University of North Carolina Asheville
Journal of Undergraduate Research
Asheville, North Carolina

May 2020

Isolation of Novel Antibiotic Compounds and Other Approaches to Combat
the Rise in Antibiotic Resistant Bacteria

Clair Huffine
Chemistry
The University of North Carolina Asheville
One University Heights
Asheville, North Carolina 28804 USA

Faculty Advisor: Dr. Amanda Wolfe

Abstract

As reported by the CDC in 2019, 35,000 Americans die each year from antibiotic resistant infections. There are on
average 2.8 million drug-resistant infections in the US annually, and it is projected that by 2050, 10 million lives each
year will be at risk of fatal infections from resistant microbes if the current trends continue. In addition to the rise of
drug resistant bacteria, there has also been a steady decline in novel antibiotics developed to treat these increasingly
resistant bacteria. Two main approaches to this issue are the isolation of antibiotic compounds with novel mechanisms
of action against infectious bacteria and the identification of adjuvant compounds that can decrease the efficiency of
resistance mechanisms. Many of the currently marketed antibiotics were discovered through isolation of easily
cultured single-culture bacteria. However, since the environment of the laboratory does not reflect the natural
environment for most bacteria, thousands of biosynthetic genes that may lead to antibiotics remain silent when cultured
under these conditions. By creating a more natural competitive environment representative of the diversity of bacteria
in soil, co-cultures of two or more bacteria can stimulate these biosynthetically silent genes and yield antibiotic
production from bacteria. This work details the isolation of potentially novel antibiotics produced by cocultured
rhizosphere soil bacteria. With two different co-cultures, the potentially novel antibiotic compounds produced by these
bacteria have been extracted and isolated using liquid-liquid extractions, solid-phase extractions, and flash
chromatography. The compound from one of the co-cultures began characterization using *H- Nuclear Magnetic
Resonance (NMR) and *C-NMR data. To address the second approach to combating antibiotic resistant bacteria,
several compounds in the Wolfe Laboratory’s compound library were tested for general adjuvant activity with a panel
of bacteria and antibiotics. Additionally, several compounds were tested in a biofilm assay against Pseudomonas
aeruginosa.

1. Introduction

Infectious diseases are a worldwide, increasingly impactful human health concern. As of 2019, 35,000 Americans die
each year from resistant infections with 2.8 million infections in the US annually.! Despite wide antibiotic availability,
these fatal infections are on the rise due to increasing microbial resistance and, by 2050, 10 million lives a year will
be at risk from resistant microbes.? Antimicrobial resistance occurs when a microbe survives exposure to an antibiotic
with the aid of an advantageous mutation and is able to then proliferate and potentially spread resistance to neighboring
microbes of different species through mechanisms of horizontal gene transfer. This resistance can be facilitated by
modes of tolerance, such as reducing cell division in the presence of an antibiotic like penicillin, which targets cell
wall synthesis.® Some of the most common resistant microbes that pose the greatest risk in hospital environments are
the ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumonia, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter species).* To combat this increase in resistant infections,



either new antibiotics need to be developed or alternative methods researched, such as co-dosing antibiotics with
adjuvants to restore antibiotic activity by circumventing resistance mechanisms.

Despite the growing concern over increasing antibiotic resistance, large pharmaceutical companies have reduced
their focus in discovery and development of novel antibiotics due to the high re-discovery rate and associated costs of
natural product isolation. From 1990 to 1999, there were 20 new FDA approved antibiotics but only nine new FDA
approved antibiotics from 2000 to 2014.2* While there are currently antibiotics in late stage clinical trials that are near
approval, there is a serious lack of early stage candidates entering the pipeline.® This decline in novel antibiotics
alongside the increase in antibiotic resistant bacteria stresses the need for development of additional novel antibiotics.
It is with this goal in mind that this paper investigates the potential isolation of novel antibiotics from soil bacteria as
well as methods to increase the activity of known antibiotics through co-dosing as either adjuvants or biofilm
disrupters.

Natural products (NP) are secondary metabolites created by organisms and exuded into their environment and
compose a large portion of the antibiotics currently in use. Due to the evolutionary advantage gained from producing
a unique antibiotic, NPs remain a valuable source of novel antibiotic compounds. NP antibiotics are generally
discovered through screening for reduced bacteria growth when exposed to extracts derived from mono-cultures and
co-cultures of bacteria, fungi, or other organisms.5® However, NPs can also be discovered through genome mining of
biosynthetic pathways and targeting of silent genes.®*! Hidden biosynthetic pathways and silent genes may code for
the enzymes needed to synthesize active antibiotic secondary metabolites but are not activated in the traditional culture
environment of the lab.

The natural environment of the soil is highly diverse with populations varying greatly by abiotic factors such as
pH.'215 The potential of this diversity has barely been tapped due to difficulties associated with culturing bacteria in
the laboratory. As most easily culturable bacteria have already been tested for activity in monoculture antibiotic
activity, methods to access previously unculturable bacteria are of high interest. Their secondary metabolites are a
source for potentially novel antibiotic compounds. One method for isolation and culturing of previously unculturable
bacteria uses iChip technology. An iChip is placed in the soil and captures single cells in small chambers with thin
barriers that allow for diffusion into chambers of environmental growth components. The captured organisms still
have access to their natural environment and can be slowly transitioned to in vitro growth medias with a 10-15%
domestication rate. Results from this method involve the cultivation of entirely different subsets of microorganisms
when compared to the traditional petri-dish methods.*® Through this method, the first novel class of antibiotics in
thirty years was discovered from a previously uncultivatable bacterium. This antibiotic class, called Teixobactin, is a
promising treatment for multi-drug resistant Gram-positive bacteria and no resistance has been observed in vitro
against the lead Teixobactin compound.'”'® Further exploration is needed to fully screen these difficult-to-culture
bacteria for antibiotic activity and potentially discover additional novel antibiotics.

Another largely unexplored aspect of the natural diversity of the soil that could yield novel antibiotic compounds
involves inter-species competition. This major form of interaction is missing from traditional in vitro mono-cultures.
Many current antibiotics on the market were isolated from easily culturable mono-culture bacteria.*¢21° There remain
numerous unexpressed and cryptic gene clusters which may code for secondary metabolites that have not been
identified, suggesting the in vitro mono-culture environment may not be suitable for expression of these genes. By
culturing two or more bacteria together in a co- or multi-culture, production of previously unexpressed active
compounds increases by as much as 6% and may present a source of novel antibiotic compounds.?°

The Wolfe Laboratory at the University of North Carolina Asheville (UNC Asheville), has a library over 400
bacterial samples from pitcher plant water and rhizosphere (root level) soil collected in the Rhoades Garden on UNC
Asheville’s campus and from an undisclosed location in South Western United States. These bacteria have been
isolated, purified, and screened for antibiotic production against Gram-negative Escherichia coli and Gram-positive
Staphylococcus aureus.®” Within this bacterial library, 115 strains have been identified as antibacterial producers in
monoculture against S. aureus, and 90 against E. coli, with genera ranging from Pseudomonas® and Serratia?!, known
producers, to Herbasprillum and Aquitalea, which have not previously been identified as antibiotic natural product
producers. All monoculture non-producers are currently undergoing high-throughput screening of activity under co-
culture conditions.

Once activity of a co-culture is identified, the active compound is extracted from culturing media and isolated for
characterization. The current liquid-liquid extraction and isolation procedure described below often yields only minute
amounts of crude extract with not enough pure antibiotic active compound for full characterization. Acquiring suitable
quantities of antibiotic compound currently requires numerous scale-ups spanning months, even with optimization of
growth time and media. Through implementation of extraction techniques used in Cox et al.’s (2014) work with solid-
phase resin beads, extraction yields can potentially be increased and time to characterization decreased since the beads
should capture more completely the organic compounds excreted into the supernatant by the bacteria.?? This method
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circumvents the liquid-liquid extraction method which can display high incidences of emulsion, making separation of
the aqueous and solvent layers difficult, and has the potential to collect compounds not previously captured in the
liquid-liquid extraction.

An alternative solution to the rise in multi-drug resistant bacteria is implementation of adjuvant compounds.
Adjuvants, when co-dosed with an antibiotic of low activity, potentiates the activity of the antibiotic, decreasing the
minimum inhibitory concentration (MIC). The most commonly encountered pharmaceutically approved adjuvant is
clavulanic acid co-dosed with B-lactam antibiotics such as penicillin and amoxicillin.?® The mechanisms of actions of
adjuvants can be highly varied, from efflux pump inhibition?2426 and biofilm disruption®"?® to blocking genes®’ and
proteins responsible for antibiotic alteration.? Potential adjuvant compounds can be screened from natural products
and their derivatives and may be a viable way for increasing the longevity of antibiotics as well as allow for
reintroduction of phased-out antibiotics back into the market. The Wolfe Laboratory has started screening our library
of previously synthesized compounds to test for adjuvant activity against a panel of bacteria, S. aureus, E. coli, B.
subtilis, and P. aeruginosa, with penicillin, amoxicillin, vancomycin, and erythromycin.

Finally, in addition to developing new small molecule antibiotic and adjuvant therapies to treat resistant bacteria, it
is also necessary to overcome virulence factors, such as biofilm formation, that prevent small molecule therapies from
reaching their biological targets. Biofilms are sessile bacterial communities that often include several species of
bacteria cohabitating in a matrix of exopolysaccharides, proteins, and nucleic acids.?” Biofilms represent a major
human health concern due to the nature of the biofilm matrix allowing for protection from antibiotics, with up to 1000
times more resistance, and the increased incidence of chronic infection.?*3° Biofilm based infections are particularly
concerning when related to catheters and other inserted medical devices with infection sourcing from the healthcare
professionals inserting the device or from the patients themselves.®* Approximately 12 million Americans are
impacted by these biofilm-based and infection with an economic burden of over $6 billion.323 Despite the high rate
of incidence, there are no FDA-approved methods for directly targeting biofilm prevention or disruption. By screening
against the biofilm forming bacteria, P. aeruginosa, biofilm inhibition or disrupting compounds may be identified and
potentially used as an adjuvant in conjunction with other antibiotics as a way to combat both biofilm-forming bacteria
and drug resistant bacteria. In a similar line of thought, a portion of the Wolfe Laboratory compound library was
screened for biofilm disruption activity against P. aeruginosa.

This paper describes methods for extracting, isolating, and characterizing novel antibiotic compounds from soil
bacteria mono- and co-cultures as well as assays for testing compounds for their adjuvant activity and biofilm
disrupting capabilities. Included within are improvements of isolation and purification methods yielding greater
quantities of isolated antibiotic compound leading to the eventual complete characterization of the unknown
compound as well as some preliminary results from the adjuvant and biofilm assays.

2. Methodology

All bacterial work was done under a flame using sterile conditions. All media was either autoclaved (121 °C) or
filtered through a 0.2 uM Polyethersulfone (PES) filter. All bacteria were stored in 50% glycerol stock at -80 °C and
streaked out onto 10% Tryptic Soy Agar (TSA) (3 g Tryptic Soy Broth and 20 g Agar per 1 L deionized (DI) H20)
plates for laboratory use. Pathogenic bacteria used included E. coli (ATCC 25922), S. aureus (ATCC 29213), B.
subtilis (ATCC 11774), and P. aeruginosa (ATCC 9027).

2.1 Culture Scale-up

2.1.1 mono-culture tryptic soy broth scale-up (1 - 9L)

Initially, 1/100" the desired 10% Tryptic Soy Broth (dTSB) (3 g per L DI H,0) volume (1 — 9L) was inoculated by a
singular bacterial colony and shaken (130 RPM on an Excella E25 Incubator Shaker) to allow oxygen exchange for
24 hours at 26 °C. The samples were transferred to a dTSB solution of 1/10™ the desired volume and shaken for 24
hours at 26 °C. The samples were transferred to a dTSB solution of the desired volume and shaken for 96 hours at 26
°C.
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2.1.2 co-culture tryptic soy broth scale-up (1 - 9L)

After scaling up to the full desired volume as described in 2.1.1 and shaking for 24 hours at 26 °C, half of each final
volume solution was mixed with half of the corresponding co-culturing bacteria’s solution and shaken for 48-96 hours
at 26 °C.

2.2 Antibiotic Extraction

2.2.1 liquid-liquid extraction

After scaling up, bacterial solutions were centrifuged at 4,000 rpm and 26 °C for 20 minutes, and the supernatant was
collected. The supernatant was then extracted using increasingly polar solvents: hexane, diethyl ether, and ethyl
acetate. After collection, the organic solvents were subjected to a brine (saturated NaCl) wash and dried over
anhydrous sodium sulfate. Extracts were concentrated under pressure, and the final crude product was weighed.

2.2.2 cell death assay

Crude product from each organic solvent was diluted with 10 pL of Dimethyl sulfoxide (DMSQO) per 1 mg of crude.
One pL of the dissolved product was added to a 96-well plate in quadruplicate and diluted with 89 uL of Full-Strength
Tryptic Soy Broth (FS TSB) (30 g in 1 L) and 10 uL of FS TSB overnight cultures containing either S. aureus or E.
coli. Chloramphenicol and DMSO only columns were used as positive and negative controls. The plate was shaken
for 24 hours at 36 °C. Antibiotic activity for each organic solvent was determined using a Biotek plate reader (ODsgo)
after 8 hours and 24 hours of incubation as a measurement of the density of cells within the liquid culture.” An active
compound would inhibit growth and kill cells resulting in lower absorbance values. All following extractions used
only the optimized organic extraction solvent with scale-ups of 3-9 L.

2.2.3 solid-phase extraction

Diaion HP20 resin beads (2% w/v) were rewetted in excess CH3;OH (methanol (MeOH)) and allowed to soak for
approximately 15 minutes before decanting off the excess MeOH. Following centrifugation of the bacterial solution,
the beads were poured into the scale-up supernatant and agitated for an hour up to 24 hours. The beads were loaded
onto a column and six fractions were extracted with DI H,O (1 L), 20% MeOH (1 L), 40% MeOH (1 L), 60% MeOH
(1 L), 80% MeOH (1 L), and 100% MeOH (1 L). Fractions were concentrated under pressure and the final crude
product was weighed. Active fractions were identified with the previously described cell death assay in 2.2.2.

2.3 Antibiotic Isolation and Characterization

2.3.1 isolation

Collected crude product, if greater than 25 mg, was loaded onto a normal phase gradient column chromatography
(SiO,, 0%-100% ethyl acetate/hexane). Collection vials were monitored with Thin Layer Chromatography (TLC) and
visualized with both UV-vis (254 nm) and potassium permanganate (KMnO,) stain and heat. Collection vials
containing related fractions were combined, concentrated under reduced pressure, and weighed. Each fraction was
tested on the previously described cell death assay for antibiotic activity.

2.3.2 preparative thin-layer chromatography (PTLC) purification

For finer-scale purification (< 25 mg crude product or extract) active fractions were purified using SiO; preparative
TLC (PTLC, 5-7 mg per plate) and separated using 50:50 ethyl acetate/hexane. Compounds were visualized with UV-
vis (254 nm) and scraped off the plate with a razor blade. Compounds were recovered by collecting silica in a pipette
and washing with ethyl acetate. Collection vials were combined, concentrated, and weighed. Each compound was
tested on the previously described cell death assay for antibiotic activity.
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2.3.3 antibiotic characterization

Characterization began upon obtaining a significant quantity (approximately 20 mg) of antibiotic extract. *H-NMR,
13C-NMR data was obtained for use in determining the structure of the antibiotic compound.

2.3.4 415/565 extraction and purification conditions

The active compound eluted in hexane with the liquid-liquid extraction method. Gradient column chromatography
yielded optimum separation (1%, 5%, 10%, 20%, 50% ethyl acetate). With the solid-phase extraction, active
compounds eluted in the 0% MeOH fraction and 60%, 80%, and 100% MeOH fractions. The compound that elutes in
the 60%, 80%, and 100% MeOH fractions was fluorescent under short-wave UV light and stains with KMnOa.

2.3.4 582/593 extraction and purification conditions

The active compound eluted in hexane with the liquid-liquid extraction method. Gradient column chromatography
yielded optimum separation (1%, 5%, 10%, 20%, 50% ethyl acetate). With the solid-phase extraction, active
compounds eluted in the 20%, 80%, and 100% MeOH fraction. The compound that elutes in the 80% and 100%
MeOH fractions stains with KMnO, and does not fluoresce under UV light.

2.4 Microbial Characterization

2.4.1 genomic purification

Pellets of cells (2x 10%) were harvested via centrifugation of overnight cultures grown in 3 mL dTSB. Using the
PureLink™ Genomic DNA Mini Kit and protocol, bacterial DNA was extracted, and Gram-negative procedures were
followed for lysing all bacteria. Purified bacterial DNA concentration was measured using the NanoDrop and stored
at -20 °C.

2.4.2 PCR procedure

To identify bacteria at the genus level, a 16S rRNA fragment was amplified and sequenced using the universal 16S
rRNA primers, 27F (AGA GTT TGA TCM TGG CTC AG) and 1492R (CGG TTA CCT TGT TAC GAC TT). The
polymerase chain reactions (PCR) vials contained 5x Phusion Green HF Buffer (10 puL), 10mM dNTP (1 pL), Phusion
DNA Polymerase (0.5 pL), 10 uM Universal Primers (2.5 uL), 100ng/mL template, and nuclease-free water up to
50uL. When conducting colony PCR, 2.4.1 was bypassed and instead of adding purified template DNA, a single
colony was stirred into the PCR reaction mixture with a pipette tip. A touchdown thermocycler method was used.
Once loaded into the thermocycler, the DNA was denatured at 98 °C (5 min), then repeatedly copied at the 16S site
for 24 cycles of 98 °C (10 sec), 72 °C (30 sec) (AT=-0.5°/cycle), and 72 °C (60 sec), then 12 cycles of 98 °C (10 sec),
60 °C (30 sec), and 72 °C (60 sec)The PCR ended with a final extension period at 72 °C (2 min) before being held at
12 °C continuously until retrieval.

To determine success of the PCR procedure, each PCR product was injected into a 1% agarose gel composed of 0.5
pg/mL ethidium bromide in 1x TAE for size comparison to Quick-Load® Purple 2-Log DNA Ladder (0.1 - 10.0 kb).
After running the gel at 100 mV for approximately 20 minutes for suitable separation, PCR fragments were visualized
using UV-vis. Successful PCR products were purified using QiaQuick PCR Purification kit (Qiagen) and procedure
and DNA concentration was measured using the NanoDrop and stored at -20 °C.

In the case of multiple bands, a gel extraction was used to purify the PCR product. A Monarch® PCR and DNA
clean up kit was used, and the resulting DNA concentration was measured using the NanoDrop and stored at -20 °C.

Preparation of purified PCR products for send-off required dilution of products to 4 ng/uL with 25 pmol 27F primer,
and nuclease-free water for a total volume of 15 uL. Samples were shipped to GeneWiz (Cambridge, MA) for
sequencing. Genus level identification was generated from input of sequence results into National Center for
Biotechnology Information (NCBI) and Ribosomal Database Project (RDP) with results acceptable in the >96% range
of genetic match.
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2.5 Biofilm Inhibition Assay

2.5.1 biofilm inhibition screening assay

Overnight cultures were prepared of P. aeruginosa in FS TSB. In columns 1-9 in a 96 well plate, 5 uL P. aeruginosa,
94.5 uL FS TSB and 0.5 pL of test compounds (n=6) were added to each well. Columns 10-12 contained ciprofloxacin
controls, DMSO controls, and TSB-only controls respectively. Plates were sealed with parafilm and incubated for 24
h at 37 °C, shaking slowly. Plates were then washed two times with 120 uL DIH,0 with the “tap and flick” removal
technique, and then dried upside down (with lid on) in an incubator for 45 min-1 h. Then 100 pL of crystal violet
(0.05%) was added and allowed to sit for 30 min before excess crystal violet was removed. The plates were washed
gently with 120 uL DIH,O repeatedly until clear and then dried upside down (with lid on) in incubator for 30 min. To
dissolve biofilm-bound crystal violet, 100 uL 95% ethanol was added and allowed to sit for 30 min. Biofilm growth
was measured with a Biotek plate reader (ODsr).

To determine the minimum concentration needed for biofilm disrupting activity, a serial dilution was used. A serial
dilution plate was prepared with a ten-fold dilution in DMSO of the stock (100 mg/mL) down each row for an end
total of 9 uL in each well. The ciprofloxacin control was also serially diluted to check for proper dilution. Overnight
cultures were prepared of P. aeruginosa in FS TSB. In columns 1-9 in a 96 well plate, 5 uL P. aeruginosa, 94 pL FS
TSB and 1 pL of compound (n=3-4) was added to each well based on the dilution scheme of the master plate. Columns
10-12 contained Ciprofloxacin controls, DMSO controls, and TSB-only controls. The rest of the procedure is the same
as above.

2.6 Adjuvant Assay

2.6.1 antibiotic master plate

Vancomycin, erythromycin, penicillin, and amoxicillin stocks (1 mL) were made in DMSO (or sterile water for
vancomycin) at a concentration of 25600 pg/mL and vortexed to solubilize. Dilution concentrations (25600 ug/mL,
12800 pg/mL, 6400 pg/mL, 3200 pg/mL, 1600 pg/mL, 800 pg/mL, 400 ug/mL, 200 pg/mL, 100 pg/mL) were
prepared in vials with DMSO (sterile water for vancomycin) from the stock prior to plating. In a 96-well plate, 200
pL of DMSO was added to columns 1, 11, and 12 and 200 uL of antibiotic was added in the increasing concentrations
from column 2 through 10 (Figure 1). The antibiotic master plate was then parafilmed and stored at -20 °C.

2.6.2 compound master plate

The Wolfe Lab’s library of synthesized compounds was prepared into 10000 pM and 4000 uM 0.5 mL DMSO stocks.
According to the finished plate layout (Figure 1), 14 uL of compound was added to each well of a 96 well plate with
both a 10000 uM plate and a 4000 uM plate. The compound master plates were then covered with parafilm and stored
at -20 °C.

2.6.3 adjuvant assay

Overnight cultures were prepared in FS TSB and incubated at 37 °C for 12-18 h (12 h for S. aureus and E. coli, 18
hours for P. aeruginosa and B. subtilis). Added to a 96 well plate according to the plate layout (Figure 1) in column
1-11 was 178 uL FS TSB, 20 puL bacteria, 1 puL from compound master plate, and 1 pL from antibiotic master plate.
In column 12 198 uL FS TSB, 1 pL from compound master plate, and 1 pL from antibiotic master plate was added.
Plates were sealed with Glad Press ‘n Seal and shaken while incubated and shaken for 18-24 h at 37 °C. Adjuvant
activity was measured with a Biotek plate reader (ODsgo) With adjuvant activity being determined by a reduction in
the MIC for the paired antibiotic.
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Figure 1. Adjuvant assay plate layout

3. Results and Discussion

3.1 Antibiotic Isolation

Extraction and isolation of antibiotic compounds from one monoculture and two co-cultures has been undertaken
(Table 1). Details of each culture are outlined below. Initial extraction methods using liquid-liquid extraction proved
to be highly inefficient, yielding a fraction of a milligram of pure compound for each liter of scale-up culture. However,
with the implementation of a solid phase extraction, yields have greatly increased, likely due to the increased ability
of the resin beads to capture organic compounds. With the improvement of extraction methods, the overall projects
have moved forward towards characterizing the potentially novel antibiotic compounds.

Table 1. Antibiotic active fractions from mono- and co-cultures.

614 415/565 582/593
Fraction B Fraction B Fraction D Fraction E
Active Against S. aureus S. aureus S. aureus S. aureus
and E. coli
Rf Value (% Ethyl Acetate) 0.306 (20%) 0.547 (20%) 0.579 (50%) 0.314 (50%)
Total from Liquid-Liquid
Extraction 3.1mg (0.08 mg/L) 4.4 mg (0.12 mg/L)
(Pure Compoung per Liter of Scale-up) )
Total from Solid Phase Extraction 24.5mg (0.68 mg/L) 3.1 mg (0.52 mg/L)

(Pure Compound per Liter of Scale-up)
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3.1.1 SS 614 monoculture

The monocultured Herbaspirillum bacteria, SS 614, was found by previous researchers in the Wolfe laboratory to
have strong antibiotic activity against Gram negative E. coli and moderate activity against Gram positive S. aureus in
citrate minimal media after 96 hours of growth (Table 1). The responsible compound was isolated from large liquid
culture scale-ups and partially characterized with NMR, IR, and Mass spectroscopy data (not included). Due to the
complexity or impurity of this potentially novel antibiotic compound, the full structure was not readily deduced from
these data and additional samples were difficult to acquire due to inconsistent yields and inability to fully purify. With
improvements in isolation techniques, this monoculture could potentially be revisited as a source of a novel compound
active against both Gram-negative and Gram-positive bacteria.

3.1.2 SS 415/ SS 565 co-culture

Random screening of non-producing mono-cultured bacteria in co-cultures with a high-throughput screening
methodology showed strong and moderate activity of the SS 415/ SS 565 (415/565) coculture against S. aureus and
E. coli respectively with neither bacterium having antibiotic activity in monoculture.” When scaled up, only activity
was found against S. aureus. SS 415 has not yet been identified but stains as a gram-negative rod (Figure 2). This
bacterium grows in a filamentous manner in dTSB and requires 48 h at the 30 mL scale to reach exponential growth.

SS 565 stains as a gram-negative rod (Figure 2) and was identified through 16S rRNA sequencing as a bacterium
from the genus Flavobacterium, which can fix nitrogen, are nearly ubiquitous in soil and water, promote plant health,
and some of which are pathogenic to fish.3*-% While antimicrobial properties of some Flavobacterium have been noted
against E. coli, S. aureus, and B. subtilis, only a single compound, Flavocin, has been identified from one strain.3*%
This genus was noted to show antibiotic activity three times more often in co-cultures than in mono-cultures.?°
Additional reports of antimicrobial activity did not report the responsible active compounds, leaving a large
opportunity for discovery of novel compounds produced by this genus. 223438 This bacterium grows in a cloudy
manner in dTSB and requires 24 h at the 30 mL stage to reach exponential growth.

Figure 2. Gram stain images of SS 415 (left) and SS 565 (right) indicating both as gram negative.

The 415/565 co-culture active compounds extract in hexane and produce a crude yield of approximately 7.71 mg/L
with liquid-liquid extraction methods. A cell death assay revealed moderate activity against S. aureus by Fraction B
(Rf= 0.547 in 20% ethyl acetate; average 0.46 mg/L) and activity stronger than the chloramphenicol control against S.

546



aureus by Fraction D (R= 0.652 in 50% ethyl acetate; average 0.79 mg/L) (Figure 3a, Table 1). Through PTLC of
Fraction D, the active compound, Compound ¢ (Rt=0.580 in 50% ethyl acetate; average 0.08 mg/L) was isolated.

This co-culture displays high rates of emulsion during the extraction phase, prompting lower scale-up volumes to
reduce total process time. Yields were still relatively low, so solid-phase extraction methods were implemented to
increase yield, narrow fractions of interest, and reduce overall extraction time. With the solid-phase extraction, active
compounds against S. aureus eluted in the 0% MeOH fraction and 80% and 100% MeQOH fractions, corresponding to
Fraction D (Figure 3b). In Figure 3b there also appears to be a small amount activity against E. coli in the 0% and 40-
100% fractions. The previously isolated active compound from Fraction D was identified via TLC plate to be in the
60%, 80%, and 100% MeOH fractions was purified with PTLC and yielded approximated 1.3 mg/L of pure compound
(R=0.579 in 50% ethyl acetate) with a 1 hour mix time of the beads in the supernatant and 1.28 mg/L when the resin
was allowed to mix with the supernatant overnight (Table 1). There did not appear to be a significant increase in yield
with the longer mix time with the beads indicating either a possible upper limit reached in regard to concentrations of
compounds held by the beads or that one hour of mixing is all that is needed for collection of all produced antibiotic
compound. This demonstrates a large improvement in yield with reduced time and effort and, with further optimization
in the resin extraction, should increase the speed of discovery in the Wolfe Laboratory.

After purification through PTLC, the characterization stage of the pure Fraction D compound began. Two H:-NMRs
were generated from new (Figure 4) and old (Figure 5) samples of the compound. What was referred to as pure
Fraction D appeared to still be a mix of at least two compounds as evidenced by the likely unrelated multitude of
peaks visible on the H:-NMR. However, through virtue of how compound concentration affects peak area, it was
possible to compare the peak areas of the new and old samples to develop an idea of which peaks were related and
derived from one compound or another. It is unlikely that the same concentrations of compounds were collected in
both samples. Ratios were calculated using the peak area of the new sample over the peak area of the old sample. Peak
area ratios that were 1 + .50 are indicated by red boxes (Figure 4). Based on these peaks, the compound appears to
have several aromatic hydrogens as well as carbohydrate chains. The *C-NMR cannot be as easily separated by
compound since there are no peak areas (Figure 6). Future work focusing on obtaining the mass of the compound with
Mass Spectrometry would aid in determining which peaks are relevant to the compound of interest.
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Figure 3. Average absorbance for the cell death assay results for 415/565 liquid-liquid extraction (A) and solid-
phase extraction methods (B). Higher absorbance generally indicates more cells in solution and thus less antibiotic
activity. Error bars show 95% confidence.
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Figure 5. Older H:-NMR of Fraction D from 415/565.
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Figure 6. C'3-NMR spectra of Fraction D from 415/565.

3.1.3 SS 582/SS 593 co-culture

Screening of co-cultures with a high-throughput screening methodology showed strong and moderate activity of the
SS 582/SS 593 (582/593) coculture against S. aureus and E. coli respectively with neither bacterium having antibiotic
activity in monoculture. When scaled up, only activity was found against S. aureus. SS 582 has not yet been identified
but stains as a gram-positive filament (Figure 7). This bacterium grows in small balls and often turns the media an
apple-juice color. SS 593 has not yet been identified but stains as a gram-positive filament (Figure 7). This bacterium
grows in small balls and often turns the media an orange-juice color.

Figure 7. Gram stain images of SS 582 (left) and SS 593 (right) indicating both as gram positive.
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The 593/582 co-culture active compounds extract in Hexane and produce a crude yield of approximately 7.5 mg/L.
A liquid inhibition assay revealed strong activity against S. aureus by Fractions C-E (Figure 8a). This activity was
determined to originate from a single compound found in all three fractions hereon referred to as Fraction E (R=0.314
in 50% ethyl acetate; average 3.4 mg/L) (Table 1). Through PTLC of Fraction E, the active compound (R=0.567 in
50% ethyl acetate; average 0.12 mg/L) was isolated.

Yields were still relatively low even with optimization of co-culture length, so solid-phase extraction methods were
implemented to increase yield, narrow fractions of interest, and reduce overall extraction time. With the solid-phase
extraction, active compounds eluted in the 20, 80, and 100% MeOH fraction (Figure 8b). In Figure 8b, the active
fractions appear as a much higher absorbance when compared to the negative DMSO control. This result comes from
altered growth patterns of the pathogenic bacteria. Further purification of the Fraction E compound indicates
successful isolation through this method (Figure 8c).

The 80 and 100% fractions were purified and yielded 0.52 mg/L (Rs= 0.314 in 50 % ethyl acetate) when the resin
was mixed with the supernatant overnight (Table 1). Furthermore, after purification with a PTLC and an additional
assay, the active compound showed strong activity not only against S. aureus but also moderate activity against E.
coli (Figure 8c). This marks the first instance where the activity seen during the initial screening against E. coli has
been recovered and documented with either co-culture. This may likely be due to higher purity from the resin
extraction and PTLC methods allowing for more accurate measurement of the antibiotic activity in the cell death
assay.
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582/593 Pure Fraction
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Figure 8. Average absorbance for the cell death assay results for 582/593 liquid-liquid extraction (A), solid-phase
extraction (B), and the purified compound. Higher absorbance generally indicates more cells in solution and thus
less antibiotic activity. Error bars show 95% confidence.

The compound in the 20% active fraction was not previously identified with the liquid-liquid extraction and shows
that the resin method can capture a wider variety of compounds at assumedly higher concentrations. This fraction was
not investigated in the scope of this paper. These results further emphasize the improvements associated with the resin
solid-phase extraction and will be used in further scale ups for collection of the active compound before proceeding
into characterization.

3.2 Assays

3.2.1 biofilm assay

Biofilms present a difficult barrier for antibiotics to penetrate and are a serious health concern due to the reduced
treatability of infections. Therefore, biofilm disrupting compounds are of great interest to extend the abilities of
antibiotics. Once the base-level biofilm assay had been developed with reliable controls and consistent results, an
initial screen of several compounds was undertaken. As used by Murray et. al and Cutrona et al., instead of determining
the average absorbance, the ratio of the absorbance sample and the negative control was calculated and plotted.”?
With this method, the compounds were determined to be nonactive at any of the tested concentrations.

3.2.2 adjuvant assay

HO | N
(0]
(0]
pseudopyronine A (1)
HO | X HO | x
(0] (0]
(0] (0]
2 3

Figure 9. Pseudopyronine A (1) and short chain derivatives (2 and 3).
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Another approach to extend the activity of antibiotics is to co-dose with an adjuvant compound that disrupts
mechanisms of resistance. From a panel screening against a set of known antibiotics, two compounds synthesized
previously in the Wolfe Laboratory® (figure 9) which were not individually antibiotic active, LB52 (adjuvant 2) and
LB54 (adjuvant 3), showed adjuvant activity with penicillin G against P. aeruginosa (Table 2). This indicates that the
presence of the adjuvant compounds increased the antibiotic ability of penicillin G against P. aeruginousa with as
much as a 256-fold increase. As the first discovered antibiotic, penicillin has remained in use as an antibiotic treatment
through the implementation of adjuvants such as clavulanic acid.? Further work has been done to identify the
mechanism of action of this adjuvant activity with the biofilm assay being one such method highlighted in this paper.

Table 2. Adjuvant activity of Adjuvant 2 and 3 at 50 uM with initial antibiotic MIC and, in brackets, fold change in
MIC.

P. aeruginosa Adjuvant MIC (ug/mL)

Antibiotic No Adjuvant Adjuvant 1 (50 uM) Adjuvant 2 (50 uM)
Amoxicillin 2 2[1] 2[1]
Erythromycin 0.5 0.5[1] 0.5[1]
Penicillin G >128 0.5 [>256] 128 [>1]
Vancomycin 1 1[1] 1]1]

4. Conclusions

Development of novel antibiotics remains crucial for the continued health of humankind in the battle against multi-
drug resistant bacteria. However, additional strategies, such as targeting biofilm formation and co-dosing with
adjuvant compounds, may provide the answer to the problem of continued resistance.?>?” The methods implemented
to screen and isolate active antibiotic compounds produced from the Wolfe Laboratory bacterial library could easily
be converted to a high-throughput assay screening for biofilm inhibition or adjuvant activity.” It is with these new
approaches that novel ways to combat antibiotic resistant bacteria may be elucidated.

Antibiotic discovery and isolation from soil bacteria co-cultures is a long process with ideal purification of active
compounds requiring creative solutions to retain yield and ultimately successfully characterize. With the introduction
of solid-phase extraction methods, yield of antibiotic compound was increased by as much as 11-fold which greatly
progressed the project towards the characterization stage. Furthermore, this method led to two unexpected results: a
previously missed active antibiotic fraction was collected from the 582/593 coculture and the original active fraction’s
activity was expanded to include moderate antibiotic activity against E. coli. These results support the use of the solid-
phase extraction as a viable way to not only increase yield and purity but also capture a wider spectrum of compounds.
There remains a need for better purification methods, such as with High Performance Liquid Chromatography
(HPLC), for the purpose of more successfully isolating the pure active compound for easier characterization.
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