL of bacterial culture into 45 mL PBS. Following centrifugation as described above, the
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supernatant was discarded. RNAlater solution was added to the pellets and these were stored
at 4 °C. Lung tissue from four uninfected BALB/c mice (female, 19~20 g, Jackson Laboratory)
was each homogenized in 3 mL of HBSS. Aliquots (0.5 mL) of the pooled lung homogenate were
spiked into each of the bacterial pellets. Each sample was then centrifuged as above, the
supernatant was discarded, and the pellets were used for RNA extraction. Five-hundred
nanograms of RNA from each sample was used for RT PCR. The lung tissue from five uninfected

BALB/c mice was also collected without bacterial spiking to serve as controls.

3.2.4 Acute and chronic growth of M. tb in infected BALB/c mice

Female BALB/c mice were infected in an aerosol infection chamber (Glas Col, Terre
Haute, IN) with a suspension containing 2 x 10° CFU/mL of M. tb Erdman. In the acute infection
model, growth was monitored in untreated mice at T3, T10 and T31 post-infection. From T10, a
group of 5 mice were treated by oral gavage daily on five consecutive days a week for 3 weeks
with 15 mg/kg/day RMP suspended in 200 pL of 0.5% CMC. Mice were euthanized at T31, three
days following the final dose. In the chronic infection model, growth was monitored in
untreated mice at T45, T73 and T94 post-infection. Starting from T45, 5 mice per group were
treated with 15 mg/kg/day RMP for five consecutive days per week for seven weeks. Mice in
the chronic model were euthanized at T94, three days following the final dose. Following
euthanasia, both lobes of the lungs were homogenized (Pro Scientific pro250 homogenizer,
rotor speed: 18,000 rpm) in 3 mL of HBSS. An aliquot was removed for CFU determination on
Middlebrook 7H11 agar. Another 0.5 mL of the homogenates was also centrifuged, the pellets
were suspended with RNAlater solution, and stored at 4 °C for RNA extraction and RT PCR (500

ng RNA each).
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3.2.5 Growth inhibition of M. tb in gamma-interferon gene knock-out (GKO) and BALB/c mice
treated with anti-M. tb drugs

Ninety-two GKO mice (11 weeks old, female, Jackson Laboratory) were infected with M.
tb Erdman as described above. Growth was monitored by CFU in untreated mice at 3, 10, 17
and 24 days post-infection. Ten days after infection, groups of 5 mice were treated daily for 14
days by oral gavage with one of three two-fold dosages of rifampin (RMP), isoniazid (INH),
moxifloxacin (MOX), PA 824 (PA) and ethambutol (EMB), each suspended in 0.5% CMC. All
drugs were administered in 200 pL of CMC solution, except for MOX (Bayer) which was
delivered in 100 pL, 200 pL and 400 pL of a 1.6 mg/mL stock solution in 0.8% saline (TABLE Iil).
Three days following the final dosage, mice were euthanized and both lungs were homogenized
in 3 mL of HBSS. After removal of an aliquot for determination of CFU, 0.5 mL of the lung
homogenates were centrifuged, supernatants were discarded, and the pellets were preserved
in RNAlater solution and used later for RNA extraction. A total of 500 ng RNA from each
individual sample was used for RT-PCR.

One hundred and eight BALB/c mice were infected, grouped and treated following a
similar protocol as the GKO mice except growth was monitored on T3, T10 and T31 post-
infection, and treatment was carried out five days a week for three weeks following the same

regimen (TABLE IllI).

TABLE Ill. DRUG DOSAGES (mg/kg/DAY) USED TO TREAT INFECTED GKO AND BALB/C MICE ®

RMP INH MOX PA EMB
L M H L M H L M H L M H L M H
GKO 375 75 15 6.25 125 25 8 16 32 25 50 100 100 200 400
BALB/c 5 10 20 6.25 125 25 8 16 32 25 50 100 100 200 400

% L: Low dose; M: Medium dose; H: High dose.
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Another thirty-five BALB/c mice were infected as above for assessment of ecumicin, a
new cyclic peptide isolated from an actinomycete strain by Wei Gao at ITR. Ten days after
infection, groups of seven mice were treated subcutaneously once daily for 18 days with 32
mg/kg/day (high) or 20 mg/kg/day (low) of ecumicin suspended in micelle solution (formulated
by Wei Gao at ITR), micelle solution alone as vehicle, 15 mg/kg/day RMP, or with 0.5% CMC.
Mice were euthanized and lung samples were processed as above. CFU enumeration and PCR

determination of ic/1 mRNA expression in each mouse were conducted as described above.

3.2.6 Total RNA extraction

One milliliter of Trizol (Life Technologies, Grand Island, NY) was added to each pellet.
Sediments were suspended by vortex with 0.2 mL of 0.1 mm glass beads (Biospec, Bartlesville,
OK), and the contents were transferred to a screw cap tube. Processing in a Mini-Beadbeater-8
(Biospec) consisted of 3 rounds of pulverization for 30 sec followed by gentle inversion and
cooling for 1 min on ice. The samples were then centrifuged at 16,100 x g for 1 min. The Trizol
solution in the upper liquid phase was transferred to another new screw cap tube, where 300
ulL of chloroform (99+%, Molecular biology grade, Sigma-Aldrich, St. Louis, MO) was added. The
tubes were inverted rapidly for 2 min, and centrifuged at 16,100 x g for 10 min. The aqueous
layer (upper phase, ~540 ulL) was carefully transferred to a new tube containing 540 pL of
isopropanol (> 99.5%, Sigma-Aldrich). At this point, M. tb in the samples were demonstrated to
be non-viable and the tubes can be taken out of the Biosafety Level Ill lab for the downstream
procedures. The tubes were inverted slowly for 2 min and centrifuged at 4 °C for 10 min at
16,100 x g. The isopropanol-water layer was decanted, and the RNA sediment was rinsed with 1

mL of 75% EtOH (Sigma-Aldrich). The tubes were inverted several times and then centrifuged at
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4 °C at 16,100 x g for 5 min to re-precipitate RNA. EtOH was decanted from the tubes, and the
residual EtOH was discarded by pipette after brief centrifugation. The dried RNA was re-
suspended with 90 pL of RNase-free water (Ambion, Austin, TX). The RNA solution was mixed
with 10 pL of 10 x DNasel buffer and 4 pL of DNasel (Thermo Scientific), and incubated at 37 °C
for 30 min. Approximately 416 pL of pure EtOH was then added to the DNase-treated solution
to achieve a final concentration of 75% EtOH. After centrifugation for 10 min, the supernatant
was removed, the pellets rinsed with 1 mL of 75% EtOH, and re-dissolved in 40 pL of RNase-free
water. All RNA extraction procedures were conducted on ice. Two microliters of RNA solution
was used for 0D260/280, 260/230 and total RNA concentration measurement with the
Nanodrop 1000 spectrophotometer (Thermo Scientific, Waltham, MA), using three

measurements for each RNA sample. All RNA solutions were stored at -80 °C.

3.2.7 Reverse transcription and real-time PCR

The following reagents (Applied Biosystems, Foster City, CA) were mixed in sterile
microtubes on ice to a final volume of 20.5 pL: 14.2 uL of RNA (typically 500 ng) in RNase-free
water, 2 uL of RT random primer mix, 2 puL of RT reaction buffer (10 x), 0.8 pL of dNTP (100 mM),
1 plL of RTase, and 0.5 pL of RNase inhibitor. Reverse transcription was initiated in the thermo
cycler (Eppendorf Mastercycler Gradient, Hamburg, Germany) following the temperature cycle
setting: 25 °C for 10 min, 37 °C for 120 min, 85 °C for 5 min, and 4 °C before storage of the
synthesized cDNA templates at -20 °C.

Tagman probes and primer pairs (TABLE 1V) for the amplification of fbpB [91], icl1 [92]
and 16S rRNA [99] were synthesized by Applied Biosystems in Custom Tagman Gene Expression

Assay kits. The following reagents were added into each well of a 96-well optical reaction plate
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(Applied Biosystems) to create a final volume of 20 uL reaction mixture: 1 puL of Tagman gene
expression assay (20 x), 10 pL of Tagman gene expression master mix (2 x, Applied Biosystems),
4 plL of cDNA, and 5 pL of RNase-free water. The plate was tightly sealed and real-time PCR was
carried out in an ABI 7900HT Fast Real-Time PCR System following the temperature cycle
setting: 1) 95 °C for 10 min, 2) 95 °C for 15 sec, 3) 60 °C for 1 min, with steps 2) and 3) repeated

for 40 cycles. The total run takes approximately 1.5 hrs.

TABLE IV. SEQUENCES OF PRIMER PAIRS AND TAQMAN PROBES USED FOR QUANTIFICATION
OF SPECIFIC RNA PRODUCTS

Tareet PCR primer Tagman probe sequence (5° Length of amplicons
& sequence (5’ to 3')° to3’)°¢ in bp (5’ to 3’)
F: CGA CCCTAC GCA
fbpB GCA GAT C
();6728198).1, R: TTC CCG CAA TAA TGG TCG CAA ACAACAC 66 (693 to 758)
P ACC CAT AGC
icl1 F: CACATC CGC ACT
TTGACG TC CTC GGC TCG CGG CCG ATG
CP002992.1 65 (613 to 677
( L287bp) | ReATCACCACCGTG T (61310 677)
1£8/0P GGA ACA TC
165 rRNA i A(-Er(GEGA'(IE'SGG'IE::A-[TC CCA CGC CGA CGA AGG TCC
(?5569257:)1, R: CGG CTG CTG GCA GGG TTCTCG CGT GG 109 (370 to 478)
/AO%0P CGT AGT TG

® Genbank accession number and length of genes in basepairs;
b F, forward; R, reverse.

¢ Probes were labeled on the 5’ end with 6-carboxyfluorescein (FAM) and on the 3’ end with
dihydrocyclopyrroloindole tripeptide minor groove binder (MGB).
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3.2.8 Standard curve establishment

Purified double stranded DNA solutions of the amplified fbpB, icl1 or 16S rRNA
fragments were obtained individually from the PCR products with QlAquick PCR purification kit
(Qiagen). The concentration (C) of each of the three pure DNA solutions was measured with a
Nanodrop spectrophotometer in three repeated measurements, and the average value was
used for calculations. Sixteen 10-fold serial dilutions of each of the three DNA solutions were
prepared independently with RNase-free water. Each diluted solution was used as the cDNA
template for real-time PCR amplified with the corresponding primer pairs and probe. Linear
correlations between Ct values and log;oC of the DNA template in ng/uL were established for

each of the three gene targets, and the R* values were > 0.99 in all three regressions (TABLE V).

TABLE V. LINEAR CORRELATION BETWEEN Ct AND LOG;,C OF DNA TEMPLATE IN ng/pL*

Gene targets Equations R?
fbpB y =-3.50x+6.94 0.990
icl1 y =-2.62x+8.41 0.991
16S rRNA y =-3.24x+15.50 0.994

%y =Ct, x = log10C (DNA template in ng/uL)

3.2.9 Statistical analysis

The Ct values were generated in real-time PCR with a manual threshold setting at 0.15
in all circumstances. To calculate the RNA copy numbers (logi0RNA) of each gene target in the
samples, the equation below was used:

Log1oRNA = Logyo[4 X C X Na X (V/v)/10°/M] Equation 1
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where C is the cDNA concentration calculated by Ct values in corresponding regression
equations; N, is the Avogadro constant; V is the total volume (uL) of the extracted RNA; v is the
volume (uL) of RNA used for reverse transcription; M is the approximate molecular weight

(g/mol) of double strand DNA, which can be calculated using the equation:

M = bp X 607.4 + 157.9 (by Life technologies) Equation 2

where bp is length of DNA fragments in base pairs.

The number ‘4’ in Equation 1 indicates 4 puL of cDNA used for PCR. The term is divided
by ‘10” to convert the unit from nanogram (ng) to gram (g). The molar counts of RNA and cDNA
fragments were assumed identical after reverse transcription.

Correlation curves were established and correlation coefficients were generated by
SigmaPlot 2001. Student’s t-tests were processed by comparing the group data against the
untreated counterparts with one-tailed distribution and two-sample homoscedastic analysis.

Line curves were generated with SigmaPlot 2001 software.

3.3 Results

3.3.1 Correlation of RNA copies with CFU in vitro

The log1oRNA copy numbers of fbpB, icl1, and 16S rRNA in the 10-fold serially diluted
bacterial pellets showed linear relationship with the actual log;oCFU counts within the range of
3.5 and 7.5 (Figure 11). The data points tend to plateau off on both ends in a slightly sigmoidal

shape for all three species of RNA. The overall log;oRNA level of 16S rRNA was greater than that
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of fbpB and icl1, suggesting that 16S rRNA was in highest abundance of all three, and fbpB also

has greater abundance than ic/1.

At the lowest CFU density of approximately 32 CFU/mL (log;oCFU = 1.5), all three RNAs

were still detectable.
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Figure 11. Correlation between log;oCFU/mL culture and log;oRNA/mL culture of fbpB (‘A’, R?
= 0.938), icl1 (‘B’, R® = 0.925), and 16S rRNA (‘C’, R* = 0.961) from real-time PCR analysis in

serially diluted bacterial culture media

3.3.2 Correlation of CFU and RNA levels during in vitro growth

for 12 days with a 5 logyo increase in CFU (gray line in Figure 12) before reaching plateau.

Starting from the day of inoculation, M. tb growth continued gradually in liquid media

The RNA copy numbers of all three genes increased gradually during the 18-day

incubation. While the RNA level of fbpB remained higher than ic/l1 in general, 16S rRNA

maintained a significantly higher level throughout the incubation (black lines in Figure 12).

Linear correlation between CFU and log;0RNA of all three genes (R* = 0.754 for fbpB, 0.723 for
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icl1, and 0.816 for 16S rRNA) was obtained in in vitro conditions, and 16S rRNA has slightly

better correlation than the RNA levels from the other two genes.
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Figure 12. Growth curve in log;oCFU/mL culture (gray line), and in log;o0RNA of fbpB (closed
dots), ic/1 (open dots), and 16S rRNA (triangles) (black lines)

3.3.3 Correlation of RNA copies with CFU in lung tissue-spiked bacterial culture

Linear correlations were established between CFU counts and RNA copy numbers from
the amplification of these three TB-specific genes in the presence of added uninfected lung
tissue (Figure 13). Although the overall response generates quasi-sigmoidal curves, better
linearity was observed between log;oCFU values of 2.6 to 6.6. These three correlation curves
were all in similar ranges as those established from serially diluted bacterial cultures without

spiked lung tissues (Figure 11) and again, 16S rRNA exhibited a higher expression level than
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either fbpB or icll1. All three pairs of primers and the probe were specifically targeting M. tb
RNAs and there was no mismatching of amplicons from the lung tissue genome.

A significant PCR signal was detected for all three RNAs at 4 CFU/mL, the lowest density
tested in this quasi-in vivo model. None of the three gene targets yielded detectable PCR signal

with any of the five control uninfected lung homogenate samples (Ct > 40).
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Figure 13. Linear correlation between log;oCFU/mL culture and log;oRNA of fbpB (‘A’, R =
0.802), icl1 (‘B’, R? = 0.855), and 16S rRNA (‘C’, R? = 0.641) in serially diluted bacterial cultures
spiked with uninfected BALB/c mouse lung tissue

3.3.4 Acute and chronic mouse models of M. tb infection

Beginning at day 10 post-infection, M. tb CFU increased by 3.3 logio in CFU (from 3.3 to
6.6 log10CFU) in untreated BALB/c mice and by 1.6 logio in mice treated by oral gavage with 15
mg/kg/day RMP from T10 post-infection for three weeks. In a separate chronic infection model
in BALB/c mice, growth of M. tb reached 6.3 log;oCFU after 45 days post-infection, whereupon
either RMP or CMC alone (untreated mice) was administered daily by oral gavage for another 7

weeks. The M. tb count remained constant from T45 to T94 post-infection in untreated mice,
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while it dropped to 3.0 log1oCFU on T73 and was maintained at this level until T94 under RMP
treatment.

Copy numbers of 16s rRNA, although the highest of the three targets throughout the
acute and chronic stages of infection, increased by just over 1 logyo between T10 and T31 in
untreated mice while the response to rifampin (a reduction of 0.6 logip) was not significantly
lower at the latter time point (Figure 14), but achieved a differential of 1 logys following
treatment during chronic infection. In contrast to the other two markers, there was no
detectable change between T3 and T10 for fbpB and only an increase of 1.7 log,g between the
latter time point and T31. The difference in fbpB copy number between untreated and rifampin
treatment at T31 was 0.8 logyo and at the end of chronic infection (T94) this increased to 1.2
log10. Copy numbers of icll demonstrated the greatest increase (3.9 logyo) in untreated mice
between T10 and T31 and the largest differential in response to rifampin treatment during

acute (1.9 logyg) and chronic (2.6 logsg) infection.
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Figure 14. Growth of M. tb in BALB/c mice. CFU (A) and log1oRNA of fbpB, icl1, and 16S rRNA in
acute and chronic infection models of BALB/c mice gavaged with CMC or RMP (B). Each data
point represents the mean of replicate mouse samples.

Correlation coefficients of group-averaged CFU vs. RNA levels of each of these genes

(TABLE VI) demonstrated good linear relationship between the two quantitative indices in both
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treated and untreated control mice. ic/1 and 165 rRNA shared the highest R? values in the acute
model. Since the differences in fbpB and 16S rRNA levels between treated and untreated mice
were not as significant as icl1, icl1 appeared superior to the other two RNAs as the bacterial

quantitative indicator for in vivo samples in both acute and chronic infection models.

TABLE VI. LINEAR CORRELATIONS BETWEEN LOG;oRNA AND LOG,,CFU IN BALB/C MOUSE
ACUTE AND CHRONIC INFECTION MODELS

Groups R? values
mRNA targets log,oRNA-log;oCFU

fbpB 0.92
Acute icll 0.97
16S rRNA 0.97
fbpB 0.92
Chronic icll 0.90
16S rRNA 0.82
fbpB 0.74
Overall icll 0.93
16S rRNA 0.66

3.3.5 Inhibition of M. tb growth in GKO and BALB/c mice treated with anti-M. tb drugs

In a GKO model, substantial bacterial growth was revealed in the lungs of untreated
mice by both the net increase in CFU (from 2.9 logioin CFU on T3 to 8.0 logio on T24), and in the
RNA levels of fbpB, icl1 or 165 rRNA (from T10 to T24). However, the real-time PCR
guantification of targets, including the more abundantly expressed 16S rRNA, approached the
limit of detection at T3. After 14 days of treatment, with the exception of the lowest dosage of

RMA, all three dosages of the five established and experimental anti-M. tb drugs effected a
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dose-dependent decrease in CFU as well as RNA levels of these genes in the lung homogenates,
compared with untreated mice (CMC T24) (Figure 15). In general, 16S rRNA > fbpB > icl1, with
respect to copy number.

As expected, in the BALB/c mouse model, bacterial growth was more restricted
(increase in CFU from 2.0 log1,CFU on T3 to 6.6 log;oCFU on T31) than that observed in GKO
mice and this was also reflected in the levels of fbpB, icl1 or 16S rRNA in PCR (from T3 to T31).
All three dosages (except the lowest dosage of RMP and MOX) of the five drugs effected a
significant dose-dependent decrease in CFU as well as RNA levels of the target genes, compared
with untreated mice (CMC T31) (Figure 16). Levels of 16S rRNA were much greater than those
of the other two RNAs, while those of fbpB were greater than those of ic/1, although the

variation of ic/1 showed more apparent dose response effects than that of fbpB and 16S rRNA.
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Figure 15. Growth inhibition of M. tb in infected GKO mice as determined by CFU and

transcription levels of the three RNAs. (A) CFU enumeration of M. tb in infected GKO mouse

lung homogenates; (B) Logi,oRNA/mouse of fbpB, icl1 and 16S rRNA in cDNA of M. tb-infected

GKO mouse lung homogenates. Each data point represents the mean of five replicate mouse

samples. L: low dosage; M: medium dosage; H: high dosage. * 0.01 < p < 0.05; + 0.005 < p < 0.01;
|

# p < 0.005 compared with CMC T24, labeled with “{,” for CFU in (A), “ V ” for fbpB, “{.” for
|
icl1, and “ | ” for 16S rRNA in (B).
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Figure 16. Growth inhibition of M. tb in infected BALB/c mice as determined by CFU and
transcription levels of the three RNAs. (A) CFU enumeration of M. tb in infected BALB/c mouse
lung homogenates; ° The six CFU values from the low dosage of INH group were extrapolated
due to too high dilution levels that did not cover appropriate countable colonies; (B)
Log1o0RNA/mouse of fbpB, icll and 16S rRNA in cDNA of M. tb-infected BALB/c mouse lung
homogenates. Each data point represents the mean of six replicate mouse samples. L: low
dosage; M: medium dosage; H: high dosage. * 0.01 < p < 0.05; + 0.005 < p < 0.01; # p < 0.005
| |

compared with CMC T31, labeled with “{,” for CFU in (A), “ V ” for fbpB, “J,” for icl1, and “ ' ”
for 16S rRNA in (B).

Linear correlation coefficients (RZ) between log;,RNA and log;oCFU, logioRNA and
dosage, and CFU and dosage in the GKO mouse lung homogenate samples were generated
(TABLE VII). In the untreated (CMC) group (R® = 0.82 in ic/1 and 0.71 in 165 rRNA), the linearity

was better than that in the “overall” correlation where all samples were included (R* = 0.64 in
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icl1 and 0.71 in 16S rRNA). Better correlations were found in the RMP and MOX groups,
compared to the other three drugs, consistent with the CFU-dosage correlation in these two

groups.

TABLE VII. LINEAR CORRELATIONS IN LOG;,RNA-LOG;,CFU, LOG;,RNA-DOSAGE, AND
LOG;,CFU-DOSAGE IN GKO MICE

R? values
Groups
mRNA targets logio0RNA-log,;0CFU log;oRNA-dosage CFU-dosage
fbpB 0.66
4 Overall icl1 0.64
16S rRNA 0.67
fbpB 0.64 ) )
CcMC icl1 0.82
16S rRNA 0.71
fbpB 0.51 0.51
RMP icl1 0.51 0.64 0.92
16S rRNA 0.63 0.77
fbpB 0.13 0.00
INH icl1 0.24 0.01 0.59
16S rRNA 0.17 0.01
fbpB 0.69 0.81
MOX icl1 0.65 0.76 0.91
16S rRNA 0.21 0.38
fbpB 0.31 0.27
PA 824 icl1 0.05 0.12 0.87
16S rRNA 0.19 0.23
fbpB 0.17 0.27
EMB icl1 0.08 0.20 0.35
16S rRNA 0.45 0.25

? All samples included

Comparing the three target RNAs in parallel in GKO mice, 16S rRNA had slightly better

overall R? and better correlations in the RMP group; while fbpB had a slightly better R? for MOX;
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icl1 gave a better RNA and CFU relationship in CMC correlation. There was no significant
superiority among any of these three gene targets in correlation to CFU.

Gene expression levels of ic/1 in BALB/c mice (TABLE VIIl) had much better CFU
correlation in almost all groups, compared with those of fbpB or 16S rRNA. Levels of ic/1 also
demonstrated good correlation with dosages of RMP, MOX, and EMB, consistent with the CFU-

dosage correlation in these groups.

TABLE VIII. LINEAR CORRELATIONS IN LOG;0RNA-LOG;(,CFU, LOG;,RNA-DOSAGE, AND
LOG;oCFU-DOSAGE IN BALB/C MICE

R? values
Groups
mMRNA targets logioRNA-log;0CFU log;oRNA-dosage CFU-dosage
fbpB 0.43
Overall icll 0.70
16S rRNA 0.49
fbpB 0.22 ) )
CMC icl1 0.63
16S rRNA 0.24
fbpB 0.73 0.61
RMP icl1 0.75 0.73 0.94
16S rRNA 0.81 0.77
fbpB 0.03 0.03
INH icl1 0.03 0.05 0.07
16S rRNA 0.00 0.05
fbpB 0.26 0.22
MOX icl1 0.83 0.72 0.93
16S rRNA 0.61 0.55
fbpB 0.20 0.01
PA 824 icll 0.55 0.08 0.12
16S rRNA 0.07 0.01
fbpB 0.00 0.00
EMB icl1 0.44 0.57 0.71

16S rRNA 0.10 0.13
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Comparing both models of GKO and BALB/c mice, the following observations are worth
further attention: 1) Both fbpB and 16S rRNA had much better dose response in the GKO model
than in the BALB/c model; 2) The abundance of fbpB and ic/l1 was greater in GKO mice than in
BALB/c mice, while that of 16S rRNA remained almost the same between the two models; 3) In
the BALB/c model, ic/l1 almost reached the expression level of fbpB in the high bacterial titer
groups such as T31 CMC and in low dosage of RMP and MOX groups, whereas in the GKO model,
the fbpB level was much greater than the ic/1 levels in all groups; 4) In BALB/c mice, fbpB had
very poor dose response, but ic/1 showed a fairly consistent linear relationship with dosages;
icl1 levels had much better correlation with CFU in BALB/c mice.

In a separate in vivo study on the anti-M. tb efficacy of ecumicin, CFU from BALB/c mice
treated with ecumicin, rifampin or vehicle demonstrated good correlation with the expression
level of the ic/1 RNA. There was a robust linear correlation between these two values in the
groups of mice under different drug treatment (R* = 0.993) (Figure 17; Figure 18). Ecumicin
reduced the growth of M. tb by 1 log;0CFU compared with CMC treated mice, while the
difference between the two dosages of ecumicin treatment was not significant. As a control
drug, rifampin reduced the growth by more than 3 log;oCFU. CMC treated mice showed slightly
lower CFU than the micelle vehicle treated counterparts. The level of ic/1 RNA expression was
lower than the CFU values in that group due to the inhibitory effect of RMP on RNA polymerase

expression.
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Figure 17. Log1oCFU enumeration and log,oRNA expression of ic/l1 in BALB/c mice. L, Low
dosage of ecumicin (20 mg/kg/day); H, High dosage of ecumicin (32 mg/kg/day); Veh=micelle
vehicle; CMC=0.5% CMC; RMP=15 mg/kg/day rifampin.
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Figure 18. Linear correlation between CFU and ic/1 RNA expression in BALB/c mice

3.4 Discussion

Since its first publication in 1992 [100], real-time PCR, or quantitative PCR, has been
exploited for use in numerous molecular biology applications [101]. Quantitative analysis of
Helicobacter pylori infection in mice was achieved by normalizing bacterial genes in host DNA
samples with real-time PCR [102]. In a kinetic infection model of Rift Valley Fever, plaque

forming units (PFU) were correlated with viral RNA copy numbers in mouse tissues using
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guantitative RT-PCR [103]. Real-time PCR has been applied to the quantitative monitoring of
the distribution of fungal infection in mice [104]. Human breast cancer cells genetically tagged
with a bacterial vector were quantified by Tagman real-time PCR after inoculation into nude
mice to trace the metastatic burden in different organs [105]. In all these circumstances, real-
time PCR was used for quantification of cellular gene expression levels to detect, target,
quantify and even kinetically monitor bacterial or cellular counts in vast matrices, such as
murine host tissues.

M. tb quantification with real-time PCR has been applied to TB diagnosis since the early
1990s, mostly through the amplification of DNA sequences of high copy numbers, such as
IS6110 [80-84, 106, 107], instead of targeting the more labile and transient messenger RNA
fragments that disintegrate rapidly after cell death of the bacteria, and therefore more
accurately reflect bacterial growth or bactericidal effects of antimicrobial agents.

In this study, the copy numbers of fbpB, icll and 16S rRNA were quantitatively
determined by real-time PCR assisted with specific Tagman probes in in vitro samples from
serially diluted M. tb, either spiked with uninfected lung tissue or without spiking, in sample
aliquots collected throughout different growth phases in liquid culture media, and in lung
homogenates of TB-infected mice treated with anti-M. tb drugs in both GKO and BALB/c models.
RNA copy numbers were calculated from threshold cycles (Ct) and the correlation was
established between Ct and concentration of purified cDNA templates, presuming that the RNA
extraction rate and reverse transcription rate are both ideally 100%. The RNA levels of each
target gene were then correlated with the corresponding M. tb CFU counts in each individual

sample.
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Although the data points in the correlative regression between RNA copies and CFU in
serially diluted M. tb culture in vitro form a slightly sigmoidal shape, either spiked with
uninfected mouse lung tissues or without spiking, the overall linearity range reinforces the
positive correlation between RNA levels and the CFU counts, which validates the use of real-
time PCR to measure the actual bacterial counts in a given TB-infected cellular or animal sample.
The differences in bacterial cellular mass used for these two serial dilution experiments in vitro
may affect the efficiency in RNA extraction, thus possibly explaining the plateau shapes on both
ends of the correlation curves.

The limited variation in RNA copy numbers throughout the different growth phases of M.
tb growth in axenic media suggests that these log;oRNA values can be utilized to reflect CFUs in
growth monitoring.

It has been demonstrated that fbpB and 16S rRNA levels remain higher than ic/1, but the
dose response of these two RNAs to anti-M. tb drugs is less pronounced in BALB/c mice; in GKO
mice on the other hand, all three RNAs reflected good correlation with CFU and showed
consistent relationships with drug dosages (Figure 16).

As a component of the 30S small subunit of prokaryotic ribosomes, 16S rRNA is highly
conserved between different species of bacteria and commonly used as a signature sequence
for bacterial identification [108] including the mycobacteria [109]. The abundance of M. tb 16S
rRNA was reported to be approximately 100-fold (2 logyg) greater than fbpB in the sputum
samples of infected patients [96]. This coincides with our observation that 16S rRNA has been

constantly maintained at a much higher abundance than the other two RNAs.
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16S rRNA sequences have been employed for the purpose of quantifying M. tb [97, 98],
although rRNA is considered to be less responsive than mRNA to drug exposure with respect to
correlation with bacterial counts [92]. It was also inferred that there is a period following
exposure to drugs during which M. tb is no longer cultivable in vitro, but rRNA can still be
detected with PCR, making rRNA inappropriate for distinguishing viable and dead organisms [94,
95]. These observations are consistent with our own findings in M. tb growth and drug
susceptibility studies in BALB/c mice where there was an absence of a dose response with
respect to 16S rRNR levels. In GKO mice, due to faster growth of M. tb in the absence of
gamma-interferon, housekeeping genes, such as 16S rRNA, reflected cell viability more quickly,
in response to effective drugs.

Antigen 85 complex (fbp), which has also been considered to be a housekeeping gene,
codes for a secretion product from M. tb that stimulates cellular and humoral immunity [86, 88].
The superiority of using the mRNA of antigen 85B to using DNA targets for M. tb quantification
was clearly illustrated [85, 91, 110], in response to antimicrobial therapies. Antigen 85A, with
73% homology to 85B [88], was shown to cause significant gamma-interferon induction in
patients and spleen cells from mice [111]. In BALB/c mice, the immune system quickly responds
to such surface antigens of M. tb cell wall upon infection and, in consequence, suppresses
expression of the fbpB gene, which may explain our finding that the fbpB levels were greatly
reduced in all test groups of BALB/c mice relative to those in the GKO mice.

That the drug dose response of fbpB is delayed relative to that of CFU in BALB/c mice,
while remaining in parallel in the GKO mice, a tendency similar to that of 16S rRNA, likely

reflects the constitutive expression of these abundant functional genes. RNA expression from
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these genes maintained survival of the bacteria in hosts, even in a damaged or uncultivable
state while exposed to drugs. Meanwhile, these genes still retained some uncontrolled
expression within a period of time from drug exposure due to slow degradation [94, 95]. The
similarity of the kinetics of fbpB and 16S rRNA expression during in vitro growth, despite
quantitative differences (Figure 12), was consistent with a report on the ratio between mRNA
and rRNA during the growth of M. tb in vitro [112].

Referred to as a required enzyme in maintaining M. tb persistence in vivo, isocitrate
lyase (icl) plays an essential role in fatty acid catabolism and virulence where carbon sources
are metabolized through the glyoxylate shunt [19, 93]. Interestingly, the level of ic/1 went
through regulated stages during bacterial growth and drug inhibition. Firstly, ic/ was apparently
up-regulated in M. tb from mouse lungs relative to an in vitro environment [92, 113]. In the
BALB/c acute model, the initial ic/1 expression remained at a fairly low level compared to fbpB,
but eventually increased steeply attaining a similar level to that of fbpB (Figure 14). In addition,
icl1 RNA levels approximated those of fbpB in the CMC group, low dose RMP and low dose MOX
groups in the BALB/c drug treatment study (Figure 16). This is consistent with the observation
of a strong induction of ic/1 RNA expression in vivo while that of fbpB remained suppressed.

Secondly, although it has much lower expression levels than fbpB and 16S rRNA in in
vitro culture media and the two mouse models, ic/1 levels demonstrated the most consistent
and robust correlation with CFU counts, whether under different doses of drug treatment or in
the immune-competent BALB/c model. This was especially evident in the later stages of
infection in both BALB/c acute and chronic models, in which an abrupt decline in ic/1 RNA levels

occurred in parallel with CFU upon RMP exposure, whereas there was a more modest decline in
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the transcriptional levels of the other two RNAs. Similar to fbpB, the immune-competent
characteristics of BALB/c mice still constrained the overall expression level of ic/1 in contrast to
that of GKO mice.

With respect to the effects of the five anti-M. tb agents in in vivo studies on gene
expression, RMP, a known inhibitor of RNA polymerase [114], could directly impact RNA levels.
However, there were no outstanding differences between the RNA-dose correlation and CFU-
dose correlation in all five drug groups, indicating that the RNA levels responded to different
concentration of drug exposure in the same tendency, as did the CFU values. No other obvious
drug effects were observed contributing to significant changes in transcription levels of these
target RNAs.

In order to identify species-specificity of the three target RNAs, pellets of the
centrifuged bacterial culture medium from eight other strains in the Mycobacterium genus,
other than M. tb Erdman, were harvested and real-time PCR was carried out using the cDNA
templates from an equal amount (500 ng) of RNA extracted from those pellets. Among the
other Mycobacteria species, M. kansasii, M. bovis BCG, and M. tb H3;Rv also maintained high
copy numbers of all three target RNAs that were used to amplify the M. tb Erdman; M. avium
only showed homologous 16S rRNA to that of M. tb Erdman (TABLE IX). In the phylogenetic tree
generated based on 16S rRNA homology [109], all these four above-mentioned Mycobacterium
species were clustered with a fairly close relationship in the slow grower category. None of the
three target RNAs produced any positive hits in the non-infected mouse lung tissues (data not

shown). Therefore, the gene amplification method using the primers and probes of these three
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selected targets will not bind non-specifically to the host genome sequences, nor to the

genome of other species such as M. smegmatis within the genus Mycobacterium.

TABLE IX. SPECIFICITY OF fbpB, icl1, AND 16S rRNA IN MYCOBACTERIAL SPECIES °

av sm ch tb ab ka bo ma
fbpB + + +
icll + + +
16S + + + +

@ ‘4’, Ct value determined (< 40) in real-time PCR. av: M. avium; sm: M. smegmatis; ch: M.

chelonae; tb: M. tb Hs;Rv; ab: M. abscessus; ka: M. kansasii; bo: M. bovis BCG; ma: M. marinum.

In the efficacy study of ecumicin, real-time PCR method was able to quantitatively
predict its inhibitory effect on M. tb growth in vivo within only five days after the tissue samples
were obtained, while the CFU enumeration method took as long as three weeks before visible
colonies started to form on the agar culture media. The linear correlation between CFU and ic/1
RNA expression confirmed that real-time PCR precisely and much more efficiently predicted the
inhibition of M. tb growth in advance of CFU.

In conclusion, after preliminary validation studies in vitro, using a real-time PCR method,
three RNAs, fbpB, icl1, and 16S rRNA were used to quantitatively reflect M. tb burden in lung
tissue of infected GKO and BALB/c mice following treatment with five drugs at three dosages.
Although highly abundant in copy numbers, fbpB and 16S rRNA lagged behind the CFU
fluctuation in response to drug exposure in BALB/c mice, thus the dose-response gradients
were compromised. ic/I RNA remained more consistent with CFU in all circumstances, thus
representing a superior quantitative marker for monitoring M. tb growth inhibition of anti-M.

tb agents in a mouse model.



4. Phenotypic screening (Methodology)

The 96-well microplate format for antimicrobial screening offers the advantages of small
sample consumption, low cost, and compatibility with high throughput automation facilities for
sample handling [32]. While most microbial growth can be reflected by the optical density of
the culture broth, the quantitative detection of the growth of replicating and non-replicating
(NR) M. tb has been greatly facilitated by MABA [33] and LORA [115], respectively. These two
methods have been adopted for routine anti-M. tb and other antimicrobial tests with crude
extracts from natural sources, as well as the downstream fractions or purified compounds
obtained from chemical purification procedures. The methodologies used in this study included:
> A primary determination of the percentage of inhibition of a test sample on M. tb
growth relative to untreated bacterial controls to identify samples showing > 90% inhibition;
> The determination of MIC with replicating M. tb under normoxic (normal oxygen level)
and NR M. tb under hypoxic conditions to further prioritize active samples that preferably show
< 1 pg/mL MIC values under both conditions;
> The protein MIC shift assay to eliminate samples that could be bound and deactivated
by serum proteins;
> The MIC determination with mono-drug resistant M. tb strains to deprioritize samples
that might be hitting targets exploited by existing anti-M. tb drugs;
> The MICs against bacteria other than mycobacteria so as to profile active samples with

respect to broad or narrow spectra of activity;

62
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> Enumerating an MBC value to disclose the actual killing efficiency of the test samples on
M. tb;
> The measurement of cytotoxicity for mammalian cells to provide evidence, in

conjunction with MIC and MBC, of selective toxicity.

These phenotypic screening procedures were used throughout the bioassay-guided
fractionation (BGF) (see “Section 4.6”), and utilize empirical cut-off criteria of inhibitory
concentrations in the bioactivity tests (Figure 19), including > 90% inhibition rate in primary
screening, < 1 ug/mL MIC against M. tb with either MABA and LORA, > 10 ug/mL MIC against
non-Mycobacterium strains, > 50 ug/mL ICso reflecting mammalian cytotoxicity, > 50 selectivity
index (SI), < 1 ug/mL MBC tested against M. tb, and < 1 ug/mL MIC in protein MIC shift assay. In
this scheme, only prioritized extracts, bioactive fractions, and purified lead compounds were
submitted for in vivo potency studies represented by the GC-MS/MS and real-time PCR
methods established above, which bypass the routine bioavailability studies of active
compounds before in vivo studies. The prioritized extracts and fractions were also applied
directly to bioautography or qPAR methods to be introduced in the upcoming chapters so that
the chemical and biological characteristics of each individual constituent, ideally compound,

can be obtained while avoiding the tedious fractionation steps.
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Figure 19. Phenotypic screening flow chart. Primary=primary screening on M. tb growth
inhibition; Mono=MIC against mono-drug resistant strain; Clades=MIC against clinically isolated

clades; SA=spectrum of activity; Sl=selectivity index; BGF=bioassay-guided fractionation;
MBC=minimum bactericidal concentration.

4.1 Percentage inhibition

4.1.1 Assay plate configuration

In a 96-well clear-bottom assay plate, 100 pL of 7H12 media was added to all wells in
rows A and H, and columns 1 and 12; whereas 98 pL was added to all the other testing wells in
row B to row G from column 2 through 11 (60 wells), and 2 pL of testing compound was added

to the testing wells (Figure 20).
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A 100 pL inoculum of approximately 1 x 10° CFU/mL M. tb in 7H12 media was added to
all wells in columns 2 through 12. The plates were incubated for 7 days at 37 °C with 5% CO,
and 95% humidity. On day 7, 12.5 pL of 20% Tween-80 and 20 pL of Alamar blue (Life
Technologies) (or 0.6 mM resazurin dye solution) [23, 33] were added to all wells in columns 1-
12 in rows B-G. The plate was incubated for another 24 hrs. Fluorescence was measured at 530
nm excitation and 590 nm emission. Any wells that exhibited inhibition of 90% or greater were

considered to be “hits”. Percentage inhibition (%/nhibition) was calculated as follows:

% Inhibition = (Meanggcteria — Test)/(Meangacteria — Meanyeqia) X 100%  Equation 3

1 2 3 456 7 8 9 10 11 12

A

B Media Bacteria
C Media Bacteria
D Media Bacteria
E Media Bacteria
F Media Bacteria
G Media Bacteria
H

Figure 20. Assay plate configuration for percentage inhibition testing. Shaded grids indicate
inoculated wells, in which column 12 was not loaded with test samples.

The working concentration of test samples is empirically 5 pg/mL or 10 pg/mL. Due to
the complexity of the sample composition, the 90% inhibition cut-off line for the downstream
fractionation is flexible depending on the numbers of hits and the overall efficiency of inhibition

within each batch of test samples.
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4.1.2 7’ factor calculation
The mean and standard deviation (SD) of “Bacteria” and “Media” columns are calculated
for each 96-well plate as positive and negative controls, respectively. 2’ factor can be calculated

as in the following equation:

SD ia+SD i
ZI =1-3x% Bacteria Media

Equation 4
|IMeanpgcteria—Meanyedial

Z’ factor could be a number near 1 or negative. The closer it is to 1, the better the
guality of the experiment. A Z’' factor larger than 0.5 is acceptable, while Z’ factor smaller than

0.5 indicates the experiment may not be reliable.

4.2 Minimum inhibitory concentrations (MICs)

4.2.1 Normoxic condition — microplate Alama Blue assay (MABA)

7H12 culture media was added to the wells of a clear-bottom 96-well assay plate
according to the volume configuration in the protocol (Figure 21). Testing samples (2 pL) were
added to wells in three replicates on each of column 1 through 3 (row A and row H were left
blank). A 2-fold serial dilution was carried out by pump-mixing 50 pL of the solution at least 4
times and performing serial 100 uL transfers from column 3 through column 10. The last 100 pL
of solution was discarded. A 100 pL aliguot of M. tb HssRv inoculum was added to wells in
column 2 through column 11, and the plate was incubated for 7 days at 37 °C with 5% CO, and
95% humidity. On day 7, 12.5 uL of 20% Tween-80 and 20 pL of Alamar blue (or 0.6 mM

resazurin dye solution) were added to columns 1-12, rows B-G. The plate was incubated for
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another 24 hrs and fluorescence was measured. MABA MICs were defined as the minimum
concentrations effecting > 90% reduction in fluorescence relative to untreated control cultures
in column 11. Bacteria-free, sample-containing controls were used to factor out any
background fluorescence by the samples at high concentration in column 1. A standard drug
plate was always prepared together in each batch of MIC testing (TABLE X). Other than the
negative control drug, metronidazole (MET), all of the other five drugs show fairly strong anti-M.
tb activities in MABA. The MICs of the standard drugs are described in Chapters 7 and 8.

MABA was the routinely used susceptibility test for anti-M. tb drug screening
throughout the bioassay-guided fractionation procedures. It is a robust, sensitive and relatively
low-cost method that gives consistent and comparable results between repeated tests. This
method was adaptable to most of the other MIC tests involving different M. tb strains and

other species from the Mycobacterium genus.

1 2 3 4 5 6 7 8 9 10 11 12

Drug g'c')it Dill Dil2 Dil3 Dil4 Dil5 Dil6 Dil7 Dil8 Bcatflt '\é';‘lj

198 | 98 | 198 100 200

I OmMmMOO® >

Figure 21. Volume (pL) of 7H12 media used for MABA plate configuration. Shaded grids
indicate inoculated wells. High Conc=highest concentration; Dil=dilution fold; Bact Ctrl=bacteria
control; Med Ctrl=media control.
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TABLE X. STOCK CONCENTRATION OF STANDARD DRUGS FOR MABA AND LORA *?

Stock Concentration (mM)

MABA LORA
RMP 0.4 1.6
INH 0.8 102.4
MET 51.2 51.2
CAP 1.6 32
SM 1.6 3.2

® RMP=rifampin; INH=isoniazid; MET=metronidazole; CAP=capreomycin; SM=streptomycin.

4.2.2 Hypoxic condition — low oxygen recovery assay (LORA)

White-bottom 96-well assay plates were used for LORA with the same plate
configuration as MABA. The LORA utilizes an M. tb strain bearing a pFCA-/uxAB luciferase gene
[115]. A brief sonication (~15 sec) of the bacterial inoculum is required before inoculation into
the assay plate. The LORA plates were incubated in an anoxic chamber for 10 days at 37 °C,
then exposed to normoxic condition for 28 hrs of oxygen recovery before reading the
bioluminescence. Before plate reading, 1% n-decyl aldehyde prepared in ethanol was freshly
diluted 10-fold with PBS and used as the chemiluminescence reagent. Luminescence was
measured immediately after adding 100 pL of the diluted n-decyl-aldehyde solution into each
well with an auto-injector (Perkin Elmer Wallac 1420 Victor2 Microplate Reader). A standard
drug plate was used in parallel with the sample plates in each individual batch (TABLE X).
Alternatively, in a more recent version of the LORA, MICs were determined with the luciferase-
bearing luxABCDE strain of M. tuberculosis instead of the /uxAB strain, without any need to add
n-decyl-aldehyde.

LORA is a specific assay for testing the MIC of samples under low oxygen conditions. INH,

a bactericidal drug only to rapidly dividing mycobacteria, is not active against NR M. tb,
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therefore it shows high MIC in LORA, which serves as an indicator of the quality of the low
oxygen condition during each run. Metronidazole also shows weak activity against NR M. tb,
whereas the other four drugs remain active. The LORA MIC of a test sample is usually higher

than its MABA MIC.

4.2.3 Protein MIC shift assay

Bovine serum albumin (BSA, Fisher Scientific) or fetal bovine serum (FBS, Atlanta
biologicals, Lawrenceville, GA) were added to culture media in running MABA or LORA to
achieve the final concentrations of 4% w/v and 10% v/v, respectively, to assess their effects on
the bioactivities of the test samples. Test samples that are easily bound to serum proteins
usually show a reduced activity compared with the normal culture conditions which contain
only 0.5% w/v BSA. Samples with highly increased MICs in the presence of increased BSA or

with FBS, may require excessively high in vivo exposures.

4.2.4 Mono-drug resistant strains and clinical isolates

MABA was also used for testing the MICs against strains that are monodrug-resistant
and strains representing global clades (clinical isolates). Clinical isolate code X001354
corresponds to an Indo-Oceanic lineage, X004439 and X004244 to East Asian lineages, X005282
and X005319 to Euro-American lineages, X001354 to East African-Indian lineage [116, 117].
Monodrug-resistant strains include Mycobacterium tuberculosis resistant to streptomycin (rSM,
ATCC 35820), rifampin (rRMP, ATCC 35838), kanamycin (rKM, ATCC 35827), isoniazid (rINH,
ATCC 35822), cycloserine (rCS, ATCC 35826), moxifloxacin and capreomycin (rMOX and rCAP,

the latter two generated in the Institute for Tuberculosis Research at the University of Illinois at
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Chicago). An active constituent is expected to be active against all of these strains if it hits a

unique target.

4.2.5 Spectrum of activity (SA)

MICs against Escherichia coli (ATCC 25922), Staphylococcus aureus (ATCC 29213),
Acinetobacter baumannii (ATCC BAA-747), Enterococcus faecalis (ATCC 29212), and
Pseudomonas aeruginosa (ATCC 27853) were determined using photometry at ODsyq after 16
hrs of incubation in 2.2% Mueller Hinton Il broth (Becton Dickinson, Sparks, MD), for
Streptococcus pneumonia (ATCC 49619) at ODyyo after 20 hrs in 2.2% Mueller Hinton Il broth
with addition of 2% horse blood, and for Candida albicans (ATCC 10231) at ODsg after 48 hrs in
1% Cellgro RPMI 1640 media (Mediatech Inc., Manassas, VA) with addition of 1.8% b-(+)-
dextrose (ICN Biomedicals, Aurora, OH) and 3.5% MOPS (Acros, NJ). MICs were defined as the
lowest concentration resulting in > 90% reduction in absorption relative to untreated control
cultures. MICs against Mycobacterium smegmatis (ATCC 700084) were determined by the
MABA method [118] in a manner similar to that used for M. tb except that the cultures were
incubated for 72 hrs prior to addition of 0.6 mM resazurin and Tween 80, then fluorescence
was recorded after an additional 4 hrs of incubation.

In some cases, antimicrobial agents share similar structural cores or related targets, and
therefore exhibit universal antimicrobial activities. Considering the relatively long treatment
duration for TB, it is more desirable for an active agent to specifically inhibit only the growth of
M. tb and not normal flora. The spectrum of activities discloses the specificity of the

antimicrobial agents according to the gram reaction, taxonomy, and pathogenicity of the
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bacteria. Prioritized extracts or fractions are those that show specific activities against M. tb,

but low activity against bacteria other than Mycobacterium species.

4.3 Minimum bactericidal concentration (MBC)

MBCs were determined using the plate formats and incubation conditions described
above for the MABA or LORA, with each sample tested in triplicate rows. On day 0 (for
untreated bacterial controls) and again on day 7 for MABA or day 10 for LORA, the contents of
the triplicate wells were combined in microtubes which were then centrifuged at 10,000 rpm
(Eppendorf centrifuge 5415D, 24-place fixed-angle rotor) for 1 min. The supernatants were
discarded and pellets were re-suspended in 500 uL of fresh culture media. Two to three 10-fold
serial dilutions of the bacterial suspension were made in PBS buffer solution and then 50 pL was
plated on Middlebrook 7H11 agar media in 6-well plates. CFUs were determined after 3-4
weeks incubation at 37°C. The MBCqyy was defined as the lowest concentration of the test
compound resulting in a one logyo reduction in CFU relative to that determined at TO. Rifampin
was used as positive control.

MIC monitors the lowest concentration of a test sample at which the bacterial growth is
inhibited, but the viability of the bacteria under this drug concentration is not accurately
reflected. The value of minimum bactericidal concentration (MBC)/MIC ratio is often used to

determine whether an agent is strongly or weakly bactericidal or completely bacteriostatic.

4.4 Cytotoxicity test
Cytotoxicity 1Cso determinations with Vero cells (CCL-81, American Type Culture

Collection, Rockville, MD) were carried out according to previously published methods [118,
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119]. In detail, samples were prepared in DMSO at a stock concentration of 5 mg/mL, while
rifampin stock concentration was prepared at 2 mg/mL. Five 3-fold serial dilutions were
prepared with D-MEM culture media in a 96-well plate and then inoculated with an equal
volume of Vero cell suspension (2 x 10* cells in each well), and incubated at 37 °C for 72 hrs.
Plates were washed twice with 100 uL/well HBSS and 100 uL/well D-MEM culture media was
added, followed by 20 pL of the mixture (20:1) of MTS tetrazolium reagent and phenazine
methosulfate (PMS) (Promega CellTiter 96 Aqueous One Solution Cell Proliferation Assay).
Following incubation in a CO, incubator for another 2.5 hrs, absorption was measured at 490
nm. Compounds were considered to be cytotoxic, moderately cytotoxic and non-cytotoxic if
they yielded ICsgs of < 0.5 pg/mL, 0.5 ug/mL-128 pg/mL and > 128 ug/mL, respectively. The ICsg
for rifampin is approximately 80 ug/mL.

As the final selection determining a successful drug lead as a safe candidate for human
consumption, the mammalian cytotoxicity index unveils whether an antimicrobial agent is
specifically active on bacteria while not detrimental to human cells, or alternatively the

potential activity actually comes from its universal cytotoxicity.

4.5 Selectivity Index (SI)

Given the ICso and the MIC, the selectivity index (S/) for a sample can be calculated as:

SI = 1Csy/MIC Equation 5
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The selectivity index provides an essential insight into the combination of antimicrobial
activity and toxicity of a test sample. A higher S| predicts a larger therapeutic window, which in
turn predicts a more flexible dose range in the subsequent animal studies.

For the purpose of prioritization for further study, the threshold level of activity of
extracts, fractions or compounds was empirically defined as 1 ug/mL in MABA including mono-
drug resistant M. tb strains and clinical isolates representing the various clades. Similarly, the
ICso value for Vero cells of a test sample must be > 50 ug/mL. Therefore, a sample showing an
SI > 50 ug/mL was regarded as a priority hit. Other target thresholds included MICs > 10 pug/mL
against bacterial strains other than mycobacteria, MBCs < 1 ug/mL, and MICs < 1 ug/mL in the
presence of serum proteins. These empirical values provide predefined criteria that aid in the

selection and prioritization process.

4.6 Bioassay-guided fractionation (BGF)

Starting with prioritized extracts, the fractionation steps were conducted in parallel with
bioassays, i.e. bioassay-guided fractionation (BGF). In brief, an empirical scheme of BGF
includes a basic Cig cartridge fractionation to crudely separate the principles in different
chemical classes, fractionation through a Sephadex LH-20 column to separate molecules of
different size and polarity, high-speed counter current chromatography (HSCCC) by liquid-liquid
partition, and preparative HPLC to obtain finer fractions and eventually pure compounds from
all fractions. Thin layer chromatography (TLC) was applied for monitoring the purity of the
fractions. High-resolution mass spectroscopy (HR-MS) such as ion-trap time-of-flight mass
spectrometer (IT-TOF-MS) was utilized for acquiring the accurate mass (molecular weight) of a

pure compound. Elemental composition (molecular formula) can be determined with better
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than 5 ppm accuracy using the Shimadzu molecular formula predictor software. Structural
elucidation by NMR was followed after a recollection and enrichment of the pure constituents,
including data collection of the 1D proton spectrum, HSQC, COSY, HMBC, TOCSY, and
ROESY/NOESY, if necessary, with 400MHz or 600MHz nuclear magnetic resonance (NMR)
instruments (Figure 22). Details of BGF protocols will be discussed in the two examples

introduced in Chapters 7 and 8.

’ Crude extract ‘
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Figure 22. Fractionation scheme

In summary, these phenotypic screening methodologies serve as a series of useful tools
for screening, selecting, and prioritizing samples for their robust anti-M. tb properties and for
selecting samples to be assessed in vivo. These well-defined protocols are conducted in high

throughput settings, and possess high efficiency and reproducibility.



5. Bioautography

5.1 Introduction

In classical bioassay-guided fractionation, the ambiguity of impurities contained in active
fractions can present obstacles in the prioritization procedures on the path to lead compounds.
The difficulty in detection, isolation, and characterization of bioactive minor constituents that
are often buried under major but less active constituents, has also impeded identification of
activities in crude fractions. This situation often results in loss of activity during the isolation
procedures, or the dismissal of fractions due to the false interpretation of synergy. Thus, early
characterization of active principles in crude fractions during a bioassay guided fractionation
procedure is highly recommended, preferably, prior to isolation and purification of the active
principles.

The microplate Alamar blue assay (MABA) [23, 33] is characterized by high efficiency
and low cost in high throughput screening for anti-M. tb constituents, but its capability to
interface with the chemical and structural identification of test samples is intrinsically limited.
Thin layer chromatography (TLC), however, has the capability of separating constituents in a
complex test sample, visualized through photometric or fluorescent properties of the
compounds before or after applying colorizing dye reagents. Instead of manipulating one
sample at a time as in each injection for HPLC analysis, TLC simultaneously deploys a series of
samples for chemical separation in one run.

This TLC-based bioassay methodology adds a new dimension to anti-M. tb compound

screening, enabling the simultaneous collection of both biological and chemical information of

75
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the anti-M. tb active principles. This provides a direct link between bioactivity and chemical
properties of the active constituents. In fact, in addition to its use in detecting antimicrobial,
antifungal, and antiprotozoal activities, TLC hyphenated with bioautography has also been used
in anti-phage, antiviral, and cytotoxicity testing [120]. However, it is a novel technology for M.
tb, therefore, extensive development has to be done to overcome the challenges presented by
such a slow growing pathogenic bacterium.

The original concept of developing a bioautography method for microbiological
detection of antimicrobial activities of chemical agents was based upon inhibitory assays in
which the test sample diffuses from a disc placed on the surface of an agar plate or a well cut
into the agar. In either case, an active substance forms an inhibition zone in the bacterial lawn.
The diameter of the inhibition zone is measurable with calipers and thus quantitatively
indicative of the antibacterial potency in cases where zone sizes have previously been
correlated with MIC determinations [121-123]. Different techniques were introduced to
distribute the bacterial inoculum in the agar culture, such as using a roller to spread out the
inoculum on the agar surface [124], or mixing liquid culture media with molten agar media held
just above the solidification temperature of 40 °C [123].

TLC-linked bioautography for antibacterial activity testing can be categorized into three
main versions, i.e., contact-, direct-, and immersion-bioautography [122, 125, 126] (Figure 23):

1) The contact method requires the isolated samples on the TLC plate to diffuse onto
the inoculated agar through face-to-face attachment of the TLC plate and the agar surface. The
efficiency of sample transfer from plate to water-based agar is mostly dependent on the

polarity and other physicochemical properties of the constituents. After sample transfer, the
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agar plate is incubated without the TLC plate in order to detect growth inhibition of the
transferred constituents on the agar.

2) In the case of direct bioautography, an inoculum in liquid culture media is either
sprayed onto the TLC plate with a sprayer [127], or the TLC plate is briefly dipped into
inoculated bacterial liquid or agar culture media for a few seconds. Both methods produce a
thin film of bacteria covering the surface of the developed TLC plate. The culture media-
covered TLC plate is then incubated to reveal the growth inhibition on its surface.

3) In the immersion method, a modification of direct bioautography, warm inoculated
agar media is poured over the TLC plate or added on its surface with a pipette to form a
solidified layer above the plate followed by incubation. The thickness of the agar layer on top of
the TLC plate is the factor that differentiates this method from direct bioautography. This
method may not be applicable for growth detection of obligately aerobic bacterial species, such

as Staphylococcus aureus 209P [128].
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Figure 23. Bioautography methods. After incubation, individual antimicrobial constituents form
inhibition zones on the bacterial lawn, as shown by the white circles.

The use of reagents to detect the cellular reductase activity of the microorganism is
commonly applied to visualize bacterial growth. The inoculated TLC plate is dipped in an
aqueous solution of tetrazolium salts, potential substrates for the reductive enzymatic reaction
of bacterial dehydrogenase, such as methyl thiazolyl tetrazolium (MTT), p-iodonitrotetrazolium
violet (INT), or tetranitro blue tetrazolium (TNBT), then recorded by colorimetry scanner [129].
MTT can also be sprayed onto the surface of the plate to colorize the bacterial zone [121, 124],

or the reagent can be readily mixed in the agar. However, this method is not suitable for M. tb.
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To overcome the difficulty of detecting M. tb (and its inhibition zones) due to its slow
growth, a non-virulent, luciferase expressing M. tb recombinant was constructed, which does
not require the addition of dye reagents or further processing. The luxABCDE cassette, coding
for both the production of luciferase as well as the aldehyde substrate, has been integrated into
the M. tb genome (Figure 24) and has been used to quantify growth in vitro and in vivo [130,
131]. This modified M. tb strain is inherently bioluminescent and if the vector is introduced into
an avirulent strain would be able to be used in a biosafety level-2. Thus the detection of anti-TB

principles in mixtures could be greatly enhanced by means of the TLC-bioautography method.
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Figure 24. The luxABCDE vector
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5.2 Material and methods

5.2.1 Construction of the bioluminescent M. tb strain

The pMV306hsp60 + LuxABCDE vector, created and provided by Dr. Siouxsie Wiles, was
incorporated into the avirulent M. tb mc”7000 strain. The MABA MICs of 12 drugs against both
the recombinant strain and H3;Rv was evaluated with a smaller than 2-fold difference between
the strains for all 12 drugs, confirming that the bioluminescent strain can serve as a useful
surrogate for Hi;Rv testing of most compounds at the screening stage. Before expressing it in M.

tb, this vector was used in a transformed E. coli strain to assess the production of luminescence.

5.2.2 Working stock preparation

The mc®7000 JuxABCDE strain was inoculated and incubated for approximately 3 days in
200 mL of Middlebrook 7H9 culture media supplemented with 10% (v/v) oleic acid, albumin,
dextrose, and catalase (OADC, Fisher Scientific) and 100 pug/mL pantothenic acid (Sigma-Aldrich).

Growth was monitored until the culture reached 0.2-0.3 at As7o and > 10,000 RLU per 200 pL.

5.2.3 Contact bioautography

Duplicate TLC plates were prepared using a CAMAG TLC auto-sampler and a CAMAG
AMD automatic multi-solvent developing device with a solvent mixture of CHCl3:MeOH = 95:5
as a standard condition. One TLC plate served as a chemical reference and was processed with
0.4% vanillin spray (prepared with 2% sulfuric acid in EtOH).

Inoculated 7H9 broth was diluted with 7H11 agar media (see “Section 5.2.4”), mixed
well, poured into square petri dishes (12cm x 12cm), and allowed to solidify for 30 min. The TLC

plate was placed on the surface of 7H11 bacterial agar and held for 15 min at 4 °C. The TLC
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plate was then carefully detached from the 7H11 bacterial agar and incubated at 37 °C for 24
hrs. Luminescence image of the agar was recorded by the IVIS instrument (Advanced Molecular

Vision, Lincolnshire, UK).

5.2.4 Direct bioautography: dipping the TLC plate into liquid or agar culture broth

In this method, 200 mL of mc?7000 /uxABCDE culture (ODs79 = 0.2-0.3) was poured into a
sterile CAMAG glass trough and the developed TLC plate was dipped into the culture for 5-10
sec. Then, the TLC plate was placed into a covered petri dish, sealed and incubated at 37 °C for
24 hrs. The plate image in luminescence was recorded by a Xenogen IVIS Spectrum instrument.

In order to apply the direct bioautography method to agar culture media, 200 mL of
7H11 media was autoclaved and cooled to ca. 50 °C and maintained in a thermostatic water
bath. A 1:5 fold dilution was made with the mc®7000 JuxABCDE (ODs79 = 0.2-0.3) in 7H9 broth
and the 7H11 agar media, and poured into the glass trough after gentle mixing. The TLC plate

was dipped into the 7H11 bacterial agar suspension for 5-10 sec, and then incubated.

5.2.5 TLC-bioautography with ECUM8412 and E14046 extracts/fractions

The extracts ECUM14046 GE and 14046 GE3 (see “Chapter 7”) were loaded on normal
phase TLC plates and developed with a solvent mixture of EtOAc-Toluene-MeOH-HCOOH (95%)
= 60:40:5:1. The extracts and fractions ECUM8412 GE, ECUM8412 VC5, and ECUM8412 S1 (see
“Chapter 8”) were loaded and developed with a solvent mixture of CHCl3-MeOH = 95:5. The
“contact method” was carried out to detect activity according to the protocols described above.

The extraction and recollection of the isolated constituents on the TLC plate were accomplished
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with a CAMAG TLC-MS interface (CAMAG Scientific Inc.) linked to a solvent pump. The

molecular weights of the isolates were confirmed with a Shimadzu IT-TOF-MS.

5.3 Results and discussion

5.3.1 Rifampin inhibition zone

Inhibition of M. tb mc*7000-luxABCDE by rifampin was determined by luminescence
recorded after 24 hrs incubation. The inoculum density varied, from the minimum in panel A
through the maximum in panel D (Figure 25). An increasing intensity of luminescence was
detected from the bacterial lawn in the rifampin-free area, and inhibition zones were clearly
distinguished where rifampin was applied. Panel D showed the best resolution of the drug spots,
indicating that the level with the highest bacterial inoculum is optimal to visualize inhibition of

M. tb.

Figure 25. Inhibition zones formed by applying rifampin to the bacterial lawn of M. tb
mc?7000-luxABCDE strain as determined by luminescence. Panel (A) through panel (D)
received an increasing quantity of bacterial inoculum.
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5.3.2 Bioautography method

The size of bacterial inhibition zones on TLC plates are influenced by the bacterial
growth/metabolism rate, the potency and the physicochemical properties of the drug
molecules, most importantly the hydrophobicity, the interaction between drug molecules with
liquid or agar culture media. In the “contact method”, the formation of inhibition zones mainly
depends on the translocation rate of the compounds from TLC plates to the agar surface.
Hydrophilic compounds can easily diffuse into the agar. Hereby, the active compounds become
diluted, which makes it difficult to localize or refer to their concentrations. In the “direct
bioautography” method, after dipping the TLC plate into the inoculated culture media, gravity
affects the efficiency of culture media coverage on its surface. Considerable sample diffusion
from the TLC plate may also occur during the dipping procedure. Therefore, a short but efficient
dipping time was essential. The “immersion method” provides a more substantial thickness of
agar coverage on top of the TLC plate, compared with the direct bioautography method;
however, the amount of agar covering the TLC plate may influence the growth rate of
inoculated bacteria and the formation of an inhibition zone around the active principles on the
TLC plate.

Other environmental factors may affect the formation of inhibition zones. For example,
the translocation of the constituents from TLC plates to the agar tends to be slower at lower
temperature (4 °C). This prevents the migration of compound molecules through the agar base
[132]. In the immersion method, where the warm agar is poured on the developed TLC plate,

growth of oxygen-sensitive bacteria will depend on the availability of oxygen at the interface of
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TLC and agar layer. To offset the depletion of oxygen in respiration, 0.1% potassium nitrate has

been incorporated into the agar [128], to improve bacterial growth.

5.3.3 Bioautography of cyclic peptides

Both ECUM14046 GE and 14046 GE3 (see “Chapter 7”) showed visible bands on the
developed TLC plate (Figure 26A) and significant inhibition (blue spots) of bacterial growth
(against the green background) on the bioautography plate (Figure 26B). One of the two
distinguishable bands of 14046 GE3 (black arrows in Figure 26A) was in alignment with the
weak band of 14046 GE. Based on the TLC results (see “Section 7.2.2"), these bands can be
assigned to the two anti-M. tb cyclic peptides, the hytramycins, which were isolated from these
extracts. This assighnment was reinforced by the determination of the molecular weights of
these isolates on the TLC plate. As the hytramycins in fraction 14046 GE3 were enriched, the
bioautography of 14046 GE3 revealed a stronger inhibition zone than the 14046 GE extract.

In the case of the ECUM8412 GE extract and fractions (see “Chapter 8”), a decreasing
number of TLC bands was detected in the three consecutive samples, from extract 8412 GE to
fractions 8412 VC5, and 8412 S1 (Figure 26C). The TLC profile matches the inhibition zones
(dark blue spots) determined with bioluminescence (Figure 26D). Two bands appeared on a TLC
plate with sample 8412 S1 (right lane) -- the upper one as the bioactive xylamycin and the lower
one was later identified by the mass spectrometer as an inactive isoflavone dimer. Therefore,
the 8412 S1 fraction formed only a single inhibition spot in the bioautography (right lane). In a
previous isolation attempt, the isolate (an isoflavone) from the lower band on the TLC was
mistaken as the active constituent. With bioautography, the active principle could be assigned

to the correct structure.
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The mother fraction, 8412 VC5, showed additional bands to those in 8412 S1. Inhibition
zones on the bioautography were detected in the area that xylamycin was resolved (middle
lane). However, more bioactive compounds were detected, indicating a greater complexity of
anti-M. tb constituents in this fraction rather than only xylamycin.

Extract 8412 GE (left lane) had a variety of constituents visualized on TLC. The
bioautography method revealed a more extensive inhibition zone (purple area) from the
starting point to the xylamycin spot. The broader inhibition areas on the bioautography of both
8412 GE extract and 8412 VC5 fraction indicate that the strong antibacterial constituents, the
xylamycins, co-exist with other less active ones. These results indicate that some of the
bioactive constituents in the mother fraction may be lost during the classical purification
procedures and not be detected if the focus is restricted to the chromatographically dominant
constituents. The polarity of hytramycins and xylamycin falls in the hydrophobic range, thus the
contact method was suitable to transfer the samples from TLC plates to an agar surface
efficiently, as well as to retard diffusion of the constituents in the water-based agar.

These two pieces of evidence further consolidated the initial perspective of screening
anti-M. tb crude extracts with TLC-bioluminescence before running an activity-oriented
bioassay-guided isolation, so as to keep track of the actual active constituents rather than the

chemically major constituents in the fraction.
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Figure 26. Bioautography of hytramycins and xylamycin. ECUM14046 GE and 14046 GE3
(white arrows) were developed on TLC plates, colorized by vanillin spray (A) and anti-TB activity
visualized by bioluminescence with the contact method (B); Similarly ECUMS8412 GE,
ECUMS8412 VC5, and ECUMS8412 S1 (white arrows) were colorized (C) and visualized by
bioluminescence (D).

Previously, TLC methodology has been introduced as a hyphenated adjunct in a variety
of bioassays, including antimicrobial activity, enzymatic inhibition, antioxidant testing, and free

radical scavenging activity [127]. High-performance TLC has been aligned with GC-MS [129] and
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LC-MS [133-135], which allows acquisition of some structural data for specific TLC spots. The
chemical structural mapping of the TLC chromatogram can be superimposed with the anti-M. tb
activity map generated via bioautography and thus the anti-M. tb activity can be correlated
with the chemical structure of the active constituents, namely, TLC-MS-Bioautography [125].
This multi-dimensional approach optimizes sample resolution, precision, and reliability of
bioactivity. Structural information, such as molecular weight of individual constituents in the
active principles at the early fractionation level is a major asset for a targeted isolation
procedure and therefore a key to a rational search for anti-M. tb active principles in complex

mixtures.



6. Quantitative purity-activity relationship (qPAR)

6.1 Introduction

The conventional natural product drug discovery process relies on classical bioassay-
guided fractionation to isolate individual bioactive constituents. However, the risk of loss or
partial loss of bioactivity during the fractionation often diminishes the efficiency of discovering
potent compounds. One common attribute to this phenomenon is the neglect of the role of
minor constituents, or impurities, in the bioactivity of the overall fraction, co-existing with
other abundant constituents, especially when the minor constituents have strong intrinsic
bioactivities or interact with major constituents through a synergistic or similar effect.
Determination of the relationship of the bioactivity of a fraction with its chemical composition
is indispensable at a very early stage of bioassay-guided fractionation to keep track of the most
correlated constituents.

A biochemometric approach has been proposed [136] to pinpoint multiple bioactive
compounds in ethnobotanicals with the help of a two dimensional strategy using
countercurrent chromatography and GC-MS methods. By recognizing the structural
characteristics of each constituent referenced by the GC-MS library, biologically significant
marker compounds could be identified, inactive constituents could be excluded, and potential
loss of active principles could be avoided.

Similar to the theory in the biochemometric approach, a purity-activity relationship (PAR)
study permits quantitative evaluation of the effects of multiple minor constituents on the

bioactivity of residually complex natural products. In one quantitative PAR (qPAR) study, the
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amount of residual complexities (RCs) was measured by quantitative ‘H-NMR (qHNMR)
evaluation of the purity of each constituent together with the determination of anti-M. tb
activity of the fractions, both of which were correlated by linear regression analysis, to generate
a mathematical qPAR model [137, 138]. Since a lower MIC value reflects greater bioactivity of a
fraction, an inverse correlation between the purity of the constituents and the MIC values can
be established if the qPAR of a bioactive constituent is monitored; whereas in other scenarios
synergistic effects or impurities from RC may alter the trends of the correlation. This method

was previously established and verified by Dr. Feng Qiu at ITR.

6.2 Example 1: Dereplication of phytols in Taxillus chinensis

6.2.1 Background

Tradition Chinese Medicines (TCMs) give precious guidance on the modern drug
discovery knowledge for the treatment of infectious diseases in terms of the sources,
processing, and routes of administration of potential drugs in their crude forms. As one of the
initial goals was to look for ethno medicines with anti-TB activity, this study included a search
on the literature for ethnobotanicals used for tuberculosis treatment in Chinese minority
populations. One herbal medicine, a preparation from Taxillus chinensis (DC.) Danser
(Loranthaceae), was selected for the bioassay-guided fractionation procedure, with the aim of
isolating a single potentially bioactive constituent as an anti-M. tb drug lead. This section is
based on a patent documenting the Chinese “Bai” minority’s recipe for the treatment of
tuberculosis in Yunnan province of southwestern China, which used Taxillus chinensis as part of

a mixture of an herbal medicine. Literature also suggests that parasitic Loranthus, another
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genus in the same plant family of Loranthaceae, showed inhibitory effects on fatty acid
synthase (FAS) in rats [139-141], an enzyme that plays an essential role in the biosynthesis of
mycolic acids which eventually construct the impermeable M. tb cell wall [142].

In the course of a bioassay-guided fractionation of this traditional Chinese herb,
biochromatograms were created based on the anti-M. tb MICs of the HSCCC sub-fractions from
an initial column chromatography fraction, and compared with the concentrations of a
diterpenoid in each sub-fraction, (E)-phytol, which was identified as the major bioactive
constituent in the Taxillus fractions [143, 144]. Correlation of the MICs and the phytol
concentrations was established to confirm the in vitro anti-M. tb activity of this Taxillus-derived

active principle.

6.2.2 Materials and methods

Twigs (500 g) of Taxillus chinensis (D.C.) Danser were purchased from Yin Wall City in the
Chinatown of Chicago, IL (voucher specimen to be deposited). After a brief rinse with water, the
twigs were soaked in 5 L of ethanol/H,0 (1:1, V/V) overnight. The materials were vacuum-
filtered through filter paper (2.7 um). The filtrate was dried in vacuo and then lyophilized to
obtain approximately 15 g of extract.

First degree column fractionation: The extract was mixed with an equal weight of
polygoprep 100-50 Cig (40~63 pm, 100 A, Macherey Nagel) and loaded onto a Cis column
[diameter (®) 59 mm x 215 mm]. Vacuum column chromatography was used for the
fractionation using a 250 mL solvent combination of MeOH/H,0 following the gradient: 100%
H,0, 25% MeOH, 50% MeOH, 75% MeOH, 100% MeOH, and neat CH,Cl, twice, combined, to

yield fractions (Fr) 1 through 6. The anti-M. tb activity of the fractions was tested with MABA.
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Second degree column fractionation: Fraction Fr6 representing the CH,Cl, wash (approx.
693.8 mg) was mixed with 80 g of C15 powder, loaded on another column (® 30 mm x 230 mm),
and fractionated with 80 mL of the elution of MeOH/CH,Cl, gradient: 100%, 90%, 80%, 70%,
60%, 50% MeOH, and neat CH,Cl,, yielding sub-fractions Fr6-1 through Fr6-7. MABA was used
for testing the anti-M. tb activity of these sub-fractions.

GC-MS parameter settings: GC column oven temperature started at 60 °C held for 2 min,
rose to 300 °C in a 10 °C/min rate, and held for another 2 min, to make the total run time 28
min. Injection volume was 5 pL. A 1:1 split mode was used. Mass spectrometer was set in MS1
scan mode covering m/z 50 to 800. Peak integration was carried out using Agilent MassHunter
Quantitative software.

Countercurrent chromatography (CCC) was used in reverse phase (Pharma-Tech
Research Corp: CCC-1000) for further fractionation of the sub-fraction Fr6-3. A combination of
n-hexane:MeCN:MTBE (10:10:1), was chosen as the solvent system running head to tail. The
rotation rate was set at 800 rpm. The system was first filled with 130 mL (120 mL in coil and 10
mL in tubing) of the upper phase. A total of 66 mL of the upper phase was extruded after the
lower phase was flowing through at a rate of 1.5 mL/min. The sample (3 mL) was injected in 1.5
mL of upper phase and 1.5 mL of lower phase through the injection loop. The volume of mobile
phase in the system was 56 mL (66 mL — 10 mL), and stationary phase was 64 mL (120 mL — 56
mL). Therefore, the total volume (V;) to be collected was calculated according to the volume of

mobile phase (V,,) and stationary phase (V;) in the equation shown below:

Vt=Vm+Vs XK Equation 6
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where the partition coefficient (K = 2.5) was used for the estimation of the total volume
required for each run.

Thus, the total volume of elute for collection was calculated to be 216 mL. A total of 36
subfractions (6 mL each) were collected for each fraction. The first 16 fractions (96 mL) were
combined as the “Front”, then each of the next 20 fractions was collected, and finally 66 mL of
the stationary phase was extruded. Two aliquots of each of the 20 fractions collected, the CCC
“Front”, and the stationary phase extrusion were collected, dried and re-dissolved either in
MeOH in equal concentration for GC-MS analysis, or in DMSO for MABA MIC determination.
(E)/(2)-Phytol standard compound (Sigma-Aldrich) was used for GC-MS analysis and MABA test.

Establishment of a biochromatogram, mathematical modeling and statistical processing
was accomplished with the Regression function of the Data Analysis module in Microsoft Excel

2010.

6.2.3 Results and discussion

The crude extract of Taxillus chinensis and the first degree fractions all showed MICs
larger than 100 pg/mL; however, Fr6 showed a 65% inhibition at 100 pg/mL. Most second
degree fractions also showed MICs larger than 100 pug/mL, except Fr6-3 which had an MIC of 73
ug/mL.

The GC-MS chromatograms demonstrated the presence of (E)-phytol (Figure 27) (eluting
at 24.5 min) in fractions, Fr6-3 and Fr6-4 (Figure 28), based on comparison of the elution time
of the two phytol isomers in the commercial standard (Figure 29). The concentration of (E)-
phytol in Fr6-3 was much greater than in Fr6-4. Other peaks in those two fractions mainly

represented fatty acids or their esters. (E)-phytol was also detected in the “Front” of CCC, but
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not in the stationary phase extrusion (Figure 29). In the GC-MS chromatograms of
countercurrent chromatography fractions, (E)-phytol was also detected in the CCC fractions 14
through 16 (Figure 30). Peak integration of the GC-MS chromatogram allowed a relative

quantification of the concentrations of (E)/(Z)-phytols in these 20 fractions.
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Figure 27. Structure of (E)-phytol
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Figure 28. GC-MS chromatogram of Fr6-3, Fr6-4, and Fr6-5. Major peaks in Fr6-3, as identified
by the NIST library, include (sorted by elution time): palmitic acid methyl ester (C;sMe), palmitic
acid (Cye), palmitic acid ethyl ester (Ci6Et), (E)-phytol, oleic acid (18:1), linoelaidic acid ethyl
ester [18:2(9,12)Et], oleic acid ethyl ester (18:1Et), and a-linolenic acid ethyl ester
[18:3(9,12,15)Et]. In Fr6-4, stearic acid ethyl ester (C13Et) was identified.
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Figure 30. GC-MS chromatogram of 20 CCC sub-fractions, showing (E)-phytol, eluted in

fractions CCC-14 through CCC-16 at around 24.5 min
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Weight (mg) distribution of the 20 CCC fractions, the “Front”, and extruded stationary
phase are plotted in a figure (Figure 31A). The MICs of the 20 CCC fractions are presented in a
biochromatogram together with the relative concentration (peak area %) of phytol (Figure 31B).
Fractions CCC-13 through CCC-16 were anti-TB active, showing lower MICs than the other
fractions; CCC-16 had the lowest MIC value of 21 pg/mL. This variation of MICs coincided with
the percentage concentration of (E)-phytol in these fractions, exhibiting high abundance in
fractions CCC-14 through CCC-16. The MIC of extruded stationary phase was > 100 pug/mL,

whereas the MIC of the standard of phytol isomers, containing both (E)- and (2)-phytols, was 49

ug/mL.
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Figure 31. (A) Weight distribution of CCC fractions. Fractions 14 through 16 contain higher
concentration of phytols. (B) Quantitative PAR presentation of the CCC fractions in MICs of
each fraction and the percentage concentration (w/w) of phytol
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Other than the major constituents in the fractions, it is not usually easy to determine
the bioactivities of each individual minor constituent by means of isolation and purification due
to the small amount present. To quantitatively evaluate the effects of (Z)-phytol and other RCs,
i.e., the components that contribute to the residual complexities of the active fractions, on the
MIC variation of (E)-phytol as a major active, a mathematical model is established, based on the
assumption that the relationship between the concentration of the constituents and the MIC of
the fraction is linear, and that the effects of each constituent in a fraction are additive, without
synergistic interactions [137]. By fitting the percentage concentration of (Z)-phytol and other RC,
with the MICs of each of the 20 fractions into a multiple variable linear regression model, the
MIC values can be expressed as a linear function of the percentage concentration of (2)-phytol

(2) and the degree of residual complexity (RC) as below:

MIC = 48.6 + 1.48Z% + 0.43RC% (R* = 0.45) Equation 7

This function can be interpreted mathematically in terms of how the MIC of (E)-phytol
can be affected by the amount of (Z)-phytol and other RCs added: A) The equation extrapolated
in the situation when both Z% and RC% equal zero, i.e., 100% (E)-phytol, gives the MIC of the
fraction as 48.6 ug/mL. Similarly, if an equation is established in which (E)-phytol and RC are
independent variables, the MIC of (Z)-phytol can also be extrapolated to be 196.2 pg/mL, and
the MIC of RC to be 91.1 pg/mL; B) A higher concentration of either (Z)-phytol or RC results in a

higher MIC of the fraction, defined by the positive coefficients in both terms; C) (2)-phytol,
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bearing a larger coefficient than the RC, has a more significant effect on lowering, or
antagonizing, the activity of the fractions containing (E)-phytol.

By means of this relationship, the MICs of the three constituents in the pure form can be
determined without testing in the lab. It is clear that (2)-phytol has less anti-M. tb activity
compared to (E)-phytol, and the RC alone also showed very weak activity. Although the
mathematical model does present a theoretical prediction of the MIC of the pure phytols, and
explains how these constituents generate the fluctuation of MICs of the fractions, the values
extrapolated from the formula can only provide an estimation, especially in this method where
the peak areas integrated from the GC-MS chromatograms only represent the percentage
concentration of volatile constituents in each fraction, and not to consider those substances
that are not detectible in gas chromatography. The R? value in the regression equation is also
relatively low due to the inclusion of unbiased outliers, such as the data points representing the
fractions without phytols.

The anti-M. tb effect of (E)-phytol has been reiterated repeatedly in literature, but the
MICs reported were not consistent values. Using the radiorespirometrical BACTEC method,
previously determined MICs of (E)-phytol against M. tb Hs;Rv strain have varied substantially
from 2 pg/mL [144] to 32 pug/mL [145]. Moreover, the MIC was found to be 100 pg/mL using
the same method when a mixture of cis- and trans-isomers (1:1) was used [143]. In the CCC
biochromatogram of the T. chinensis fractions, it was shown that the MIC of fraction CCC-16
(MIC=20.6 pg/mL), in which (E)-phytol accounted for approximately 94% of the total amount,
was lower than that of the standard phytol isomers (MIC=49.1 pug/mL), where the ratio of the

amount of (E)-phytol to (2)-phytol was about 7:3 as indicated by the integration of the two
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peaks in the GC-MS chromatogram. These findings prove that the (E)-phytol diastereomer has
anti-M. tb activity, whereas (2)-phytol, its stereoisomer, impairs the effect of (E)-phytol and
negatively interferes with its anti-M. tb activity. Nevertheless, the biochromatogram reinforces
that (Z)-phytol, most abundant in the fraction CCC-17 (about 25%), resulted in a much higher
MIC (93.9 pug/mL) compared with the adjacent fraction, CCC-16.

From the results of this gPAR model, the anti-M. tb activities of these two stereoisomers,
(E)/(2)-phytols, were clearly distinguished by mathematical extrapolation without testing the
MICs of the purified compounds individually. It confirms (E)-phytol as the major anti-M. tb
active constituent in Taxillus chinensis, whereas (Z)-phytol is not active and antagonistic against
the activity of co-existing (E)-phytol. This method greatly expedites the identification of

bioactive constituents in complex fractions without isolation of each constituent in a pure form.

6.3 Example 2: qPAR of hytramycins in ECUM14046 GE fractions

In this example, the extracted ion chromatograms specifically focusing on the molecular
weights of the two hytramycins were applied for quantifying the relative concentration of these
two constituents in fractions 14046 GE2 through 14046 GE5. The biochromatograms depicting
anti-M. tb MIC values of each fraction and the percentage peak abundance of the hytramycins
were generated. Linear regression was established between the abundance of either
hytramycins and MABA or LORA MIC values. The two hytramycins were confirmed to be major
bioactive constituents in the four fractions, whereas the impurities were inactive. Details of the

application of this method will be introduced in “Chapter 7”.



7. Discovery of hytramycins, new anti-M. tb hexapeptides *

7.1 Introduction

The Actinomycetaceae, inhabiting extremely diversified environments where they
produce a variety of secondary metabolites [50, 52], have been the source of almost two-thirds
of the pharmacophores of clinically used antibiotics, including amphotericin, chloramphenicol,
erythromycins, gentamicin, lincomycin, rifamycins, streptomycin, and tetracyclines. Advances in
technology have led to a resurgence in the discovery of novel antibiotics from bacterial sources
after the decline that followed intensive explorations in the 1950s and 1960s.

Anti-M. tb drug discovery from natural sources stagnated and until recently no new
drugs have emerged for several decades, not because the resources of the actinomycete
treasury had been exhausted but because pharmaceutical research has been focused
elsewhere. A large number of nature-derived anti-tubercular antibiotics have been discovered
in recent years [45, 46, 48], most of which were found active against M. tb in screening panels
of other bacteria. This study focuses the screening directly on M. tb, therefore, the potential
number of new anti-M. tb antibiotics to be discovered from actinomycetes still remains

enormous.

! Contents presented in this chapter has been partially published in: Geping Cai, José G.
Napolitano, James B. McAlpine, Yuehong Wang, Birgit U. Jaki, Joo-Won Suh, Seung Hwan Yang,
In-Ae Lee, Scott G. Franzblau, Guido F. Pauli, and Sanghyun Cho. Hytramycins V and |, Anti-
Mycobacterium tuberculosis Hexapeptides from a Streptomyces hygroscopicus Strain. Journal of
Natural Products, 2013, 76(11), 2009-2018 (Appendix G).
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7.2 Experimental section

7.2.1 General Experimental Procedures

Optical rotation was measured on a Perkin-Elmer 241 polarimeter (Source: Na,
Integration sec = 1, Energy: 85 D.C. microamperes). UV spectra were measured on a
SpectraMax Plus384 Spectrophotometer (Molecular Devices, LLC) scanning 200-800 nm, at 2
nm intervals. IR spectra were recorded with a Thermo Nicolet 6700 FT-IR spectrometer (Model:
912A0750) with an ATR unit, by loading the dried samples in MeCN solution. 1D and 2D-NMR
spectra including *H NMR, COSY, HSQC, HMBC, and semi-selective HMBC spectra focusing on
160-180 ppm B¢ region were obtained on a Bruker Avance DRX 600 MHz NMR spectrometer
with a 5 mm CPTXI Z-gradient probe, whereas a Bruker Avance 400 MHz NMR spectrometer
with a 5 mm ATM probe was used to acquire the DEPT-135, NOESY and “°C spectra. HR-ESI-MS
data were obtained on a Shimadzu LC-IT-TOF mass spectrometer by flow injection. *H iterative
Full Spin Analysis (HiFSA) was performed with the PERCH software package v.2010.1 (PERCH
Solutions Ltd., Kuopio, Finland) (Appendices C and D) [146].

Both hytramycin V (1) and | (2) were fragmented using the LC/MS? instrument (AB 4000
Q-TRAP LC/MS/MS system) in the product ion mode. The elution of both compounds in LC was
achieved with a gradient of MeCN with 0.1% formic acid (A) and aqueous 0.1% formic acid (B)
starting with 75% A from 0-2 min and reaching 75%-95% A over 2-30 min, using an Xterra MS
Cig column (2.5 um, 2.1 x 50 mm) and a flow rate of 0.2 mL/min. The mass spectrometer was
set up to select m/z 634.4 for 1 and m/z 648.4 for 2 as precursor ions, followed by the m/z
range from 50 to 634 and m/z from 50 to 648 as the scanning window of the fragments with a

scan time of 0.3 sec.
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7.2.2 Screening and Prioritization

The Extract Collection of Useful Microorganisms (ECUM), an institute at Myongji
University in Korea, maintains a culture collection of over 15,000 actinomycete isolates from
Korea, China, Nepal, the Philippines, Vietnam, Antarctica, and the Arctic. The isolates were
initially fermented in 20 mL of cultures in 3 different culture media — Glutamine Synthetase
System (G.S.S.), Bennett’s, and DYC (Appendix F). Following fermentation, mycelia and culture
media were separated. The mycelium was extracted with methanol, and the culture
supernatant was separated by liquid-liquid partition with ethyl acetate and water. Nine extracts
were, therefore, generated from each microbial isolate.

Thirty-five thousand actinomycete extracts from ECUM were screened for anti-M. tb
activity with replicating M. tb Hs;Rv under normoxic conditions using the microplate Alamar
blue assay (MABA) [33]. Extracts effecting > 90% inhibition of growth-associated fluorescence
were screened against non-replicating cultures of M. tb luxABCDE strain (with inherent
luminescence) using the low oxygen recovery assay (LORA) [115]. Thirty-seven extracts were
prioritized according to both anti-M. tb activities. Cig cartridge (Varian Bond Elut, 6 mL)
fractionation of these 37 extracts was followed by elution of 6 mL of each 17%, 65%, 85%, 95%
MeOH in H,0, and finally CH,Cl,, designated as GE1 to GE5. MABA and LORA MIC testing, as
well as determination of ICsq values against Vero cells were repeated with the five Cig cartridge
fractions from all extracts. The fraction eluted with 85% MeOH from the EtOAc extract of strain
14046 cultured in G.S.S. medium, designated as “14046 GE3”, showed MABA and LORA MIC 0.5
and 1.1 pg/mL, respectively, and the ICsy for Vero cells was 71.9 pg/mL. Fractions eluted with

17% and 65% MeOH showed MICs larger than 9 pug/mL tested by either MABA or LORA, while
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the fraction eluted with CH,Cl, showed MICs between 2 to 3 ug/mL. The fraction eluted with 95%
MeOH had similar MICs and chromatographic profile to that of GE3, but was produced in
smaller yield. Fraction GE3 was selected for further purification (Figure 32). The scale-up
fractionation of 14046 GE (924 mg) was carried out on a C;5 (polygoprep 100-50 C;5, 40~63 um,
100 A, Macherey Nagel) column (® 30 mm x 230 mm), using the scale-up (80 mL) of the same

eluting solvents.

35208 extr (3912 str)

J MABA primary >90% inh
598 extr (279 str)

J MABA MIC < 1, primary toxicity <50%

139 extr (139 str)
MABA MIC <0.5, LORA & mono primary >90% inh, 1C5, >1

37 extr (37 str)

J C,g cartridge fractionation into 5 fractions

185 fr (37 str)
MABA & LORA MIC <10, primary toxicity <50%

35 fr
(7 str)

7 fr J MABA & LORA SI >20, mono MIC <10
(5 str)
14046 J TLC, LC-MS chromatograms, weight

GE3

J BGF

Figure 32. Screening of 14046 GE3 from 35,000 actinomycete extracts. (extr=extract; str=strain;
fr=fraction; inh=inhibition; mono=mono-drug resistant M. tb strain; Sl=selectivity index;
BGF=bioassay-guided fractionation)

Thin layer chromatography (TLC; Macherey-Nagel Alugram Sil G/UVs4), developed with
a solvent system of EtOAc-Toluene-MeOH-HCOOH (95%) = 60:40:5:1 and colorized with vanillin

sulfuric acid spray, showed major well-defined bands from 14046 GE3. Preparative HPLC was
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carried out on an LC system equipped with 717plus Auto Sampler, Waters 2996 photodiode
array (PDA) detector, Waters 600 controller, Waters Delta 600 pumps, and a YMC-pack ODS-AQ
Cyg column (250 x 10 mm I.D., 5 um, 12 nm). The solvent system consisted of MeCN (A) and 0.1%
aqueous formic acid (B) with a gradient of 60-95% (A) over 0-30 min. The flow rate was 1.8
mL/min, and the photodiode array (PDA) detector was set up at the wavelength of 220 nm. The

compounds of interest eluted at 24.7 min and 29.0 min, respectively (Figure 33).
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Figure 33. Preparative HPLC and thin layer chromatogram of the constituents contained in
fraction 14646GE3

7.2.3 Marfey’s experiments

The absolute configuration of the amino acid residues was determined by Marfey’s
experiment using lab synthesized 1-fluoro-2,4-dinitrophenyl-5-L-alanine amide (Marfey’s
reagent, L-FDAA) with L-alanine amide (Aldrich) and 1,5-difluoro-2,4-dinitrobenzene (Aldrich)

according to established methods [147, 148]. In brief, approximately 5 mg of each of 1 and 2
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were hydrolyzed in 1 mL of 6 N HCl in air-tight containers with an automated microwave
synthesizer (CEM Discover Explorer 48, NP-1002) maintained at 180 °C for 10 min. The
hydrolysates were air-dried and each dissolved in 50 pL of H,0. Two hundred microliters of 1%
L-FDAA in acetone and 40 pL of 5% aqueous NaHCO3 were added to each solution, and the
mixtures were heated at 37 °C on a shaker for 1 hr, followed by the addition of 20 pL of 2 N HCI.
The derivatized hydrolysates were then air-dried and re-dissolved in 1 mL of MeCN. LC-MS
analyses (Shimadzu LC-MS 2020) were performed on a reverse-phase column (YMC-pack ODS-
AQ Cig, 250 x 4.6 mm I.D., 5 um, 12 nm) with a flow rate of 0.5 mL/min. MeCN (A) and 0.1%
aqueous formic acid (B) were used as mobile phase following a linear gradient of 40 to 70% (A)
in 50 min. The injection volume was 2 pL and UV detection (Shimadzu SPD-M20A Diode Array
Detector) was set at 340 nm. Retention time in selective ion monitoring (SIM) chromatograms
of derivatized hydrolysates was compared against L-FDAA derivatized amino acid standards. The
retention time of the two derivatized piperazic acid stereoisomers, L-FDAA-(D,L)-Pips, was
determined in reference to previous reports [149, 150]. At this point, the HPLC retention time
of p-lle is still undistinguishable from that of p-allo-lle (TABLE XI).

The elution of L-FDAA derivatized Db,.-N-methylalanine (TCI, Tokyo, Japan) was
performed with the mobile phase consisting of MeCN with 0.1% formic acid (A) and 0.1%
aqueous formic acid (B) using a gradient of 40% A to 65% B within 30 min, and with LC-QTRAP
detection. L-FDAA-L-N-methylalanine eluted at 12.16 min and the p-diastereomer at 12.58 min

[151].



105

TABLE XI. RETENTION TIME OF THE FDAA DERIVATIVES AND SOURCES OF THE
UNDERIVATIZED AMINO ACIDS

FDAA derivatives Retention time (min) Amino acid source
L-FDAA-L-leucine 21.46 Alfa Aesar, Ward Hill, MA
L-FDAA-D-leucine 26.88 Aldrich
L-FDAA-L-valine 16.57 Sigma-Aldrich
L-FDAA-D-valine 20.74 Aldrich
L-FDAA-L-isoleucine 20.07 Acros Organics, NJ
L-FDAA-D-isoleucine 25.46 Acros Organics
L-FDAA-L-allo-isoleucine 20.13 MP Biometricals Ltd
L-FDAA-D-allo-isoleucine 25.48 Alfa Aesar
L-FDAA-R-Pip 10.45
L-FDAA-S-Pip 11.44 } Synchem OHG, Felsberg, Germany

To determine the configuration of the isoleucine B-carbon in 2, a chiral column
(Crownpak CR+, Daicel Chemical Industries Ltd., 150 x 4.0 mm |.D.) was used with the isocratic
elution of 0.5% aqueous formic acid to separate the amino acids with different chiral centers.
SIM of the ion with m/z 132 was set up in the mass spectrometer. The HCl hydrolysate of 2
showed a p-allo-lle peak at 3.82 min and an L-Leu peak at 4.79 min, while p-lle eluted at 4.07
min.

Identification of the positions of the three Pip moieties in 1 and 2 was accomplished by
performing the advanced Marfey’s experiment. b-FDAA was synthesized with D-alanine amide
hydrochloride (Novabiochem, Hohenbrunn, Germany) and 1,5-difluoro-2,4-dinitrobenzene
(Aldrich). Equal amounts of b-FDAA and L-FDAA (100 uL each, 1% in acetone) were used for
Marfey’s derivatization of the hydrolysate of 1 and 2. The retention times of both derivatized L-
FDAA and p,L.-FDAA of 1 and 2 were determined with the LC-QTRAP system by gradient elution

with 40-70% MeCN containing 0.1% formic acid in 0.1% aqueous formic acid within 50 min and
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selective ion monitoring (SIM) on channels of m/z (+) 495, 468 and 496, which corresponds to
the molecular weights of derivatized amino acid dimers, FDAA-Pip>-Pip?, FDAA-Pip-NMeAla (or

FDAA-NMe-Ala-Pip') and FDAA-Pip'-Leu, respectively [152]. The flow rate was 0.4 mL/min.

7.2.4 Antibacterial activity assays

See “Chapter 4. Phenotypic screening”

7.2.5 qPAR of hytramycins by LC-MS

The LC-PDA-MS instrument (Shimadzu LC-2020) was equipped with a YMC-pack ODS-AQ
Cis column (250 x 4.6 mm I.D., 5 um, 12 nm), an ESI & APCI (DUIS) interface, and a column oven
maintained at 40 °C. The mobile phase consisted of MeCN (A) and water (B) following a linear
gradient of 30%, 95%, 95%, and 30% of (A) at 0 min, 25 min, 30 min, and 31 min. The flow rate
was set up at 0.4 mL/min. Segments 1 to 4 were set up as m/z 295-700, m/z 695-1000, m/z 995-
1500, and m/z 1495-2000, respectively, in positive mode, and segments 5 to 8 were set up in
the same mass range in negative mode in the mass spectrometer. Samples were prepared at
500 pg/mL. The injection volume was set at 5 pL. A MeOH blank was injected between each
two consecutive samples to wash out sample carry-over in the column.

Total ion chromatograms (TIC) were recorded in each of the four individual segments by
the mass spectrometer. Peaks eluting at 24.7 min (hytramycin V) and at 27.2 min (hytramycin 1)
in segment 1 were integrated. The percentage ratio of the peak areas corresponding to
hytramycins V and | was based on the total accumulative peak areas in all four segments and
was plotted together with the anti-M. tb MICs of each fraction. Statistical analyses were

performed with Microsoft Excel 2010.
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7.3 Results and discussion

As part of an ongoing collaboration between the University of lllinois at Chicago and
Myongji University, 35,000 actinomycete extracts were screened for anti-M. tb activity from the
Extract Collection of Useful Microorganisms (ECUM). After primary screening against M. tb,
prioritized extracts, including one from strain ECUM14046, were processed in bioassay-guided
fractionation. Using C;g cartridge fractionation with a MeOH-H,0 gradient elution, and
purification via reverse phase preparative HPLC, two new cyclic hexapeptides, designated
hytramycin V (1) and | (2) according to their structural difference in the valine and isoleucine
residues, were isolated in appreciable yield (ca. 30 mg each from a 20 L fermentation) from
strain ECUM14046 (Figure 34). The structures of each of these antibiotics contain three
moieties of piperazic acid (Pip). The producing organism is classified as a strain of Streptomyces
hygroscopicus as its 16S rRNA shows 99% homology to the type strain of this species, thus

designated as the hytramycins (hygroscopicus + ITR + mycin).

:_s “Q
4

3

Hite 2

Hytramycin V (R = CH,)
Hytramycin | (R = CH,CH3)

Figure 34. Structures of 1 and 2
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7.3.1 Physicochemical Properties and Masses of the Isolates

The protonated and sodiated molecular ions as determined by LC-ESI-IT-TOF mass
spectroscopy for 1 had m/z 634.4043 and m/z 656.3769, theoretical for CzyHs:NgOg and
C3oHs:NaNgOs, respectively, and those for 2 had m/z 648.4176 and m/z 670.3928, theoretical
for C31Hs54N9Og and C31Hs3sNaNgOg, respectively (Appendix A, Figure A-1). These combined with
NMR data established the molecular formulas as C3gHs:NgOg and C31Hs3NoOg, respectively. The
LC-MS/MS fragmentation of both 1 and 2 confirmed the connectivity of amino acid residues in
these two molecules (Appendix A, Figure A-2). The UV spectra of each of the two compounds
showed no peak absorption from 200-800 nm, but OD,p was 0.58 and 0.63 for 1 and 2,
respectively, and OD values decreased to zero in wavelength regions higher than 268 nm. The
OD results suggest lack of major UV-visible chromophores in these molecules. The IR spectra of
the two compounds exhibited a strong and sharp absorption band at 1630-1635 cm™ (C=0,
stretching), a broad weak absorption band at 3265-3268 cm™ (N-H, stretching), medium
absorption bands at 2850-2960 cm™ (aliphatic C-H, stretching), overall suggesting the peptidic
nature of the molecules (Appendix A, Figure A-3).

Hytramycin V (1): colorless, amorphous powder; [a]*’p +9.24 (c 1.266, MeCN); UV
(MeCN) no peak absorption from 200 nm to 800 nm; IR (neat liquid) v max 920, 1249, 1407, 1507,
1633, 2870, 2956, 3268 cm™’; 'H and *C NMR, COSY, HMBC, and NOESY (in MeOH-d, and
DMSO-d) data (see “Section 7.3.2”); HR-ESI-MS m/z 634.4043 [M + H]" (calcd for C3gHs;NgOs,
634.4035).

Hytramycin | (2): colorless, amorphous powder; [a]*’p +12.21 (c 1.294, MeCN); UV

(MeCN) no peak absorption from 200 nm to 800 nm; IR (neat liquid) v max 919, 1248, 1406, 1441,
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1507, 1632, 2872, 2934, 3265 cm™’; *H and >C NMR data (see “Section 7.3.2”); HR-ESI-MS m/z

648.4176 [M + H]" (calcd for C31HsaNsOg, 648.4192).

7.3.2 Structural Elucidation

Presumably, six amide carbonyl carbons were identified in the **C NMR spectrum of 1 in
DMSO-ds (6 175.68, 175.68, 174.19, 172.22, 172.92, and 172.47 ppm), among the total 30
carbons detected. Analysis of the DEPT-135 spectrum (in MeOH-d,) indicated the presence of
14 methyl/methine carbons, 10 methylene carbons, and these 6 quaternary carbons (carbonyls)
(Figure 35). In the 'H NMR spectrum of 1 in MeOH-d,, most exchangeable protons were
invisible, except one that integrated slightly less than one proton (& 7.50), which was later
assigned as the NH of valine and only slowly exchanged compared to other nitrogen protons

(Figure 36). In DMSO-ds, all NH proton resonances were clearly observed (Figure 37).
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Figure 35. 3C (gray) and DEPT-135 (black) spectra of 1 overlapped (100 MHz, MeOH-d,)
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7.8 75 5.86 5.72 5.34 5.24 4.98 490 4.38 4.28 3.14 2.98

283 2R 2.10 2.00 1.90 1.80 170 1.70 1.60 1.50 131 1.28 1.00 0.90

Figure 36. 'H NMR expansion spectra of 1 in MeOH-d; (400 MHz, Exponential -0.3 Hz,
Gaussian 0.5 Hz)

8.30 8.20 735 731 S SM 568 566 564 56 560 518 5.14 5.10 5.06 498 494 a.88 4.84

4.28 424 3.08 298 2.70 2.60 195 185 175 1.65 155 1.45 122 118 0.88 0.82 0.76

Figure 37. 'H NMR expansion spectra of 1 in DMSO-ds (600 MHz, Exponential -0.3 Hz,
Gaussian 0.5 Hz)
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Six protons resonated in the 4-6 ppm region and were identified as a protons of the
amino acid moieties. One proton (64 5.639 in DMSO-d;) resonated as a quartet (J = 7.3 Hz),
suggesting it was vicinal to a CH3 group, which resonated as a doublet (6 1.209). In the HMBC
spectrum, a singlet (6 2.980) integrating for three protons correlated with the same carbon to
which the proton resonating as a quartet is connected. Both COSY and HMBC spectra confirmed

this group of signals to belong to an N-methylated alanine (Figure 38).
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Figure 38. COSY (A) and HMBC (B) spectra highlighting the N-methylalanine (NMeAla) residue
in 1 (400 MHz, DMSO-ds)



112

In the COSY spectrum, a proton resonating at & 5.162 and two methyls (6 0.832 and
0.766) correlated with the same methine proton (6 1.872). The COSY and HMBC confirmed that

these signals arose from a valine moiety (Figure 39).
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Figure 39. COSY (A) and HMBC (B) spectra highlighting the valine (Val) residue in 1 (400 MHz,
DMSO-dg)
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By the interpretation of the COSY and HMBC spectra, the proton resonating at 6 4.264
was assigned to a leucine, with the two methyls (6 0.834 and 0.885) correlating with the same
methine proton (6 1.530), which was neighboring to a methylene (6 1.456 and 1.485) next to

the a proton (Figure 40).
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Figure 40. COSY (A) and HMBC (B) spectra highlighting the leucine (Leu) residue in 1 (400 MHz,

DMSO-dg)
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Another three a proton signals (6 5.704, Pip3; 5.137, Pipz; and 4.863, Pip1 respectively)
were assigned to three piperazic acid (Pip) moieties based on the three characteristic doublet
protons of NH’s (& 5.070, 4.989 and 4.960) showing up in the *H dimension of COSY and HMBC
spectra in DMSO-ds. This showed that the three NH’s in the Pip moieties are actively
exchangeable in protic solvents as they were not visible in MeOH-d; solution. The two &
protons adjacent to the NH’s of the three Pip units resonated in the 2.5-2.8 and 3.0-3.2 ppm
regions of the "H NMR spectrum. The NH of leucine appeared at & 8.232, and the NH of valine

appeared at § 7.316 (Figure 41).

" Pip? .
Pip3 Pip?
A > H2 7

(ppm)

ft (ppm)

Figure 41. COSY (A) and HMBC (B) spectra highlighting the three piperazic acid (Pip) residues
in 1 (400 MHz, DMSO-ds)
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The connectivity between these six amino acid moieties was determined through a
semi-selective HMBC experiment [153], in which a high resolution carbon region only focuses
on the carbonyls between 160 and 180 ppm (Figure 42). Each a proton correlates to two
carbonyls, one within the amino acid residue and the other one in connection with its neighbor.
Thus, the order of the six moieties was shown to be the cyclic NMe-Ala-Pip-Leu-Val-Pip-Pip. In
the semi-selective HMBC spectrum, the NH’s of the Pip moieties all correlated with the
neighboring carbonyls, and the two NH’s of valine and leucine correlated with two carbonyls,
one within the amino acid moiety and one from the adjacent amino acid. These correlations
helped to confirm the linkage of the six amino acid moieties into a ring system. It was also
noticed that the difference in carbon chemical shift between carbonyls in leucine and Pip* is < 1
ppm. The NOESY spectrum (Appendix A, Figure A-8) provided additional evidence for the
structural elucidation of Pip in that the B protons have spatial correlation with the & protons in
a chair conformation of the six-membered ring. There is also a weak but distinct spatial NOE
relationship between all adjacent a protons, suggesting that the rigid ring system shortens the

time-averaged distances between these a protons.
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Overlapping the '*H NMR spectra of 1 and 2 acquired in MeOH-d,, it was straightforward
to recognize the two additional signals at 6 1.194 and 1.402 of 2 (Figure 43). These two
additional protons share the same carbon in an HSQC (Figure 44). By 2D-NMR they were
assigned as belonging to the methylene in an isoleucine, which replaces the valine of 1. The a
proton of the isoleucine in 2 was also shifted downfield (6 5.401 in MeOH-d,;) compared with
that of the valine (6 5.291 in MeOH-d;) in 1, standing as an evidence of the substituent
chemical shifts (SCS) of the a proton effected by the introduction of substituents into the
reference molecule, in this case the CH;, unit to the valine residue. The entire NMR data of 1
and 2 (TABLE Xll; TABLE XIIl), and key correlations observed in the 2D-NMR experiments of 1

are illustrated (Figure 45).
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Figure 43. 'H NMR spectra of 1 (gray) and 2 (black) overlapped (400 MHz, MeOH-d,). In 2, two
methylene protons (6 1.194 and 1.402, marked by arrows) appeared, and the a proton of
isoleucine (6 5.401) is shifted downfield and appears separated from the a proton of one Pip (6
5.309).
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Figure 44. HSQC spectrum of 2, highlighting the additional methylene from the isoleucine
residue which distinguishes 2 from 1, containing values (400 MHz, MeOH-d,, vertical axis

showing the *3C spectrum of 1)

Figure 45. Key correlations in the 2D-NMR spectra of 1. Bold bonds: COSY/TOCSY 'H spin
systems (MeOH-d,); Gray arrows: HMBC H - C; Dotted lines: NOESY (MeOH-d,); Black arrows:
Semi-selective HMBC focusing on the carbonyl region (DMSO-dj).

Due to spectral overlap, especially of the piperazic methylene resonances, the
corresponding coupling constants and chemical shifts could hardly be determined accurately in

the observed 'H NMR spectra. *H iterative full spin analysis (HiFSA) using the PERCH toolset has
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recently been shown to provide an unequivocal interpretation of the *H NMR spectra of pure
compounds, even with very complex spectra [146, 154, 155]. In order to resolve the spectral
overlap, HiFSA analyses were performed for the 'H NMR spectra of 1 (Appendix C) and 2
(Appendix D) to yield an unambiguous assignment of all their 6, and J values. A comparison of
the HiFSA optimized vs. the experimental "H NMR spectrum of 1 is shown (Figure 46). The sum
of the individual spectra of the six amino acids fully matches the experimental data of the
hexapeptide, 1. The 'H NMR spin parameters generated by HiFSA are consistent with the
proposed structures and unambiguously confirm the identity of the amino acid moieties.

The HiFSA analysis produces a complete and reproducible *H NMR profile that can be
used as a fingerprint for the identification of compounds with similar structures. The calculated
chemical shifts and coupling constants provide a reference for the correct assignments of all the
protons on the spectrum, and distinguish the traces of the impurities from the peaks of the
analyzed compound. HiFSA also integrates the stereo configurations of chiral atoms into the
spectral prediction, which consolidates the elucidation of the entire structure. The advantages
of HiFSA analysis include the clarification of spectral overlapping, the deconvolution of spectral
distortion in higher order coupled spin networks and distinguishing impurity peaks, the field-
independent parameters that can be used on *H NMR simulation acquired from different field
strengths, and the detailed analysis of spin systems with small scalar coupling constants [155].
The quantitative analysis of botanical markers in Gingko extracts with the aid from quantitative
NMR measurements was realized by the unequivocal assignment of these markers in *H NMR
spectra with HiFSA [146]. HiFSA was also applied to the evaluation of enzymatic reaction in

intact cells by the deconvolution of the isotopomers in a glucose-lactate transformation [154].
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Methanol-d, DMSO-dg Key 2D-NMR Correlations
position dc, mult. O, mult. (J) d¢, mult. O, mult. (J) COSY HMBC (H—C) NOE °
o-Val 1 175.19, C - 174.19, C - - - -
2 54.84, CH 5291, d (5.8) 54.09, CH 5.162, dd (6.2, 8.7) Val-3, Val-NH® val-1, \{Z'Lfl val-4', Va|-4é,L§i|:)-32_,5Pip’-
3 32.10, CH 2.034, dqq (5.8, 6.8, 6.8) 32.84, CH 1.872, dqq (6.2, 6.8, 6.8) Val-2, Val-4, Val-4' Val-1, Val-2, Val-4 -
4 20.35, CH; 0.940, d (6.8) 21.65, CHs 0.832,d (6.8) val-3 Val-2, Val-3, Val-4' Val-2, Pip®-5
4 18.03, CH; 0.877,d (6.8) 19.66, CHs 0.766, d (6.8) Val-3 Val-2, Val-3, Val-4 -
NH - - - 7.316, d (8.7) Val-2° Val-1, Leu-1° -
Lleu 1 17335, C - 172.22,C - - - -
2 52.60, CH 4338, dd (6.3, 8.4) 52.52, CH 4264, ddd (6.8, 8.2, 8.3) Leu-3, Leu-NH" Leu-1, Leu-4, Pip-1 Va2 Pig’.l'z' Leu-
3 26.21, CH; 1.646, ddd (6.3, 7.4, -12.7) 26.40, CH, 1.485, ddd (6.8, 7.1, -12.8) Leu-2 Leu-2 Leu-5'
1.556, ddd (5.7, 8.4, -12.7) 1.456, ddd (4.7, 8.2, -12.8) Leu-2, Leu-4 Leu-1, Leu-2 -
4 40.19, CH 1.610, ddqq (5.7, 6.3, 6.4, 7.4) 41.09, CH 1.530,ddqq (4.7, 7.1,6.6,6.6)  Leu-3, Leu-5, Leu-5' Leu-2, Leu-5' -
5 23.04, CH; 0.925,d (6.3) 23.76, CHs 0.834, d (6.6) Leu-4 Leu-3, Leu-4, Leu-5' -
5 22.46, CH; 0.965, d (6.4) 25.67, CHs 0.885, d (6.6) Leu-4 Leu-3, Leu-4 Leu-2, Leu-3
NH - - - 8.232,d (8.3) Leu-2° Leu-1, Pip*-1° -
o-Pip* 1 172.48, C - 172.47,C - - - -
2 51.91, CH 4.937,dd (2.0, 5.4) 51.03, CH 4.863,dd (1.9, 5.8) Pip-3 Pip™-1, FZ‘I’;?' Pip™-4, Leu-2, Pip%2
3 26.90, CH, 2.097, d‘i‘_’&‘{{é‘_i’) 20,21, 27.97, CH, 1.886, d‘i‘.’f,d_l(;i') 19,21, Pip’-2, Pip’-4 Pip"-5 Pip’-5
1869, dddd (07,54, 122,- 1694, dddd (08,58, 127, - Pip'-2, Pip'd Pipi-1, Pipl5 _
4 22.09, CH, 1.621, ddfggfgg)"g' 113, 22.95, CH, 1607, ddfg.‘;(i'all'g‘)"s' -11.5, Pip’-3, Pip’-5 Pip’-3 -
1.581, d‘i‘_’_é’,d_{‘i‘_?) 12,27, 1.498, d%(.jg,d_l(g.g,) 11,29, pip’-3, Pipl-5 pip'-3 _
s 48.48, CH, 3.076, dddi;zé}, 3.5,4.9, - 48.83, CH, 3.009, dddi;zé}, 3.5,4.8, - Pip™-4, Pip-NH® _ _
2729, ddd (2.7, 13.6, -13.8) 2.566, ddddg& 127,-138, Pip’-4, Pip-NH® - Pipl-3, Ala-2
NH - - - 4.960, d (12.7) Pip’-5° Ala-1, Pip*-4° -
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Methanol-d, DMSO-ds Key 2D-NMR Correlations
position d¢, mult. Sy, mult. (J) d¢, mult. Sy, mult. (J) COSY HMBC (H—C) NOE*
NMeiL'A/" 175.61, C - 174.68, C - - - -
Ala-1, Ala-3, Ala- Pip*-2, Pip*-2,
2 50.49, CH 5.775,q (7.2) 50.07, CH 5.639, q (7.3) Ala-3 NMie, Pipt1 Pip?-S, A NMe
3 14.86, CHs 1.303,d(7.2) 16.55, CH; 1.209, d (7.3) Ala-2 Ala-1, Ala-2 -
.
NMe 31.80, CH, 3.048, s 32.96, CH; 2.980, s - Ala-2, Pip%1 A'a'gi'p'f_'g 2,
D-Pip® 1 173.03,C - 172.92,C - - - -
. 2 .2 . 2 . 3
2 48.73,CH 5.281,dd (2.5, 6.0) 49.03, CH 5.137,dd (1.7, 6.5) Pip>-3 Pip™1, ';'&;_31' Pip™-4,  Ala-2, ,F\’I',f}léz' Ala-
3 24.83, CH, 2004, dgadd (1:3,2.0,2.5, 32.96, CH, 1877, dqdd (17,2 Pip’-2, Pip™4 Pip>5 Ala-NMe, Pip’-5
1.931, ddddl(asl.é)), 7.1,10.7, - 1.839, dddd1(36..15), 7.0,10.6, - Pip®-2, Pip’4 Pip®-1, Pip®5 _
4 2177, CH, 1.833, dgdfd_:g.g,) 3.4,4.2, 2019, CH, 1.494, dd7dg(fl(§.§), 3.7,4.0, Pip®-3, Pip’5 _ _
1.534, ddddd (2.1, 4.1, 10.7, 1.462, ddddd (2.6, 4.1, 10.6, Pi’3 PinkS _ _
11.9,-13.6) 11.9,-13.8) p -3, Flp
s 4865, CH, 3.107, ddd(glj, 2.1,4.2,- 4864, CH, 3.039, dldzdgd_(lg.zg )2.6, 4.0, Pip®-4, Pip-NH® _ _
2.775, ddd (3.4, 11.9, -13.4) 2.643, ddd (3.7, 11.9, -13.5) Pip’-4, Pip’-NH” - Pip>-3
NH - - - 4.989,d (12.9) Pip*-5° Pip*4, Pip>-1° -
-Pip® 1 175.69, C - 175.68, C - - - -
3 -1 P
2 49.27, CH 5.721,dd (2.2, 6.7) 48.58, CH 5.704, dd (1.9, 6.6) Pip*-3 Pip-1, P\'/‘;lji" Pip™-4, Val-2, Pip-2
3 26.34, CH, 2.059, didg‘{g'}) 22,31, 27.02, CH, 1.875, didgd_l(g'g') 1.9,3.0, Pip>-2, Pip>-4 Pip>-4 Pip*-5
1.881, dddd1£15.24, 6.7,-13.4, 1.766, ddddlgsg, 6.6,-13.2, Pip®-2, Pip* 4 Pip®.1, Pip*4 _
4 2239, CH, 1.784, ddf;lg (if,zz)t.o, -11.8, 22.77.CH, 1.506, ddfgi(iféz);.o, 117, Pip®-3, Pip*.5 Pip* 3 _
1.551, ddddd (1.1, 3.1, 3.7, 1.444, ddddd (1.2, 3.0,3.7, . . .
5.4 -:{1.8) 54 -1(1.7) Pip’3, Pip’5 Pip’3 -
s 48.18, CH, 3.060, ddd(i‘(‘ld)l, 1.7,3.0,- 4871 CH, 3.037, dddi‘(‘ll.z, 1.6,3.3, - Pip®-4, Pip®-NH" _ Val2
2.749, ddd (3.7, 13.3, -14.0) 2.582, dddd 1(-21) 12.9,134,- pip’q pip>NH® - Val-4, Pip>-3
NH - - - 5.070, d (12.9) Pip>-5° Pip>-4, Val-1° -

“ NMR data with detailed analysis generated by HiFSA matching experimental NMR data collected at 600 MHz and 298 K.

b Correlations observed only in DMSO-ds.

¢ Correlations observed in MeOH-d,.
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Figure 46. Comparison of experimental and calculated *H NMR spectra of 1. HiFSA fingerprints of the individual amino acids were
included (*denotes unidentified impurities; A=NMeAla; V=Val; L=Leu; Pip=piperazic acid).
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TABLE XIll. *H AND *C NMR DATA OF 22

position dc, mult. oy, mult. ()
plle 1 174.73, C -
2 53.11, CH 5.401, d (4.5)
3 38.69, CH 1.997, dddq ((4 5,6.1,6.9, 8.)3)
1.402, ddq (6.1, 7.4, -14.0
B 28.18, CH, 1.194. ddq (7.4, 8.3, -14.0)
5 11.78, CHs 0.967, dd (7.4, 7.4)
6 14.60, CH, 0.849, d (6.9)
I-leu 1 172.58, C
2 52.78, CH 4.329, dd (6.6, 8.5)
1.625, ddd (5.5, 6.6, -12.1)
3 39.76, CH, 1.531, ddd (4.2, 8.5, -12.1)
4 25.67, CH 1.601, ddqq (4.2, 5.5, 6.5, 6.5)
5 22.50, CHs 0.923, d (6.5)
5 22.85, CH, 0.961. d (6.5)
p-Pip 1 172.06, C -
2 52.41, CH 4.93?, dd (2.6, 5.8) |
2124, ddddd (0.5, 2.6, 28,48, -11.5
3 26.73, CH, 1.824, dddd (1.7 . 5.8,-11.5, 12.0)
1.652, ddddd (4.8, 6.1, 12.0, 13.7, -14.2
4 21.54,CH2 - 79575 ddddd (0.9, 1.7, 3.0, 4.3, -14.2)
3.055, dddd (2.8, 4.3, 6.1, -14.3)
> 48.50, CH, 2.733, ddd (3.0, 13.7, -14.3)
NMe-i-Ala 1 175.71, C -
2 50.88, CH 5.737, q (7.1)
3 14.84, CH; 1,290, d (7.1)
NMe 31.79, CH; 3.006, s
p-Pip® 1 172.26, C
2 48.76, CH 5.309, dd (1.8, 5.8)
1.940, ddddd (1.4, 1.8, 2.1, 3.9, -13.1)
3 25.61, CH, 1.889, dddd (5.8, 6.6, 10.1, -13.1)
1.818, ddddd (2.1, 3.3, 4.7, 6.6, -11.2)
B 2191, CH 17533 "4dddd (2.5, 3.9, 10.1, 10.4, -11.2)
2.776, ddd (3.3, 10.4, -11.7)
5 48.32, CH, 3.112, dddd (1.4, 2.5, 4.7, -11.7)
1-Pip® 1 175.25, C -
2 49.64, CH dsd%s(, dd (2.5, 7.0) |
1.907, 43,7.0,-13.7,14.8
3 25.99,CHy 5 046, ddddo{ (1.3, 2.5, 2.6, 5.8, -13.7) |
1.795, ddddd (2.7, 5.8, 13.0, -14.1, 14.8
B 22.00,CH> ™1 554 "ddddd (1.7, 2.6, 3.6, 4.3, -14.1)
3.046, dddd (1.3, 2.7, 1.7, -15.4)
> 48.37, CH, 2.757, ddd (3.6, 13.0, -15.4)

% NMR data with detailed analysis generated by HiFSA matching experimental NMR data
observed in methanol-d, collected at 600 MHz and 298 K
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7.3.3 Stereochemical Determination

The absolute configuration of the amino acid residues was determined by Marfey’s
method (see “Section 7.2.3”). The derivatized hydrolysate of 1 showed peaks with retention
times in alignment with the derivatized L-leucine and p-valine standards, whereas those from 2
were in alignment with L-leucine and Dp-allo-isoleucine standards. Both derivatized 1 and 2
showed a peak in alignment with the derivatized L-N-methylalanine standard. Chiral column
chromatography was required to distinguish between D-lle and D-allo-lle.

According to LC peak areas, the ratio of R- and S-Pips was 2:1 in both 1 and 2. An
advanced Marfey’s experiment was applied to the determination of the positions of R- and S-
forms of Pip in 1 and 2. Comparing the m/z 496 channel of the LC-QTRAP chromatograms
between the L-FDAA and D,.-FDAA products of 1, the peak eluting at 40.09 min only originated
from the p,L-FDAA products, whereas the peak eluting at 27.60 min was due to both the L- and
D,L.-FDAA products. As L-FDAA-R-Pip eluted earlier than L-FDAA-S-Pip, it can be concluded that
the peak at 27.60 min is L-FDAA-R-Pip*-Leu, while the peak at 40.09 min is D-FDAA-R-Pip'-Leu.
Therefore, Pip1 has an R-form in 1. Chromatograms from the m/z 468 channel showed two
major peaks at 20.32 min and 23.55 min from the D,L.-FDAA products, while only one peak at
20.32 min from L-FDAA products was observed. The peak abundance at 20.32 min equaled to
that of the peak at 27.60 min in the m/z 496 channel, suggesting this dimer has similar molar
abundance in the L-FDAA derivatized products as the dimer Pip’-Leu. This excludes the
possibility of the detected dimer being the NMe-Ala-Pip® dimer product (m/z 468 as well) that
shares the same Pip* moiety, but rather is consistent with a Pip>-~NMeAla dimer product. This

provides evidence for Pip? being in the R-form as well. There were no significant peaks in the
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m/z 495 channel for either L-FDAA or D,L-FDAA products of the Pip>-Pip? dimer, but as there are
two R-configured Pips, and one S-Pip, Pip® can be proven to be S-configured. The configuration
of the three Pip units in 2 was determined using the same methodology.

Overall, the absolute configurations of p-valine, L-leucine, and L-N-methylalanine were
confirmed in 1, and p-allo-isoleucine, L-leucine and L-N-methylalanine in 2. Both 1 and 2 were
shown to contain two R- and one S-Pip. Throughout the cyclohexapeptide ring structure in the
molecules, the R- and S-configured amino acid moieties are connected in an alternating order
(Figure 47). The IUPAC nomenclatures for 1 and 2 are described as (15,8R,11S,18R,21S,24R)-
10,11-dimethyl-21-(2-methylpropyl)-24-(propan-2-yl)-3,4,10,13,14,20,23,26,27-nonaazatetra-
cyclo[24.4.0.0°%.0"®triacontane-2,9,12,19,22,25-hexaone, and (1S,8R,115,18R,215,24R)-10,11
-dimethyl-21-(2-methylpropyl)-24-[(S)-1-methylpropyl]-3,4,10,13,14,20,23,26,27-nonaazatetra-

cycI0[24.4.0.03'8.013’18]triacontane-2,9,12,19, 22,25-hexaone.
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Figure 47. LC-MS chromatograms of derivatized 1 and 2 in Marfey’s experiment. Selective ion
monitoring (SIM) channels were set up as m/z 370 in (a), m/z 384 in (b) and (c), m/z 356 in (d),
m/z 383 in (e), m/z 132 in (f), m/z 496 in (g) and m/z 468 in (h). (a) L-FDAA-D-valine in 1 eluted
at 20.74 min, while L-FDAA-L-valine eluted at 16.57 min; (b) L-FDAA-L-leucine in both 1 and 2
eluted at 21.48 min, while L-FDAA-D-leucine eluted at 26.88 min; (c) L-FDAA-D-isoleucine (or D-
allo-isoleucine) in 2 eluted at 25.46 min, while L-FDAA- L-isoleucine eluted at 20.07 min; (d) L-
FDAA- L-N-methylalanine in both 1 and 2 eluted at 12.16 min, while L-FDAA-D-N-methylalanine
eluted at 12.58 min; (e) L-FDAA-R-Pip eluted at 10.45 min, while L-FDAA-S-Pip eluted at 11.44
min, the ratio of peak areas between the R-form and S-form derivatives was approximately 2 in
both 1 and 2; (f) Chiral column separated p-allo-isoleucine (3.82 min) in HCl hydrolysate of 2
from p-isoleucine (4.07 min); (g) L-FDAA-R-Pip*-Leu eluted at 27.60 min, while p-FDAA-R-Pip'-
Leu eluted at 40.09 min; (h) L-FDAA-R-Pip-NMeAla eluted at 20.32 min, while b-FDAA-R-Pip*-

NMeAla eluted at 23.55 min.
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7.3.4 Antimicrobial Activity

The MICs of 1 and 2 against M. tb under normoxic conditions were 11 and 6 pug/mL,
respectively, determined with MABA. The MICs under hypoxic conditions were 2 and 1.5 pg/mlL,
respectively, as measured by LORA. These activities, especially under hypoxic conditions, are in
the same range as those of the commonly used TB drugs, capreomycin (CAP, 3 ug/mL), and
streptomycin (SM, 1 pug/mL) (TABLE XIV). Importantly, the initially observed MICs of the crude
fraction, 14046 GE3, were lower (0.5 and 1 pg/mL in MABA and LORA, respectively) than those
of the isolates, and the isolates were subportions of this fraction (16% each). This can be caused
by the synergistic effects from other ingredients in the fraction that were not included in the

isolates or by the minor active constituents still remaining in the isolates.

TABLE XIV. IN VITRO ANTI-M. tb ACTIVITIES AND CYTOTOXICITY OF 1 AND 2 (ug/mL), IN
COMPARISON TO FIVE ANTI-M. tb DRUGS

Compound MABA MIC MBC?® hypoxic MIC® hypoxic MBC® ICsg

1 11.3 >50 2.4 19.5 24.2
2 6.0 44.2 1.5 10.5 7.7
RMP <0.02 0.1 <0.1 0.5 143
INH 0.03 > 140
MET >87.6 >87.6
CAP 0.7 3.0
SM 0.3 0.6

? Tested in normoxic condition.
® Determined via luminescence.

¢ Determined via CFU.
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In order to assess this further, the MIC values of 1, 2, and the fraction 14046 GE3, were
converted into volume equivalents of M. tb culture which would be inhibited in growth by 90%
based on the total weight of each of the samples (ca. 30 mg of 1, 30 mg of 2, and 182 mg of
14046 GE3; calculation: Weight ([mg] / MIC [ug/mL] = Volume [L]). Compounds 1 and 2
together accounted for 2.1% and 20.4% of the bioactivity by MABA and LORA, respectively,
relative to the mother fraction, 14046 GE3. Accordingly, while the bioassay-guided procedure
led to the identification of a major portion of the LORA active principle(s), it can be concluded
that further MABA active constituents remain to be discovered and probably represent minor
constituents with higher potency.

The minimum bactericidal concentrations (MBC) under normoxic conditions resulting in
a one logyo reduction in colony forming units (normoxic MBCq) of 1 and 2 were > 50 and 44
ug/mL, respectively, suggesting that 1 and 2 are actually acting as bacteriostatic rather than
bactericidal agents. The MBCq values for 1 and 2 obtained following exposure under hypoxic
conditions (hypoxic MBCgg), were 20 and 11 pg/mL, respectively, and both were higher than the
corresponding luminescence-derived LORA MICs cited above and lower than the normoxic
MBCs. The former may be consistent with the bacteriostatic nature of these compounds, while
the latter, considered together with MICs tested with LORA that are five times lower than the
corresponding MICs tested with MABA, suggests a molecular target that is more efficiently
exploited in the non-replicating phenotype. Overall, the data also suggest that 2 has slightly
higher potency than 1.

The ICsos of 1 and 2 against Vero cells were 24 and 8 pg/mL, resulting in rather poor

selectivity indices (SI = ICso/MIC). There was relatively little variability in the MICs of 1 and 2
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among representatives of the major global clades (clinical isolated strains) of M. tb (Table XV)
and against isogenic, monodrug-resistant strains (TABLE XVI). Again, 2 consistently appears
more active than 1. Overall, the data suggest a molecular target that is conserved throughout
the species, but is not exploited by existing TB drugs as they maintain activity against drug-

resistant strains.

TABLE XV. MICs OF 1 AND 2 AGAINST STRAINS REPRESENTING MAJOR GLOBAL CLADES OF M.
th

MIC (ug/mL) vs. strain®

Compound
X001354 X003899 X004244 X004439 X005282 X005319

1 9.7 22.9 16.9 9.3 9.6 19.2

2 4.7 4.8 4.7 4.4 4.7 4.8
RMP 0.02 0.1 0.1 0.02 0.03 0.1
INH 0.1 0.1 >1.1 0.1 0.1 0.9
MET >87.6 >87.6 >87.6 >87.6 >87.6 >87.6
CAP 0.3 0.7 0.5 0.3 0.3 0.7
SM 0.4 0.2 0.3 0.3 0.6 1.0

4 X001354 corresponds to an Indo-Oceanic lineage, X004439 and X004244 to East Asian lineages,
X005282 and X005319 to Euro-American lineages, X001354 to East African-Indian lineage.

TABLE XVI. MICs OF 1 AND 2 AGAINST MONODRUG-RESISTANT STRAINS OF M. tb

MIC (ug/mL) vs. M. tb resistant to:

Compound SM RMP MOX KM INH cs CAP
1 11.6 9.6 9.0 124 121 20.6 121

2 4.7 4.7 4.0 4.9 4.7 7.4 48
RMP <001 >33 0.1 <0.01 001 <001  0.04

INH 0.03 0.1 0.1 0.1 >1.1 0.03 0.1
MET >876 >87.6 >87.6 >87.6 >87.6 >87.6 >87.6
CAP 0.6 1.0 1.2 83 0.5 1.2 >11

SM >9.3 0.1 0.5 1.1 0.1 0.4 1.1
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In addition to activity against M. tb, 1 and 2 mostly also demonstrated MICs of < 10
ug/mL against Gram-positive bacteria (TABLE XVII), but not against the Gram-negative
representatives, the yeast Candida albicans, nor against Mycobacterium smegmatis. Studies
have proven that 12 out of 19 virulence genes in M. tb share closely related homologs in M.
smegmatis, and M. smegmatis was considered as a surrogate organism of M. tb for studying
the pathogenic properties of mycobacteria [156]. However, in this anti-M. tb drug discovery
process, it is clearly demonstrated that anti-M. tb compounds may not show activity against M.
smegmatis in vitro. Therefore, it is not an ideal choice to use M. smegmatis as a surrogate for M.
tb in anti-M. tb drug screening procedures, such as in BGF.

MICs of 1 and 2 under normoxic conditions increased by approximately two-fold when
the culture media contained 4% bovine serum albumin (BSA) or 10% fetal bovine serum (FBS),
while MICs under hypoxia increased by almost ten-fold (TABLE XVIII). This suggests that the two

hytramycins are likely to undergo moderate serum protein binding.

TABLE XVII. IN VITRO ANTIBACTERIAL SPECTRUM OF ACTIVITY OF 1 AND 2 *

MIC in pg/mL (% inhibition)

M. smegmatis A. baumannii E. coli S. aureus a/bicc'ans faek;alis aerug;'nosa pneufhonia

1 >10 (3)° >10(37)° >10(17) >10(86)° G%?n 8.0 >10(7)° 8.4

2 >10 (0)° >10(77)° >10(2)° 45 >10 (0)° 3.5 >10 (10)° 24
RMP <03 DO 0.1 AMP 89 AMP 12 AB 04 AMP &3}5& AMK 1.8 RMP  <0.01
INH 13 DE 0.1 GE 1.2 GE 06 KE <0004 RMP 0.2 GE 0.5 VAN 0.1
CLF 1.1 MI 0.2 CP 49 RMP 18 OFL 1.1

SM 0.1 KM 0.7 VAN 23 CP 0.2 ERY 0.1

GE 0.2 OFL 23 OFL 1.2
ERY 1.9

a

CLF=clofazimine; DO=doxycycline; DE=demeclocycline; MIl=minocycline; KM=kanamycin;
GE=gentamicin; AMP=ampicillin, AB=amphotericin B; KE=ketoconazole; CIP=ciprofloxacin;
VAN=vancomycin; OFL=ofloxacin; ERY=erythromycin; AMK=amikacin.

® percent growth inhibition at highest test concentration (10 mg/mL) given in parentheses.
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TABLE XVIIl. EFFECT OF SUPPLEMENTAL SERUM AND ALBUMIN ON NORMOXIC AND HYPOXIC
ACTIVITY OF 1 AND 2

MIC (ug/mL)
Compound Normoxic Normoxic Hypoxic Hypoxic
w/4% BSA  w/10% FBS w/4% BSA w/10% FBS

1 241 29.2 19.1 20.9

2 11.9 9.4 10.8 9.9
RMP 0.02 <0.02 0.2 0.1
INH 0.1 0.04 > 140 > 140
MET >87.6 >87.6 13.5 5.3
CAP 0.3 0.6 0.8 1.2
SM 0.8 0.6 0.4 0.6

7.3.5 gPAR of hytramycins in ECUM14046 GE

The total ion chromatogram (TIC) of the four bioactive fractions of 14046 (GE2, GE3,
GE4, and GE5) showed the peaks of both hytramycins V (1) and | (2) at 24.7 min and 27.2 min
respectively (Figure 48), as identified by the extracted ion chromatograms that exclusively
selected the molecular ions with the m/z of 634 and 648 in these fractions (data not shown).

As mentioned above, fractions eluted with 85% and 95% MeOH (GE3 and GE4) showed
much lower MABA and LORA MICs (higher activity, expressed as 1/MIC) than the other two
fractions (GE2 and GE5). Accordingly, the abundance of both hytramycins V (1) and | (2) peaks
was at higher levels in the fractions GE3 and GE4. The concentration curve representing the

unisolated impurities inversely correlated with the curves of bioactivities, 1/MIC (Figure 49).
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Figure 48. Total ion chromatogram (TIC) of 14046 GE fractions. Peaks eluted at 24.7 min and
27.2 min represent hytramycins V (1) and | (2) respectively, as indicated by the red arrows.
Total run time was 30 min.
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Figure 49. Biochromatogram of 1/MIC of 1 and 2, and their abundance in the column fractions
of 14046 GE

Similar to the gPAR study of diastereomeric phytols using a mathematical model (see

“Section 6.2”), the 1/MIC and MIC values of MABA and LORA were correlated with the
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percentage concentration of hytramycins V (1) and | (2) in the hytramycin-containing fractions

as follows:

1/MICpap4 = 0.09 V% — 1.03 (R? = 0.92) Equation 8

1/MICp4p4 = 0.08 1% — 0.55 (R? = 0.98) Equation 9
1/MICopa = 0.10 V% — 1.31 (R? = 0.83) Equation 10
1/MIC,pp4 = 0.10 1% — 0.75 (R? = 0.90) Equation 11
MICp a4 = 9.93 — 0.25 V% (R? = 0.85) Equation 12
MICpapa = 9.40 — 0.24 1% (R? = 0.95) Equation 13
MIC ora = 8.56 — 0.24 V% (R? = 0.92) Equation 14
MIC,ops = 7.97 — 0.23 1% (R? = 0.98) Equation 15

This mathematical model proved that the percentage concentrations of hytramycins V
(1) and I (2) correlated with the 1/MIC (in Equations 8-11) or MIC (in Equations 12-15) values of
MABA or LORA, showing high correlation coefficients. This confirmed that both constituents
were indeed anti-M. tb active principles in these fractions. This mathematical model was also
able to extrapolate the MIC values of neat hytramycins V (1) and | (2) at 100% purity (V% or 1% =
100) to be 0.1 pg/mL for both MABA and LORA, a convincing estimation of the theoretical MIC
values of individual pure constituents from the fractions where other constituents are present.

In Equations 12-15, the intercepts of these linear equations, where the independent

variables, i.e., hytramycin percentage concentrations, equal to zero (V% or 1% = 0), reflected
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that the bioactivity (MIC) of the impurities was much lower (MICs >> 7 ug/mL) than that of the
hytramycins. This finding excludes the possibility of the presence of another highly potent lead
compound in the other peaks visible in the chromatograms of the four fractions shown above.
To conclude, the qPAR study of hytramycins consolidates the activities of these two
major constituents in the column chromatography fractions by establishing a pronounced
relationship between the percentage concentration and the anti-M. tb MIC values of the
fractions. By applying a percentage concentration vs. bioactivity comparison, this method only
requires prior knowledge of the chromatographic properties and molecular weight of target
principles, but considerably facilitates the bioassay-guided fractionation procedures in
identifying active constituents during dereplication, scaling-up purification, and keeping track of

target fractions.

7.3.6 Summary

First discovered in 1959, natural products containing a piperazic acid moiety have been
isolated and proven to exhibit extraordinary biological activities [157]. The anti-cancer agents,
himastatin [158-160] and chloptosin [161], in the form of dimers, as well as a recently reported
hexadepsipeptide, piperazimycin [162], share great structural similarity with 1 and 2, together
with a series of hexapeptide antibiotics, the NW-G compounds (NW-Gs), isolated from
Streptomyces alboflavus 313 strain [152, 163-166]. Himastatin, chloptosin, and NW-Gs all have
a cyclic structure with six amino acids and contain a hydroxyhexahydropyrroloindole carboxylic
acid motif, which in 1 and 2 is replaced by a leucine. All NW-Gs, piperazimycin, as well as the
hytramycins 1 and 2 have three piperazic acid moieties in the cyclic structure, two adjacent and

the third flanked by other amino acids. NW-G01, GO5, and piperazimycin even coincide with
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hytramycins in the positions of two R-forms and one S-form of piperazic acid. The results
obtained in the present study are consistent with the strong antibacterial activity of the cyclic
piperazic acid-containing NW-Gs [152, 163-166] against Gram-positive bacteria, including
methicillin-resistant Staphylococcus aureus, and lack of activity against Gram-negative species,
and extends this profile to include activity against M. tb. In fact, NW-G0O1 was obtained from
Dr. Hatakeyama at Nagasaki University and its anti-M. tb MIC was determined to be 18.6 pug/mL
in the MABA, virtually identical to that of the hytramycins. The structure of the
cyclodepsipeptide, lydiamycin A, isolated from the actinomycete Streptomyces lydicus, also
includes two piperazic acid residues, and this cyclodepsipeptide inhibited growth of both M. tb
Hs;Rv and a resistant M. tb strain [167]. Another piperazic acid bearing depsipeptide,
depsidomycin, has been isolated from the growth medium of Streptomyces lavendofoliae, and
the compound inhibited Mycobacterium vaccae with an MIC of 3.12 pg/mL [168]. However, the
multiple piperazic acid moieties found in 1 and 2 represent uncommon building blocks of
peptidic molecules. As their particular spatial arrangement may potentially contribute to the
unusual ring structures of these molecules, future studies might address the structural
relationship between piperazic acid-containing cyclic peptides and the growth inhibition of
mycobacteria and other Gram-positive bacteria.

The final notable point relates to the screening rationale of this project, which has
explored actinobacterial secondary metabolites as potential agents against M. tb, another
bacterium also in the Actinomycetales order. There is evidence that bacterial metabolites that
are used as antibiotics induce unexpected changes in expression patterns which can underlie a

variety of intrinsic drug resistance systems of bacteria. Accordingly, drug resistance
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mechanisms in M. tb can eventually be related to microbial competition which eventually drives
evolutionary processes [169]. Therefore, laboratory screening for new actinomycete
metabolites as antimicrobials can be viewed as being similar to the selection of a competitive
strain under the adverse surviving conditions in a natural environment. As such, the study of
actinobacterial metabolites represents a rational approach to anti-M. tb drug discovery for the

discovery of potentially new active pharmacophores.



8. Discovery of xylamycins

8.1 Introduction

Actinomycetes are widely regarded to be a rich source of useful antibiotics [170]. Other
than the isolation of hytramycins from ECUM extract 14046 GE, a 65,000 extract library from
these microorganisms has been evaluated in ITR through collaboration with ECUM. After
primary bioactivity screening, ECUMB8412 E, the ethyl acetate extract of an actinomycete strain
8412 was prioritized and used in this study for downstream purification through column
chromatography, countercurrent chromatography and preparative HPLC.

The fractionation strategy of ECUMB8412 E featured countercurrent chromatography
(CCC) as the preferred chromatographic method. In fact, CCC has become an invaluable tool for
fractionation of natural extracts [171, 172]. CCC has many favorable separation advantages
over other techniques, including high recovery rates of analytes introduced into the column,
and the characteristic distribution and retention of analytes in solvent combinations. In the
present case, CCC was employed both as a low-resolution high-sample-recovery enrichment
technique and a high resolution chromatographic method with a narrow polarity window. The
routine use of elution-extrusion countercurrent chromatography (EECCC) ensures that the
partition coefficient (K) can be calculated for each fraction. These values act as a guide for
further purification and ensure the reproducibility of the whole process.

Solvent system selection is the key to success in CCC. The Generally Useful Estimation of
Solvent Systems (G.U.E.S.S.) method [173, 174] was introduced avoiding tedious shake-flask

experiments to determine chemical distribution of analytes in mixtures, in which TLC was used
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as a simplistic tool that drives the process and serves as a link between CCC behavior and
monitoring of constituents in the fractions. The G.U.E.S.S. method has been developed as a
chemistry driven method of selecting biphasic solvent systems in both the ChMWoat
(chloroform:methanol:water) and HEMWat (hexane:ethyl acetate:methanol:water) solvent
system families.

At the end of the separation/purification process, a cyclic heptapeptide, B14, exhibiting
potent inhibition against M. tb in vitro, was isolated. Its planar structure was determined by
1D/2D NMR. The structure coincides with one in a series of compounds with similar structures,
described as ilamycins, or rufomycins, in a patent by Eli Lilly and Company in 1999, and B14 was
designated as “xylamycin”. However, the anti-TB activities of the individual compounds or
further development of these compounds for the anti-M. tb properties have not been

described.

8.2 Materials and methods

8.2.1 Culture and Extraction of ECUM8412 E

Actinomycete strain ECUM8412 was mass cultured (20 L) in G.S.S. media (Appendix F).
Following fermentation, the mycelia and culture media were separated. The aqueous filtrate
was then exhaustively extracted with ethyl acetate. The ethyl acetate portion was back

extracted with water and then dried to yield 3.134 g of crude extract.

8.2.2 Column Chromatography
Vacuum liquid chromatography (VLC) of the ethyl acetate extract was performed on an

RP-18 stationary phase. A 20% step gradient of MeOH/H,0 was employed after starting with 20%
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aqueous MeOH. The column was finally washed with CHCls. Each of the six fractions was tested
for anti-M. tb activity with MABA and LORA assays. The MICs were compared with their Vero
cell cytotoxicity 1Cses, and fractions with high selectivity indices (SI, see “Section 4.5”) were

prioritized for HSCCC separation.

8.2.3 High Speed Counter Current Chromatography (HSCCC)

The HSCCC fractionation using all solvent systems (except HEMWat -4) was performed
on a CCC-1000 J-type three-coiled planetary motion HSCCC (Pharma-Tech Research Corp.,
Baltimore, MD, USA), which has a rotation radius (R) of 7.5 cm, using 3 x 108 mL PTFE Teflon
coils with an inner diameter of 1.6 mm, an outer diameter of 2.7 mm, and B values from 0.47 to
0.73 (B = r/R where r is the distance from the edge of the coil to the holder shaft) for all coils.
The sample loop volume was 10 mL. The rotational speed was set at 1000 rpm with a high
speed countercurrent chromatograph electronic controller PTR (Pharma-Tech Research Corp.,
Baltimore, MD, USA). The HSCCC system was equipped with a Lab-Alliance Series Il digital
single-piston solvent pump, a Shimadzu SPD-10A VP UV-Vis detector with preparative flow cell,
a Cole-Parmer modular paperless recorder model 80807-00, and a LKB Bromma 2111 Multirac
fraction collector.

The separation that utilized HEMWat -4 as solvent system was conducted in a TBE-300A
(Shanghai Tauto Biotech Co., Shanghai, China) with three multilayer coil separation columns
connected in series (1.6 mm tubing 1.D.) and 240 mL of total column volume with a 20 mL
sample loop. The revolution radius or the distance between the holder axis and the central axis
of the centrifuge (R) was 5 cm, and the B values of the multilayer coil varied from 0.5 at the

internal terminal to 0.8 at the external terminal. The rotational speed of the apparatus could be
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regulated with a speed controller in the range 0-1000 rpm, but in this study was fixed at 800
rom. A Neslab RTE7 constant temperature-circulating bath (Thermo Electron Corporation) was
used to control the temperature at 25 °C. The HSCCC system was equipped with a ChromTech
Series | digital single-piston solvent pump, a JMST Systems VUV-14D fixed wavelength UV-Vis
detector with preparative flowcell (detection done at 254 nm), and a Advantec CHF122SC
fraction collector. Data were recorded on a PEAK-ABC Chromatography Data Handling System
and then transferred to an Excel worksheet for further treatment.

All the HSCCC separations were performed in reversed-phase mode with the aqueous
phase mobile. The samples were dissolved in equal volumes of lower and upper phase, and
injected after equilibrating the HSCCC at the established rotational speed. All HSCCC collected
fractions were analyzed by TLC in silica gel (Alugram Silica G/UV254 20 x 20 cm plates with a
thickness of 0.20 mm, Macherey-Nagel, Germany). The solvent system used for TLC
development was CHCl3:MeOH (9:1, v/v) unless otherwise specified. Compound detection was
performed with UV light (254 and 366 nm) and a non-specific spraying coloring reagent (98%

ethanol, 2% H,S0,4, 0.4% vanillin).

8.2.4 LC-PDA-MS analysis of HEMWat-0 fractions

Qualitative analysis was performed on a Shimadzu LC-MS-2020 (Shimadzu Scientific
Instruments, Inc. Columbia, Maryland U.S.A.) comprised of LC-20AD LC pumps, SIL-20AC auto
sampler, DGU-20As degasser, CBM-20A communications bus module, SPD-M20A Diode Array
Detector (190-800nm) and CTO-20AC column oven (40 °C). Separation was performed on a
YMC-pack ODS-AQ C;g column (250 x 4.6 mm I.D., 5 um, 12 nm) with the flow rate 0.4 mL/min

of mobile phase. The solvent system consisted of MeCN with 0.1% formic acid (A) and 0.1%
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aqueous formic acid (B) and followed the gradients with 50, 95, 95, and 50% (A) at 0, 15, 30,
and 30.1 min, respectively. The sample concentration was adjusted to 50 pug/mL and the
injection volume was 5 plL. UV detection was performed at 282 nm. The compounds of interest
eluted between 20 and 25 min.

The mass spectrometer set up to scan m/z values between 995 and 1500 in positive
mode detected the peaks of the compounds of interest. Total ion chromatograms (TIC)

describes the retention time of the compound of which the molecular weight is determined.

8.2.5 Preparative HPLC of the HEMWat-0 B14 fraction

Preparative HPLC purification of the B14 fraction which showed one predominant
constituent was performed with Waters 717plus Auto Sampler, Waters 2996 photodiode array
(PDA) detector, Waters 600 controller and Waters Delta 600 pumps. A YMC-pack ODS-AQ Cig
column (250 x 10 mm I.D., 5 um, 12 nm) was used. The solvent system consisted of MeCN (A)
and water (B) and followed the gradient of 90 to 95% (A) from 0 to 19 min, and back to 90% (A)
from 19 min to 20 min. The flow rate was 1.8 mL/min, and the PDA was set up at 282 nm. The
compound of interest eluted at 10.75 min as the major single peak on the chromatogram

(Figure 50).

8.2.6 Antibacterial activity assays

See “Chapter 4. Phenotypic screening”.
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Figure 50. Chromatogram of ECUM8412 B14 fraction showing the elution of compound B14
with preparative HPLC and TLC of B14 fraction on silica gel Fs4 developed with CHCl;:MeOH
(9:1)

8.3 Results and discussion

After primary screening of 65,000 ECUM actinomycete extracts for anti-M. tb activity,
prioritized extracts were processed by a rapid VLC-bioassay-guided fractionation scheme.
Following the initial C1g cartridge fractionation with MeOH/H,0 gradient elution, three rounds
of HSCCC fractionation, and subsequent purification via reverse phase preparative HPLC, one
cyclic heptapeptide, xylamycin, structurally similar to the ilamycins (also named “rufomycins”),
were isolated from strain ECUM8412 (Figure 51). The structure of this heptapeptide contains

unusual amino acid residues, such as a nitrotyrosine (NTyr), an N-prenyltryptophan (pTrp), a
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cyclized dehydrogenated N-methyl-leucine (cNMelLeu) and a 2-amino-4-hexenoic acid (Hex).
The producing organism was tentatively identified as a strain of either Streptomyces atratus or
S. sanglieri. The MABA MIC of B14 was determined to be 0.05 ug/mL, while the MIC under
hypoxic condition measured by LORA was > 10 pg/mL. Under the normoxic condition, B14
maintained good activities against mono-drug resistant M. tb strains, the clinical isolates, as

well as M. smegmatis, with low cytotoxicity to mammalian cells.

E8412E1
(3.31 g, MIC 47.3 pg/mL)
RP-18 VLC, H,0/MeOH gradient

VC-5(1.25 g)
MIC <0.39mg/mLLY ) LiscCC ChMWat +1
C-26 (833 mg)
MIC <0.39 pg/mL
U HSCCC HEMWat +3
H-25 6311 mg)
O MIC<1 ua/ml MIC <0.2 pgimL
O 1<MIC < 3 pgimL HSCCC HEMWat 4 1
O 3<MIC <10 pgimL 1 (178 mg)
HSCCC HEMWat 0
MIC (pg/mL) T
RMP: 0.07 BH I
INH: 0.04 AN
EMB: 164 T
CAP: 141 .
B14
xylamycin

Figure 51. Bioassay-guided fraction scheme of ECUM8412 E extract (performed by Dr. M.
Florencia Rodriguez-Brasco)
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8.3.1 Physicochemical properties of B14

Ilamycin analogue (B14): Light yellow, amorphous powder; IR (neat liquid) vmax 1083,
1210, 1257, 1319, 1420, 1538, 1630, 2957, 3324, cm™* (Appendix B, Figure B-1); 'H and >C NMR,
COSY, HSQC, and HMBC data were included in Appendix B (Figure B-3, Figure B-5, and Figure B-
6).

The protonated and sodiated molecular ions from B14 had m/z 1060.5263 (calculated
for CssH,sNgO11>°Cl as 1060.5269) and m/z 1082.5221 (CssH74NaNsO1:>°Cl), respectively, as
determined by HR-ESI-IT-TOF mass spectroscopy (Appendix B, Figure B-2). These combined
with NMR data established the molecular formula of B14 as Cs4H;4N9gO11Cl. The UV absorption
spectrum of B14 (Appendix B, Figure B-1) showed a strong shoulder peak at 220 nm, and weak
peaks at 274 nm and 358 nm. The IR spectrum of B14 exhibited a strong and sharp absorption
band at 1630 cm™ (C=0, stretching), a broad weak absorption band at 3324 cm™ (N-H,
stretching), medium absorption bands at 2850-2960 cm™ (aliphatic C-H, stretching), overall
consistent with a peptidic nature of the molecule; a medium absorption at 1538 cm™ indicating

the nitro-aromatic ring of the molecule (N=0, stretching).

8.3.2 Screening, prioritization and fractionation of ECUM8412 E extract

From the 65,000 crude extracts of actinomycetes source, a total of 349 extracts (0.55%)
exhibited > 90% inhibition of M. tb growth, based on the primary screening using MABA. Ninety
of the high inhibition hits were profiled in terms of 1Cso against Vero cells, non-replicating M. tb
with LORA, mono-drug resistant M. tb with MABA, and the spectrum of activity against bacteria
other than the mycobacteria. Twenty-two samples with promising activities were then re-

tested to confirm activities. Based on the cumulative data, 18 of these hits were re-fermented
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at a 20 L scale at ECUM with subsequent fractionation and bioassay at UIC. The ethyl acetate
extract of actinomycete strain ECUM8412 was chosen based on its performance in these
bioassays.

The initial VLC fractionation of 3.31 g of crude extract of ECUM8412 led to a 1.25 g
bioactivity-enriched fraction, VC5, with an MIC of 0.3 pug/mL. This represents a greater than 50-

fold bioactivity per mass enrichment from the crude extract.

8.3.2.1 Step 1: HSCCC separation with ChMWat +1 (10:4:6)

The choice of solvent system for the subsequent CCC step was based on evidence
provided by TLC of fraction VC5 in chloroform/methanol/water (ChMWat) 80:20:1 [173, 174].
The flow rate was 3 mL/min, and the stationary phase retention volume ratio (Sf) was 0.84. The
HSCCC was run in elution mode until reaching a K value of 3.24 before switching to extrusion
mode [175]. In total, 164 fractions (9 mL each) were collected and then recombined into 28
fractions, according to the TLC results.

The CCC step with the ChMWat +1 (10:4:6) solvent system provided a bioactivity-
enriched fraction representing 67% of the VLC fraction’s mass. The position of the active
fractions outside the region of optimal separation, the so-called “sweet spot,” for the CCC
experiment indicates that the active constituents would not be expected to be highly resolved
in this separation. Indeed, the TLC of the fractions, which were combined into a fraction
VC5C26 (13 < K < =), showed a rather wide polarity range for the compounds present. This

fraction had a total mass of 833 mg and an MIC of < 0.4 pg/mL.
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8.3.2.2 Step 2: HSCCC with HEMWat +3 (4:6:4:6)

Instead of adjusting the polarity of the ChMWat solvent system, an orthogonal solvent
system [hexane/ethyl acetate/methanol/water (HEMWat)] was used for the next separation
step. The HEMWat solvent system chosen was 4:6:4:6, which is the portal solvent system for
the HEMWat family [176]. This means that the partition coefficient (K) of an analyte in this
solvent system can be extrapolated to predict the K value of the analyte in any other HEMWat
family. The mobile phase flow rate was 1.5 mL/min and Sf was 0.74. The HSCCC was run in
elution mode until K = 2.50, followed by switching to extrusion mode and the flow rate was
changed to 3 mL/min. A total of 200 fractions (6 mL each) were collected and were recombined
into 27 fractions based on TLC. The active fraction VC5C26H25 (18 < K < 37) had a mass of 311
mg and an MIC of < 0.2 pug/mL. This represents a significant increase in the specific activity of
the sample, but the position of the active fraction was again outside the sweet spot and the
active compound would not be expected to be highly resolved from other compounds of similar

chemical properties.

8.3.2.3 Step 3: HSCCC with HEMWat -4 (7:3:6:4)

According to the previously published graphic [174, 176], a compound with K = 27 in
HEMWat 4:6:4:6 (HEMWat +3) should have a K value of approximately 1 in HEMWat 7:3:6:4
(HEMWat -4). Therefore, the solvent system was switched to HEMWat -4 in this round of HSCCC
separation (Step 3). The mobile phase flow rate was 2 mL/min, and Sf was 0.77. The HSCCC was
run in elution mode until K = 1.26, followed by switching to extrusion mode. The 113 fractions
collected were recombined into 14 fractions based on the TLC of individual fractions. The MIC

value observed for active fraction VC5C26H2551 (178 mg) was < 0.2 pg/mL, which is in the
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range of the anti-M. tb gold standard drug, rifampin (0.1-0.2 pug/mL). Fractions S2 and S3 also
had significant anti-tuberculosis activity, but, because of their diminutive masses, were not
carried on to the next step. In this case, the active fractions ended up in the low K-value end.
Even so, the chromatographic step resulted in an enrichment of bioactivity by retaining 57% the

mass of the active fraction from the previous active fraction.

8.3.2.4 Step 4: HSCCC with HEMWat-0 (5:5:5:5)

At this point a different approach was taken to determine the optimal solvent system. A
traditional shake-flask experiment was performed to determine how the bioactivity would
partition between the upper and lower phases of a biphasic solvent system. When shaken with
equal volumes of HEMWat 5:5:5:5 (HEMWat-0), the active fraction from the previous step
showed a distribution of activity with an MIC of 0.2 pg/mL in the upper phase and an MIC of 0.4
ug/mL in the lower phase (Kwyic = 0.65). This step of fractionation indicated that the compounds
responsible for the bioactivity of the sample would likely be eluted in the sweet spot 0.25 < K <
8 (Figure 51; TABLE XIX). The result also suggests that HEMWat-0 is a preferable solvent system
for HSCCC separation of the active principles in this fraction from the beginning.

In this HSCCC run, the mobile phase flow rate was 2 mL/min and Sf was 0.60. The HSCCC
was run in elution mode until K = 6.25, followed by switching to extrusion mode. A total 476
fractions collected and recombined into 25 fractions based on TLC results. The anti-M. tb
activity of fractions 5 to 16 representing 0.80 < K < 4.07 generally fell in the range of that of
rifampin. According to the TLC results, these active fractions contained a variety of distinct
compounds (Figure 53). Several of the fractions were sufficiently pure for structural elucidation

of the major constituent.
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TABLE XIX. ANTI-M. tb ACTIVITY OF SUB-FRACTIONS OF FRACTION S1

Fraction names MIC (pg/mL)  Mass (mg)
ECUM8412 E-1-VC-5-C26-H25 <0.2

ECUM8412 E-1-VC-5-C26-H25-S1-B1 235 37.0
B2 38.4 17.3

B3 6.2 10.2

B4 1.6 6.1

B5 0.7 33

B6 0.7 2.9

B7 2.9 6.1

B8 <0.2 8.9

B9 0.6 6.5

B10 <0.2 11.4

B11 0.2 4.5

B12 <0.2 5.4

B13 <0.2 2.7

B14 <0.2 7.8

B15 0.6 2.7

B16 <0.2 3.2

B17 3.5 2.6
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Figure 52. Biochromatogram (mass vs. 1/MIC) of fractions B1 through B17

Figure 53. TLC of fractions B1 through B17 on silica gel F,5;, developed with CHCl;:MeOH (9:1)
(by Dr. M. Florencia Rodriguez-Brasco)
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As the resolving power of HSCCC is focused on a relatively small number of compounds
within a limited polarity range, the sweet spot defined by the choice of the biphasic solvent
system was not easily determined for the hundreds of HSCCC fractions. After four rounds of
HSCCC separation using different solvent systems, the bioactive fractions in extract ECUM8412
eventually fell in the sweet spot of distribution within an appropriate K value range. Although
HSCCC has the weakness of exhibiting rather narrow windows where small numbers of
compounds in specific polarity ranges can be resolved, each of the four sequential rounds of
HSCCC separation contributed to the purification of the active constituents from the extract.
This conclusion highlights the importance of selecting the appropriate solvent systemts for
different target compounds. Due to the CCC advantage of essential lack of sample loss, the yield
of bioactive fractions was still sufficient for structural elucidation and the performance of
subsequent bioassays.

Fractions B9 through B16 were analyzed using the LC-PDA-MS system to determine
sample purity and obtain molecular mass information of the principal constituents. One or
more peaks with molecular masses between m/z 1017 and 1124 were detected in positive
ionization mode for each fraction. Fraction B14 with a mass of 7.8 mg was chosen for a final
preparative HPLC purification step due to its relatively singular composition. As a result, 2.2 mg
of B14, xylamycin, could be recovered from this fraction by multiple HPLC injections. The
recovery rate of B14 from the initial crude extract of 20 L re-fermented ECUM8412 was 0.01%

(w/w), or 111 ppm.



151

8.3.3 Structural elucidation

The 4-5 ppm region of the 'H NMR spectrum of B14 and the correlation of these
resolved protons to the carbonyl carbons between 160 and 180 ppm from the HMBC spectrum
gave evidences of the peptidic nature of B14. Seven carbonyl carbons were identified in the **C
NMR spectrum of B14 in MeOH-d, (6 174.2, 173.4, 173.1, 172.1, 171.5, 169.8, and 168.1 ppm),
among the 54 carbons detected in total (Figure 54, TABLE XX). Data from ‘H NMR (Figure 55,
Figure 56) and 2D NMR spectra (Figure 57) confirmed the structure of B14 as a cyclic peptide

with seven amino acid residues.

9a

10

Figure 54. Structure of B14 showing color coded amino acid residues



TABLE XX. '"H AND **C NMR DATA OF B14 IN METHANOL-d,®. AMINO ACID RESIDUES ARE CODED IN DIFFERENT COLORS.

position Sc, mult. Sy, mult. (J) COSY HMBC (H>C)
NMeleu 1 169.90, C -
2 59.22, CH 4.327,dd (10.7, 4.0) NMeleu-3 NMeleu-1, -3, -4, -6, pTrp-1
3 37.69, CH, -0.408, ddd (13.1, 8.6, 4.0) NMeleu-2, -4 NMeleu-1, -2, -4, -5, -5'
1.544, ddd (13.1, 10.7, 5.0) NMeleu-2, -4 NMeleu-1, -2, -4, -5, -5'
4 25.33, CH 0.950, ddqq (8.6, 6.7, 6.6, 5.0) NMeleu-3, -5, -5’ NMeleu-5, -5’
5 23.25, CH; 0.441, d (6.7) NMeleu-4 NMeleu-3, -4, -5’
5’ 21.22, CH; 0.079, d (6.6) NMeleu-4 NMeleu-3, -4, -5
6 29.24, CH; 2.361, s pTrp-1
NTyr 1 171.60, C -
2 56.76, CH 4.617,dd (10.8, 5.8) NTyr-3 NTyr-1, -3, -4, NMeleu-1
3 37.69, CH, 3.106, dd (13.3, 5.8) NTyr-2 NTyr-1, -2, -4, -5, -9
2.916, dd (13.3, 10.8) NTyr-2 NTyr-1, -2, -4, -5, -9
4 130.71, C -
5 126.45, CH 7.787,d (2.2) NTyr-9 NTyr-3, -4, -6, -7, -9
6 135.35, C -
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position Sc, mult. Sy, mult. (J) cosy HMBC (H—>C)
7 154.34, C -
8 120.46, CH 7.069, d (8.5) NTyr-9 NTyr-6, -7
9 138.64, CH 7.391, dd (8.5, 2.2) NTyr-5, -8 NTyr-3, -5, -6, -7
Ala 1 173.13,C -
2 47.26, CH 4.855, q (6.7) Ala-3 Ala-1, -3, NTyr-1
3 17.61, CHs 1.269, d (6.7) Ala-2 Ala-1, -2
cNMeleu 1 168.05, C -
2 59.86, CH 4.178,dd (11.4,7.5) cNMeleu-3 cNMeleu-1, -3, -4, -7, Ala-1
3 33.37,CH, 2.851, dddq (18.4, 11.4, 1.4, 0.4) cNMeleu-2, -5 cNMeleu-1, -2, -4, -5, -6
2.399, dddq (18.4, 7.5, 2.1, 0.4) cNMeleu-2, -5 cNMeleu-1, -2, -4, -6
4 116.52,C -
5 19.84, CH3 1.766, dt (0.4, 0.4) cNMeleu-6 cNMeleu-3, -4, -6
6 118.02, CH 5.772,tq (2.1, 1.4) cNMeleu-5 cNMeleu-1, -3, -4, -5, Leu-2
7 38.67, CH; 3.300, s cNMeleu-2, Ala-1
Leul 172.04, C -
2 55.00, CH 5.252,dd (12.0, 4.3) Leu-3 Leu-1, -3, -4, cNMeleu-1, -6
3 36.61, CH, 1.938, ddd (14.2, 10.6, 4.3) Leu-2, -4 Leu-2, -4, -5, -5’
1.760, ddd (14.2, 12.0, 0.8) Leu-2, -4 Leu-2, -4, -5’
4 25.50, CH 1.514, ddqq (10.6, 6.7, 6.6, 0.8) Leu-3, -5, -5’ Leu-5, -5’
5 23.69, CH; 0.974,d (6.7) Leu-4 Leu-3, -4, -5’
5’ 21.22, CH; 0.903, d (6.6) Leu-4 Leu-3, -4, -5
Hex 1 173.40, C -
2 53.47, CH 4.614,dd (9.7, 5.0) Hex-3 Hex-1, -3, -4, Leu-1
3 35.49, CH, 2.624, dddd (14.3, 9.7, 7.4, 0.6) Hex-2, -3, -4 Hex-2, -4, -5
2.591, dddd (14.3, 6.4, 5.0, 0.9) Hex-2, -3 -4 Hex-2, -4, -5
4 127.11, CH 5.438, dddq (15.2, 7.4, 6.4, 1.5) Hex-3, -5 Hex-3, -5, -6
5 129.76, CH 5.589, dddq (15.2, 6.4, 0.9, 0.6) Hex-4, -6 Hex-3, -4, -6
6 18.33, CH3 1.677,dd (6.4, 1.5) Hex-4, -5 Hex-4, -5

® NMR data generated by HiFSA matching experimental NMR data observed at 900 MHz and 298 K in MeOH-d,.
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Figure 56. 'H NMR expansion (900 MHz) spectrum of B14 in MeOH-d,
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Figure 57. Key correlations in the 2D-NMR spectra of B14. Bolded bonds: COSY 'H spin
systems; Blue arrows: HMBC H - C.

Eight protons resonated in the 4.1-5.3 ppm region and were identified as a protons of
the amino acid moieties, except for one proton (6 4.479, dd) which was identified as the
hydroxyl proton of the modified prenyl group on the tryptophan residue.

The proton resonating at 6 4.852 appeared as a quartet (J = 6.67 Hz), suggesting it is
vicinal to a CHs group, which resonated as a doublet (6 1.268). COSY and HMBC spectra

confirmed this group of signals to belong to an alanine (Ala), (Figure 58).
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Figure 58. COSY (A) and HMBC (B) spectra highlighting the alanine (Ala) residue in B14 (600
MHz, MeOH-d,)

By the interpretation of the COSY and HMBC spectra, the proton resonating at & 5.249
(dd, J =12.28, 4.29 Hz) was assigned to a leucine (Leu) a proton, with the two methyls (6 0.973
and 0.903) correlating with the same methine proton (6 1.510), which is neighboring a

methylene (6 1.938 and 1.770) next to the a proton (Figure 59).
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Figure 59. COSY (A) and HMBC (B) spectra highlighting the leucine (Leu) residue in B14 (600
MHz, MeOH-d,)

In the same manner, an N-methyl leucine (NMeleu) was identified containing an N-
methyl (6 2.361, s), an a proton (& 4.327), one methylene with an extremely shielded proton
exhibiting an unusual negative chemical shift (6 -0.400 and 1.530), a methine (6 0.970), and two
methyls (6 0.442 and 0.082). Comparing the spectra of Leu and the NMeleu, it can be noticed

that the all proton chemical shifts of NMelLeu are distinguishably moved upfield, including an
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extremely shielded methylene proton resonating at 6 -0.4, suggesting that NMeleu is overall

situated in a strongly shielded environment in the molecule (Figure 60).
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Figure 60. COSY (A) and HMBC (B) spectra highlighting the N-methyl leucine (NMeLeu) residue
in B14 (600 MHz, MeOH-d,)

Another N-Methyl leucine was biosynthetically modified by dehydrogenation on the
methine and a methyl, followed by a cyclization that connected the terminal methyl with the
nitrogen in the amide bond from a neighboring amino acid, turning the original N-methyl
leucine into a cyclized N-methyl leucine (cNMeleu). The cNMeleu contained an N-methyl (6

3.298, s), an a proton (6 4.176), a methylene (6 2.848 and 2.398), a methyl (6 1.764), and the
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proton resonating as a multiplet (6 5.772, tq) with a characteristic splitting pattern of small
coupling constants, i.e., long distance couplings. This multiplet also has characteristic
correlation with the carbonyl of the neighboring residue in the HMBC spectrum. From the
biosynthetic perspective, the N-methyl leucine likely experienced oxidization at one CHs to a
terminal aldehyde, which subsequently condensed with the nitrogen of the adjacent amino acid
through dehydration of the resulting aminol to form the cyclized N-methyl leucine derivative

(Figure 61).
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The COSY and HMBC spectra easily distinguished the protons of an amino hexenoic acid
residue (Hex) as belonging to the same spin system, including an a proton (& 4.595), a
methylene (6 2.610, 2.610), two alkene methines with complex coupling patterns (6 5.436, dtg;

5.582, dqt) and a terminal methyl (6 1.676) (Figure 62).
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Eight protons of B14 resonated in the 7-8 ppm region and were identified as aromatic
protons. The protons resonating at 6y 7.786, 7.386, 7.065 form an ABX spin system according to
the splitting patterns and coupling constants, and were identified as the three aromatic protons
of the nitrotyrosine (NTyr) with the help of COSY and HMBC spectra. The NTyr moiety also
contained a methine-methylene spin system, identified as the a (6 4.611) and the benzyl

protons (6 3.108 and 2.910) (Figure 63).
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Figure 63. COSY (A) and HMBC (B) spectra highlighting the nitrotyrosine (NTyr) residue in B14
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Similarly, the other resonating aromatic protons at 6 7.653, 7.555, 7.136, and 7.055 were
assigned as the four adjacent protons on an indole ring based on the values of the coupling
constants, and the proton showing a singlet peak (6 7.094) was assigned as the proton next to
indole nitrogen. Thus the five aromatic protons of a tryptophan moiety were identified.

The prenylated tryptophan (pTrp) contained two moieties, the tryptophan, including the
o proton (& 4.825) and the methylene (6 3.187 and 3.181), and the modified isoprene unit,
including a hydroxyl methine (6 4.479) and a chloromethylene moiety (6 3.282 and 2.925). Two
methyls were detected as being attached to the modified part of the tryptophan (6 1.770, s;
1.650, s) referring to a correlation between the methyl proton and one of the tryptophan
carbons (Figure 64).

Residual impurities in chloroform as the solvent for the extraction of drugs and
metabolites have caused formation of artifacts [177]. The carbons in an epoxide group are very
reactive electrophiles partly due to the relieved ring strain when the ring opens upon
nucleophilic attack, and the reaction can occur under either acidic, basic, or neutral conditions,
including when HCl is present [178]. As it is possible that the addition of a hydroxychloro group
in the molecule may have been introduced via an epoxide by the residual HCl in the chloroform
used as a solvent during HSCCC separation, it cannot be ruled out that this partial structure

represents an isolation artifact.
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Figure 64. COSY (A1, A2) and HMBC (B) spectra highlighting the prenylated tryptophan (pTrp)

residue in B14 (600 MHz, MeOH-d,)

The connectivity between the seven amino acid residues was confirmed by the

observation of HMBC correlations of a protons to both the carbonyl within the residue and to

the neighboring carbonyl. Thus, the linkage of the seven moieties was shown to be the cyclic

(pTrp-NMeLeu-NTyr-Ala-cNMeleu-Leu-Hex).

The 'H NMR spectra and the structure of B14 are color-coded indicating each individual

amino acid residue to facilitate recognition. As peptides have characteristic spin systems,
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representing each amino acid unit isolated by the peptide bonds, the chemical shifts and
splitting patterns of the proton signals arising from an individual amino acid remain relatively
consistent, and only the chemical shifts are slightly affected by the different chemical
environment in the molecule, e.g., the different orientation or location of moieties in a 3D
molecular structure, in which the coupling constants usually remain unchanged. Color-shading
fingerprints aid in the efficient identification of each amino acid based on the *H NMR spectrum
and facilitate dereplication of known compounds and the rapid elucidation of new structures. In
the structural elucidation of putatively unknown analogs, identical amino acids can be easily
recognized in overlapped proton NMR spectra by comparing the color coded protons
corresponding to the specific amino acids with those from an already elucidated peptide
structure.

Similar to the spectra of the hytramycins, 'H iterative full spin analysis (HiFSA) was
performed to provide unequivocal interpretation of the H NMR spectra of pure B14 with
unambiguous assignment of all the chemical shifts and coupling constants. The HiFSA optimized
sum of individual spectrum of the amino acids fully matches the experimental spectrum, which

confirms the identities of the amino acid moieties in this molecule (Figure 65; Appendix E).
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8.3.4 Antimicrobial Activity

The anti-M. tb MIC of B14 (TABLE XXI) under normoxic conditions was 0.05 pg/mL,
determined with MABA, which is in the same range as the first-line TB drugs rifampin (RMP)
and isoniazid (INH). The exact MABA MIC values of B14 and its mother fractions were so low
that they could not be accurately determined until B14 was diluted to 0.1 mg/mL as the stock
concentration for MABA. The MIC under hypoxic conditions was larger than 10 pg/mL
measured by LORA. These values indicate that the anti-M. tb activity of B14 is also oxygen
dependent as is INH, which suggests that the activity of B14 is possibly restricted to replicating

M. tb.

TABLE XXI. IN VITRO ANTI-M. tb ACTIVITIES AND ICs, (ug/mL) OF B14, IN COMPARISON TO
ANTI-M. tb DRUGS

MIC (ug/mL) hypoxic MIC ° MABA ICso (Vero)
B14 > 10 (82%) 0.05 >50
RMP <0.05 0.02 128
INH > 140 0.03
MET >87.6 >87.6
CAP 6.2 1.3
SM 1.0 0.4

@ Determined via luminescence.

The in vitro macrophage MIC (TABLE XXII) of B14 was < 0.04 pg/mL, rivaling the activity
range of RMP upon macrophage cell penetration. The ICsg of B14 against Vero cells as an
indicator of cytotoxicity of test compounds was > 50 pg/mL, resulting in a high selectivity index
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TABLE XXII. IN VITRO MACROPHAGE ACTIVITY OF B14

Test conc. ECqo ECog MIC

H M L
B14 2 04 0.08 0.067 0.067 <0.04

CAP 2 04 0.08 0.39 0.64 0.3
SM 2 04 0.08 024 0.25 0.2
RMP 1 0.2 0.04 0.04 0.05 0.04

H, M and L refer to high, medium and low testing concentrations

B14 maintains potent in vitro activity against isogenic, monodrug-resistant strains
(TABLE XXIIl) and toward representatives of the major global cladesof M. tb (TABLE XXIV)

although two of the lower showed higher MICs (> 0.2 pg/mL).

TABLE XXIIl. MICs OF B14 AGAINST MONODRUG-RESISTANT STRAINS OF M. tb

MIC (ug/mL) vs. M. tb resistant to:
CAP () INH KM RMP SM MOX

B14 0.2 0.05 0.1 0.09 0.2 0.2 0.1

RMP 0.1 <001 003 002 >33 002 0.05
INH 0.1 0.1 >1.1 0.1 0.1 0.04 0.03
MET >876 >87.6 >87.6 >876 >876 >87.6 >87.6
CAP >10.7 1.3 1.3 >107 1.2 1.1 0.6
SM 1.1 0.4 0.6 1.4 0.5 >9.3 0.3

TABLE XXIV. MICs OF B14 AGAINST STRAINS REPRESENTING MAJOR GLOBAL CLADES OF M. tb

MIC (ug/mL) vs. strain (%inhibition)
X001354 X003899 X004244 X004439 X005282 X005319

B14 004 >02(64) >0.2(53) 0.1 0.04 0.1
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RMP 0.02 0.05 0.05 0.03 0.04 0.05
INH 0.1 0.03 0.1 0.1 0.1 0.1
MET >87.6 >87.6 >87.6 >87.6 >87.6 >87.6
CAP 0.6 1.3 1.2 1.1 1.3 1.2
SM 0.4 0.2 0.3 0.3 0.8 0.6

In addition to activity against M. tb, B14 also selectively demonstrated its activity on M.
smegmatis with MICs of 0.1 pg/mL (TABLE XXV), a much stronger inhibition compared with the
hytramycins V and | (both > 10 pg/mL), but not against the other Gram-positive, Gram-negative
representatives, nor the yeast Candida albicans. Although B14 shows a slightly higher MIC
against M. smegmatis than against M. tb, the difference is not significant. This result confirms
that B14 is more likely an antimycobacterial agent showing genus specificity than the
hytramycins, which are selectively active on other Gram-positive bacteria as well, but not on M.
smegmatis. The anti-TB standard drugs, such as RMP and SM, also show inhibition on the
growth of M. smegmatis, whereas INH shows rather weak activity (> 10 ug/mL). This finding
may suggest that the selective activity of potential drug leads against M. smegmatis cannot
serve as a prioritization criterion during the drug discovery and screening procedures.

The MIC of B14 under normoxic condition remained at the same level when the culture
media contained 4% BSA or 10% FBS, suggesting that B14 is not strongly bound to or degraded
by serum proteins when delivered into mammalian blood vessels (TABLE XXVI). Therefore, it is
likely that B14 is a very potent and specific bactericidal agent against most of fast-replicating

mycobacteria in vitro, exhibiting a unique mechanism of action.
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TABLE XXV. IN VITRO ANTIBACTERIAL SPECTRUM OF ACTIVITY OF B14°

MIC in ug/mL (% inhibition)

M. smegmatis A. baumannii E. coli S. aureus C. albicans E. faecalis P. auruginosa S. pneumoniae
B14 0.121 >10 (4)° >10(9)° >10(0)° >10 (0)° >10(27)° >10(9)° > 10 (0)°
RMP <03 DO 0.1 AMP 7.9 06 AB 0.8 AMP >10(50)° AMK 1.8 RMP 0.05
INH 133 DE 0.2 GE 11 01 KE 003 RMP 0.1 GE 0.5 VAN 0.1
CLF 3.0 Ml 0.2 cIp 06 RMP 9.9 OFL 1.0
SM 0.1 KM 0.7 VAN 23 cIP 0.2 ERY 0.03
GE 03 OFL 12  OFL 1.1
ERY 0.9

® CLF=clofazimine; DO=doxycycline; DE=demeclocycline; Ml=minocycline; KM=kanamycin;

GE=gentamicin; AMP=ampicillin, AB=amphotericin B; KE=ketoconazole; CIP=ciprofloxacin;
VAN=vancomycin; OFL=ofloxacin; ERY=erythromycin; AMK=amikacin.

® percent growth inhibition at highest test concentration (10 mg/mL) given in parentheses.

TABLE XXVI. EFFECT OF SUPPLEMENTAL SERUM AND ALBUMIN ON ANTI-M. tb ACTIVITY OF
B14 UNDER NORMOXIC CONDITIONS

MIC (pg/mL)
Compound Normoxic Normoxic
w/4% BSA w/10% FBS

B14 0.08 0.07

RMP 0.02 <0.02

INH 0.1 0.04

MET > 87.6 >87.6

CAP 0.3 0.6

SM 0.8 0.6
8.3.5 Summary

As early as in 1960s, the discovery of the ilamycins was already reported by a Japanese

research group [179-181]. The secondary structure of ilamycin B1 was elucidated by NMR and
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X-ray analysis in the following years. It was demonstrated that ilamycin B1 consists of only L-
amino acids that form the cyclic peptide with an odd number of residues in an antiparallel B-
type conformation, in which the amide bonds are in the cis configuration between alanine and
methylated leucine, tryptophan and the other methylated leucine, stabilized by two
transannular intramolecular hydrogen bonds [182, 183]. The structure of B14 falls into the
ilamycin family, but shows slight differences from ilamycin B1 in the modification of the
tryptophan residue and the dehydrogenation and cyclization of one N-methyl leucine between
one terminal methyl group and the nitrogen of the neighboring amino acid residue. Apart from
these two variable moieties in the molecules, the structures of all other ilamycins share a

common backbone (Figure 66).
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Figure 66. Structure of ilamycins A, B1, and B2, highlighting the two variable amino acid
residues, AA; and AA,

The structures of the ilamycins contain two variable amino acid residues. One is an N-

prenylated tryptophan residue (AA;), in which the two carbons on the tail of the isoprene

contain either a double bond or an epoxide. In B14, however, the isoprene moiety is
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hydroxychlorinated, which presumably resulted from an addition of HCI from the solvent, more
likely from the residual acid in the presence of chloroform, onto the epoxide ring. In this sense,
B14 is likely to be an artifact compound generated during the purification procedures. Using the
SIM mode of the LC-MS, whether or not any constituents with the same molecular weight as
B14 are detected from the fractions prior to the introduction of chloroform during fractionation
is expected to solve this conundrum.

The other changeable part (AA;) in the ilamycin structures resides in the N-methylated
leucine oxidized on the terminal methyl group, which contributes to forming a variety of
structural characteristics, including an aldehyde group or cyclization with the amide nitrogen of
the neighboring amino acid residue to form a six-membered ring, followed by dehydration of
the resulting aminol. This results in a double bond between the y and 6 carbons of the cyclized
leucine as is in B14.

Cyclic peptides derived from microorganisms have been demonstrated to be a group of
potentially bioactive agents, exemplified by the clinically used antibacterial drug, daptomycin,
and the immunosuppressant drug, cyclosporine. Moreover, the wide range of bioactivities
exerted by the cyclic peptides also include anti-HIV [184], antifungal, and anti-cancer effects
[94]. While the environment plays a huge impact on the specificity and timing in the
biosynthesis of these functional metabolites, microorganisms also tend to adapt to the
otherwise harsh and unfavorable niche where they survive, and circular peptides have better
resistance to boiling, extremes of pH, and proteolytic enzymes due to their semi-rigid nature

than linear peptides [185]. Moreover, because the hydrolysis of peptides requires the amide
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bond to be twisted during the enzymatic reaction, linear peptides are much easier to be
hydrolyzed than the rigid cyclic peptides.

The BGF of extract 8412 E followed four steps of HSCCC separation with different
solvent systems referring to the G.U.E.S.S. theories. However, none of the first three steps was
able to determine the “sweet spot” range of bioactive fractions because the G.U.E.S.S. theories
are mainly based on the chemical properties of the constituents on thin layer chromatography
plates instead of the biological activities. This method overlooks the underlying minor active
principles that are not necessarily visible on the developed TLC plate, and therefore may skew
the bioautogram and its relationship with the chemical distribution. The TLC-bioautography
method that was discussed in the earlier chapter will be an appropriate solution to fill that gap
since the inhibition zones of bioautography directly reflects the location of the bioactive
constituents on the TLC plate, thus it allows us to determine the K values by bioactivity instead
of chemistry before the HSCCC separation. The combination of bioautography and G.U.E.S.S.
methods (designated as “Bioauto-G.U.E.S.S.”) will provide a much more accurate prediction of
the appropriate solvent systems to be used in the HSCCC separation of bioactive constituents.

The present study purified xylamycin and determined its planar structure by NMR. With
regard to its bioactivity against replicating M. tb, this compound shows strong inhibition of
bacterial growth in vitro at a level that rivals the MIC of rifampin (< 0.1 pug/mL). Macrophage
penetration data also verifies its potency and trans-membrane bioavailability. As early as the
year 1999, Eli Lilly and company had already filed a patent entitled “RUFOMYCIN DERIVATIVES
USEFUL AS ANTIBIOTICS”, reporting the discovery of 173 ilamycin (or rufomycin) derivatives as

well as the anti-M. tb activities of some selected compounds. The planar structure B14 matches
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that of “compound 10” described in the patent [186]. The reported chemical properties and
NMR data of the “compound 10” were also consistent with those obtained from B14. The MIC
of “compound 10” against M. tb H3;Ra was reported as between 0.1 and 1.3 pg/mL (possibly
mislabeled as “uL/mL” in the patent), 3- to 30-fold higher than the MIC of 0.05 pg/mL against M.
tb H3;Rv determined in our laboratory. No in vivo activities were reported in the patent. At this

point, the feasibility of developing B14 as a clinical anti-TB agent still remains to be verified.



9. Overall summary (Figure 67)

9.1 Aim 1: In vivo quantification of M. tb with GC-MS/MS and real-time PCR methods
Although there are currently available M. tb quantification methods for the purpose of
in vivo anti-M. tb drug screening, most of these methods remain less sensitive, inaccurate, and
not efficient. The M. tb quantification method most commonly adopted in lab settings still
depends on counting the colony forming units (CFU), a labor-intensive process requiring 2-3
weeks incubation, and is intrinsically inaccurate due to the propensity of the mycobacterial
hydrophobic cell wall to form clumps. However, the CFU method remains as the gold standard
for enumeration of M. tb growth. Tuberculostearic acid (TBSA), a cell wall associated biomarker
found in Mpycobacterium tuberculosis, has been investigated for clinical diagnosis of
tuberculosis, but few reports exist of attempts to quantify it. The M. tb quantification method
uses GC-MS/MS through the determination of TBSA during growth of M. tb in axenic medium,
macrophage cultures, and in the lungs of gamma interferon knockout (GKO) mice with and
without exposure to anti-M. tb agents. The method is robust, cheap and efficient to reflect a
correlation of TBSA with CFU and, thus, the efficacy of these agents on M. tb growth. However,
it is important to note the limitation that TBSA is a persisting, non-degradable, and thermally
stable biomarker which is only applicable to monitoring the bacteriostatic activities of the

agents rather than any bactericidal effects.
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Secondly, this study developed the use of real-time PCR in determining the expression
levels of M. tb-specific genes as quantitative indicators of viable bacteria counts to compensate
for the drawbacks of the GC-MS/MS method, as real-time PCR is capable of detecting the RNA
fragments that reflect the viability of M. tb when exposed to anti-M. tb agents in different
sample settings. The expression of three specific and abundantly expressed M. tb RNAs, fbpB,
icl1, and 16S rRNA, was quantified from lung tissue of M. tb infected gamma-interferon knock-
out (GKO) and BALB/c mice after treatment with five anti-M. tb agents at three dosage levels.
The RNA copy numbers of these gene targets correlated with CFU counts in both models. Levels
of one of the RNAs, ic/l1, maintained a superior consistency with CFU and correlated with the

doses of anti-M. tb agents. This was verified in an in vivo efficacy study of ecumicin that
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validated ic/1 as a marker gene indicative of CFU level in mice with a high correlation coefficient
(see “Section 3.3.5”).

The GC-MS/MS and real-time PCR assays developed for monitoring and quantifying M.
tb growth in infected mice provide a low-cost, accurate and efficient process for drug efficacy
studies compared with the current gold standard for in vivo screening for anti-M. tb agents, i.e.,

the CFU method.

9.2 Aim 2: In vitro screening of anti-M. tb constituents

To determine the anti-M. tb activities of the crude extracts, fractions, or isolates from
natural resources, phenotypic screening in high throughput settings is widely carried out
according to a protocol regime, including A) an initial prioritization of the crude extracts based
on the percentage inhibition on M. tb growth in inoculated 96-well plates, B) minimum
inhibitory concentration (MIC) testing of those that inhibit 90% of M. tb growth to verify the
bioactivity, C) MIC tracing of bioactive fractionated constituents throughout a bioassay-guided
fractionation, D) MIC testing of bioactive constituents against mono-drug resistant, NR, and
clinically isolated M. tb strains, and E) a cytotoxicity testing against mammalian cells (Vero) to
confirm selectivity. Purified compounds that conform to these specific bioactivities and low
toxicity criteria will be regarded as potent hit compounds for downstream drug development
(Figure 19).

As an expedited venue for the bioactivity identification of extracts/fractions before
further purification, bioautography following thin layer chromatography (TLC) using a
genetically engineered M. tb strain enables visualization of M. tb growth inhibition by the

potentially bioactive constituents in an unpurified state by simply developing a well-defined TLC
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and exposing the developed constituents to an interface with a bacterial culture media. Three
bioautography methods were introduced: direct contact of the TLC plate with bacterial agar
(Contact), submerging into bacterial liquid culture media (Direct), or pouring bacterial culture
media onto the surface of TLC plate (Immersion). Constituents that would potentially inhibit the
growth of M. tb diffuse onto the agar and form a visible inhibition zone on the interface in the
luminescence imaging. The bioactive samples are harvested directly from the TLC plate with the
help of the TLC-MS interface, and the isolates were manually injected into the mass
spectrometer, so that the chemical information of the bioactive constituents can be readily
obtained, all in a simple operation.

During bioassay-guided fractionation, the bioactivities can be attributed to a variety of
factors. Ideally, the major constituents account for the bioactivities; whereas in many cases,
minor but highly active constituents are buried beneath the major ones, complicating the
identification of important bioactive constituents. In the case of interactive effects among
multiple constituents, more complicated scenarios occur when synergistic or antagonistic
effects are involved in enhancing or counteracting the bioactivities of each individual
constituent. In order to quantitatively determine the effects of minor constituents on the
bioactivity of impurity components, quantitative purity-activity relationship (qPAR) studies give
an overall evaluation of the distribution of bioactive constituents in a fractionation procedure in
correlation with the purity profiles of those constituents in each fraction. Thus, qPAR provides a
perspective in which inactive constituents can be easily dereplicated, active minor constituents
can be determined and targeted at an earlier stage of fractionation, and potential synergistic

effects are also able to be evaluated to a quantitative endpoint. An example of bioassay-guided
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fractionation on potential anti-M. tb constituents in the Chinese herbal medicine Taxillus
chinensis proved the direct relationship between the concentration of (E)-phytol determined by
GC-MS and the MIC values of a series of countercurrent chromatography (CCC) fractions. By
establishing a mathematical model, another minor constituent, (Z)-phytol, was identified as an
antagonist toward the anti-M. tb effect of its configurational isomer. Another gPAR study of the
hytramycins in the initial crude fractions verified that the concentration of the major
constituents correlated with the overall activity (MICs) of the fractions. As such, qPAR was able
to assist in the targeted selection of bioactive fractions for which further purification of the
major active constituents is justified.

The three in vitro approaches included in the aim of determining anti-M. tb constituents
in unknown crude extracts or fractions in vitro aid in identifying bioactive constituents as the
essential guide throughout the bioassay-guided fractionation, and eventually profiling biological

and chemical properties of prioritized constituents.

9.3 Aim 3: Isolation of hytramycin and xylamycin

Thirty-five thousand actinomycete extracts were screened for anti-M. tb activity,
followed by C;s cartridge fractionation of 37 prioritized extracts. Based on MICs against
replicating and non-replicating M. tb, and I1Csgs against Vero cells to generate selectivity indices,
seven fractions from seven different strains were selected for further examination. One strain,
ECUM 14046, a Streptomyces hygroscopicus strain, when cultured in G.S.S. media and extracted
with ethyl acetate, yielded an extract with potent anti-M. tb activity and a well-defined
chromatographic profile. The presence of two cyclohexapeptides, hytramycins V and |, each

containing three unusual piperazic acid moieties, was demonstrated through fractionation by
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preparative HPLC and subsequent structural elucidation of two active fractions using 1D- and
2D-NMR and MS methods. *H iterative full spin analysis (HiFSA) of both hytramycins confirmed
that all Jyy and &y values are consistent with the proposed structures. The absolute
configuration of each amino acid moiety was determined by Marfey’s method. The MICs
against replicating and, more importantly, non-replicating M. tb were tested to confirm that the
bioactivities of the isolated compounds fall into the range of those of existing anti-M. tb drugs.
The compounds maintained their activities against M. tb strains that represent the major global
clades, as well as Hss7Rv-isogenic strains that are resistant to individual clinically used anti-M. tb
drugs.

In another collaborative BGF project, a total of 65,000 actinomycete extracts were
screened and prioritized for the isolation of potent anti-M. tb principles. The culture
supernatant of actinomycete strain, ECUM8412, tentatively identified as Streptomyces atratus
or S. sanglieri, extracted with EtOAc showed 99% inhibition on M. tb growth at 10 ug/mL, and
was subjected to a purification procedure involving an initial activity enrichment by RP-18
vacuum column chromatography, high speed countercurrent chromatography separation in
three solvent systems, and eventually by preparative HPLC purification to yield a group of low
polarity constituents. One of the isolates, named as B14, was identified by 1D- and 2D- NMR as
an analogue of ilamycin, a previously patented anti-M. tb cyclic heptapeptide that exhibits high
in vitro anti-M. tb potency under normoxic conditions with an MIC of 0.05 pg/mL measured
with MABA, and low activity under hypoxic conditions in LORA. Moreover, the anti-M. tb
bioactivity was maintained when tested with mono-drug resistant or clinically isolated M. tb

strains, and when serum proteins were present in the culture media. Unusual amino acids, such
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as a nitrotyrosine, an N-prenyltryptophan, a cyclized dehydrogenated N-methyl-leucine, and a
2-amino-4-hexenoic acid were verified in the molecule.

Two classes of peptides isolated from two batches of actinomycete extract collections
were determined to be strongly active antimicrobial agents against drug resistant M. tb. The
structures of both peptides were elucidated with NMR as well as HR-LC-MS to be cyclic
peptides with unusual amino acid residues. Moreover, the activities were verified with a
bioautography method on TLC overlay. These molecules represent valuable leads for the design
of new anti-M. tb drugs.

From the perspective of an ethnopharmaceutical, identification of the activities of a
potential drug is a long process of trial and failure; moreover, the chemical composition of an
ethnomedicine may not always be fully clarified, which adds difficulty to the biological
evaluation of individual constituents. Bioassay-guided drug screening represents a much more
efficient approach to specifically target active principles, to identify and correlate the chemical
and biological characteristics of the prioritized principles. Although the drug leads from
bioassay-guided screening still need to go through in vivo potency testing, this approach has the
advantage of being target-oriented and high throughput, and provides explicit correlation

between the biological activity and chemical composition.

9.3 Future Perspectives

9.3.1 Determination of TBSA in M. tb infected mice with GC-MS/MS
This study has proven that the determination of TBSA in TB-infected GKO mouse lung

homogenate with GC-MS/MS method can be a promising surrogate method for enumerating
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the CFU values. However, one of the drawbacks of this method is the sensitivity of the
instrument which still cannot responsively detect the amount TBSA equivalent to bacteria
counts lower than that of day 3 after infection (CFU = 1000), although the current GC-MS/MS
instrument equipped with a triple quadrupole mass spectrometer can detect analytes at the
pictogram (10™2 g) level. For this purpose, it would be anticipated to validate the quantitative
parameters on an upgraded GC-MS/MS instrument with a new and redesigned ionization
source which added an additional extractor lens to provide as much as 10-fold more sensitivity.
Alternatively, the latest model of the GC-MS/MS system, Agilent 7000C Triple Quadruple,
equipped with the high sensitivity El extractor ion source, already achieved the limit of
detection with smaller than 4 femtogram (10 g) of the GC standard compound,
octafluoronaphthalene (OFN).

Given that GKO mouse is a special model using immunocompromised animals as an
inducement for bacterial growth in vivo, it would be more practical to utilize the
immunocompetent BALB/c mice, where M. tb usually grows one or two logs lower in CFU than
the GKO mice, for anti-M. tb drug screening assays if the sensitivity of the instrument also
allows for a much lower limit of detection. The GC-MS/MS upgrade would facilitate detection of
M. tb not only in infected BALB/c mice where the bacteria colonize less abundantly, but also in
animals at the very early post-infection stages. Based on the fact that work with BALB/c mice is
more cost effective and these mice have a greater survival rate than the GKO mice, work with
BALB/c mice will eventually permit substitution for GKO mice for in vivo discovery and

screening for anti-M. tb principles.
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9.3.2 Quantification of gene markers of M. tb infected mice with real-time PCR

Although the GC-MS/MS method is more efficient and cheaper, the real-time PCR
method serves as an alternative quantitative method for in vivo efficacy study with much higher
sensitivity and capability of detecting cell viability. In the current study, three gene markers
were identified to be abundantly expressed at the RNA level; meanwhile BALB/c mice have
been used to verify the sensitivity level that the method can attain. The robustness of selecting
icl1 as the marker for in vivo M. tb quantification has been demonstrated. However, correlation
between CFU and RNA levels was not significant in the infected mice exposed to anti-M. tb drug
treatment, such as INH and EMB, partly due to insufficient dose response related to the
characteristic mechanisms of action of these drugs. The exploration of new genes that more
consistently reflect CFU without strong influence on their expression levels imposed by the
drugs during infection would still be a valuable goal for future studies.

In terms of the methodology, real-time PCR sample processing requires dozens of steps,
which reduces the overall throughput of such in vivo evaluations. In a more efficiency-driven
scenario, plate-based high throughput methods are expected to be introduced for RNA
extraction, reverse transcription, and real-time PCR quantification, which would allow the
sample processing to be completely automated. Currently, the commercially available reagent
kits for fast real-time PCR detection in 96- or 384-well plates already include steps of cell or
tissue lysis, nucleic acid extraction, and finally PCR, simultaneously. Nonetheless, this method
only consumes a small amount of animal tissue to accomplish the equally competitive

guantitative analyses of gene profiling. Therefore, applying the plate-based sample preparation
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to the real-time PCR would greatly elevate the efficiency of running large batches for drug

candidate screening.

9.3.3 Assay development with TLC-bioautography

Although the currently reported methods regarding different interactions between the
TLC surfaces loaded with developed crude samples and the bacterial culture layer already
provide a fast profiling ability to visualize the antimicrobial activities of constituents, these
methods still exhibit a number of conditional drawbacks when applied to molecules with
different physiochemical properties. Potential future studies could address how the different
classes of molecules are amenable to TLC-bioautography such that the test samples that show
well-defined bands on the developed TLC plate yield clearly recognizable inhibition halos in
response to those bands with high resolution and definition. This may not only require a better
knowledge of the test samples in general, but also the optimization of the bacterial inoculum
and the TLC plates as well, as the bioautography profiles that are obtained through interaction
between the bacterial culture layer and the compound layer on the TLC plates. One
recommended method to prevent sample diffusion from TLC plate to the agar surface is to use
cetyl alcohol (1-hexadecanol) as a coating agent between the two interfaces so that the
samples are locked within the local area.

As mentioned earlier in the chapter, an interface of TLC plates with LC-MS can be
realized by an instrument that takes samples directly from the bands on the developed TLC
plate. The interface extracts the constituents with an external solvent pump and recollects the
individual extracted constituents for determination of their molecular weights and

fragmentation information through direct injection into an LC-MS instrument. If applied to the
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ongoing actinomycete-derived anti-TB drug lead discovery studies, this TLC-bioautography-LC-
MS system will give a thorough clarification of both the chemical and biological characteristics
of each constituent from the crude active principle, and thus provide a prerequisite for a time-

saving targeted isolation method.

9.3.4 Anti-M. tb drug discovery from Actinomycete extracts

The current workflow of screening a potentially bioactive chemical with novel structural
characteristics from an actinomycete or any other extract library follows a funnel-shaped
prioritization protocol. At the end of this procedure, only the most active hits should be chosen
for the next step of purification while those fractions below the top-tier actives should
frequently be abandoned for further pursuit of activities. Although the 90% inhibition rate was
defined as a cut-off line for the prioritization of active extracts or fractions for downstream
studies, it may be beneficial to further evaluate the deprioritized extracts that showed slightly
lower than 90% inhibition, e.g., selecting the top 20% hits in total in an individual batch without
considering a cut-off line on percentage inhibition, on M. tb growth in the primary screening
through the similar bioassay-guided purification and identification, in search of active
constituents that are not major constituents.

In this scenario, huge numbers of valuable compounds in small concentrations might be
currently neglected, rendering them undetectable. It will be valuable to look for potentially
bioactive constituents that are chromatographically buried under the major constituents.
Quantitative purity-activity relationship studies will be a useful tool for analyzing the
abundance of the individual constituents in relationship to bioactivity so that the characteristics

of underlying active constituents can be mathematically determined in advance.
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In this thesis, hytramycins and xylamycin were purified as potential anti-M. tb drug leads.
However, the two hytramycins showed obvious cytotoxicity toward mammalian cells in vitro as
reflected by the ICsq values. Xylamycin showed low toxicity, but due to its fast-killing nature
reflected by the strong MABA activity, its in vivo activity against non-replicating M. tb still
remained ambiguous. Directly introducing both peptides in the in vivo efficacy studies by means
of the established quantitative evaluation methods, i.e., GC-MS/MS and real-time PCR, would
more objectively reveal their potencies as well as the in vivo bioavailability. In this perspective,
a portfolio of additional studies may necessarily accompany the potency evaluation, including
an initial toxicity and tolerance monitoring after the oral administration of these peptides, a
one-dose plasma pharmacokinetics study to confirm the metabolism and excretion of these
peptides through the gastrointestinal and cardiovascular systems and an MIC study with post-
dose lung tissue extraction to disclose the distribution parameters of the peptides in the target
organs. In summary, the combination of in vitro bioassays and in vivo efficacy studies in future
work would provide a more complete evaluation of these two active peptides for their

potential for further development as drug lead molecules.

9.4 Overall Conclusions

Although there are available clinical treatments for TB infection, it still remains an
urgent task to explore novel drug leads with unique chemical structures to overcome drug
resistance TB. This requires bioactive molecules that act on different bacterial targets, show low
cytotoxicity, and exhibit good bioavailability. All procedures involve a huge amount of effort for
prioritizing the active principles from existing chemical libraries derived from different sources.

In the purification of natural product derived active principles, the complexity and diversity of
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crude extracts or fractions can greatly impede the successful biological and chemical
identification of individual constituents. In this project, a combination of in vitro and in vivo
screening processes was presented in which newly established methods for in vivo M. tb
quantification by means of GC-MS/MS and real-time PCR were introduced to facilitate an early-
stage screening of potential drug leads in infected animals. At the same time, in vitro
prioritization methods represented by phenotypic screening, thin layer chromatography aided
bioautography, and quantitative purity-activity relationship studies were also utilized in parallel
to the bioassay-guided fractionation throughput.

As the anti-M. tb drug lead screening projects continued to move forward, two classes
of cyclic peptides, the hytramycins and xylamycin, were isolated from two extracts of
actinomycete cultures. The structures were elucidated with high resolution LC-MS and 1D/2D-
NMR, and the bioactivities were determined by testing the inhibition on the growth of M. tb in
normoxic or hypoxic conditions, drug resistant or clinically isolated M. tb, as well as bacteria
other than the mycobacteria. Both classes of cyclic peptides showed strong activity and
potentially unique bacterial targets. With these examples of the newly isolated anti-M. tb
constituents, the reported in vitro screening approaches, i.e., gPAR and bioautography, have
been validated to be appropriate. The process of anti-M. tb drug discovery from natural

product resources is facilitated and expedited with the introduction of these approaches.
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Appendix A. Spectra and chromatograms of hytramycins V (1) and | (2)
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Figure A-1. Accurate ESI-IT-TOF mass spectra (showing ions of [M+H]" and [M+Na]®) of 1 (A)

and 2 (B)
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Figure A-2. MS/MS spectra and key fragmentation patterns of hytramycin V (1), (A and C),
and hytramycin | (2), (B and D). A=NMeAla; V=Val; |=lle; L=Leu; Pip=piperazic acid °
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? The fragmentation mass spectra of both 1 and 2 share common fragments, such as a Pip>Pip®
base peak at m/z 225.8, a Pip"+CO peak at m/z 141.5, a Pip°Pip°A or Pip*APip® peak at m/z
310.9, and a Pip®A or APip® peak at m/z 197.7, where the uncertainty of fragmentation loci are
caused by the identical compositions of multiple Pip moieties in the molecules. The differences
between the two molecules can be reflected by the following observations: the VLPip'A
fragment at m/z 411.0, the Pip®VL fragment at m/z 326.0, the M-CO peak at m/z 607.2, and the
M-NH; peak at m/z 617.1 for 1. In contrast, 2 showed the ILPiplA fragment at m/z 425.0, the
Pip’IL fragment at m/z 340.0, the M-CO peak at m/z 621.3, and the M-NH; peak at m/z 631.3.

Figure A-3. IR spectra of hytramycin V (1), (top), and hytramycin | (2), (bottom)
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Appendix A (continued)

Figure A-4. COSY spectrum of hytramycin V (1), (400 MHz, MeOH-d,)
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Figure A-5. HSQC spectrum of hytramycin V (1) (400 MHz, MeOH-d;)
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Figure A-6. HMBC spectrum of hytramycin V (1), (400 MHz, MeOH-d,)
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Figure A-7. TOCSY spectrum of hytramycin V (1) (400 MHz, MeOH-d,)
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Figure A-8. NOESY spectrum of hytramycin V (1), (400 MHz, MeOH-d,)
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Figure A-9. "H NMR expansion spectra of hytramycin | (2), (400 MHz, MeOH-d;)
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Figure A-10. COSY spectrum of hytramycin | (2), (400 MHz, MeOH-d,)
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Figure A-11. HSQC spectrum of hytramycin I (2), [400 MHz, MeOH-d., vertical axis showing *>C
NMR spectrum of hytramycin V (1)]
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Appendix A (continued)

Figure A-12. HMBC spectrum of hytramycin | (2), [400 MHz, MeOH-d,, vertical axis showing
3¢ NMR spectrum of hytramycin V (1)]
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Appendix A (continued)

Figure A-13. *C NMR spectrum of hytramycin | (2), (100 MHz, DMSO-d¢)
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Appendix B. Spectra and chromatograms of xylamycin (3)

Figure B-1. UV (upper) and IR (lower) spectra of B14 (3)
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Appendix B (continued)

Figure B-2. Accurate ESI-IT-TOF mass spectra of B14 (3), ((M+H]")

Inten. (1,000,000)

1060 H4263(1)

3.5

3.0

2.5

182.5221(1)

1028 5504(1) 1220 8330¢1) 1347 9154(1)

1380.9336(1)

1508 0248(1)

0.0~

1450

1000 1050 1100 1150 1200 1250 1300 1350 1400 1500

miz

Figure B-3. COSY spectrum of B14 (3) and expansions (600 MHz, MeOH-d,)
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Appendix B (continued)
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Figure B-5. HSQC spectrum of B14 (3) and expansions (600 MHz, MeOH-d;)
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Appendix B (continued)
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Appendix B (continued)

Figure B-6. HMBC spectrum of B14 (3) and expansions (600 MHz, MeOH-d,)
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Appendix B (continued)
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Appendix C. 'H NMR HiFSA profile of hytramycin V (1) in the PERCH .PMS file format (MeOH-

ds)

* NEW: the lines beginning by * are comment lines !

* To keep all the chemical shifts fixed during iteration

* replace "CHEMICAL SHIFTS(HZ):" by "..SHIFTS(HZ): fixed"
* The couplings can be fixed in the same way

NMR-data: C:\Users\jgnapo_2\Desktop\gcai_P1\p1l
#S? Date 29.10.2012; Time 12:2:10 pl.4th

CHEMICAL SHIFTS(PPM):

PROTON 2*SPIN=1 SPECIES=1H POPULATION(Y)= 1.00000

H1 /1 5.290742 1*1*1 STAT=Y PRED=4.099 RANGE= 1.160 WIDTH(Y)= 2.857 RESP(Y)= 0.4944 HSQC= C1
H4 /1 4.337917 1*1*1 STAT=Y PRED=4.428 RANGE= 1.490 WIDTH(Y)= 3.152 RESP(Y)= 0.4744 HSQC= C4
H7 /1 4.937217 1*1*1 STAT=Y PRED=4.399 RANGE= 0.840 WIDTH(Y)= 2.883 RESP(Y)= 0.5379 HSQC= C7
H10/1 5.775068 1*1*1 STAT=Y PRED=4.337 RANGE= 1.010 WIDTH(Y)= 2.052 RESP(Y)= 0.5011 HSQC= C10
H13/1 5.280657 1*1*1 STAT=Y PRED=4.381 RANGE= 0.975 WIDTH(Y)= 3.597 RESP(Y)= 0.4938 HSQC= C13
H16/1 5.721390 1*1*1 STAT=Y PRED=3.979 RANGE= 0.620 WIDTH(Y)= 3.636 RESP(Y)= 0.4919 HSQC= C16
H19/1 2.056042 1*1*1 STAT=Y PRED=2.217 RANGE= 0.520 WIDTH(Y)= 2.664 RESP(Y)= 0.3713 HSQC= C19
H20/1 0.877195 1*1*3 STAT=Y PRED=1.092 RANGE= 0.232 WIDTH(Y)= 2.339 RESP(Y)= 0.5243 HSQC= C20
H21/1 0.939996 1*1*3 STAT=Y PRED=1.114 RANGE= 0.187 WIDTH(Y)= 1.893 RESP(Y)=0.5235 HSQC= C21
H22A/1 1.641323 1*1*1 STAT=Y PRED=1.927 RANGE= 0.567 WIDTH(Y)= 1.895 RESP(Y)= 0.2267 HSQC= C22
H22B/1 1.596955 1*1*1 STAT=Y PRED= 1.689 RANGE= 0.607 WIDTH(Y)=0.952 RESP(Y)=0.2519 HSQC= C22
H23/1 1.565212 1*1*1 STAT=Y PRED=1.654 RANGE= 0.237 WIDTH(Y)= 3.836 RESP(Y)= 0.4933 HSQC= C23
H24 /1 0.925231 1*1*3 STAT=Y PRED=0.925 RANGE= 0.150 WIDTH(Y)= 1.722 RESP(Y)= 0.5056 HSQC= C24
H25/1 0.965224 1*1*3 STAT=Y PRED=0.945 RANGE= 0.150 WIDTH(Y)= 1.697 RESP(Y)= 0.5205 HSQC= C25
H26A/1 2.096810 1*1*1 STAT=Y PRED=2.069 RANGE= 0.540 WIDTH(Y)=2.132 RESP(Y)= 0.4756 HSQC= C26
H26B/1 1.860558 1*1*1 STAT=Y PRED=1.791 RANGE=0.527 WIDTH(Y)=4.350 RESP(Y)=0.6059 HSQC= C26
H27A/1 1.579215 1*1*1 STAT=Y PRED=1.407 RANGE=0.675 WIDTH(Y)=2.093 RESP(Y)=0.5589 HSQC= C27
H27B/1 1.630278 1*1*1 STAT=Y PRED= 1.666 RANGE=0.555 WIDTH(Y)=2.331 RESP(Y)= 1.0000 HSQC= C27
H28A/1 2.727378 1*1*1 STAT=Y PRED=3.162 RANGE= 0.527 WIDTH(Y)= 2.014 RESP(Y)= 0.4825 HSQC= C28
H28B/1 3.070876 1*1*1 STAT=Y PRED=2.664 RANGE= 0.430 WIDTH(Y)=2.497 RESP(Y)=0.2432 HSQC= C28
H30/1 1.302513 1*1*3 STAT=Y PRED=1.441 RANGE= 0.272 WIDTH(Y)= 2.493 RESP(Y)= 0.5154 HSQC= C30
H31/1 3.047984 1*1*3 STAT=Y PRED=3.064 RANGE= 0.415 WIDTH(Y)=2.017 RESP(Y)= 0.5113 HSQC= C31
H32A/1 2.001474 1*1*1 STAT=Y PRED=2.157 RANGE= 0.535 WIDTH(Y)=0.851 RESP(Y)= 0.2967 HSQC= C32
H32B/1 1.930903 1*1*1 STAT=Y PRED= 1.649 RANGE= 0.585 WIDTH(Y)=4.563 RESP(Y)=0.5084 HSQC= C32
H34A/1 2.774459 1*1*1 STAT=Y PRED=2.651 RANGE=0.397 WIDTH(Y)=2.668 RESP(Y)=0.4711 HSQC= C34
H34B/1 3.107020 1*1*1 STAT=Y PRED=3.202 RANGE=0.437 WIDTH(Y)=4.224 RESP(Y)=0.4729 HSQC= C34
H35A/1 1.835198 1*1*1 STAT=Y PRED= 1.728 RANGE= 0.572 WIDTH(Y)=2.032 RESP(Y)= 0.3571 HSQC= C35
H35B/1 1.535072 1*1*1 STAT=Y PRED=1.713 RANGE=0.707 WIDTH(Y)=1.217 RESP(Y)= 0.1545 HSQC= C35
H37A/1 2.033460 1*1*1 STAT=Y PRED=1.893 RANGE= 0.600 WIDTH(Y)=2.825 RESP(Y)= 0.7952 HSQC= C37
H37B/1 1.887869 1*1*1 STAT=Y PRED=1.811 RANGE= 0.560 WIDTH(Y)=3.252 RESP(Y)=0.5150 HSQC= C37
H38A/1 2.750544 1*1*1 STAT=Y PRED=2.424 RANGE= 0.502 WIDTH(Y)=2.939 RESP(Y)= 0.5177 HSQC= C38
H38B/1 3.069465 1*1*1 STAT=Y PRED=2.949 RANGE=0.302 WIDTH(Y)=4.205 RESP(Y)= 0.7504 HSQC= C38
H39A/1 1.792834 1*1*1 STAT=Y PRED= 1.606 RANGE= 0.562 WIDTH(Y)= 3.480 RESP(Y)= 0.5436 HSQC= C39
H39B/1 1.543038 1*1*1 STAT=Y PRED= 1.689 RANGE= 0.435 WIDTH(Y)=2.366 RESP(Y)=0.9266 HSQC= C39

COUPLING CONSTANTS(HZ):
J46_54 5.8322 JH1 H19 STAT=Y PRED=2.850 RANGE=7.800



148 61
148 62
150_70
150_71
15177
J52_83
J52_84
J53 91
J53_92
)54 55
J54 58
161_62
161_63
162_63
163_64
163_67
170_71
170_72
170_73
170_74
171.72
171.73
172_73
172_74
172_75
173_74
173_75
174 75
183_84
183_87
183_88
183_89
18488
184 89
186_87
186_88
186_89
187_88
187_89
188 89
19192
19195
19196
192_95
192_96
193 94
193 95
193 96
19495
194 96
195_96

Appendix C (continued)

8.4061 JH4 H22A STAT=Y PRED=11.830 RANGE=8.390
6.6932 JH4 H22B STAT=Y PRED=3.800 RANGE=10.800
1.8459 JH7 H26A STAT=Y PRED=7.570 RANGE=5.600
5.4479 JH7 H26B STAT=Y PRED=10.890 RANGE=4.400
7.2406 JH10 H30 STAT=Y PRED=7.260 RANGE=0.890
1.7574 JH13 H32A STAT=Y PRED=10.690 RANGE=4.000
6.1821 J H13 H32B STAT=Y PRED=2.790 RANGE= 4.400
1.7121 JH16 H37A STAT=Y PRED=12.690 RANGE=4.000
6.6860 J H16 H37B STAT=Y PRED=4.740 RANGE= 6.000
6.8353 JH19 H20 STAT=Y PRED=6.640 RANGE=0.200
6.8034 JH19 H21 STAT=Y PRED=6.640 RANGE=0.200
-7.5475 JH22A H22B STAT=Y PRED=-14.720 RANGE= 1.600
4.1758 J H22A H23 STAT=Y PRED=7.090 RANGE= 6.400
13.5659 JH22B H23 STAT=Y PRED=7.290 RANGE=6.400
6.5427 JH23 H24 STAT=Y PRED=6.640 RANGE=0.200
6.6018 J H23 H25 STAT=Y PRED=6.640 RANGE=0.200
-13.7044 J H26A H26B STAT=Y PRED=-13.120 RANGE=1.600
1.8156 J H26A H27A STAT=Y PRED=2.960 RANGE=2.800
4.7027 JH26A H27B STAT=Y PRED=3.140 RANGE= 3.800
3.5321 J H26A H28A STAT=Y PRED=2.780 RANGE= 2.250
2.8173 JH26B H27A STAT=Y PRED=13.090 RANGE= 2.560
5.6723 J H26B H27B STAT=Y PRED=3.430 RANGE=3.800
-17.3494 JH27A H27B STAT=Y PRED=-13.130 RANGE=1.500
0.2176 J H27AH28A STAT=Y PRED=3.870 RANGE= 5.690
4.4271 JH27AH28B STAT=Y PRED=11.910 RANGE= 3.900
12.1464 J H27B H28A STAT=Y PRED=2.110 RANGE=4.500
1.5943 JH27B H28B STAT=Y PRED= 3.660 RANGE= 5.690
-13.3597 JH28A H28B STAT=Y PRED=-11.520 RANGE=3.320
-12.2227 JH32A H32B STAT=Y PRED=-13.090 RANGE=1.600
0.8315 J H32A H34B STAT=Y PRED=1.630 RANGE= 1.650
3.2357 JH32A H35A STAT=Y PRED=0.680 RANGE= 3.000
1.0202 J H32A H35B STAT=Y PRED=8.090 RANGE= 3.800
4.9475 J H32B H35A STAT=Y PRED=8.480 RANGE= 3.800
12.9806 J H32B H35B STAT=Y PRED=9.220 RANGE= 3.800
-13.5943 J H34A H34B STAT=Y PRED=-11.670 RANGE=3.320
3.0146 JH34A H35A STAT=Y PRED=2.660 RANGE=4.190
11.8190 J H34A H35B STAT=Y PRED= 12.090 RANGE= 3.900
1.7351 J H34B H35A STAT=Y PRED=2.680 RANGE=4.190
3.1247 J H34B H35B STAT=Y PRED=3.430 RANGE=5.690
-14.5760 J H35A H35B STAT=Y PRED=-13.060 RANGE=1.500
-13.6666 JH37A H37B STAT=Y PRED=-13.120 RANGE=1.600
9.8700 JH37A H39A STAT=Y PRED=2.310 RANGE= 3.200
16.5640 JH37A H39B STAT=Y PRED= 10.880 RANGE= 2.800
5.0505 JH37B H39A STAT=Y PRED=10.890 RANGE= 2.800
5.8469 JH37B H39B STAT=Y PRED=4.480 RANGE=4.000
-11.5872 JH38A H38B STAT=Y PRED=-11.610 RANGE=3.320
13.1099 J H38A H39A STAT=Y PRED=4.220 RANGE=6.000
3.1746 JH38A H39B STAT=Y PRED=11.460 RANGE=4.190
14.2728 J H38B H39A STAT=Y PRED= 1.690 RANGE=4.500
1.9015 JH38B H39B STAT=Y PRED=4.980 RANGE=5.690
-12.0052 J H39A H39B STAT=Y PRED=-13.040 RANGE=1.500

228



Appendix C (continued)

CONTROL PARAMETERS:
Solvent = none (def. 99% enriched)
1.000 = Concentration (vol%, def=1.0%)
0.00100000 = Minimum line-intensity
0.00100000 = Diagonalization criterium (not in use)
8.00703139 = Left frequency (ppm)
-0.19766268 = Right frequency (ppm)
0.000 = Acquisition time (s, for QMTLS)
1.264 = Line-width (for modes D, P & T, O=use defaults)
0.068609924 = Data-point resolution (Hz)
22.422 = GAUSSIAN (%, O=use default from INF)
0.048 = Dispersion contribution (%, O=use default from INF)
0.00000000 = Decoupling frequency (for DORES)

CONSTRAINTS (in equations X0 = 1.0)...use no empty lines
EQUAL H22B =H39B

IGNORE(HZ): 2946.272 to 2911.284

IGNORE(HZ): 2058.892 to 1953.362

IGNORE(HZ): 1599.970to 1592.718

IGNORE(HZ): 2805.321to 2715.235

IGNORE(HZ): 738.589to 636.820

END of FILE

229



230

Appendix D. *H NMR HiFSA profile of hytramycin | (2) in the PERCH .PMS file format (MeOH-

ds)

* NEW: the lines beginning by * are comment lines !

* To keep all the chemical shifts fixed during iteration

* replace "CHEMICAL SHIFTS(HZ):" by "..SHIFTS(HZ): fixed"
* The couplings can be fixed in the same way

NMR-data: C:\Users\jgnapo_2\Desktop\gcai_P1\p1l
#S? Date 2.2.2013; Time 22:10:14 perch.5th

CHEMICAL SHIFTS(PPM):

PROTON 2*SPIN=1 SPECIES=1H POPULATION(Y)= 1.00000

H1 /1 5.401352 1*1*1 STAT=Y PRED=4.099 RANGE= 1.160 WIDTH(Y)= 2.057 RESP(Y)= 0.4940 HSQC= C1
H4 /1 4.329179 1*1*1 STAT=Y PRED=4.428 RANGE= 1.490 WIDTH(Y)= 2.057 RESP(Y)= 0.5212 HSQC= C4
H7 /1 4.938460 1*1*1 STAT=Y PRED=4.399 RANGE= 0.840 WIDTH(Y)= 2.057 RESP(Y)= 0.8220 HSQC= C7
H10/1 5.736679 1*1*1 STAT=Y PRED=4.337 RANGE= 1.010 WIDTH(Y)= 2.057 RESP(Y)= 0.5819 HSQC= C10
H13/1 5.309348 1*1*1 STAT=Y PRED=4.381 RANGE= 0.975 WIDTH(Y)= 2.057 RESP(Y)=0.5136 HSQC= C13
H16/1 5.674814 1*1*1 STAT=Y PRED=3.979 RANGE= 0.620 WIDTH(Y)= 2.057 RESP(Y)= 0.5267 HSQC= C16
H19/1 1.996941 1*1*1 STAT=Y PRED=2.217 RANGE= 0.520 WIDTH(Y)= 2.057 RESP(Y)= 0.6182 HSQC= C19
H17A/1 1.402181 1*1*1 STAT=Y PRED=2.217 RANGE=0.520 WIDTH(Y)=2.057 RESP(Y)= 0.6294 HSQC= C19
H17B/1 1.194159 1*1*1 STAT=Y PRED=2.217 RANGE=0.520 WIDTH(Y)=2.057 RESP(Y)= 0.6359 HSQC= C19
H20/1 0.966698 1*1*3 STAT=Y PRED=1.092 RANGE= 0.230 WIDTH(Y)= 2.057 RESP(Y)= 0.7587 HSQC= C20
H21/1 0.849012 1*1*3 STAT=Y PRED=1.114 RANGE= 0.185 WIDTH(Y)= 2.057 RESP(Y)= 0.5542 HSQC= C21
H22A/1 1.624906 1*1*1 STAT=Y PRED=1.927 RANGE= 0.565 WIDTH(Y)=2.057 RESP(Y)= 0.8750 HSQC= C22
H22B/1 1.531107 1*1*1 STAT=Y PRED= 1.689 RANGE=0.605 WIDTH(Y)=2.057 RESP(Y)= 0.3820 HSQC= C22
H23/1 1.600790 1*1*1 STAT=Y PRED=1.654 RANGE= 0.235 WIDTH(Y)= 2.057 RESP(Y)=0.2730 HSQC= C23
H24 /1 0.922961 1*1*3 STAT=Y PRED=0.925 RANGE= 0.150 WIDTH(Y)= 2.057 RESP(Y)= 0.6675 HSQC= C24
H25/1 0.961280 1*1*3 STAT=Y PRED=0.945 RANGE= 0.150 WIDTH(Y)= 2.057 RESP(Y)= 0.5021 HSQC= C25
H26A/1 2.123691 1*1*1 STAT=Y PRED=2.069 RANGE= 0.540 WIDTH(Y)=2.057 RESP(Y)= 0.5044 HSQC= C26
H26B/1 1.824181 1*1*1 STAT=Y PRED=1.791 RANGE=0.525 WIDTH(Y)=2.057 RESP(Y)= 0.3583 HSQC= C26
H27A/1 1.652248 1*1*1 STAT=Y PRED= 1.407 RANGE=0.675 WIDTH(Y)=2.057 RESP(Y)= 0.8087 HSQC= C27
H27B/1 1.572935 1*1*1 STAT=Y PRED= 1.666 RANGE= 0.555 WIDTH(Y)=2.057 RESP(Y)=0.8942 HSQC= C27
H28A/1 3.054884 1*1*1 STAT=Y PRED=3.162 RANGE=0.525 WIDTH(Y)=2.057 RESP(Y)=0.9117 HSQC= C28
H28B/1 2.733035 1*1*1 STAT=Y PRED=2.664 RANGE= 0.430 WIDTH(Y)=2.057 RESP(Y)=0.6369 HSQC= C28
H30/1 1.290081 1*1*3 STAT=Y PRED=1.441 RANGE= 0.270 WIDTH(Y)= 2.057 RESP(Y)= 0.6061 HSQC= C30
H31/1 3.006256 1*1*3 STAT=Y PRED=3.064 RANGE= 0.415 WIDTH(Y)= 2.057 RESP(Y)= 0.5274 HSQC= C31
H32A/1 1.940424 1*1*1 STAT=Y PRED=2.157 RANGE= 0.535 WIDTH(Y)=2.057 RESP(Y)= 0.4974 HSQC= C32
H32B/1 1.889029 1*1*1 STAT=Y PRED= 1.649 RANGE= 0.585 WIDTH(Y)=2.057 RESP(Y)=0.4296 HSQC= C32
H34A/1 2.776366 1*1*1 STAT=Y PRED=2.651 RANGE=0.395 WIDTH(Y)=2.057 RESP(Y)= 0.3615 HSQC= C34
H34B/1 3.111737 1*1*1 STAT=Y PRED=3.202 RANGE=0.435 WIDTH(Y)=2.057 RESP(Y)=0.8023 HSQC= C34
H35A/1 1.817693 1*1*1 STAT=Y PRED= 1.728 RANGE= 0.570 WIDTH(Y)= 2.057 RESP(Y)= 0.6742 HSQC= C35
H35B/1 1.532509 1*1*1 STAT=Y PRED= 1.713 RANGE=0.705 WIDTH(Y)=2.057 RESP(Y)=1.0000 HSQC= C35
H37A/1 1.907134 1*1*1 STAT=Y PRED= 1.893 RANGE= 0.600 WIDTH(Y)=2.057 RESP(Y)= 0.9704 HSQC= C37
H37B/1 2.046178 1*1*1 STAT=Y PRED=1.811 RANGE=0.560 WIDTH(Y)=2.057 RESP(Y)= 0.6448 HSQC= C37
H38A/1 3.045500 1*1*1 STAT=Y PRED=2.424 RANGE= 0.500 WIDTH(Y)=2.057 RESP(Y)= 0.3721 HSQC= C38
H38B/1 2.756802 1*1*1 STAT=Y PRED=2.949 RANGE= 0.300 WIDTH(Y)=2.057 RESP(Y)=0.7434 HSQC= C38
H39A/1 1.794705 1*1*1 STAT=Y PRED= 1.606 RANGE= 0.560 WIDTH(Y)=2.057 RESP(Y)= 0.8844 HSQC= C39
H39B/1 1.553992 1*1*1 STAT=Y PRED= 1.689 RANGE= 0.435 WIDTH(Y)=2.057 RESP(Y)= 0.3980 HSQC= C39



Appendix D (continued)

COUPLING CONSTANTS(HZ):

146_
148
148
J50_
J50_
J51_
J52_
J52_
J53
J53

1
J2

154

3
14
J5

161_
161_
162_
163_
163_
170_
170_
170_
170_
171
171
172_
172_
172_
173
173
174
183
183
183
183
184
184
186_.
186_.
186_
187_
187_
188
191
191
191
192_
192_
192_

54 4.4681 JH1 H19 STAT=Y PRED=2.850 RANGE=7.800
61 6.6488 JH4 H22A STAT=Y PRED=11.830 RANGE=8.390
62 8.5233 JH4 H22B STAT=Y PRED=3.800 RANGE=10.800
70  2.5597 JH7 H26A STAT=Y PRED=7.570 RANGE= 5.600
71 5.7939 JH7 H26B STAT=Y PRED= 10.890 RANGE=4.400
77 7.0729 JH10 H30 STAT=Y PRED=7.260 RANGE=0.890
83 1.7734 JH13 H32A STAT=Y PRED= 10.690 RANGE= 4.000
84  5.8405 JH13 H32B STAT=Y PRED=2.790 RANGE=4.400
91 6.9815 JH16 H37A STAT=Y PRED=12.690 RANGE= 4.000
92 2.4934 JH16 H37B STAT=Y PRED=4.740 RANGE= 6.000
6.1049 J H19 H17A STAT=Y PRED= 6.640 RANGE=0.200
8.2962 J H19 H17B STAT=Y PRED= 6.640 RANGE=0.200
58 6.9336 JH19 H21 STAT=Y PRED=6.640 RANGE=0.200
-14.0169 J H17A H17B STAT=Y PRED= 6.640 RANGE= 0.200
7.4078 JH17A H20 STAT=Y PRED= 6.640 RANGE=0.200
7.3592 JH17B H20 STAT=Y PRED= 6.640 RANGE=0.200
62 -12.1285 JH22A H22B STAT=Y PRED=-14.720 RANGE= 1.600
63 5.4626 JH22A H23 STAT=Y PRED=7.090 RANGE= 6.400
63 4.2073 JH22B H23 STAT=Y PRED=7.290 RANGE= 6.400
64 6.4743 JH23 H24 STAT=Y PRED=6.640 RANGE=0.200
67 6.5091 JH23 H25 STAT=Y PRED=6.640 RANGE=0.200
71 -11.5234 JH26A H26B STAT=Y PRED=-13.120 RANGE= 1.600
72 4.7669 JH26A H27A STAT=Y PRED=3.560 RANGE= 4.000
73 0.9399 JH26A H27B STAT=Y PRED=2.740 RANGE= 3.000
74 2.7717 JH26A H28A STAT=Y PRED=2.650 RANGE= 2.250
72 12.0329 J H26B H27A STAT=Y PRED=12.730 RANGE=2.800
73  1.7447 JH26B H27B STAT=Y PRED= 4.040 RANGE=4.000
73 -14.2164 JH27A H27B STAT=Y PRED=-13.120 RANGE= 1.500
74  6.1086 JH27A H28A STAT=Y PRED=3.940 RANGE= 5.690
75 13.6586 JH27A H28B STAT=Y PRED=11.850 RANGE=4.190
74  4.3027 JH27B H28A STAT=Y PRED=2.120 RANGE=4.500
75 3.0122 JH27B H28B STAT=Y PRED=3.670 RANGE= 6.000
75 -14.2827 JH28A H28B STAT=Y PRED=-11.520 RANGE= 3.320
84 -13.1205 JH32A H32B STAT=Y PRED=-13.090 RANGE= 1.600
87 1.4366 JH32A H34B STAT=Y PRED=2.180 RANGE= 1.950
88  2.1153 JH32A H35A STAT=Y PRED=1.590 RANGE= 3.200
89 3.9072 JH32A H35B STAT=Y PRED=5.910 RANGE= 4.000
88 6.6315 JH32B H35A STAT=Y PRED=6.420 RANGE=4.000
89 10.0593 J H32B H35B STAT=Y PRED= 11.000 RANGE= 3.000
87 -11.6894 JH34A H34B STAT=Y PRED=-11.580 RANGE=3.320
88 3.3415 JH34A H35A STAT=Y PRED=2.840 RANGE=4.190
89 10.4294 ) H34A H35B STAT=Y PRED=12.090 RANGE=3.900
88 4.6973 JH34B H35A STAT=Y PRED=2.630 RANGE=4.190
89  2.4655 JH34B H35B STAT=Y PRED= 3.340 RANGE=5.690
89 -11.1615 JH35A H35B STAT=Y PRED=-13.090 RANGE= 1.500
92 -13.7170 JH37A H37B STAT=Y PRED=-13.150 RANGE= 1.600
95 14.8245 JH37A H39A STAT=Y PRED=12.820 RANGE= 2.800
96 4.2983 JH37A H39B STAT=Y PRED=3.830 RANGE= 3.800
93 1.3476 JH37BH38A STAT=Y PRED=2.100 RANGE=1.790
95 5.7823 JH37BH39A STAT=Y PRED=3.680 RANGE=4.000
96 2.5923 JH37BH39B STAT=Y PRED= 2.730 RANGE= 3.000
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Appendix D (continued)

J93_94 -15.4223 JH38A H38B STAT=Y PRED=-11.470 RANGE=3.320
J93_95 2.7112 JH38AH39A STAT=Y PRED=5.190 RANGE= 6.000
J93.96 1.7274 JH38A H39B STAT=Y PRED=1.750 RANGE= 4.800
J94_95 13.0015 J H38B H39A STAT=Y PRED=10.780 RANGE=4.500
J94_96 3.6263 J H38B H39B STAT=Y PRED=5.070 RANGE= 6.000
J95_96 -14.1390 JH39A H39B STAT=Y PRED=-13.110 RANGE=1.500

CONTROL PARAMETERS:
Solvent = none (def. 99% enriched)
1.000 = Concentration (vol%, def=1.0%)
0.00100000 = Minimum line-intensity
0.00100000 = Diagonalization criterium (not in use)
8.00703139 = Left frequency (ppm)
-0.19766267 = Right frequency (ppm)
0.000 = Acquisition time (s, for QMTLS)
2.057 = Line-width (for modes D, P & T, O=use defaults)
0.030566717 = Data-point resolution (Hz)
-101.595 = GAUSSIAN (%, O=use default from INF)
17.541 = Dispersion contribution (%, 0=use default from INF)
0.00000000 = Decoupling frequency (for DORES)

CONSTRAINTS (in equations X0 = 1.0)...use no empty lines
EQUAL H22B =H39B
IGNORE(HZ): 2946.272 to 2911.284
IGNORE(HZ): 2805.321to 2715.235
IGNORE(HZ): 1404.419to 1282.755
IGNORE(HZ): 1877.337 to 1790.995
IGNORE(HZ): 1068.017 to 1057.968
IGNORE(HZ): 362.173 to 348.045
IGNORE(HZ): 422.905to 398.741
IGNORE(HZ): 541.686to 524.499
IGNORE(HZ): 1970.707 to 1922.823

END of FILE

232



233

Appendix E. *H NMR HiFSA profile of xylamycin (3) in the PERCH .PMS file format (MeOH-d.,)

* NEW: the lines beginning by * are comment lines !

* To keep all the chemical shifts fixed during iteration

* replace "CHEMICAL SHIFTS(HZ):" by "..SHIFTS(HZ): fixed"
* The couplings can be fixed in the same way

NMR-data: E:\Test\Perch\perch
#Sce Date 31.12.2013; Time 16:54:34 perch.pms

CHEMICAL SHIFTS(PPM):

PROTON 2*SPIN=1 SPECIES=1H POPULATION(Y)= 1.00000

H1 /1 5.772000 1*1*1 STAT=Y PRED=6.429 RANGE=0.307 WIDTH(Y)= 2.432 RESP(Y)= 0.1076 HSQC= C1
H3A/1 2.850851 1*1*1 STAT=Y PRED=3.079 RANGE= 0.439 WIDTH(Y)= 1.899 RESP(Y)= 0.0969 HSQC= C3
H3B/1 2.399019 1*1*1 STAT=Y PRED=2.328 RANGE= 0.429 WIDTH(Y)= 2.324 RESP(Y)= 0.0972 HSQC= C3

H4 /1 4.177919 1*1*1 STAT=Y PRED=5.342 RANGE=0.787 WIDTH(Y)= 1.301 RESP(Y)= 0.0938 HSQC= C4

H7 /1 1.765887 1*1*3 STAT=Y PRED=1.867 RANGE=0.238 WIDTH(Y)=1.664 RESP(Y)= 0.1089 HSQC= C2B

H9 /1 5.251617 1*1*1 STAT=Y PRED=4.369 RANGE=0.769 WIDTH(Y)= 1.726 RESP(Y)= 0.1105 HSQC= C8
H11A/1 1.937574 1*1*1 STAT=Y PRED= 2.543 RANGE= 0.459 WIDTH(Y)= 1.521 RESP(Y)= 0.0890 HSQC= C10
H11B/1 1.759994 1*1*1 STAT=Y PRED=2.166 RANGE= 0.408 WIDTH(Y)=2.329 RESP(Y)=0.3374 HSQC= C10
H12/1 1.514261 1*1*1 STAT=Y PRED=1.723 RANGE= 0.369 WIDTH(Y)= 2.267 RESP(Y)= 0.1067 HSQC= C11A
H13/1 0.903494 1*1*3 STAT=Y PRED=0.942 RANGE= 0.149 WIDTH(Y)= 1.577 RESP(Y)=0.1109 HSQC= C11BA
H14 /1 0.974353 1*1*3 STAT=Y PRED=0.843 RANGE= 0.229 WIDTH(Y)= 1.701 RESP(Y)=0.1299 HSQC= C11BB
H16/1 4.614962 1*1*1 STAT=Y PRED=4.369 RANGE= 1.039 WIDTH(Y)= 0.733 RESP(Y)= 0.0493 HSQC= C13
H17/1 3.299898 1*1*3 STAT=Y PRED=3.142 RANGE= 0.398 WIDTH(Y)= 1.431 RESP(Y)= 0.1011 HSQC= C7
H20A/1 2.624115 1*1*1 STAT=Y PRED=3.181 RANGE=0.309 WIDTH(Y)=3.269 RESP(Y)=0.1851 HSQC= C16
H20B/1 2.590933 1*1*1 STAT=Y PRED=3.289 RANGE=0.309 WIDTH(Y)=1.688 RESP(Y)=0.0189 HSQC= C16
H21/1 5.438222 1*1*1 STAT=Y PRED=5.358 RANGE= 0.659 WIDTH(Y)= 2.966 RESP(Y)= 0.1131 HSQC= C17
H22 /1 5.588930 1*1*1 STAT=Y PRED=5.352 RANGE= 0.389 WIDTH(Y)= 2.190 RESP(Y)=0.1176 HSQC= C18A
H23/1 1.676625 1*1*3 STAT=Y PRED= 1.693 RANGE= 0.149 WIDTH(Y)= 2.237 RESP(Y)= 0.1191 HSQC= C18B
H25/1 4.825010 1*1*1 STAT=Y PRED=4.660 RANGE= 1.519 WIDTH(Y)= 4.223 RESP(Y)= 0.3145 HSQC= C20
H28A/1 3.188228 1*1*1 STAT=Y PRED=2.969 RANGE= 0.507 WIDTH(Y)=2.538 RESP(Y)= 0.5318 HSQC= C23
H28B/1 3.168661 1*1*1 STAT=Y PRED=2.969 RANGE=0.447 WIDTH(Y)=2.817 RESP(Y)= 1.0000 HSQC= C23
H33/1 7.094297 1*1*1 STAT=Y PRED=6.627 RANGE= 0.149 WIDTH(Y)= 1.986 RESP(Y)= 0.1242 HSQC= C28
H34/1 7.557638 1*1*1 STAT=Y PRED=7.860 RANGE= 0.319 WIDTH(Y)= 1.164 RESP(Y)=0.1081 HSQC= C29
H35/1 7.064148 1*1*1 STAT=Y PRED=7.061 RANGE= 0.238 WIDTH(Y)= 0.983 RESP(Y)= 0.0882 HSQC= C30
H36/1 7.137938 1*1*1 STAT=Y PRED=7.106 RANGE= 0.339 WIDTH(Y)= 1.677 RESP(Y)=0.1367 HSQC= C31
H37/1 7.655160 1*1*1 STAT=Y PRED=7.233 RANGE= 0.219 WIDTH(Y)= 1.385 RESP(Y)= 0.1171 HSQC= C32
H39/1 1.650088 1*1*3 STAT=Y PRED=1.649 RANGE= 0.629 WIDTH(Y)= 2.749 RESP(Y)= 0.1254 HSQC= C33BA
H40/1 4.481902 1*1*1 STAT=Y PRED=5.006 RANGE= 0.379 WIDTH(Y)= 1.645 RESP(Y)= 0.1061 HSQC= C34
HA1A/1 3.292845 1*1*1 STAT=Y PRED= 3.808 RANGE= 0.546 WIDTH(Y)= 1.825 RESP(Y)= 0.1927 HSQC= C35
H41B/1 2.922900 1*1*1 STAT=Y PRED=4.174 RANGE= 0.439 WIDTH(Y)=1.822 RESP(Y)=0.0008 HSQC= C35
H43 /1 1.759715 1*1*3 STAT=Y PRED=1.788 RANGE= 0.669 WIDTH(Y)= 3.046 RESP(Y)= 0.0900 HSQC= C33BB
H44 /1 2.360767 1*1*3 STAT=Y PRED=2.664 RANGE= 1.019 WIDTH(Y)= 5.915 RESP(Y)= 0.0984 HSQC= C22
H45/1 4.326838 1*1*1 STAT=Y PRED=5.302 RANGE= 1.516 WIDTH(Y)= 2.807 RESP(Y)= 0.0736 HSQC= C36
H47A/1 -0.407540 1*1*1 STAT=Y PRED=1.503 RANGE=0.509 WIDTH(Y)=2.867 RESP(Y)=0.0926 HSQC= C38
H47B/1 1.543590 1*1*1 STAT=Y PRED=1.747 RANGE= 0.638 WIDTH(Y)=2.100 RESP(Y)=0.1105 HSQC= C38
H48 /1 0.950136 1*1*1 STAT=Y PRED=1.762 RANGE= 0.619 WIDTH(Y)= 3.138 RESP(Y)=0.1170 HSQC= C39A
H49/1 0.079049 1*1*3 STAT=Y PRED=0.942 RANGE= 0.149 WIDTH(Y)= 5.359 RESP(Y)= 0.0972 HSQC= C39BA
H50/1 0.441425 1*1*3 STAT=Y PRED=1.153 RANGE= 0.229 WIDTH(Y)= 1.660 RESP(Y)=0.1036 HSQC= C39BB
H52/1 4.616655 1*1*1 STAT=Y PRED=4.499 RANGE= 0.989 WIDTH(Y)= 1.600 RESP(Y)= 0.0492 HSQC= C41



H54A/ 1
H54B/ 1
H56 /1
H59/1
H60/ 1
H62 /1
He4 /1

234
Appendix E (continued)

3.105780 1*1*1 STAT=Y PRED=2.814 RANGE= 0.469 WIDTH(Y)= 3.373 RESP(Y)= 0.1093 HSQC= C43
2.916402 1*1*1 STAT=Y PRED= 3.099 RANGE=0.339 WIDTH(Y)= 3.029 RESP(Y)=0.2040 HSQC= C43
7.786637 1*1*1 STAT=Y PRED=7.213 RANGE= 0.239 WIDTH(Y)= 1.588 RESP(Y)=0.1151 HSQC= C45
7.069303 1*1*1 STAT=Y PRED=6.983 RANGE=0.536 WIDTH(Y)= 1.357 RESP(Y)= 0.1344 HSQC= C48
7.390832 1*1*1 STAT=Y PRED=7.405 RANGE= 0.419 WIDTH(Y)= 1.429 RESP(Y)= 0.1081 HSQC= C49
4.855253 1*1*1 STAT=Y PRED=4.815 RANGE= 0.989 WIDTH(Y)= 3.934 RESP(Y)= 0.4159 HSQC= C50A
1.269485 1*1*3 STAT=Y PRED=1.418 RANGE= 0.347 WIDTH(Y)= 2.175 RESP(Y)= 0.1045 HSQC= C50B

—_ = — —

COUPLING CONSTANTS(HZ):

176_77
147
176_80
177_78
177_79
177_80
178 79
178 80
183_84
183_85
18485
18486
185_86
149
186_87
186_90
194 98
19499
198 99
198_100
148
198_102
199_100
199_101
199_102

1.3526 JH1 H3A STAT=Y PRED=-2.990 RANGE=1.600
2.0878 JH1 H3B STAT=Y
0.0000 JH1 H7 STAT=N PRED=-1.650 RANGE=1.000
18.4337 JH3A H3B STAT=Y PRED=-15.320 RANGE=2.560
11.3655 JH3A H4 STAT=Y PRED=12.430 RANGE=4.000
0.4486 J H3A H7 STAT=Y PRED=-0.800 RANGE=1.000
7.5281 JH3B H4 STAT=Y PRED=6.780 RANGE=5.190
0.3772 JH3B H7 STAT=Y PRED=-0.800 RANGE=1.000
4.3124 JHS9 H11A STAT=Y PRED= 14.260 RANGE= 4.000
11.9733 JH9 H11B STAT=Y PRED=2.830 RANGE=4.000
141978 JH11AH11B STAT=Y PRED=-14.550 RANGE=1.600
10.6140 JH11AH12 STAT=Y PRED=9.730 RANGE=3.400
0.7509 J H11B H12 STAT=Y PRED=7.730 RANGE= 3.400
0.0000 JH11B H13 STAT=N
6.5672 JH12 H13 STAT=Y PRED=6.640 RANGE=0.200
6.6868 JH12 H14 STAT=Y PRED=6.640 RANGE=0.200
9.7112 JH16 H20A STAT=Y PRED= 13.380 RANGE= 6.000
5.0126 JH16 H20B STAT=Y PRED=1.900 RANGE= 6.000
14.2576 J H20A H20B STAT=Y PRED=-16.700 RANGE=2.400
7.3536 JH20A H21 STAT=Y PRED=7.260 RANGE=4.000
0.6444 ) H20A H22 STAT=Y
0.0000 J H20A H23 STAT=N PRED=0.650 RANGE= 0.850
6.4149 JH20B H21 STAT=Y PRED=9.510 RANGE=4.000
0.8847 JH20B H22 STAT=Y PRED=-1.110 RANGE=1.280
0.0000 JH20B H23 STAT=N PRED=0.650 RANGE= 0.850

J100_101 15.1846 JH21 H22 STAT=Y PRED=17.200 RANGE=2.000
J100_102 1.5062 J H21 H23 STAT=Y PRED=-1.650 RANGE= 1.000
J101_102 6.4492 J H22 H23 STAT=Y PRED=6.600 RANGE=1.000
J106_107 10.1000 JH25 H28A STAT=Y PRED=1.780 RANGE= 6.000
J106_108 6.2000 J H25 H28B STAT=Y PRED= 13.540 RANGE= 6.000
J107_108 15.9674 JH28A H28B STAT=Y PRED=-16.750 RANGE= 2.560
J109_110 0.0000 J H33 H34 STAT=N PRED=-0.300 RANGE=0.500
J109_113 0.0000 J H33 H37 STAT=N PRED=-0.300 RANGE= 0.500
J110_111 7.9123 J H34 H35 STAT=Y PRED=7.460 RANGE=0.460
J110_112 1.2170 J H34 H36 STAT=Y PRED=1.370 RANGE=1.400
J110_113 0.6735 J H34 H37 STAT=Y PRED=0.530 RANGE=0.750
J111_112 6.9141 J H35 H36 STAT=Y PRED=7.110 RANGE=0.320
J111_113 0.7014 J H35 H37 STAT=Y PRED=1.310 RANGE=1.400
J112_113 8.4791 J H36 H37 STAT=Y PRED=8.290 RANGE=0.800
J117_118 2.1761 J H40 H41A STAT=Y PRED=1.570 RANGE=4.000
J117_119 9.7130 J H40 H41B STAT=Y PRED=10.710 RANGE=4.000
J118_119 9.5795 J H41A H41B STAT=Y PRED=-15.350 RANGE=2.200
J127_128 3.9856 J H45 H4A7A STAT=Y PRED=4.800 RANGE=5.190



J127_129
J128_129
J128_130
J129_130
J130_131
J130_134
J138_139
J138_140
J139_140
J140_141
J140_143
J141_142
J141_143
J142_143
J145_147
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10.7247 J H45 HA47B STAT=Y PRED= 13.900 RANGE= 4.000
13.0542 JH47A HA7B STAT=Y PRED=-14.730 RANGE=1.600
8.6330 JHA47A H48 STAT=Y PRED=13.140 RANGE=2.560
4.9927 ) H47B H48 STAT=Y PRED=3.470 RANGE= 3.400

6.6037 J H48
6.6634 J H48
5.8201 J H52

H49 STAT=Y PRED=6.640 RANGE=0.200
H50 STAT=Y PRED=6.640 RANGE=0.200
H54A STAT=Y PRED=1.730 RANGE= 6.000

10.7702 J H52 H54B STAT=Y PRED=12.980 RANGE= 6.000
13.2508 J H54A H54B STAT=Y PRED=-16.900 RANGE=2.560
0.0000 J H54B H56 STAT=N PRED=-0.750 RANGE=0.400
0.0000 J H54B H60 STAT=N PRED=-0.750 RANGE=0.400

0.0000 J H56
2.2184 J H56
8.5370 JH59
6.6511 J H62

CONTROL PARAMETERS:
Solvent = none (def. 99% enriched)
1.000 = Concentration (vol%, def=1.0%)
0.00100000 = Minimum line-intensity
0.00100000 = Diagonalization criterium (not in use)
19.93156550 = Left frequency (ppm)
-10.18199279 = Right frequency (ppm)
0.000 = Acquisition time (s, for QMTLS)
0.733 = Line-width (for modes D, P & T, 0=use defaults)
0.103379726 = Data-point resolution (Hz)
12.706 = GAUSSIAN (%, O=use default from INF)
-8.874 = Dispersion contribution (%, O=use default from INF)
0.00000000 = Decoupling frequency (for DORES)

H59 STAT=N PRED=0.430 RANGE=0.640
H60 STAT=Y PRED=2.030 RANGE=1.600
H60 STAT=Y PRED= 8.090 RANGE=0.890
H64 STAT=Y PRED=7.260 RANGE=1.350

CONSTRAINTS (in equations X0 = 1.0)...use no empty lines

EQUAL H9
EQUAL H13
EQUAL H28

= H16
= H49
A =H28B

EQUAL H20A =H20B

EQUAL H11
IGNORE(HZ
IGNORE(HZ
IGNORE(HZ
IGNORE(HZ
IGNORE(HZ
IGNORE(HZ
IGNORE(HZ
IGNORE(HZ
IGNORE(HZ
IGNORE(HZ
IGNORE(HZ
IGNORE(HZ
IGNORE(HZ
IGNORE(HZ
IGNORE(HZ
IGNORE(HZ

B =H43

): 4417.583 to
): 7766.144 to
): 5556.027 to
): 4636.878 to
): 1081.757 to
): 2095.575 to
): 2523.632 to
): 6956.134 to
): 6843.753 to
): 6412.459 to
): 6344.897 to
): 2676.074 to
): 2283.647 to
): 1821.603 to
): 1712.462 to

4388.524
7063.933
5245.576
4461.150
928.558
1919.847
2397.468
6900.947
6812.648
6389.047
6318.809
2650.394
2240.312
1807.961
1616.964

): 783.158 to 418.819



IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):
IGNORE(HZ):

END of FILE

384.713 to
1837.859 to
3969.434 to
4158.688 to
4186.555 to
1479.808 to
1325.507 to
1129.703 to
3868.635 to
3737.667 to
2986.045 to
4197.288 to
2987.864 to
4434.509 to
1575.732 to
2903.405 to
3005.077 to
2926.928 to
2952.627 to
2766.834 to
2097.612 to
2099.265 to
4711.380to
2314.538 to
1456.931 to
860.712 to
-497.270 to

228.224
1832.475
3945.171
4147.770
4149.834
1470.853
1153.985
887.919
3786.911
3000.050
2975.966
4131.030
2974.147
4385.305
1522.291
2880.973
2973.347
2899.018
2940.525
2649.013
1879.251
1766.130
4464.346
2179.851
1409.498
844.341
-541.975

Appendix E (continued)
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Appendix F. Details of the culture media

G.S.S. medium (rich medium)

Soluble starch
Glucose
Soybean meal
Beef extract
Yeast extract
NacCl

K;HPO,
CaCOs

D.W.

pH 7.2

10g
20¢g
20¢g
1g
4g
2g
0.25¢g
2g
1L

Bennett’s medium (general actinomycetes medium)

Glucose

Yeast extract
Bacto-peptone
Beef extract
D.W.

10g
lg
2g
lg
1L

DYC medium (minimal medium)

Dextrin
Dry yeast
CSL

NaBr
COC|2
D.W.

pH 7.0

25¢g
12 ¢
20g
lg
1g
1L
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