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ABSTRACT
This dissertation encompasses the interaction of antimicrobial chemicals and emerging
contaminants with multi-drug resistant (MDR) bacteria and their implications in
engineered systems. The aim is to investigate the effect of combination antimicrobials on
MDR bacteria E. coli, evaluate the extent of synergism and antagonism of utilizing two
distinct biocidal chemicals, and evaluate the influence of endocrine-disrupting chemicals
(EDCs) on protein production in response to stressors. Resistance mechanisms of bacteria
such as E. coli include the use of protein systems that efflux excess nutrients or toxic
compounds. These efflux proteins activate in response to environmental stressors such as
contaminants and antimicrobials to varying degrees and are major contributors to
antibiotic resistance in pathogenic bacteria. As is the case with engineered microbial
environments, large quantities of emerging contaminants interact with bacteria,
influencing antibiotic resistance and attenuation of these chemicals to an unknown
degree. Interactions of antimicrobials on MDR bacteria such as E. coli have been
extensively studied for pathogens, including synergistic combinations. Despite these
studies in this field, a fundamental understanding of how chemicals influence antibiotic
resistance in biological processes typical of engineered microbial environments is still
ongoing. The impacts of EDCs on antibiotic resistance in E. coli were investigated by the
characterization of synergism for antimicrobial therapies and the extrapolation of these
metrics to the cycling of EDCs in engineered systems to observe the extent of antibiotic
resistance proteins to the EDCs. The impact of this work provides insight into the delicate

biochemistry and ongoing resistance phenomena regarding engineered systems.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW



1.1. Introduction.

Antibiotic resistance in human bacterial pathogens is a critical concern
to public and environmental health worldwide.! Bacteria can gain resistance intrinsically
or attain it via gene transfer from other bacteria, as a result of exposure to inadequate
concentrations of antibiotics resulting in sub-lethal exposure to the respective toxins.?
Antibiotic-resistant bacteria can enter waterways from human and animal sources with
many antibiotics originating from healthcare or agricultural industries.® In water systems,
they are capable of easily spreading genes to other microbes. The flow and direction of
antibiotic-resistant genes (ARGs) and emerging contaminants can be observed in Figure
1.1. The major pathways represent the primary sources and lifecycle of antibiotic usage
in animal agriculture, and human healthcare as well as the direction and cycling of
emerging contaminants. Each stage acts as a genetic reactor for antibiotic resistance
allowing for the exchange and recycling of genetic material to shape the evolution of
microbes in different stages of the system.? 4 Wastewater treatment plants (WWTP) are
the focus of the cycling pathways of emerging contaminants and ARGs. During
wastewater treatment, both genes and emerging contaminants can cycle through allowing
for acute and chronic exposure of these pollutants to microbial life.

The biological wastewater treatment process present in modern WWTPSs is an
engineered ecosystem of microorganisms subject to controlled parameters influencing the
microbial food network in favor of the reduction of biological oxygen demand (BOD).
Fundamentals of typical biological treatment of wastewater involve a pretreatment step

where coarse solids and grit are removed, a primary treatment step where sedimentation



or clarification is used to remove suspended solids, a secondary treatment step where a
biological reactor is used to reduce the BOD, and lastly a tertiary treatment step that may
involve filtration and disinfection of some kind depending on the need and if the finished
water is to be reused.®> Sludge settled from the primary and secondary clarifiers is referred
to as waste activated sludge (WAS) and secondary sludge recycled into the biological
treatment unit of the WWTP is referred two as returned activated sludge (RAS). The
proliferation of emerging contaminants and or resistance genes can occur to various
degrees depending on their fate and transport in a WWTP.

Bacterial antibiotic resistance has evolved to be redundant in bacterial cells
increasing protection from biocides. Resistance mechanisms exist for virtually all classes
of antibiotics across many species.®® Mechanisms include modification of antibiotic
molecules, destruction of an antibiotic molecule, decreased antibiotic penetration,
changes in target sites, and chemical efflux of compounds among others.®3 The latter is
of particular interest due to the multiple levels of resistance induced. Emerging
contaminants may pose an issue to both public health and microbial ecology in built and
natural environments based on the interactions that may occur between them and the
mechanisms microbes employ for protection against contaminants and other

environmental stressors.
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Figure 1.1. Genetic reactors of antibiotic resistance and the cycling pathways of
contaminants. Solid lines represent aqueous flow via plumbing or natural flow. Dashed
lines represent solid flow via transportation. LL is leeching of contaminants from
surfaces. EC Flow is emerging contaminant flows, and ARGs Flow is antibiotics and
ARGs flows into waste streams. WW Flow is wastewater movement from plumbing. UW
Flow is the plumbing of untreated raw surface and ground waters. DW Flow is treated
drinking water plumbing to consumers. SW Flow is solid waste movement. TWW Flow
is treated wastewater plumbing for reuse applications. BS App is biosolid transportation
for agricultural applications. MN App is solid manure transportation for agricultural
applications. ROW Flow is the movement of runoff waters from farming and agriculture.
Figure adapted from Baquero et al. 2015 and Petrovi¢ et al. 2003.

1.2. Multidrug-Efflux Pump Systems.

Multidrug-efflux pump systems in bacteria are resistance mechanisms of interest
as they can confer resistance to several classes of biocides. These protein pumps may be
substrate specific or transport a variety of chemically dissimilar compounds granting
bacteria multidrug-resistance (MDR). Efflux pump genes are located chromosomally or
encoded by transmissible genetic elements such as plasmids for horizontal gene

transfer.1*> The five families of microbial efflux pump proteins to date include, the
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major facilitator superfamily (MFS), the small multidrug-resistance (SMR) and the
multidrug and toxic compound extrusion (MATE) the adenosine triphosphate (ATP)-
binding cassette (ABC) superfamily, and the resistance nodulation

division (RND) family (Figure 1.2.).16-20
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Figure 1.2. Schematic of the major family of efflux type proteins in bacterial cells.
Electron usage for running the protein transporter is shown. OM is outer membrane and
IM is inner membrane. Figure was inspired from Blanco et al. 2016.

MFS efflux pump family of proteins are the largest group of secondary membrane
transporters and are present in bacteria plants and animals.?! In gram-positive and gram-
negative bacteria, these proteins contribute to chemical homeostasis as well as antibiotic
resistance. MFS transporters import or export many substrates including ions,

carbohydrates lipids, amino acids, peptides, and nucleosides.?? Bacterial MFS proteins

can export a wide range of drugs, antibiotics, and toxins by cation/substrates antiport
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mechanisms because of their large substrate-binding pockets located in a central cavity
that is facilitated by low H-bonding, primarily hydrophobic, van der Waals, and polar
contacts between the pocket and substrate.?3-2°

The SMR protein family consists of small proteins that confer antibiotic
resistance in bacteria. As the name implies SMR proteins are small (~12 kDa, 100-150
amino acid in length) proteins integrated with the inner membrane.!® 26 SMR proteins are
structured as four transmembranes stranded a-helical proteins that confers low-level
resistance to a wide range of drugs using the proton motive force like other efflux
families.?” Substrates of the SMR protein family include antiseptics such as quaternary
ammonium compounds (QAC), lipophilic compounds like DNA interchelating dyes, and
antibiotics like tobramycin.?8-2°

Protein efflux pumps of the MATE family are important for bacterial antibiotic
resistance. Originally, the first characterized MATE protein NorM was grouped in the
MSF category because it possessed 12 putative hydrophobic regions but was later
proposed to form a new family known as the MATE family.*® The MATE proteins
utilize energy from Na*, unlike the other efflux pumps.3! Bacterial MATE efflux proteins
can export fluoroquinolones, cationic dyes, aminoglycosides, and a variety of unrelated
compounds.®? MATE proteins have a variety of compounds that are recognized but their
substrate pool is narrower than RND-type pumps.

ABC drug transporters conferring MDR have been characterized in gram-positive
and gram-negative bacteria.**3* In the E. coli genome, the genes that encode ABC

transporters comprise almost 5% of the entire genome.* In bacteria, ABC transporters



operate by an enzymatic reaction that transduces the energy of ATP binding and
hydrolysis transporting compounds across the membrane.3® Bacterial ABC transporters
typically consist of two ATP-binding cassette domains and two hydrophobic
transmembrane segments encoded as independent polypeptides spanning the inner
membrane of the cell, occasionally using additional proteins such as TolC during
efflux.3> 3" ABC proteins are a highly conserved ATP-binding motif domain that is
involved in several roles in bacterial cells. In bacteria, ABC proteins import or export
cellular components, toxins, metabolites, antibiotics, and other drugs.®®

Homologs of RND-type proteins are ubiquitous in all three domains of life as they
originate from an ancient family of efflux pumps.® Gram-negative pathogens such as
Escherichia coli and Pseudomonas aeruginosa are well-studied bacteria that express the
RND family of efflux pumps. These bacteria amongst others contain many RND pumps
with overlapping substrates that can be exported. The RND family of proteins forms a
tripartite complex of proteins that runs continuously from the cytoplasm through the inner
membrane, to the periplasm and finally outside the outer membrane.® Substrates inside
the cytoplasm are pumped across this channel of proteins outside of the cell reducing the
concentration of the substrate inside of the cell.*° Substrates can also be exported from
the periplasm region by binding to the inner membrane-bound protein and be exported to
the extracellular area.

The individual proteins that make up the RND transporter each serve a functional
role in the process of exporting a compound. The inner membrane-bound energy-

providing protein binds to the substrate and is either an ABC transporter or often a proton



antiporter of the RND family.*! The protein anchored in the outer membrane functions as
a non-specific channel in which the substrates are exported from the cytoplasm to the
external area of the cell. The outer membrane channel-tunnel proteins for RND and MFS
families of proteins are typically the TolC family.*? The third protein, the membrane
fusion protein, is primarily in the periplasm but is anchored by a single helix or an N or
C-terminal lipid moiety to the outer membrane and serves as the adaptor protein.*® These
types of multicomponent protein complexes can transport a wide variety of substrates
including antibiotics, dyes, detergents, and host-derived compounds.* The redundancy of
these efflux pumps leads researchers to believe the functionality is not restricted to the
exportation of antibiotics. RND-type efflux pumps have the broadest spectrum of
substrates compared to the other family of efflux pump proteins.

1.3. Substrates of Multidrug-Efflux Pump Systems.

As mentioned prior, the substrates of MDR efflux pumps are broad and specific
granting both gram-positive and gram-negative redundant layers of resistance to a variety
of compounds. Despite decades of biochemical research there are still emerging
substrates of RND-type efflux pumps. The major tripartite RND multidrug efflux pump

of E. coli, the AcrAB-TolC, confers resistance to a multitude of compounds.
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Figure 1.3. Schematic of the RND helix structure with large periplasmic or
extracytoplasmic domains in the protein structure. Adapted from Borges-Walmsley et al.
20009.

RND transporters have 12-helical structures, possessing large periplasmic or
extracytoplasmic domains between helices 1 and 2 and between helices 7 and 8 (Figure
1.3.).%° The two large periplasmic loops that protrude between the two pair of helices
form the headpiece of RND transporters and is what most likely allows for the broad
substrate specificity in AcrB and AcrD.*® Both proteins AcrB and AcrD share similarities
yet have different substrate recognition. The deep pocket where tight bonding can occur
in AcrB is more lipophilic than the other binding sites and the peripheral site where loose

binding can occur known as the access pocket gives electrostatic funnel sourcing

potentially for the recognition of monocationic compounds; these characteristics are most
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likely the substrate recognition for AcrB and AcrD.*” Whether it be ionic, small, or large
molecules, efflux pumps have versatile binding sites for substrate recognition and several
compounds including non-antibiotic will induce antibiotic resistance by MDR efflux
pumps. A multitude of structurally and chemically dissimilar compounds are exported by
these types of proteins (Table 1.1.).

Table 1.1. Substrates of selected major bacterial efflux pump proteins in MDR bacteria.
Substrate chemicals are not inclusive, all studied, or all possible substrates.*->

Bacterial Species Efflux proteins Substrates

B-lactams, fluoroquinolones, chloramphenicol,
tetracycline, novobiocin, trimethoprim,
sulphonamides, macrolides, erythromycin,

MexAB-OprM acriflavine, crystal violet, sodium dodecyl
sulfate, aromatic hydrocarbons, homoserine
lactones, cerulenin, thiolactomycin, irgasan,
triclosan

B-lactams, fluoroquinolones, chloramphenicol,

Pseudomonas : SR .
aeruginosa tetracygllne, novoblo_cm, trlm_ethoprlm, _
MexCD-OprJ  macrolides, crystal violet, ethidium bromide,
acriflavine, sodium dodecyl sulfate, aromatic
hydrocarbons, triclosan
MexEF-OprN flgoroqumplones, chlpramphenlcol, _
trimethoprim, aromatic hydrocarbons, triclosan
MexXY-OprM fluoroqu!nolones, amlno_glyc03|des,
tetracycline, erythromycin
SmeABC B-lactams, aminoglycosides, fluoroguinolones
Stenotrophomonas tetracycline, erythromycin, fluoroquinolones
maltophilia SmeDEF y » €TY yein, a ’

ethidium bromide

B-lactams, quinolones, tetracyclines,
tigecycline, chloramphenicol, steroid hormones,
lincosamides, benzene, cyclohexane, sodium
Escherichia coli AcrAB-TolC  dodecyl sulfate, Triton X-100, rifampicin, bile
salts, free fatty acids, geraniol, enterobactin,
triclosan, chlorhexidine, quaternary ammonium
compounds, acriflavine, ethidium bromide
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aminoglycosides, steroid hormones,
AcrAD-TolC  enterobactin, B-lactams, quinolones,
deoxycholate

AcrEF-TolC  quinolones, tigecycline, solvents

novobiocin, bile salts, enterobactin, quinolones,
MdtABC-TolC fosfomycin, benzalkonium, sodium dodecyl
sulfate, zinc, myricetin

erythromycin, doxorubicin, benzalkonium,
sodium dodecyl sulfate, deoxycholate, crystal

MdtEF-TolC  violet, ethidium bromide, nitrosyl indole,
rhodamine 6G, tetraphenylphosphonium
bromide, free fatty acids

silver, copper, fosfomycin, ethionamide,
dinitrobenzene

CusCFBA
1.4. Endocrine-Disrupting Chemicals as Emerging Contaminants.

The study of efflux pumps has primarily focused on the structural biology of the
proteins, usage of clinically relevant antibiotics, and antibiotic resistance for pathogenic
bacteria. Few focus on how these proteins change when experiencing emerging
contaminants from the natural and built environment as potential substrates.

Estrogen mimics such as the synthetic hormones 17a-ethynylestradiol (EE2) and
17B-estradiol (E2), and plasticizers such as Bisphenol-A (BPS) and Bisphenol-S (BPS),
are emerging contaminants that can interact with eukaryotic and prokaryotic life.5>53
These compounds, known as endocrine-disrupting chemicals (EDCs), are part of a
growing list of pollutants that make their way into built and natural environments. They
are found in many common commercial products including plastic bottles, metal food
cans, detergents, flame retardants, food additives and preservatives, pharmaceuticals,
personal care products, cosmetics, toys, and other plastic goods, contaminated foods, and

naturally in vegetation.>*>°
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As their name implies, EDCs have the potential to disrupt the endocrine system
and metabolism of organisms. In multicellular organisms, hormones act as chemical
messengers allowing communication between major organs and tissue in the regulation
of physiological and behavioral activities.®® EDCs can bind to nuclear hormone receptor
sites including estrogen receptors, androgen receptors, progesterone receptors, thyroid
receptors, and retinoid receptors.®’ This disruption can lead to adverse health effects in
humans including increasing rates of cancers, altering adipose tissue promoting obesity,
metabolic syndrome, diabetes, thyroid diseases, and infertility related to the sexual
development of humans.>86!

EDCs are responsible for many long- and short-term impacts on multicellular
organisms and are not limited to humans. Multigeneration effects of EDCs in birds and
fish are evident, whereas mammalian impacts that are not from rodent studies derived are
still relatively understudied.®? Furthermore, it was postulated that EDCs cause
transgenerational effects most likely by epigenetic mechanisms.%?

Their complex and extensive impacts as environmental stressors are strongly
linked to chronic diseases. Exposure to EDCs during early-life development may increase
susceptibility to diseases later on in the life span of the affected organism.®® In humans,
early life EDCs exposure has been associated with breast or prostate cancer,
endometriosis, infertility, diabetes/metabolic syndrome, early puberty, obesity, increased
susceptibility to infections, autoimmune diseases, asthma, heart disease, stroke,
Alzheimer’s disease, Parkinson’s disease, and ADHD and other learning disabilities.54-%°

Their complex and extensive impacts are even hypothesized to be a contributor to severe
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cases of COVID-19 which are frequently linked to individuals suffering from chronic
diseases that may have been induced by EDCs.™
1.5. EDCs and Microbes in WWTPs.

EDCs are extensively studied in eukaryotic organisms, while studies of EDCs
interacting with prokaryotes focus on the biodegradability of EDCs by various microbes
during wastewater treatment.”"# However, there are limited studies on the interference
EDCs may have on microbes. Furthermore, there may be microbially mediated impacts
of EDCs from prokaryotes to eukaryotes.

EDCs may bind to essential proteins in bacteria related to oxidation, transport,
and communication. MDR-type genes in bacteria are over-expressed in the presence of
natural and synthetic estrogens and estrogen mimics.” Exposure to E2, estriol, and
estrone induced the expression of acrB, acrF, and mdtF (yhiV) in a gPCR analysis of E.
coli strain K12, while exposed to the EDCs EE2, BPA, and nonylphenol (NP) similarly
increased and induced the RND inner membrane genes acrB and mdtF.”® NP has also
been shown to reduce cell-to-cell communication by binding to the LasR protein blocking
quorum sensing and reducing biofilm production in Pseudomonas aeruginosa.’’ The
natural hormone progesterone was determined to have a direct inhibitory effect on
Coxiella burnetii replication, an intracellular parasite that causes query fever in
eukaryotic organisms.”® In engineered systems, increased loadings of EDCs in
wastewater treatment facilities are a problem in environmental endocrine disruption
attenuation, as estrogens are incompletely removed during biological treatment and

discharged at levels that impact aquatic animals.
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In wastewater treatment plants (WWTP), EDCs have been quantified in a range of
concentrations in the influent and effluent and can interact with the different phases of
waste.* 781 A summary of worldwide concentrations of selected EDCs can be observed
in Table 1.2. These concentrations of EDCs may not seem alarming due to the low
concentration and high removal efficiencies of WWTPs. However, contrary to the
standard monotonic dose-response curves used in evaluating the taxological impacts of
chemicals, EDCs generate U-shaped and inverted U-shaped di-phasic dose-response
curves.®” This suggests that very low or very high endpoint concentrations can cause
harm to human health and microbial ecology.

Table 1.2. Worldwide concentrations of EDCs quantified in the influent, effluent, and
sludge of WWTPs within the last 15 years. Values marked as “--” were not reported from

the respective study.

Influent Sludge Effluent

EDC (ng/L) (ng/q) (ng/L) Year Location Reference
84,110 9,170 - 2009 Brazil (82)
1,960 231 477 2016 China (83)
412 64 - 2018 China (52)
90 961 43 2015 USA, NY (84)
BPA - - 4,367 2017 Saudi Arabia (85)
- - 971 2017 Slovenia/ Croatia (86)
-- 9,170 - 2009 Brazil (82)
- 1,520 - 2011 Korea (87)
- 140 - 2017 China (88)
28 16 27 2015 USA, NY (84)
109 4 -- 2018 China (52)
21 -- -- 2015 Slovenia (81)
BPS 56 2 1 2016 China (83)
-- -- 316 2017 Slovenia/ Croatia (86)
- 186 - 2012 India (89)
-- 45 -- 2011 Korea (87)
- 43 - 2017 China (88)
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7,890 - 390  2008-9 USA, TX (90)

491 102 268 2013 Tunisia (91)
- 474 - 14 2015-16 Kuwait (92)
80 -- 4 2017 Tanzania (93)

5 - 0 2016 Malaysia (94)

- 410 -- 2006-7 China (95)

93 . 85 2016 Malaysia (94)

E2 62 793 25 2013 Tunisia (91)
5 4 2 2013 China (96)

7,000 -- -- 2016 China 97)

NP 2,319 3,579 676 2013 China (96)
5 - - 2012 Portugal (98)

Estrogen mimics like E2 and EE2 often accumulate in the solid phase including
the RAS, WAS, and effluent biosolids of anaerobic digesters in WWTP due to their
hydrophobic nature as their Log Kow are 4.01 and 3.67 for E2 and EE2.%-1% Although
many other EDCs can share a similar fate, microbes responsible for aerobic and
anaerobic biodegradation throughout wastewater treatment are in contact with EDCs
before accumulation in the solid phase for the length of the HRT. The prolonged
exposure to EDCs to bacteria typical of wastewater treatment is understudied. None of
these EDCs are true antimicrobials, however anthropogenic bisphenol and nonylphenol
have shown to exhibit biocidal activity in bacteria. The potential for EDCs to induce
antibiotic resistance genes indirectly and directly causes harm to public health. Bacterial
interactions with emerging contaminants like EDCs require further study to access
impacts for potential eukaryotic and prokaryotic interferences.

1.6. Biocides to Bacteria.

1.6.1. Types of Biocides.
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E. coli and other gram-negative and gram-positive bacteria found throughout
WWTP possess multi-drug resistance (MDR) proteins that are responsible for the
extrusion of toxic compounds from the cell and are exposed to emerging contaminants.
MDR efflux proteins ensure their survival under harsh environments, such as high metal
concentrations, anaerobic conditions, wastewater, and the human gut. Some compounds
shown to be toxic to MDR bacteria are present at WWTPSs, as an intentional effort to
reduce microbial activity. Any compound in excess will be toxic, but some types of
compounds fundamentally are biocides, whereas MDR bacteria will be resistant.

Biocides (antiseptics, disinfectants, antimicrobial, and preservatives) have been
used in various forms for hundreds of years. Historically, humans have utilized biocides,
such as the first reported biocide sulfur dioxide, chlorines and hypochlorites, alcohols,
and metals like copper and silver for hygiene, food perseveration, and infection
treatments.'% Biocides that inhibit or inactivate bacteria can be categorized by their
cellular target. These include interactions with outer cell parts, interactions at the
cytoplasmic membrane level, and interactions within the cytoplasm.%?

Table 1.3. Varied types of biocides and their primary classes regarding their target site or
primary mechanism of action.?0212

Type of

Biocide Example Biocides

1,10-Phenanthroline, 2,2'-Dipyridyl, 5,7-Dichloro-8-hydroxy-
Chelating quinaldine, 5,7-Dichloro-8-hydroxyquinoline, 5-Chloro-7-iodo-8-
agents hydroxy-quinoline, EDTA, 8-Hydroxy-quinoline, EGTA, Fusaric
acid, Sodium pyrophosphate decahydrate

DNA and/or  6-Mercapto-purine, 5-Fluorouracil, Myricetin, Coumarin,
RNA targeting  Ciprofloxacin, Ofloxacin, Norfloxacin, Azathioprine

Folate synthesis

. Trimethoprim, Sulfamethoxazole
targeting
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lon channel . . )
Lidocaine, Procaine

inhibitor
Dodine, Cetylpyridinium chloride, Methyltrioctyl-ammonium
Cell chloride, Phosphomycin, Cefmetazole, Cefamandole nafate,
wall/membrane  Cefsulodin, Cefuroxime, Cefoperazone, Cephalothin, Cefazolin,
target Cefotaxime, Cefoxitin, Moxalactam, Ceftriaxone, Amoxicillin,
Ampicillin, Carbenicillin, Cloxacillin, Penicillin G
Oxidizing Lawsone, Plumbagin, Chlorines
agents
Protein Amikacin, Streptomycin, Gentamicin, Tobramycin, Erythromycin,
Synthesis Spiramycin, Josamycin, Neomycin, Tylosin, Chlortetracycline,
targeting Tetracycline

Toxic ions Potassium chromate, Potassium Tellurite, Cupric Chloride
1.6.2. Interactions With Outer Cell Parts.

Biocides may interact with outer cell components such as lipids although cell
death may not necessarily occur. Aldehydes such as glutaraldehyde (GTA) do not
necessarily require cell penetration to function as they utilize cross-linking reacting with
the outer lipoproteins to inhibit enzymatic activity and other important survival
functions.?® Cationic compounds such as chlorhexidine and benzalkonium chloride can
affect the hydrophobicity of gram-negative bacteria.'?>**° These compounds often also
attack the membrane of bacteria and can increase their own uptake to reach additional
target sites at the cell cytoplasmic membrane and substitutes in the cell cytoplasm. !
Other chemicals such as hypochlorite, phenol, formalin, and mercuric chloride cause cell
lysis by attacking the cell wall or impacting cell permeability. 132134
1.6.3. Interactions With the Cell Membrane.

The cell membrane of microbes is frequently a target for biocides. These
compounds work to disrupt the membrane, block transporters in the membrane, interfere
with electron transport (energy) or physically destroy the membrane. Compounds such as
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penicillin-type antibiotics and cephalosporins bind to the penicillin-binding proteins
(PBP) stopping the cross-linking of the peptidoglycan layer of the bacterial cell wall 1%
135 Penicillin and other B-lactam antibiotics inhibit the catalytic activity of bacterial
transpeptidases, and the activity of inhibition is based on the structural, geometric, and
stereochemical similarities between the amide bonds of the antibiotic and the enzyme
substrate. 2

Quaternary ammonium compounds (QAC) are commonly used biocides that
interact with the membranes of bacteria. Biocidal activity is based on the chain length of
the QAC used.®*® QACs can bind by ionic and hydrophobic interactions with cell
membranes causing a rearrangement of the membrane and leakage of intracellular
constituents.*® QACs can also bind and block essential ion channels of bacterial cells.
lon channel blockers bind to the narrow aqueous pore of ion channels interfering with
conduction and preventing essential nutrients from entering the cell.*?* These compounds
can include ions, anesthetics, and antidepressants.!?! Initially acting on the membrane,
QAC:s can also find their way inside the cell and continue to interact with cytoplasmic
constituents.
1.6.4. Interactions With Cytoplasmic Constituents.

Biocides can target or inhibit deoxyribonucleic acid (DNA) and ribonucleic acid
(RNA) in bacteria to limit growth and induce fatal mutations.**” These types of
compounds can be analogs of nucleic acids acting as antagonists, directly damaging

DNA, or inhibiting DNA enzymes,103 108110, 112, 114
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Oxidizing agents are biocides that can have several cellular effects on bacteria and
can damage the internal structures of bacterial cells. Oxidizing agents can cause leakage
of electrons from the electron transport chain, chain breaks in DNA damaging the
structure and possibly producing point mutations, and modifications of amino acids
leading to reduce protein function.!

Chelating agents are biocides that sequester metals such as iron, magnesium,
calcium, and zinc necessary for certain essential microbial functions.!3-13 The chelation
activity inhibits biological processes that require metal-dependent proteins.**® This can
result in an over or underload of metal ions that may normally be imported or exported.

Macrolide compounds containing 14-,15- or 16-membered lactone rings with one
or more sugar moieties are chemicals commonly used as antibiotics.'®* Macrolide
chemicals bind to the large ribosomal subunit and decrease cell growth by inhibiting
protein synthesis.'** Other antibiotics such as aminoglycosides used in clinical practice
also act similarly. Aminoglycosides are a group of antibiotics that bind the aminoacyl site
of the 16S ribosomal RNA (rRNA) within the 30S ribosomal subunit.!!® The structure of
aminoglycosides is that one or several aminated sugars joined in glycosidic linkages to a
dibasic cyclitol, their binding to the ribosome subunit impairs bacterial protein
synthesis.'*? Tetracycline compounds also interact with the ribosome. Tetracyclines bind
at the decoding center of the subunit ribosome where the codon of MRNA is recognized
by the anticodon of the tRNA ultimately leading to inhibition of protein synthesis.?*

As mentioned prior, cations can interact with external components of the cell,

however, toxic anions and cations can also interact inside of the cell inhibiting biological
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activity. Cu (1) is a cationic antimicrobial and disinfectant agent for the inactivation of
several microbes.!*> Copper is toxic in aerobic conditions by redox-cycle generating
reactive oxygen species that lead to lipid peroxidation and protein and DNA damage.
Under anaerobic conditions, copper ions are toxic by their reducing capabilities by
increasing iron acquisition and sulfur assimilation in bacteria such as E. coli.!*® Toxic
anions such as chromate and ionic tellurite induce strong oxidizing effects that have
mutagenic actions in bacterial systems targeting DNA or RNA substituents inside of the
cell.1%6 117 A summary of some classes of biocides and their examples can be viewed in
Table 1.3.

1.7. Synergism of Biocides.

Bacteria still evade the multitude of biochemical processes imparted by biocides.
The differing mechanisms of biocide inactivation/inhibition can be coupled and are
frequently done so to provide a synergistic effect toward the microbes.** This can be
especially impactful for antibiotic-resistant bacteria. When MDR bacteria interact with
biocides, adding one compound to limit resistance while the other targets the microbe for
biocidal activity may allow for complete inactivation. These types of interactions can
make previously obsolete antibiotics reusable again.

Synergistic combinations rely on two separate mechanisms of action acting
independently or together to achieve stronger antimicrobial properties, utilizing the least
amount of material of the synergistic compounds.!** Several examples of these
combinations have been used in previous studies. A synergistic combination of Cu (I1),

hydroxylamine, and hydrogen peroxide was shown to inhibit P. aeruginosa and its
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biofilm growth and was able to clean RO membranes recovering lost flux from
biofouling.}*® Pyrazine-2-carboxylic acid derivatives and kanamycin were able to
effectively inactivate and remove biofilm growths of MDR V. cholerae.'*® Tetracycline
and quercetin were shown to synergistically inhibit MDR E. coli growth by altering cell
membrane permeability.}*” Efforts have been directed in looking into synergistic uses of
efflux pump inhibitors (EPI) to combat MDR pathogens that typically overexpress and
overproduce efflux pumps, an issue in clinical resistance.

1.8. Efflux Pump Inhibitors as Biocide Facilitators.

EPIs in combination with antibiotics or other biocides can induce synergistic
effects on MDR bacteria by ceasing the exportation of MDR efflux pump substrates and
maintaining the biocidal properties of the substrates.'*® EPIs are valuable as alternative
therapeutics for MDR bacteria as they can increase intracellular biocide concentration
when applied synergistically, restore antibiotic activity against MDR strains, and
minimize progress towards antibiotic resistance.!*® The appeal of EPIs is that they can
reinstate previously obsolete antibiotics and facilitate the mediation and preservation of
antibiotics by mitigating further antibiotic resistance.

EPIs can be used on RND complex structures or MFPs and their outer membrane
factor (OMF) proteins.* Typically, EPIs are designed to target an active site needed for
the efflux pump conformational changes, limiting substrates transport, or they directly
target single or multiple proteins that make up the efflux pumps complex.**® Because of
the nature of EPIs, they typically will be substrates of the target efflux pump themselves,

but may not increase antibiotic resistance like other substrates, instead reducing intrinsic
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resistance and reverse acquired resistance.>! This shows promise in combating
antibiotic-resistant bacteria.

Several EPIs have been discovered and continue to be studied over the last decade
for applications with a variety of MDR bacteria. EPIs such as phenylalanyl arginyl -
naphthylamide (PABN), globomycin, carbonyl cyanide m-chlorophenylhydrazone,
various quinolines, EDTA, and arylpiperazine derivatives have been investigated with
MDR gram-negative bacteria such as E. coli, Enterobacter aerogenes, Klebsiella
pneumoniae, Campylobacter jejuni, P. aeruginosa, and Salmonella enterica.'®? The
expression of AcrAB-TolC complex in E. coli was decreased when using a combination
of EDTA ceftriaxone, and sulbactam as EDTA acted as an efflux pump inhibitor at a
maximum inhibition concentration of 10 mM.**3 Abdali et al identified several novel
EPIs that interact with at AcrA binding sites of the efflux protein complex AcrAB-TolC.
The distinction between substrates and inhibitors was hypothesized to be from small
differences in molecular contacts of the compounds with the AcrA and/or AcrB binding
sites.?> Direct binding to sites on efflux pump proteins are often mechanisms of EPIs.

Molecular modeling of EPIs and substrates of efflux pumps NorA and MexAB-
OprM, and p-glyco-protein showed that the EPI and substrates can potentially form a
complex.™®® The complex may cause the antibiotic to be unrecognized as a substrate of
the MDR pumps. Chemicals such as PABN bind to RND efflux pumps and act as a
potentiator of the antibiotics: levofloxacin, erythromycin, and chloramphenicol,
competitively binding to the RND efflux pumps in P. aeruginosa.>! 1 Direct binding is

a common mechanism amongst EPIs, but another mechanism is possible.
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EPI may also work as energy disruptors that disrupt the proton motive force
(PMF) or inhibit it by directly binding to the target efflux pump.t>” Compounds such as
the ionophore carbonyl cyanide-m-chlorophenylhydrazone (CCCP) disrupt the PMF used
by efflux pumps, although this compound could also make the bacterial cells
metabolically inactive. Synergistic impacts with antibiotics and CCCP are most likely
due to metabolic inactivity rather than efflux inhibition.'®® This may pose a problem for
the usage of certain EPIs as they may not be clinically relevant if they can induce
metabolic changes that could trigger resistance mechanisms.

Efflux pump inhibitors offer promising solutions for combatting and repealing
antibiotic resistance. Much research has investigated their clinical relevance and potential
to reverse antibiotic resistance reducing the need to abandon antibiotics. However, as
genetic “hotspots” of antibiotic resistance, it is important from an environmental
standpoint to explore EPIs for their impacts on microbes in engineered systems.
Considering the interaction that may occur between MDR bacteria and emerging
contaminants such as EDCs, EPI should be investigated for impacts to resistance
mechanism.

1.9. Overarching Goal and Research Needs.

Antibiotic resistance is being investigated to address challenges presented by
interactions of anthropogenic environmental stressors and MDR bacteria found in
WWTPs. The overarching goal of this dissertation is to evaluate MDR efflux pumps from
an environmental standpoint, to establish the relationship between EDCs as environmental

stressors and MDR efflux pumps, and to evaluate how combating MDR synergistically can

23



reduce this interaction. E. coli was chosen as the test MDR organism throughout this work
as it intrinsically carries efflux pumps of interest, is associated with clinical infections and
is frequently found in built environments.

The primary research questions (Q) and hypotheses (H) addressed in this dissertation are:

Questions and hypotheses:

Q1) What types of biocides are recognized as substrates of the lesser studied efflux pump
system MdtEF-TolC compared to the highly studied AcrAB-TolC in the MDR bacteria E.
coli? (CHAPTER 2)

H1) If the protein structures are similar, the substrates will be highly comparable but

dissimilar to an extent, based on the properties of the major binding sites on the proteins.

Q2) What levels of inhibition can be provided from applying synergistic combinations of
biocides to MDR bacteria E. coli? (CHAPTER 3)

H2) Since several classes of biocides exist, synergistic results will vary to a degree;
combinations of biocides with distinct mechanisms will induce the highest level of

inhibition in MDR bacteria.

Q3) Can attempted synergistic combinations of biocides induce unwanted antagonistic
responses in MDR bacteria such as E. coli? (CHAPTER 4)
H3) Some level of antagonism may be possible due to complex formation or binding that

may occur such as when EPIs bind to substrates.
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Q4) Do environmental contaminants such as synthetic EDCs induce antagonistic or
synergistic inhibition of MDR bacteria such as E. coli? (CHAPTER 5)
H4) EDCs induce expression and are substrates of MDR efflux pumps, therefore high

levels of antagonism will occur between EDCs and biocides to MDR bacteria.

Q5) Does the MDR proteins of E coli. change (relatively) when exposed to environmental
stressors such as EDCs? (CHAPTER 5)

H5) High levels of MDR proteins should be detected since previous studies have shown
EDCs to be substrates of efflux pump inhibitors and induce RND genes.

1.10. Dissertation Organization.

Chapter 1 provides the background information and overview of the concepts that are
covered throughout the dissertation. Bacterial antibiotic resistance prevalence regarding
built and natural systems are discussed. Multiple drug-resistance efflux pumps are
discussed as the primary resistance mechanism of concern for this work. Additionally, it
covers biocidal methods of inhibiting or inactivating MDR bacteria, including the
mechanisms involved and the use of multiple antimicrobials. Furthermore, the
applications of biocides that inhibit efflux pumps are discussed. The objective of this
chapter is to provide information necessary for the readers to familiarize themselves with
the major ideas explored in this dissertation.

Chapter 2 explores substrates of the lesser studied efflux pump system MdtEF-TolC and
investigates how the structure of these pumps may dictate substrate specificity. Mutant

strains of E. coli with triple gene deletions removing the AcrAB and MdtEF efflux pump
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systems and mutant strains only containing the MdteEF efflux pump system were utilized
with high-throughput screening, of 240 known biocides, to identify substrates. Trends
amongst the identified substrates were observed and molecular simulations were utilized
to describe differentiation between AcrB and MdtF proteins. The results of this chapter
increase the knowledge of a lesser-studied efflux pump that may interact with emerging
contaminants and byproducts to a lesser degree.

Chapter 3 investigates the high-throughput screening of 210 known biocides
synergistically applied with group IB metal ions (Ag (1), Cu (11), Au (1)), for the
discovery of new antimicrobial chemotherapy for the inactivation of MDR bacteria. E.
coli was inactivated to various levels of degrees and the extent was quantified with the
coefficient of drug interaction (CDI). The results confirm prior works and provide several
novels Ag-biocide, and Au-biocide synergistic combinations that may be utilized for
future competence against MDR bacteria.

Chapter 4 investigates further the results from Chapter 3 by investigating group 1B metal
ions application with the EPIs, chlorpromazine, promethazine, thioridazine, and
trifluoperazine to E. coli. Novel Au (I11)-phenothiazine complex formations occurred
providing synergism or antagonism when applied toward E. coli. Additionally, the
evaluation of synergistic or antagonistic quantification of inhibition is explored.

Chapter 5 investigates the role of emerging contaminants such as EDC in the production
of antibiotic-resistance efflux pump proteins. The EDCs NP, E2, EE2, BPA, and BPS are

applied at sublethal concentrations, and the extent of antibiotic resistance is investigated
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using a chemical sensitivity assay. Proteins were extracted and a metaproteomic analysis
was conducted to explore the impacts the EDCs have on protein changes in E. coli.

All references are located at the end of this dissertation.
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CHAPTER 2
THE ANAEROBIC EFFLUX PUMP MDTEF-TOLC CONFERS RESISTANCE TO
CATIONIC BIOCIDES

Graphical Abstract

Substrates = Substrates
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Abstract

The E. coli RND transporter MdtEF-TolC is a multi-drug efflux pump that exports
substances in response to intracellular toxicity. Little is known of the complete substrate
range of the anaerobic efflux pump. Still, the inner membrane protein responsible for
differentiation, MdtF, is structurally homologous to and shares chemical specificity with
the major RND efflux protein AcrB. To determine the substrate range of the anaerobic
efflux pump MdtEF-TolC, E. coli mutants were exposed to 240 biocides, and growth was
monitored. This approach was also used to validate existing and novel ligands of AcrAB-
TolC. Results showed that overexpressed MdtEF conferred resistance to the same
substrates as AcrAB-TolC, but were restricted primarily to cationic biocides, with some
exceptions. To further elucidate differences within the distal and proximal binding
pockets of these RND transporters, an in silico model of the MdtF triplex was constructed
using AcrB as a template. Protein alignment and predicted structure revealed distinct
regions within the distal binding pocket of MdtF that may contribute to a narrower
substrate range do charge variations between it and AcrB. Binding prediction simulations
confirmed dissimilar structural regions between MdtF and AcrB homotrimers that are

probable substrate binding sites.
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2.1. Introduction.

E. coli expresses multi-drug efflux proteins in response to intracellular toxin
accumulation. These pumps are of the resistance nodulation division (RND), ATP-
Binding-cassette (ABC-type), multi-drug and toxic compound extrusion (MATE), and
small multi-drug resistance (SMR) types. The major multi-drug efflux protein, AcrAB-
TolC, is an RND pump responsible for the extrusion of several chemicals, including bile
salts, hormones, and antibiotics. The other six RND efflux pumps (CusCFBA, AcrEF,
AcrD, MdtEF (YhiUV), and YegMNO) also work to export monovalent cations
(CusCFBA), copper and zinc (AcrD), aminoglycosides (AcrD), and those similar to
AcrAB and AcrEF.1%%1% The known substrates of MdtEF (also known as YhiUV)-TolC
is limited in scope, but are similar to the major multidrug efflux pumps AcrAB-TolC of
E. coli and MexAB-OprM in Pseudomonas aeruginosa. They include steroid hormones,
deoxycholate, cationic detergents, crystal violet, ethidium, and erythromycin among
others.1®® A protein blast of MdtF (Accession P37637) the inner membrane protein of the
RND complex responsible for substrate recognition and binding, is most homologous to
AcrB (71% identity) and MexB (63% identity). The protein identity is indicative of
similar substrates across protein classes and bacteria species.

While AcrAB-TolC is the major multidrug efflux pump that is constitutively
expressed in E. coli, the role of MdtEF-TolC is complex and lesser-known. GadX, a
regulator of acid resistance, can induce MdtF expression through GadE.%¢-16° MdtEF is
also regulated by ArcA under anaerobic growth conditions.'®® MdtEF is expressed

differentially during lag and stationary growth and under toxic stress.!’® A previous study
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showed that the environmental pollutants 17a-ethynylestradiol, bisphenol-A, and
nonylphenol induce expression of the genes acrB and mdtF that encode for the respective
efflux pumps.” The efflux pump MdtEF has been observed to have increased expression
and efflux of substrates under anaerobic conditions and has thus been termed an
anaerobic efflux pump.%6-167. 171 Redundancy of efflux pumps that share similarities may
give MDR bacteria high levels of resistance to harsh environmental stressors that may be
experienced in built and natural environments.

To better understand the substrates of this lesser studied efflux pump system, a
high-throughput chemical screening was applied to mutants expressing MdtF and AcrB.
E. coli mutants with deletions and insertions of the inner membrane proteins were
exposed to 240 biocides (Table 2.1.) to determine substrate specificity. Additional
chemical data (pKA, molecular charge) were extracted from Chemicalize.}’? An
alignment of the inner membrane proteins AcrB and MdtF and in silico construction
provided insight into the surface chemistry of the binding pockets of the RND proteins.
Probable binding sites were determined with molecular modeling of AcrB and MdtF.

Table 2.1. Chemical classes used in chemical sensitivity assay that were utilized to
determine substrate range.

Type of Antimicrobial Classes
Action
Chelator Carboxylic acids, hydroxyquinolines, N-heterocycles
DNA & Alkylation, fluoroquinolones, intercalators, nitrofuran analogs,
RNA purine/pyrimidine analogs, quinolones
Folate Sulfonamides
Fungicide Lipoxygenases, phenylsulfamides
lon channel K™ inhibitors, Na* inhibitors
Membrane Anionic/cationic/zwitterionic detergents, electron transport, guanidine

(permeability), phenothiazines (efflux pump inhibitor),
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Other Anti-capsules, acetylcholine antagonist, fatty acid synthesis,

biocides glycopeptides, nitroimidazoles, rifamycins, triazoles
Oxidation Glutathiones, oxidizing agents, sulfhydryl
Protein Aminoglycosides, lincosamides, macrolides, tetracyclines, tRNA
synthetase

Respiration Ca?* transporters, ionphores, uncouplers
Wall Cephalosporins, monobactams, B-lactams, peptidoglycan synthesis,

polymyxins, glycopeptides
2.2. Materials and Methods.

2.2.1. Bacterial Strains.

Strains and plasmid descriptions and sources are found in Table 2.2.
Electrocompetent E. coli W4680 (kan®) and TKO (kan®) were transformed with plasmids
and plated on 100 mg/L ampicillin in LB agar. After selection, single colonies were pre-
cultured in their appropriate antibiotics and inducers (IPTG, 1 mM) and grown to mid-log
phase.

Table 2.2. E. coli mutants and plasmids were used in this study.

Strain Genotype Source
W4680A K-12 AacrAB (173)

TKO K-12 AacrAB AacrF AyhiV (174)
Plasmid

pAB AcrAB cloned into pUC18, amp' (161)
pUC18 Vector control, amp'
pYhiUV  MdtEF cloned into pUC119, amp' (160)
pUC119 Vector control, amp' (175)

2.2.2. Substrate Determination.
2.2.2.1. Chemical Sensitivity Assay.

Assay plates (Biolog chemical sensitivity panels PM11-20), seeded with LB
media and E. coli mutants (5 x 10° cells/mL, 200 uL), were grown aerobically or
anaerobically at 37 °C. A control plate containing no chemicals was also inoculated and

grown. Anaerobic conditions were described by Zhang et al. 2011, where 10 mM nitrate
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was supplied in LB media as the terminal electron acceptor.1®® Optical density (A = 600
nm) was recorded at t = 0 and at t = 16 hours using a Biotek Synergy H1 multi-mode
plate reader.

2.2.2.2. Assay Data Interpretation.

Relative growth was defined as the growth (ODseoo, Biocide) Of the strain with
respective biocide after 16 hours of incubation, divided by growth (ODsoo, control) Of the
strain with no biocide applied. Results were interpreted by comparing growth at 16 hours
for gene insert (E. coli acrB* or mdtF*) and empty vector plasmid (E. coli acrB™ or mdtF
). Chemicals were considered substrates of the efflux pump if the growth of the strain
with the pump insert was 2-fold greater than the plasmid control for the same chemical
concentration in the corresponding well. One-way ANOVA followed by Fisher’s least
significant difference tests was performed to determine the statistical significance of the
differences between relative bacterial growth conditions between test conditions using
Origin 2018.
2.2.2.3. Substrate Properties.

Chemical data (formula, molecular weight, pKa, charge) for substrates of interest
were extracted from the Chemicalize database.}’? pKa and charge were not properties of
all biocides, as some chemicals did not possess acidic hydrogens. The pKa (pKa = -log of
Ka, the acid dissociation constant) was compared to the test pH (pH = 7.2) to determine
the biocide charge. Descriptive statistics on the charges determined for the respective
substrates of both MdtEF and AcrAB were determined. A two-sample t-test was applied

to determine the significance of the average charge of substrates determined in this study.
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2.2.3. In silico Analysis of MdtF and AcrB Proteins.

Protein features of MdtF and AcrB were evaluated including hydropathy,
sequence alignment with predicted protein structure, and prediction of substrate binding
sites.
2.2.3.1. Sequence Alignments.

The UniProtKB BLAST algorithm was used to run a sequence similarity search to
compare amino-acid sequences of the proteins MdtF and AcrB.1"® Protein sequences were
input (accession numbers: P37637 and P31224) for an initial BLAST alignment of
sequences and information was extracted for structural analysis to investigate similarities
and differences.
2.2.3.2. Hydropathy and Isoelectric Point Analysis.

Whole protein hydropathy and isoelectric points (pl) were calculated with the
Expasy ProtScale and ProtParam server web tools using the Kyte and Doolittle amino
acid (AA) scale for both the inputted MdtF and AcrB sequences (accession numbers:
P37637 and P31224).177-178 Theoretical pl values were obtained to analyze surface
charges of MdtF and AcrB. Hydropathy values were aligned and subject to least-squares
linearization to evaluate hydrophobic/hydrophilic homology, mapped to major locations
within the cell (cytoplasm, periplasm, and transmembrane) and protein secondary
structure (helices, turns, and sheets). Similar and dissimilar regions’ sequences were
analyzed for residue class shifts (non-polar, polar, aromatic, aliphatic, cationic, and
anionic).

2.2.3.3. Predicted Structure of MdtF.
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The 3-D structure of MdtF was developed from existing high-resolution crystal
structures of trimeric apo-AcrB using the platform Swiss-Model.1”™® AcrB (accession
number: P31224) was input to Swiss-Model to obtain a list of possible structural
templates, which was then reduced to those proteins crystallized as intact homotrimers
using X-ray crystallography, with no ligands or amino acid mutations, coverage greater
than 97%, sequence identity of 71%, full coverage with all 1035 amino acid residues.
Thus the structure 3AOA (GMQE 0.80 — 0.81), was chosen as the template to develop
the MdtF homotrimer structure.'® The predicted MdtF structure was compared to the
secondary and tertiary structures of each AcrB trimer chain (A-C) to determine the
overall fit and regions of similarity and dissimilarity. A Qmean Score of 0.60 or less was
designated as having poor similarity to the model template and was used for this analysis.
Residues from compared regions of structures were analyzed based on referenced
properties of respective amino acids (AA).*8!
2.2.3.4. Predicted Substrate Binding Sites of MdtF and AcrB.

The PDB files produced from the Swiss-Model for the homotrimer structures of
AcrB and MdtF were input into the P,Rank tool to simulate and predict ligand binding
sites of the protein structure.'® P,Rank was utilized as it is a rapid machine learning tool
for rapid prediction of ligand binding sites from inputted PDB files or ascension numbers.
PoRank simulations produced a ranked list of binding pockets that were characterized by
the coordinates of the pocket centers and/or solvent-accessible protein atoms (pocket
points) in the empty space and around the protein surface.'8 CSV files with an ordered

list of predicted pockets, ranked scores, and amino acid residues that constitute the
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predicted binding sites were generated for MdtF and AcrB homotrimers. Additionally,
PoRank was used to develop visuals of the protein structures indicating potential binding
sites.

2.3. Results and Discussion.

2.3.1. Overexpressed AcrAB.

Masses present in Biolog’s pre-plated assays are proprietary, however, the span of
the four concentrations was relevant for studying E. coli toxicity, as full growth, and no
growth over the four concentrations was observed for nearly all analytes, except for
tetrazolium violet and puromycin, which were fully toxic. However, the MIC nor the
fold-difference concentration from the panel could be determined, a method typical of
analyzing conferred resistance. The classes of chemicals transported by AcrAB-TolC are
shown in Table 2.2. and many have been reported in prior studies.” 61165 With this
screening, additional chemicals within the macrolides, tetracyclines, cationic membrane
detergents, fenicols, fluoroquinolones, and quinolones classes of antimicrobials that are
exported by this efflux pump were verified. New chemicals and classes uncovered by this
assay were the metal-chelating 1,10-phenanthroline, unsubstituted and halogenated
hydroxyquinolines, phenothiazines, glycopeptides, triclosan, and pentachlorophenol
among others. With these reproducible results, and for those comparable to literature,
interpretation of two-fold growth is an appropriate metric for evaluating antibiotic
susceptibility.

2.3.2. Overexpressed MdtF.
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The screen showed that MdtF substrates were the same substrates as AcrB (Table
2.3.) but were limited when the chemical was neutral to anionic. Growth was at least two-
fold greater than control (empty vector) for overexpressed MdtF for cationic detergents,
macrolides, the metal chelators clioquinol, and sanguinarine, 2,4-diamino-6,7-
diisopropyl-pteridine, amitriptyline, the phenothiazines (efflux pump inhibitors), pridinol,
chelerythrine, crystal violet, and cefmetazole. No differences were observed in substrate
specificity at t = 16 hours for E. coli grown aerobically or anaerobically growth, except
that anaerobically cultures grew slower (data not shown). The slower growth was
accounted for by determining relative growth, where ODgoo Was normalized to bacteria
grown with no biocides. Selected growth of mutant strains with biocides (with and

without MdtEF) can be observed in Figure 2.1.
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Figure 2.1. Selected relative growth of TKO pMdtEF and TKO pUC119 on select
biocides from Biolog’s chemical sensitivity panels. Antibiotics were considered
substrates if the gene insert (solid, blue bars) allowed for two-fold greater growth than
that by the empty vector (striped, yellow bars) and were statistically significant (* p-
values < 0.05). Acriflavine, nalidixic acid, and norfloxacin were not considered substrates
as there was no significant (** p-values > 0.05) difference in relative growth between
tested strains, nor are they reported in literature. Error bars represent standard deviation
of three independent experiments.
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Table 2.3. Substrates of AcrAB and MdtEF determined from two-fold growth differences
of E. coli mutants, with charges on molecule extracted from Chemicalize. **DNA
intercalators acriflavine, proflavine, and 9-aminoacridine are likely substrates of MdtEF-
TolC, however different hosts are needed to validate this.
Class (Charge): Chemicals AcrB MdtF
Cationic detergent  (+1): benzethonium chloride, cetylpyridinium
chloride, dequalinium chloride, dodecyltrimethyl

ammonium bromide, domiphen bromide,
methyltrioctylammonium chloride

Macrolide

(+1): josamycin, oleandomycin, spiramycin,
troleandomycin, tylosin, erythromycin

Other biocides

(-1): niaproof; (0): 2,4-diamino-6,7-diisopropyl-

pteridine (0/129); (+1): lidocaine, dodine,
amitriptyline, pridinol, sanguinarine,
chelerythrine, orphenadrine, trimethoprim

(-1): hexachlorophene, rifamycin SV, lawsone,
fusidic acid, pentachlorophenol; (0):
nordihydroguaiaretic acid, lauryl sulfobetaine,
triclosan, harmane, lincomycin

Phenothiazine

(+1): thioridazine, trifluoperazine,
chlorpromazine

Glycopeptide  (11): phleomycin
(+2): bleomycin .
Respiration (+1): crystal violet °
uncoupler . . . : :
(0): iodonitrotetrazolium violet, menadione
Chelator (0): 5-chloro-7-iodo-8-hydroxyquinoline o

(0): 1,10-Phenanthroline, 5,7-dichloro-8-
hydroxyquinaldine, 5,7-dichloro-8-
hydroxyquinoline, 8-hydroxyquinoline

DNA intercalator

(-1): novobiocin; (0): 2-phenylphenol; (+1):
acriflavine, proflavine; (+2): 9-aminoacridine

**

Fenicol

(0): chloramphenicol, thiamphenicol

Fluoroquinolone

(-1): ofloxacin; (0): ciprofloxacin, enoxacin,
lomefloxacin, norfloxacin

Quinolone

(-1): nalidixic acid, oxolinic acid

Tetracycline

(0): chlortetracycline, doxycycline,
oxytetracycline, rolitetracycline, tetracycline
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2.3.3. Chemical Variations of Substrates in MdtEF and AcrAB.

Closer analysis of the chemicals that were substrates of the pump MdtEF and not
AcrAB showed a trend according to structure and chemical property. The properties of
the AcrAB substrates were investigated further using the Chemicalize computational
database, focusing on the pKa, structure, and charge at test pH of 172183 |t was
discovered that substrates of MdtEF are also the substrates of AcrAB that have a +1
charge. A statistical analysis of the charge of MdtEF versus AcrAB substrates showed
that the anaerobic efflux pump MdtEF, exports primarily cations, while AcrAB has broad
substrate specificity of charged and neutral compounds (Figure 2.2.). The median of
charge of the substrates for AcrAB was 0 while for MdtEF was 1. The distribution of the
charges showed that AcrAB has broad substrate specificity of charged and neutral
compounds. There were exceptions to the +1-charge rule (n = 2), however the average
charge for AcrAB chemicals and that for MdtEF were statistically significant (p =

0.01876).

40



AcrAB (Mean t 1 SD) MdtEF (Mean + 1 SD)

3 - — Median Line —— Median Line
B Mean B Mean
2 e
w
S
E 1_ ,,,,,,, e [ \\\\j\ \X/{f{f{f\\‘) ,,,,,,,,
5 ]
Q
—
)
o
DO O
]
x
Aad
-2

No. of Substrates

Figure 2.2. Charges of biocide classes exported by MdtEF and AcrAB. Boxes represent 1
standard deviation from the mean of charges. The median line showed the most
reoccurring charge out of the substrate lists. The two outlying non-cationic points under
“Other antibiotics” that are MdtEF substrates are Niaproof, an anionic surfactant, and
2,4-diamino-6,7-diisopropyl-pteridine.

Due to substrate similarity and known homology between various RND inner
membrane proteins, the sequences of MdtF and AcrB were compared.*8* Protein
alignment showed 71% identity, 84% positives, and two gaps (Appendix A) The
periplasmic domain (residues (R) 33-335) alignment also showed homology, with 67%
identity, 83% positive, and no gaps. The isoelectric points within this region were the
same at 4.4. A second periplasmic region (R565-871 of AcrB) showed differences
between the two proteins, but the overall isoelectric points (pl) for MdtF and AcrB are
4.9 and 4.8 with 65% identity and 79% positives.'®® Generally, these proteins exhibit
similar chemistries, however, there are specific regions within the bulk protein that

require further analysis based on in silico studies of AcrB channels.®
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Figure 2.3. Hydropathy analysis of whole protein structures of AcrB and MdtF residue
alignment. MdtF protein positions shifted by 2 residues.

Examination of the distal binding pocket, proximal binding pocket, and external
cleft, identified as essential binding regions in AcrB, displayed similar homology overall
(Figure 2.3.).18 However, slight differences in the distal pocket, the site of terminal
binding from CH1, CH2, and CH3 before export via the inner pore, suggest the local
chemistry may play a role in substrate specificity. MdtF residues lining the distal pocket
were more acidic (pl = 3.1) than AcrB (pl = 4.0). At pH = 7.4, the charge of MdtF
surface residues was -3 (D130, E273, D274) creating a negative region at
E273/D274/E180, while the net charge of AcrB was -2 (E130, E273, D276, R620).
Concerning other essential binding regions, there are structural differences between MdtF
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and AcrB in the proximal pocket, however, the amino acid classes were maintained over
the four residues, with no change in the isoelectric point.

The substrates exported by AcrB are diverse in structure, size, charge, and
hydrophobicity, while the substrates exported by MdtEF are more restricted to cations
with exceptions. Reported exceptions include neutral and anionic substrates of MdtEF
such as bile salts, steroid hormones, hormone mimics, and anionic detergents.”® In this
work, two neutral/anionic species were substrates of MdtEF-TolC: Niaproof (anion) and
2,4-Diamino-6,7-diisopropyl-pteridine (neutral). Niaproof is an anionic detergent similar
in structure to sodium dodecyl sulfate (SDS), also transported by MdtEF. 2,4-Diamino-
6,7-diisopropyl-pteridine possesses two basic amino functional groups attached to the
pteridine ring that was not acidic (pKa 15.88) and the compound speciation would remain
neutral in the typical physiological pH range (7.2-7.8.) of gram-negative bacteria.*’> 18

Furthermore, not all cationic substrates of AcrB were substrates of MdtF with this
screen. Four of the listed cationic substrates of AcrB are transported by MdtF as well: the
similarly structured acriflavine, 9-aminoacridine, and proflavine, and the glycopeptide
phleomycin. The former are antiseptics that are substrates of at least five other
membrane-bound transporters in E. coli, and to truly study conferred resistance in a live
host, multiple gene deletions are likely needed.'®% 18-1% phleomycin, on the other hand,
is a polyprotic glycopeptide with a +1/+2 charge at neutral pH values and is
predominantly neutral at pH = 7.7. An E. coli efflux pump does exist for glycopeptides
(AmpG), and perhaps this protein is more efficient at phleomycin removal than the

presence of MdtF.19!
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Analysis suggests that pH, which determines acid-base speciation and surface
charge of the distal pocket, plays a role in MdtF substrate specificity. Isoelectric point
analyses showed that the MdtF surface charge is more negative than AcrB. This would
allow stronger electrostatic interactions to occur between the channel and cationic
substrates. The pKa also determines the charge of the analyte at a given pH. Twenty-five
out of 27 (93%) of the confirmed substrates of MdtEF were cations. However, the two
anion/neutral biocides, along with other reported human hormones (neutral) and bile salts
(carboxylic and sulfonic acids) are also substrates of MdtEF. This may be due to
redundancy in substrate specificity since hormones and bile salts are known substrates of
the AcrAB-TolC system. 160 192193 Bjje salts cause widespread protein unfolding and
disulfide stress in E. coli.'® MdtEF could export such compounds as a response to this
added stress. The MdtEF structure may also be responsible for waste metabolite
transport.!*> MdtEF could recognize metabolites from carbon metabolism which may be
why some neutral compounds are exported as well.

Results from the phenotypic chemical sensitivity assay revealed a narrower
substrate range for MdtF compared to AcrB. Interestingly, the substrates of MdtF are the
same as AcrB, but are limited to cationic and polar neutral biocides, but not anionic.
Channel and binding pocket differences likely contribute to the efflux of cations in MdtF
over neutral and anionic substrates.

2.3.4. Structural Differences of MdtF and AcrB proteins.
Structural analysis of the predicted MdtF structure (Figure 2.4.), revealed distinct

regions that differ from the AcrB structure. The external cleft and vestibule, distal and
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proximal pockets of MdtF were dissimilar to AcrB, pointing to areas where sequential,
topological, and structural differences may play a role in substrate differentiation between
the two efflux pumps. Selected sections of MdtF and AcrB homotrimer structure
constructed from the Swiss-Model provided additional insight into substrate differences.
Table 2.4. Sequences where structural similarities and dissimilarities of AcrB and MdtF
protein structures were discovered. Residue regions are from the homotrimer structures

and approximate locations regarding structural features. Highlighted AA are of interest
based on variations between respectively compared sequences.

Structure Location Protein Sequence Residue Region
MdtF FMSGATGE 459-465
External Cleft AcrB FFGGSTGA 459-465
MdtF KA-APEGGHK-PNALFAR 498-513

Cytoplasm
AcrB  KPIAKGDHGEGKKGFFGW 498-515
. . MdtF FSGQ 615-618
Distal | pocket
IStal proximat pockets g FAGR 617-620
MdtF LGTASGFD 672-679
C-Loop

AcrB LGTATGFD 673-680
Hoist Loop MdtF TGLSYQEALSSNQ 858-870
AcrB TGMSYQERLSGNQ 860-872

The amino acid differences in protein sequence can be referenced to biomolecular
differences in the individual residues providing insight into substrate preferences between
AcrB and MdtF.18 In the external cleft there are notable sequence differences in residues
between the efflux pumps. In R465 there is an anionic glutamate, located on the surface
of the monomer of MdtF, whereas the additional phenylalanine in AcrB at R460 is a
hydrophobic, aromatic AA. All these residues are located within proximity to the
proximal cleft, where ciprofloxacin, a zwitterion, interacts.

In the hoist loop location, the MdtF structure has an uncharged, aliphatic,
hydrophobic alanine, whereas AcrB has a cationic arginine. Disorder of peptides in AcrB
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creates a pore in the monomer structure in which the AA alanine at R867, is exposed. The
peptide differences at AcrB change the respective residue from cationic to neutral. This
region is where negative substrates may interact with AcrB, but not with MdtF as it does
not transport anions.

Another distinct structural difference between predicted MdtF and the AcrB
structure is a sequence in the cytoplasmic section of the RND proteins, where alignment
of this highly dissimilar region showed a two AA deletion in MdtF. This region in AcrB
is highly ordered and compact whereas for MdtF a pore is evident. Simulations of the
homotrimer structure predicted an a-helix in MdtF at this pore whereas no such helix
formed in AcrB. The deletion of the two AA and the differences in sequences lead to the
formation of the a-helix in MtdF but not in AcrB. The AcrB sequence has two additional
aromatic residues, suggesting a less diverse pathway for substrates to traverse MdtF. This
region of the structure may play a role in the transport of substrates from the cytoplasm.
The extra cationic residues in AcrB may facilitate the transport of antibiotics from the

cytoplasm.
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Figure 2.4. Predicted structure of MdtF. The external cleft and vestibule, distal pocket,
and proximal pocket with distinct dissimilarities when compared to AcrB are encircled.

The peptide sequences in the distal binding pocket for MdtF differ in polarity and
charge from AcrB. The MdtF pore region contains the polar AA serine in R616, glycine
in R617, and the neutral AA glutamine in R618, while the AcrB pore region contains the
aliphatic, neutral, and non-polar AA alanine in R617, glycine in R618, and the cationic
AA arginine in R619. These residues line the pore region, where AcrB has a cation and
MdtF is polar/neutral. At R274 of the monomer structures, the MdtF structure is
negatively charged with an aspartic acid residue, while AcrB is polar/neutral with an
asparagine residue in the same position of the monomer.

Binding site simulations reveal highly probable substrate recognition sites
associated with the dissimilar regions of interest between MdtF and AcrB. Some binding
site models are biased towards only precise predictions as a majority utilized residue-
centric methods which favor smaller spatial pockets as binding sites with highly accurate
predictions.'82 196-19% However, this may lead to high levels of false positives. The

utilization of P2Rank as a pocket-centric method, where larger pockets on the structure
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are ranked as potential binding sites, is the most suited simulation to apply for MDR
efflux pump proteins that have broad-substrate specificity. Large binding pockets have
been shown to act as binding sites for substrate recognition of ligands, their substructures,
and superstructures within the same pocket.1%-2% Substrates of MdtF and AcrB can be
broad but noticeable trends are apparent.

The PDB file created in the Swiss-Model for the homotrimer structure of AcrB
and MdtF was input into the P2Rank tool. Predictions of binding sites revealed probable
binding that coincided with the distinct structural dissimilarities between the efflux pump
proteins discussed prior. High ranking (1-10) binding sites coincide with the external
cleft, vestibule, and distal and proximal pockets for both MdtF and AcrB (Figure 2.5.). A
complete list of major binding sites associated with regions in Table 2.4., can be seen in
Table A.1. The highest and most probable ranking binding site for both structures
occurred in the distal pocket regions (MdtF R615-618, AcrB R617-620) where the key
structural differences support the transport of cationic substrates by MdtF compared to
the substrate potential of AcrB. These results suggest the negative charge at R274 of the
monomer structure and loss of cation (from R618 to R620) in MdtF at the pore region of
the distal binding pocket results in easier transport of cationic substances through the G-
loop where large polyprotic substrates such as tetracyclines interact. This demonstrates
another feature that can hinder neutral/anionic chemicals yet facilitates the transport of

cationic biocides by MdtF.
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MdtF
Pocket
Ranks

Figure 2.5. Homotrimer protein structures with predicted binding. Binding sites shown
are not indicative of total predicted sites but are associated with major structural
dissimilarities between MdtF and AcrB. Protein structures are displayed from three
profiles.
2.5. Conclusion.

In this work, a high-throughput method was utilized to determine MdtF
substrates, which were primarily cationic biocides derived from AcrAB-TolC analytes.
Using two-fold growth as a metric for assessing sensitivity, these results validated

previously published substrates and discovered new substrates. The results from the in
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silico analysis of MdtF and AcrB homotrimer and monomer structures revealed insights
into the differences in substrate recognition. The results of this study demonstrate that the
presence of MdtEF-TolC renders E. coli less sensitive to cationic biocides, suggesting the
role of MdtEF-TolC as a proton/cation antiporter. The significance of these findings is
that under acidic conditions, the lower pl of essential binding residues in the distal pocket
would deprotonate, allowing for stronger interactions between cation and anion. These
findings suggest that acidic conditions influence the transport of cationic substrates for
the MDR efflux pump, MdtEF.

Variations in pH of built microbial communities may alter the cycling of
emerging contaminants that may be substrates of the MdtEF-TolC efflux pump.
Furthermore, as an anaerobic efflux pump, the recognition of substrates to this efflux
pump may vary in different types of biological treatment such as aerobic, anoxic, and
aerobic biological reactors or aerobic and anaerobic digesters. Under aerobic conditions,
AcrAB may be the primary transporter cycling chemicals, whereas under anaerobic
conditions MdtEF may allow for different substrates to be cycled depending on the pH.
The substrate differences between MdtEF and AcrAB demonstrate the robustness of E.
coli and its potential to influence the transport of chemicals in various conditions and

types of WWTPs.
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CHAPTER 3

HIGH-THROUGHPUT SCREENING OF SYNERGISTIC GROUP IB-BIOCIDE

COMBINATIONS FOR E. COLI INACTIVATION
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Abstract

The over-prescription of antibiotics, use of biocides in commercial products, and misuse
of antimicrobials have generated drug-resistant microbes, resulting in the need for
stronger pharmaceuticals to fight infections. In this work, a high-throughput screen to
assess synergistic metal-biocide combinations for pathogen inactivation was investigated.
Group 1B metal ions (Ag(l), Cu (1), and Au (I11)) were mixed with various classes of
pre-plated biocides (210 total). Wild-type E. coli (strain W3110) were exposed to metal
ions, biocides, and the metal-biocide mixture. The coefficient of drug interaction (CDI)
was used to quantify the possible extent of synergism. Novel biocide and Ag*, Cu?*, and
Au®* combinations including silver-hydroxyquinolines, copper-oxidizing agents, gold-
macrolides and, gold-phenothiazines were discovered by this study, while also validating

previously reported metallo-organic combinations.
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3.1. Introduction.

Multi-drug resistance (MDR) conferred by E. coli and other microbes has resulted
in extensive and rigorous approaches to pathogen inactivation. These include the use of
physical methods such as thermo-spectral energy, electrochemical means, plasma
discharges, and biochemical means such as antibiotics, metals, enzymes, phages,
peptides, efflux pump inhibitors, nanoparticles (NPs), alone, and in combination
synergistically.?°1-2%* Synergism, where more than one inactivating agent can be utilized,
IS a promising method to combat MDR bacteria such as E. coli, by using less material to
achieve the same lethality. This approach can be used to enhance the toxicity of
individual biocides and provide a means to combat MDR bacteria that have several efflux
pumps to defend themselves from environmental stressors.

Due to the toxic nature of silver and copper ions towards bacteria, synergistic
combinations with these Group IB metals show promise as treatment options. Copper
ions show biocidal activity in combination with B-lactams, aminoglycosides, and
quinolones.?%-2%7 Sjlver ions can also act synergistically in combination with biocides
working to inactivate MDR bacteria such as E. coli. These include combinations with
efflux pump inhibitors, aminoglycosides, glycopeptides, and fluoroquinolones.2%-20°
Synergistic studies of gold ion interactions with antibiotics are limited but have been
reported for phenothiazines, salicylates, and polymyxins.?10-211

When used in combinations with antimicrobials, metal ions such as Ag (1), Cu
(11), and Au (111) could be a beneficial strategy for multidrug resistance, by enhancing

antimicrobial properties. A high-throughput method to inactivate wild-type E. coli was
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utilized to identify potential drug combinations, screening approximately 210 organic
biocides covering aminoglycosides, efflux pump inhibitors, glycopeptides, -lactams, and
detergents, among others. Strict limits placed on the combination index for cell growth at
16 hours revealed highly synergistic combinations that were also verified with growth
curves, offering insight into new combinations of silver, copper, and gold ions with
biocides that can be further explored for novel therapeutics for MDR bacteria.

3.2. Materials and Methods.

3.2.1. Chemicals and Cell Lines

Metals were obtained from Sigma Aldrich as salts (AgNO3s, CuSO4, HAuCls) and
prepared as stock solutions in nanopore water, then filter sterilized. Bacteria (E. coli
W3110) 22 were pre-cultured in LB media or chloride-free LB (to prevent silver chloride
precipitation) and grown to mid-log (ODgoo 0.8-1.00, 37 °C). Cells were seeded (5 x 10°
cell/mL) in serially diluted metal ion and respective LB media and grown for 16 hours
The minimum inhibitory concentration (MIC) was determined for each metal (Table
B.1.).

3.2.2. Chemical Sensitivity Assays.

Biolog’s chemical sensitivity assays were used per the manufacturer’s procedure
to evaluate combinations of biocides and either Ag (1), Cu (1), or Au (111). Biocides were
tested with three concentrations of AgNO3z (0.5, 1, and 5uM), CuSO4 (0.1, 0.1, and 1
mM), and HAUCI (5, 25, and 50 uM). The plates were incubated at 37°C and the
absorbance (590 nm) was recorded for 24 hours on a microplate reader

spectrophotometer (Biotek Synergy H1) to generate growth curves.
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3.2.3. Data Analysis.

The coefficient of drug interaction (CDI) quantifies combination responses as
either additive, synergistic, or antagonistic (Equation 3.1.).2* Combinations were labeled
additive if CDI = 1, synergistic if CDI < 1, and antagonistic if CDI > 1. Relative growth,
defined as the growth normalized to E. coli grown without chemicals, was calculated for
cultures grown in the biocides alone (A), the metal ion alone (B), or the metal-biocide

mixture (AB). Assays were tested in duplicate.

A+B

CDI = —— Equation 3.1.

An upper CDI limit of 0.5 was chosen as the metric to define a highly synergistic pair of
metal biocides.

3.3. Results.

3.3.1. Synergism of Metal and Biocide Combinations.

A CDI heat map (shown are CDI < 0.5) for all synergistic combinations tested,
organized by metal and antibiotic class (Figure 3.1.), with select growth curves is
presented. The results validated published results of synergistic pairs, discussed below,
with this assay (Figure 3.1., Table 3.1.), indicating that the biocide classes and plated
concentrations were applicable in the combinatory tests. Novel synergistic mixtures of
metals and antibiotics were also discovered that are notable for future in vitro toxicity,
metal chelation, and clinical trials. Growth curves (Figure 3.2.) for select combinations
are shown, further supporting the use of the high-throughput assay to rapidly screen

synergism using CDI. Additive and antagonistic combinations are not shown.
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Table 3.1. Synergistic silver/copper/gold-biocide combinations that inactivated E. coli
(W3110). Chemicals are organized by class of biocide or target of action. Chemicals in
italics are combinations with respective metals that have not been previously reported to

date.
Target or
class

Silver synergism

Copper synergism

Gold synergism

Chelator

EDTA, EGTA, 5,7-
dichloro-8-
hydroxyquinaldine,
5,7-dichloro-8-
hydroxyquinoline, 5-
chloro-7-iodo-8-
hydroxyquinoline, 8-
hydroxyquinoline,
1,10-phenanthroline,
and sodium
pyrophosphate
decahydrate

fusaric acid, and 1,10-
phenanthroline

EDTA

DNA & RNA

4-hydroxycoumarin,
9-aminoacridine,
acriflavine,
novobiocin,
proflavine, 5-nitro-2-
furaldehyde
semicarbazone,
furaltadone,
nitrofurantoin,
disulphiram,
myricetin
azathioprine and 5-
fluorouracil

2-phenylphenol, 4-
hydroxycoumarin,
disulphiram, myricetin,
and azathioprine

novobiocin and
disulphiram

Folate

2,4-Diamino-6,7-
diisopropylpteridine,
hydroxyurea,
sulfachloropyridazine
, sulfadiazine,
sulfamethazine,
sulfamonomethoxine,
sulfathiazole

Fungicide

nordihydroguaiaretic
acid, dichlofluanid,
and tolylfluanid

nordihydroguaiaretic
acid and dichlofluanid
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< lidocaine and lidocaine lidocaine and
5 % procaine procaine
S

benzethonium benzethonium chloride,  methyltrioctyl
chloride, dequalinium = methyltrioctylammoniu = ammonium
chloride, m chloride, Niaproof, bromide,
dodecyltrimethyl guanidine hydrochloride, domiphen
ammonium bromide,  trifluoperazine, and bromide,dodine,

e alexidine, dodine, lauryl sulfobetaine guanidine

_g guanidine hydrochloride, 1-

= hydrochloride, 1- hydroxypyridine

= hydroxypyridine-2- -2-thione,
thione, amitriptyline, protamine
chlorpromazine, sulfate, and
promethazine, chlorpromazine
thioridazine, and
trifluoperazine
ketoprofen, atropine,  ketoprofen, sodium thiosalicylic acid
orphenadrine, 2- salicylate, atropine, and rifampicin
nitroimidazole, pridinol, ornidazole,

g ornidazole, tinidazole, captan,

=2 chelerythrine, semicarbazide,

= Compound 48/80, rifampicin, rifamycin

. D,L-propranolol, SV, and 3-amino-1,2,4-

% ethionamide, patulin, = triazole

sanguinarine, tannic
acid,

rifamycin SV, and 3-
Amino-1,2 4-triazole
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Protein

amikacin, apramycin,
capreomycin,
geneticin (G418),
gentamicin,
hygromycin B,
kanamycin,
paromomycin,
sisomicin,
spectinomycin,
streptomycin,
tobramycin,
lincomycin,
erythromycin,
josamycin,
oleandomycin,
troleandomycin,
tylosin, benserazide,
PMSF, B-Chloro-L-
alanine HCI,
chloramphenicol,
fusidic acid,
puromycin,
thiamphenicol,
penimepicycline,
D,L-serine
hydroxamate, DL-
methionine
hydroxamate, and L-
glutamic-g-
hydroxamate

capreomycin,
dihydrostreptomycin,
geneticin (G418),
paromomycin,
oleandomycin, PMSF,
blasticidin S, fusidic
acid, puromycin,
thiamphenicol,
demeclocycline, and
glycine hydroxamate

erythromycin,
oleandomycin,
spiramycin,
troleandomycin,
tylosin and
fusidic acid

Respiration

ruthenium red, 18-
crown-6 ether, CCCP,
FCCP,
pentachlorophenol,
sorbic acid,
tetrazolium violet

ruthenium red, 2,4-
dintrophenol, 3,5-
dinitrobenzene, CCCP,
FCCP,
pentachlorophenol,
sodium, caprylate,
iodonitro tetrazolium
violet,menadione, and
tetrazolium violet

CCCP, and
tetrazolium
violet
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oxacillin, cefotaxime, | colistin bleomycin,
cephalothin, vancomycin,
= bleomycin, phleomycin,
= phleomycin, phosphomycin,
= vancomycin, colistin, and
o phosphomycin, polymyxin B
colistin, and
polymyxin B
c methyl viologen
o
E
X
O
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Figure 3.1. Coefficient of drug interaction heat map of 630 combinations of Group IB

metals with biocides present in a commercially available 96-well panel set. 196

combinations with silver, 149 combinations with copper, and 53 gold combinations with
biocides resulted in elevated levels of synergism (CDI < 0.5) Blackened areas include

values considered to be low synergistic (0.5 > CDI < 1), additive, antagonistic, or

undefined by the CDI equation as the case when the AB (metal-biocide combination)

resulted in no growth.

3.3.2. Ag (I)/Biocide Interactions.

Highly synergistic combinations (CDI < 0.5) of silver ions with biocides were

observed for several antibiotic classes and individual chemicals (Figure 3.1., Table 3.1.),

including metal chelators, DNA intercalators, nitrofurans, phenothiazines, acetylcholine

antagonists, nitroimidazoles, aminoglycosides, macrolides, and tRNA synthetase
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inhibitors, among others. Previously reported synergistic mixtures were verified with CDI
values and 24-hour growth curves. These include interactions with aminoglycosides, -
lactams, phenothiazines, sulfonamides, and tetracyclines, as discussed below. Growth of
sulfonamide (sulfadiazine), amikacin (an aminoglycoside), and tetracycline with and
without silver are shown, depicting enhanced toxicity when the antibiotic was mixed with

the metal, compared to the antibiotic and metal alone (Figure 3.2.A).
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Figure 3.2. Selected growth curves of metal-biocide combinations. A: 24-hour growth
curves of previously reported synergistic combinations of silver ions and antibiotics. B:
24-hour growth curves of additive combinations of silver ions and biocides. C: 24-hour
growth curves of novel synergistic combinations with silver ions, discovered with this
screen. D: 24-hour growth curves of gold ions with selected biocides. The combination
was toxic, while E. coli grew on the individual gold ions or biocide. E: 24-hour growth
curves of novel copper ions with selected antibiotics yielding synergistic inhibition of
growth.

61



Several novel silver-biocide combinations that synergistically inactivated E. coli
(Table 3.1.) and select 24-hour growth curves are shown (Figure 3.2.C) were discovered
from this screening. These include silver with hydroxyquinolines, intercalators,
phenothiazines, nitroimidazoles, macrolides, and aminoacy! hydroxamates, among others.
Additional tests are needed to deduce if growth inhibition is due to the metal and biocide
acting via similar or different mechanisms, or if a metal-biocide complex is responsible
for reduced growth.

3.3.3. Cu (Il)/Biocide Interactions.

Copper-biocide interactions that resulted in synergistic CDI values included
mixtures with oxidizing agents and respiration ionophores and uncouplers (Figure 3.1,
Table 3.1.). Novel biocide-copper mixtures discovered with this screen include copper
with chlorodinitrobenzene, thioctic acid, iodonitrotetrazolium violet, fusidic acid,
nordihydroguaiaretic acid, triazole, thiamphenicol, zwitterionic (lauryl sulfobetaine)
detergents, anionic detergents (niaproof), menadione, and lidocaine. Selected growth
curves were plotted (Figure 3.2.E.).

3.3.4. Au (I11)/Biocide Interactions.

In this screen, toxic combinations were observed between gold ions and
macrolides, guanidines, glycopeptides, polymyxins, and other individual chemicals
(Figure 3.1., Figure 3.2.D). Gold ions with glycopeptides, polymyxins, macrolides, and
the individual chemicals disulfiram (a purine analog), this salicylic acid, novobiocin, and

chlorpromazine generated strongly synergistic (CDI < 0.1) effects. Novel combinations
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uncovered here included those with macrolides, glycopeptides, and sodium channel
blockers.

3.4. Discussion.

3.4.1. Rapid Screening of Metal Biocide Combinations with CDI.

The high-throughput screening validated published reports and resulted in new
combinations of antimicrobials for future investigations. This high-throughput approach
can be utilized to study biocide mixtures efficiently. The approach outlined includes (1)
determining the minimum inhibitory concentration of Group IB metals with E. coli, (2)
conducting a combinatory drug assay, (3) analyzing results for synergism using the
coefficient of drug interaction, and (4) qualifying CDI values with growth curves for
individual chemicals and the combination. This approach can function as the genesis of
synergistic, additive, and/or antagonist investigations on MDR bacteria.

The selection of sub-lethal concentrations was important in the study of
synergism to determine whether the toxicity was due to the mixture or antibiotic. Metal
concentrations greater than the MIC would render results uninterpretable as there could
not be a distinction between metal and biocide toxicity at concentrations beyond the
metal MIC. To determine if there was a concentration trend, three increasing metal
concentrations were selected, with the smallest 10-fold less than the greatest, non-toxic
level.

3.4.2. Biocides with Silver lons.
Silver’s toxic characteristic is the basis for many combinatory studies with

antibiotics. Previous studies have reported that silver activity was enhanced when used
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with aminoglycosides, fluoroquinolones, cephalosporins, and fusidic acid among
others.?!* The results from this chemical assay confirm these synergistic combinations
and reveal new combinations including, those that act as chelating agents, DNA and
RNA targeting compounds, fungicides, protein inhibiting or targeting, membrane
targeting, and respiration inhibiting chemicals (Figure 3.1., Table 4.1.).

As a transition metal, silver can form complexes with heteroatoms, leading to a
complicated mechanism of lethality, where the complex itself is toxic, or the molecule is
retained internally, preventing efflux. However, it may be possible for complex
formations to reduce toxicity (antagonism, CDI > 1.0) as was the case with Ag (I)-
phenothiazine complex that inhibited the growth of several pathogenic microbes
including E. coli, yet the complex was not as effective compared to the control
(phenothiazine alone).?!® It is probable that antagonistic responses (Figure B.1.) could
occur with some metal-biocide combinations due to complexation, reducing antimicrobial
activity. Further investigation into the chemistry and mechanism of action of the silver
metal combinations will be required to understand the extent of the synergism or
antagonism to maximize toxicity.

3.4.3. Biocides with Copper lons.

Though copper is a cofactor and essential nutrient in bacteria, excess intracellular
concentrations are toxic to the cell. As a result, bacteria have evolved resistance
mechanisms to maintain intracellular copper homeostasis and mitigate damage caused by
excess copper. In excess, copper can damage macromolecules within the vicinity of the

metal via oxidative stress or bind to essential proteins damaging multiple cellular
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functions.?'® Copper may be exported under sublethal concentrations due to normal cell
function, but added biocides such as ionophores/uncouplers reduce the resistance
mechanism, increased the toxicity of the combinations, and prevent the export of Cu ions,
resulting in synergism.

In combination with ionophores, uncouplers, and oxidizing agents, copper
exhibited synergism, suggesting multiple methods of inactivation at play. lonophores and
uncoupling agents can disrupt energy systems in the cells, impacting essential resistance
mechanisms such as efflux pumps that protect the cell from intracellular toxicity of
compounds by exporting and decreasing toxic concentrations.?!” Synergism with
oxidizing agents and copper ion is likely due to increased oxidative stress on the bacterial
cell as copper itself is an oxidizing agent. Oxidizing agents may play multiple roles in
increasing toxicity when applied with copper, including maintaining copper in the
environmentally available form of Cu (I1), preventing the export of the monovalent ion
Cu (1) by CusCFBA, and forming complexes that increase toxicity by DNA damage.?!8 It
is probable that oxidizing agents and copper combinations result in dual oxidative stress
toward the cell resulting in the synergism observed. Future work should be pursued into
investigating concentrations of copper ions above MIC values in combinations with
ionophores and uncouplers to observe possible toxicity and explore mechanisms of
action.

3.4.4. Biocides with Gold lons.
The least quantity of synergistic combinations was obtained with gold ions

(Figure 3.2., Table 3.1.). This may be due to the lower toxicity of gold ions in the cell
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compared to other metal ions (MICg of 50 uM Table B.1). Limited studies have
evaluated gold ion combinations for antimicrobial purposes, possibly because of the
economic limitations in utilizing precious metals. However, noteworthy synergism
between biocides and gold ions should be explored as a possible “last resort” in treating
severe infections.?!?

Gold acted synergistically with several macrolide combinations of the chemical
assay (Figure 3.1.). Macrolides act by binding to the ribosomal subunit preventing protein
synthesis.??? Gold ions may also form complexes with these compounds, preventing
recognition of the biocide and/or resistance mechanism, or perhaps gold adds additional
stress by oxidation imbalance as reported more recently.??° However, considering the
high levels of antagonism observed (Figure B.1), it is also possible complexation of gold
ions with the biocides can reduce toxicity by chemical alterations. Additional studies in
gold organo-metallic structural and coordination chemistry will reveal if complexes are
promising leads.

3.5. Conclusion.

In conclusion, the screening of synergistic combinations of soluble Group IB
metal ions with biocides to inactivate E. coli was explored, confirming prior discovered
synergistic silver, copper, or gold ion/biocide combinations while also discovering novel
combinations. Results were reproducible when compared to studies that used
conventional MIC, checkerboard, and time-kill tests reviewed in literature. Silver ions not
only acted synergistically with antimicrobials but also with chelators and efflux pump

inhibitors. Further results validated copper ion synergism with ionophores and oxidizing
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agents. Lastly, gold ion synergy with macrolides and glycopeptides reveals a new
direction in antimicrobial therapy. Because these findings support previous studies, the
high-throughput method can be used as a preliminary screen to evaluate other
combinations of antimicrobials, including those with radiation, nanomaterials, and
plasmid curing agents. The result of the study lays the foundation for future exploration
of more novel and potentially synergistic combinations of metal and biocides to reinstate

obsolete antibiotics and other pharmaceuticals to combat MDR pathogens.
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CHAPTER 4
SYNERGY AND ANTAGONISM OF GROUP IB METAL AND PHENOTHIAZINE
COMPLEXES AND MIXTURES ON E. COLI

Graphical Abstract
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Abstract

Antibiotic-resistant bacteria are a concern to public health and the maintenance of
microbial ecology. Novel approaches are required to combat multi-drug resistant bacteria
such as E. coli. The phenothiazine class of drugs promethazine, trifluoperazine,
chlorpromazine, and thioridazine, which act as efflux pump inhibitors, were mixed with
either Cu (11), Ag (1), or Au (I11) ions at various molar ratios of drug to metal to
determine organometallic complexation and toxicity towards E. coli. The mole ratio
method was applied to estimate the degree of complexation, providing the ligand-metal
stoichiometry. UV-vis and FT-IR spectra confirmed complex formation between
phenothiazines and Au (I11) through Amax peak shifts and the disappearance of sulfur bond
peaks. Minimum inhibitory concentration and checkerboard assays were conducted to
assess the toxicity and provide metrics to quantify synergism toward E. coli. Silver and
copper ion and drug combinations produced synergistic results to varying degrees, in
addition to trifluoperazine and Au (I11). Complex formations were observed with Au (111)
and promethazine, trifluoperazine, chlorpromazine, and thioridazine at various
concentrations and were tested for antimicrobial capabilities to E. coli. The results
suggest that phenothiazine/silver, phenothiazine/copper, and the trifluoperazine/gold dual

combinations may act as synergistic antimicrobial agents toward E. coli.
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4.1. Introduction.

Antibiotic-resistant bacteria are a worldwide problem to public health and the
maintenance of both natural and engineered environmental microbial communities.
Several options of antimicrobial agents are becoming increasingly limited due to the
increase of multidrug resistance in microorganisms. Drugs like phenothiazines have been
pharmacologically repurposed for their antimicrobial capabilities. Phenothiazines (PTZ)
was originally designed and commonly prescribed as psychotropic drugs.??! The
popularity of these drugs declined due to strong adverse side effects in humans, but
studies have been conducted to understand the biological activity of phenothiazines in the
treatment of pathogenic infections.??? The phenothiazine class of psychotropic drugs has
a fused tricyclic phenothiazine ring scaffold.??® This class of chemicals includes
promethazine (PMZ), trifluoperazine (TFPZ) chlorpromazine (CPZ), and thioridazine
(TDZ) which have varied functional groups attached at the 2 and 10 positions (Figure
4.1.). Phenothiazines such as chlorpromazine, trifluoperazine, and thioridazine have
shown antimycobacterial and antimicrobial properties as efflux pump inhibitors
(EPIs).2%2 224 Studies reveal that thioridazine in small dosages can effectively treat
tuberculosis caused by mycobacterium tuberculosis in the lungs.??® Antibacterial
properties of different phenothiazines have also been reported for both gram-positive and
gram-negative bacteria. However, reported concentrations were values higher than the
highest plasma concentration achievable. This would make phenothiazines impractical as
antimicrobials alone, but promising results in other studies suggest synergistic

applications may be possible.??2
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A variety of gram-negative bacteria may become susceptible to antibiotics despite
previous drug resistance.??® The multi-drug resistance (MDR) can be primarily credited to
the over-expression of efflux pump systems in bacteria.??® Phenothiazines inhibit the
transport of calcium reducing the energy driving force of the cells that power the efflux
pumps systems in MDR bacteria.??® Through inhibition of the efflux pump systems,

phenothiazines may allow previously void antibiotics to effectively treat resistant

bacteria.
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Figure 4.1. 2D and 3D Molecular structures of the PTZs, CPZ, TDZ, PMZ, and TFPZ.
The bright green dots represent chlorine atoms, blue dots represent nitrogen atoms, the
lime green dots represent fluorine atoms, and the yellow dots represent sulfur atoms.
Metal ions of copper gold and silver have been studied for decades for their
antimicrobial properties 227-22°_ Cu (11), Ag (1), or Au (111) ions exhibit toxicity to bacteria
in a variety of ways, including the removal of electrons from the respiratory transport

train of bacterial cells, free radical production, or enzyme inhibition leading to added
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oxidative stress.?%-232 The synergistic capabilities of phenothiazine coupled with
antimicrobial properties of silver metal ions have been studied.?'® The results from this
study on phenothiazines may suggest a more appropriate action would be to investigate
phenothiazines as synergistic compounds.

Synergism scoring was assessed and compared by utilizing the Bliss, Loewe, and
ZIP methods. Conflicting arguments arise when quantifying synergistic combinations of
dose-response and the scientific community has not come to a consensus on models that
can be utilized for assessing the synergism of two or more drugs applied together.?*® The
Loewe additivity model utilizes the dose equivalence principle (DEP) and defines the
expected effect of drug combinations as if a drug was combined with itself.233-2% the
Bliss independence model utilizes the multiplicative survival principle (MEP) and defines
the effects of individual drugs in a combination as mutually non-exclusive competing
events.?*3 2% The zero-interaction potential (ZIP) utilizes the advantages of Bliss and
Loewe models and assumes that two non-interacting drugs will have negligible changes
to their individual dose responses.?*® Combination index (Cl) is also frequently used and
heavily cited to quantify synergy. Cl is based on the Loewe method, utilizing
isobologram analysis (based on the Michaelis-Menten, Hill, Henderson-Hasselbalch, and
Scatchard equations), quantifying syngersim.2*3 23/

To better understand the role of synergistic binding of phenothiazine with metal
ions, PMZ, TFPZ, CPZ, and TDZ were prepared with either Cu (1), Ag (1), or Au (111)
ions at various molar ratios of drug to metal. Mixtures and complexes were observed, and

toxicity was assessed with checkerboard assays to optimize dosages to inhibit wild-type
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E. coli. The usage of synergism models for dual drug applications is discussed and
discrepancies between models are explored based on the chemical properties of the tested
compounds. For the first time to the knowledge of this study, Au (I11) and promethazine,
trifluoperazine, chlorpromazine, and thioridazine complex formations were observed and
tested for antimicrobial capabilities to E. coli.

4.2. Materials and Methods.

4.2.1. Chemical Reagents.

Promethazine, trifluoperazine, chlorpromazine, thioridazine, gold chloride, copper
sulfate, and silver nitrate were commercially obtained as salts from Millipore Sigma. The
phenothiazine and metal ionic solutions were prepared in nanopure DI water using
volumetric flasks and stored in wrapped containers at 4°C to prevent photoreactions.
4.2.2. Bacterial Media Preparation.

The E. coli strain used was wild-type W3110.2% Bacterial strains were grown in
Luria-Bertani (LB) agar from stocks. Liquid cultures of W3110 were prepared in LB
media as described.?*® Modified LB media was prepared as chloride-free to limit AgClI
precipitation.

4.2.3. Organo-Metallic Chemistry.
4.2.3.1. Mole-Ratio Method.

UV-vis absorbance spectroscopy was conducted using a Biotek Synergy H1
multi-mode reader. UV-vis scans were performed across a 96-well UV plate using
wavelengths from 230 nm to 700 nm at 2 nm increments, prepared with 2-fold dilutions

of the mixtures to test various concentrations. Phenothiazines were initially mixed with
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either Cu (11), Ag (1), or Au (1) ions at 32 mM of metal ion up to 1.6, 1.07, 1.44, 1.26 M
of PMZ, TFPZ, CPZ, and TDZ in a 96-well plate. Additional scans of Au (I11) and the
PTZ were performed, focusing on molar ratios of 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 4 of PTZs
to Au (I11), at either 150 mM for CPZ, TDZ, and TFPZ or 100 mM Au (1) for PMZ,
along with Au (111) and the PTZ alone. The mole ratio method was used to determine the
stoichiometry of metal-ligand complexes of Au (111) and the respective phenothiazine
complexes.?40

4.2.3.2. Fourier-transform Infrared Spectroscopy (FT-IR).

Samples were prepared by dispensing 10 pL at a time of the 2:1 ratios of 20 mM
of PTZ to 10 mM Au (I11) solutions onto the center of a glass microscope slide. Slides
were prepared while on a hotplate set to 70 °C to assist with solvent evaporation.
Additional slides of the PTZ at 20 mM were prepared. Dispensing of the corresponding
solution on the slides was repeated until a sufficient layer (> 0.5 cm x 0.5 cm) of the
coating was obtained. Samples were processed using a Bruker IFS66 V/S FT-IR system
installed with a mercury cadmium telluride detector and a KBr beam splitter equipped
with a diamond attenuated total reflectance module. Indexes of N-C and S-C bonds were
used to analyze potential complexation sites of Au ions with the PTZ.

4.2.4. Microbiology.
4.2.4.1. Minimum Inhibitory Concentration Assay.
Minimum inhibitory concentration (MIC) assays were run on metal ions and

phenothiazines by the microtiter broth dilution method. The E. coli W3110 was pre-

cultured in LB media or chloride-free LB and seeded to 5 x 105 CFU/mL, final
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concentration in a two-fold serial-dilution, down seven rows of a 96-well plate, of silver
nitrate, copper sulfate, and gold chloride. Plates were read (ODgq) after 16 hours of
incubation at 37 °C and the MICs were determined. The same procedure was conducted
for the PTZs.
4.2.4.2. Checkerboard Assays.

Checkerboard assays were run on PTZs with the metal ions. Bacteria were pre-
cultured in 5 mL of LB media or chloride-free LB, to prevent silver chloride

precipitation. Cultures were seeded to 20 mL of fresh LB media to obtain a concentration

of 1.33x10° cells/mL. The PTZs were serial-diluted two-fold across the first ten columns
of a 96-well plate by dispensing and mixing 25 uL of corresponding PTZ to 25 pL of
nanopure autoclaved DI water. Whereas the metal solutions were serial-diluted two-fold
separately in centrifuge tubes. The metal solutions were then dispensed across 7 rows of
the plate adding 25 pL of metal per well. Column 12 served as positive control by having
only bacteria and autoclaved water. Wells H11 and H12 were used as negative control

having only autoclaved water and LB media with no bacteria. The bacterial solution was

then applied to the dilutions (94 of the wells) for a final concentration of 10° cells/well
and a total in-well volume of 200 uL. Plates were read (ODgq) after 16 hours of

incubation at 37 °C using the Biotek Synergy H1 reader.
4.2.4.3. Toxicity, Synergism, Antagonism, and Statistical Analysis.

A comparison of synergism was determined by the zero-interaction potency
model (ZIP), Bliss Independence, and Lowe Additivity methods. The open-source
software SynergyFinder was used to analyze the synergism or antagonism of the metal
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ions and PTZ mixtures or complexes from the checkerboard assays.?*! The software was
used to generate and analyze response curves using log-logistic 4-parameter curve fittings
and calculate the synergy scores based on the three methods mentioned. One-way
ANOVA followed by Fisher’s least significant difference tests were performed to
determine statistically significant differences between bacterial growth conditions using
Origin 2018 software.

4.3. Results and Discussion.

4.3.1 Metal - PTZ Complexes and Mixtures.

Promethazine (PMZ2), trifluoperazine (TFPZ) chlorpromazine (CPZ), and
thioridazine (TDZ) were initially mixed with either Cu (1), Ag (1), or Au (1) ions
undergoing two-fold dilutions on a 96-well plate. Initial UV-vis scans were conducted
from 230 nm to 700 nm. No UV-vis shifts were observed with mixture preparation of Cu
(11) and Ag (I) and the phenothiazines. Scans showed peak shifts for all phenothiazine
and Au (I11) parings. Molar ratios of 0.5 to 4 at 0.5 increment phenothiazine to Au (I11)
solutions were prepared for further analysis. UV-vis spectroscopy scans of the mixtures
were performed at a range of 230 to 700nm at 2 nm increments. The spectra of Au (1)
and all PTZ mixed solutions exhibited varied shifts in the UV-vis spectrum. All tested
ratios exhibited peak shifts with Au (111). Selected 1:1 ratio spectra for the PTZs and Au
(11) can be seen in Figure 2. PMZ, TFPZ, and TDZ exhibited red shifts in the UV-vis
spectrum when combined with equal molar concentrations of Au (I11). Chlorpromazine

exhibited a blue shift in the UV-vis spectrum.

76



Trifluoperazine and thioridazine exhibited bathochromic shifts in the UV-vis
spectrum when combined with equal molar concentrations of Au (111). Bathochromic
shifts in the spectra can be associated with the addition of metal ions to the
phenothiazines due to an effective intramolecular charge transfer 22, The nitrogen and
sulfur substituents on the trifluoperazine and thioridazine structures may induce an
electron-donating effect and transfer the electron density toward the Au (111) causing the
red shifts observed in the Au(I11) and PTZ complexes.?43-246

Chlorpromazine and promethazine exhibited hypsochromic shifts in the UV-vis
spectrum when combined with Au (111). Hypsochromatic shifts are typically associated
with ridgidochromism of the structure of the metal-ligand complex 24724°, The Au(lll)
and CPZ complex may induce an intense lowest energy metal to ligand charge transfer
absorption bands as apparent with the red shifts observed 2°°. The bulkier structure of
CPZ and PMZ may result in a rigid structure when binding to the Au (I11) resulting in the
hypsochromatic shifts observed.

4.3.2. Mole-Ratios.

The mole ratio method was used to determine the stoichiometry of metal-ligand
complexes of Au (111) and the respective phenothiazine complexes 2*°. The ratios of
ligand to metal varied increasingly, holding the metal concentration constant at either 150
mM for CPZ, TDZ, and TFPZ or 100 mM Au (111) for PMZ. The major peaks in the UV-
vis spectrums of the respective phenothiazine alone (Figure 4.2.) were selected as
wavelengths to scan the mixtures selected for the mole ratio method. At lower ratios, the

absorbance increases as more respective phenothiazine bind to the Au (111). The
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absorbance of the respective phenothiazines at various ratios of ligand to metal was
plotted (Figure 4.3.). The point where the two lines intersect is the ligand-binding ratio.
The ligand-binding ratios are summarized in Table 4.1.

The mole-ratio method can be used to understand the stoichiometry of the
complex formation between the Au(I11) and the respective phenothiazine.?! At high
ratios, all metal-binding sites are occupied in theory, and no further absorbance increase
is observed. Each phenothiazine and Au (111) complex exhibited two major peaks in the
UV-vis spectra at various mole ratios tested, corresponding to a pi-bond alteration from
metal binding in the low-UV range and color formation in the visible range (Figures C.1-
4.). Chlorpromazine and trifluoperazine complexes yielded the most consistent binding
ratio for both major peaks tested. Thioridazine and promethazine had variations in the
binding ratios of the major peaks evaluated.

Gold (I11) ion forms complexes with square-planar geometry and has a
coordination number of 4.2°22% |igands that may react with Au (111) forming complexes
are typically subject to gold-trans-ligand bonds; strongly electron-donating ligands form
weak gold-trans-ligand bonds, ligands with a weak electron donor strength form strong
gold-trans-ligand bonds.?42% The complexation that is occurring may be from the
electron-withdrawing groups associated with the PTZ molecules binding to the Au (I11) in

trans-location.

78



1.5

05t

ODi

1.5

0.5

Chlorpromazi{ne

1:1 Ratio
-------- 0.1 mM CPZ
/\ 0.1 mM Au
8
f'r ll\ I|
N
250 300 350 400
Trifluoperazine
1:1 Ratio
-------- 0.1 mM TFPZ
N 0.1 mM Au
MR
i '."llf ||I
Rﬁ |
- Vo
' lR
250 300 350 400

1.5

Thiqridazing

0.5}

1.5

250

t, \\
.
;A
‘\._.-J’ | \

' \
'
v
'
'
\
.

1:1 Ratio
-ee----- 0.1 mM TDZ
0.1 mM Au

300 350 400

Prorpethazine

1:1 Ratio
0.15 mM PMZ
0.15mM Au

250

Wavelength (nm)

Figure 4.2. Selected UV-vis absorption spectra of phenothiazine and Au (I11) complexes
at 1:1 molar ratios. The dashed lines represent the individual molar concentrations used
for the phenothiazine and the Au (111) in the complex solution. Solid line represents the
ratio. Dotted line represents the Au (111) alone.
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Table 4.1: Ligand to metal binding ratios for phenothiazine and Au (111) complexes.
Values are calculated from intersectional points from where the two lines of the
corresponding scans meet (Figure 4.4.).

Line
Wavelength intersection
(nm) PTZ/Au

Ratio

) 270 2.21
Chlorpromazine 982 5 91
. 294 2.26
Thioridazine 636 5 59
Trifuoperazine 272 1.52
P 500 153

. 270 0.98
Promethazine 282 0.78
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Figure 4.4. shows the FT-IR-spectra of 2:1 molar ratio of CPZ, PMZ, TDZ, and
TFPZ with Au (I11). A weak band at 2550 cm™ corresponds to the presence of the S-H
group in the phenothiazine ring structure of CPZ, PMZ, TDZ, and TFPZ. The S-H band
was not observed in the spectra of the PTZ, upon the addition of Au (I11). Prominent
bands associated with N*3-H stretching is also visible on the spectra around 3,000-3,500
cmL. The decrease in the S-H peak in all the PTZ structures confirms interactions of Au
(11) with an electron-withdrawing group producing the peak shifts in the UV-vis spectra,
suggesting S-Au coordination.?®® These results provide evidence that a metal-ligand
complex structure has formed between CPZ, PTZ, TFPZ, TDZ and TFPZ, and Au (I11) at

various molar ratios (Table 4.1).
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Figure 4.4. FTIR spectra of PTZ/Au (I11) complexes at a 2:1 ligand to metal ratio.
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4.3.3. Toxicity of the Metal and PTZ Mixtures or Complexes.

The MIC of all individual phenothiazines and metals in E. coli was determined by
the microtitre broth dilution method (Table D.1.). Checkerboard assays were performed
to evaluate toxicity to the bacterial cells and synergistic potential. Various concentrations
of two-fold dilutions of phenothiazine to metal were tested yielding MI1Cgo under various
drug to metal combinations. The Ag (1), Cu (I1), and Au (111) exhibited toxicity in
combination with different phenothiazines to varying levels.

Significant increased or decreased growth, and non-significant tested
combinations, can be seen in Table 4.2. Lower concentrations of Ag (1), Cu (1), and Au
(1) in combination with the highest concentrations of PTZ tended to result in a
significant (p-value < 0.05) decrease in bacterial growth in comparison to the respective
application of the metal ions alone. The higher concentrations of Ag (1) and Cu (1)
applied dually with nearly all PTZ concentrations tended to result in no significant
difference (p-values > 0.05) in bacterial growth. Mid to high Au (111) concentrations
applied with all PTZ had instances of significantly increased growth of bacteria in
comparison to the application of the respective Au (111) concentrations alone. Selected

relative growths after 16 hours of incubation can be seen in Figure 4.5.
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Figure 4.5. Selected relative growths after 16 hours of incubation of Ag (1), Cu (Il), and
Au (111) applied with either CPZ, PMZ, TDZ, or TFPZ resulting in a significant (p-value
< 0.05) decrease™* in relative E. coli growth in comparison to application of both PTZ and
metal concentrations individually or significant (p-value < 0.05) decrease of growth in
comparison to the application of at least **one of either PTZ or metal concentrations
alone. Relative growth is based on ODsoo in comparison to control of bacteria grown

without chemical addition.
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Table 4.2. Combinations of concentrations of PTZ and metal ions result in an increase or decrease in E. coli growth relative to
the metal concentration alone. The green downward triangle represents a statistically significant decrease in E. coli growth

(inhibition). Red upward triangles represent a statistically significant increase in bacterial growth.
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4.3.4. Synergism and Antagonism of Metal-Phenothiazine Combinations.

A comparison of synergism was determined by the zero-interaction potency

model (ZIP), Bliss Independence, and Lowe Additivity methods. The open-source

software SynergyFinder was used to determine the synergy scores for the checkerboard

assays.?*! The software was used to plot dose-response curves using log-logistic 4-

parameter curve fittings. The average synergy scores for the various conditions for each

phenothiazine and metal combination tested (Table 4.3.) were calculated.

Table 4.3. Dual drug scoring from three methods of synergism calculations. Bliss and
ZIP >1 = synergism, <1 = antagonism; Loewe <1 = synergism >1 = antagonism.

IYE:,? Phenothiazines Bliss Loewe ZIP
CPz 6.461 -2.628 6.792
Ag (1) PMZ -1.543 -11.602 0.198
TDZ 0.216 3.237 1.165
TFPZ 1.538 -0.834 3.25
CPZz 1.097 -5.541 1.166
PMZ -0.888 -7.538 -0.266
TDZ 0.782 -7.085 1.276
TFPZ 0.782 -5.618 1.277
CpPz -13.628 -16.507 -10.726
PMZ -11.131 -20.079 -11.289
Au (1) TDZ 0.782 110113 1.275
TFPZ -1.456 -14.663 0.89
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Figure 4.6 Au-PTZ complex, excess Au (I11), and excess PTZ in solution of
checkerboard assays (left). Surface plots showing inhibition of bacterial growth (right). A
is chlorpromazine, B is thioridazine, C is trifluoperazine, D is promethazine.
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Silver and all phenothiazines tested resulted in high ZIP synergy scores
suggesting high levels of synergism between the drug combination toward E. coli. Bliss
scores also suggested synergism with Ag (1) and all the phenothiazines. Loewe had
contradicting antagonistic results for Ag () and CPZ and PMZ compared to Bliss and
ZIP synergy methods. The Cu (I1) synergy scores agreed for antagonism for all
phenothiazines tested using the Loewe and ZIP methods. The Bliss method confirms all
PTZ tested except for PTZ which scored antagonistically. The Au (I11) and TFPZ
complex ZIP scores suggested synergism. Gold complexes with CPZ, THZ, and PMZ all
showed antagonism toward the ZIP method. The Bliss method scores suggested all PTZ
combinations with Au (111) were antagonistic. The Loewe scores suggested all Au (111)
and PTZ complexes were synergistic.

Silver ions have well-established antimicrobial properties and have been
extensively studied with more research in the last decade going toward nanoparticle
silver.2® The primary mechanism of Ag ion toxicity is DNA and RNA damage by
binding and condensing preventing transcription and replication and limiting protein
synthesis and cell division.??® %7 Additionally, silver ions, and silver NPs have been
known to generate reactive oxygen species (ROS) which can damage and destroy bacteria
cells.?® The primary methods of action from CPZ are at the cellular membrane, causing
elongation and then filamentation of the cell as well as disruption of the electron transport
systems by reducing superoxide dismutases (SOD) that detoxify the cells from
superoxide radicals.?®%-2%0 Furthermore, CPZ is both a substrate and inhibitor of the efflux

pump AcrB protein found in E Coli., which is responsible for RND multi-drug antibiotic
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resistance 2°1. Bliss and ZIP methods agreed for synergism compared to an antagonistic
score for the Loewe method. The Loewe model works as an additivity model from the
concept that the compounds in question do not interact with themselves and both
compounds can be interchanged if they have the same effect.?%2 The Bliss model assumes
the individual compounds have independent events of actions when applied
simultaneously.?*1- 262 The ZIP model assumes that two non-interacting drugs will have
negligible changes to individual dose responses.?® The ZIP model utilizes advantages
from both models and is appropriate for high-throughput screening of compounds.?*® The
discrepancies in the Loewe synergy scores can be attributed to the indirect interactions of
Ag (I) and CPZ. Silver’s mode of action may cause a reduction in E. coli’s ability to
detoxify from CPZ causing the dose experienced by the bacterium to differ. The
assumption that the Loewe model incurs about the additive activity of the doses of the
compound cannot be made in this case. TDZ synergy scores suggested synergism across
all models.

TDZ has been shown to act as antimicrobial and antiplasmid toward E. coli.??* 263
Additionally, TDZ can inhibit RND efflux pumps leading to a decrease in biofilm
formations.?%4-2% The toxicity of Ag (1) and TDZ mixture may be attributed to additive
toxicity to the cell. All three models showed synergism in TFPZ and Ag (I) mixtures.
TFPZ is known to inhibit calmodulin, a calcium-binding protein that is essential to
cellular processes such as cell cycle and cell division.?%%26” However, E. coli is much less
sensitive to the toxicity of this compound compared to other types of microbes.?®® This

may explain the higher synergy scores across all models tested.
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The Ag (1) and PMZ mixtures showed synergism for the Bliss and ZIP methods
but antagonism for Loewe. PMZ can inhibit major efflux pumps and alter membrane
permeability in bacterial cells 2°. Additionally, PMZ can act as an antiplasmid agent.?’"-
21 Similar to the case of CPZ, Ag (I) may be indirectly influencing the dosage voiding
the assumption for the Loewe method.

Copper is known to be both an essential nutrient acting as a cofactor for many
biochemical reactions, and a toxic molecule to the cell of E. coli.?’> Copper is
environmentally available as Cu (I1) under aerobic conditions but Cu (l) is the
predominant form that is utilized for metal homeostasis in bacteria.?*! Electrons from
respiratory chain components are utilized in Cu (I1) reduction Cu (1).2”® Additionally,
copper is involved in free radical superoxide formation.??” 242’ The Cu (I1) and CPZ,
TDZ, and TFPZ mixture combinations suggested synergism based on all three models.
Cu (I1) and PMZ mixtures were synergistic for the Loewe and ZIP models but
antagonistic for the Bliss model. The ZIP score reported is the expected response
matching the effect as if the individual drugs did not influence the toxicity of one
another.?*! The ZIP score for Cu (I1) and PMZ is not very synergistic based on the model
criteria for synergism and antagonism. This may be reported as synergistic based on
overestimates from the calculations of the model. The Loewe method has Cu (11) and
PMZ combination very synergistic based on the criteria and based on its additive effect of
treating the individual compounds as if they were one single drug and may overestimate

the synergism as Cu (I1) alone is highly toxic to E. coli.
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The largest discrepancies between the three methods were in the Au (111) and PTZ
complexes. Gold ions have been often tested as complexes with other biocidal
compounds and are relevant to microbial toxicity of Gold NPs.??® 232 |n aquatic systems
Au (111) has been shown to inhibit the growth of bacteria, algae, and euglena 2. Au (111)
is toxic to E. coli by creating an imbalance of the bacterium’s oxidative status by
decreasing intracellular thiol levels that increase superoxide concentrations and
facilitating the production of SOD enzymes 22°. The Au (I11) and CPZ, TDZ, TFPZ, and
PMZ complexes were all antagonistic based on the Bliss method, while Au (I11) PTZ
complexes were synergistic in the Loewe model, and CPZ, TDZ, and PMZ were
antagonistic for the ZIP model while TFPZ was synergistic.

The underlying discrepancies are most likely due to the base assumptions of each
model. The ZIP method expects the response to correspond to the fact that the individual
drugs do not specifically affect the drug response potency of each other 21, Complex
formation between Au (111) and all the PTZs tested would null this assumption as
complex formation would change the compound making the bioavailable gold and
phenothiazine less than what the bacterium was initially dosed with. The confirmed
complex formation would explain a third compound which could vary the results of the
two-drug run of all three methods to calculate synergism. The complex calculations from
the mol-ratios can be used to calculate excess phenothiazine and remaining Au (I11) in the
wells across the checkerboard assays.

When addressing synergism, models with base assumptions that compounds will

not interact have the potential to misdirect the discovery of novel chemotherapies for
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MDR bacteria. Studies involving dual application of compounds require an initial
understanding of the chemical interactions the compounds may have before dual
application for bacterial inactivation. The complexation occurring between Au (111) and
the PTZ reduces the actual ionic concentrations to which the bacteria would be exposed.
This makes the utilization of the models to quantify synergism challenging for
compounds that may have initial reactions leaving the test conditions with unintentional
quantities of drug combinations (i.e. metal, ligand, and complex) in which different
models that were initially utilized may need to be applied or developed. The scientific
community needs to come to a more standardized procedural method of testing for
synergism from the usage of 2 or more antimicrobial compounds applied simultaneously.
Methods should include the initial study of the biological and chemical interactions
which may influence bioavailable concentrations of test compounds altering the true
dose-response curve. Additionally, the utilization of robust standardized models that can
accommodate multiple drug applications with various levels of interaction between drugs
and between bacterial cells and drugs would allow for the standardization of multiple
drug testing in drug applications for MDR bacterial inactivation.

4.4. Conclusion.

In this study, the phenothiazine class of drugs promethazine, trifluoperazine,
chlorpromazine, and thioridazine, which act as efflux pump inhibitors, were mixed with
either Cu (11), or Ag (1), or Au (111) ions and applied for E. coli inactivation. Ag (1) and
Cu (I1) drug combinations produced synergistic inhibitions to varying degrees. The TFPZ

and Au (111) combinations were synergistic with E. coli.
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There was toxicity and increased synergism, particularly with Ag (1) and Cu (I11)
that may have occurred because of the inhibition of major transporters that provided
relief from the environmental stressors. Au (I11) complexation formation with the PTZ
may inhibit the irreversible binding of the EPIs to the efflux pumps and limit toxicity.
This suggests that the changes in substrate chemicals may reduce toxicity as the efflux
pump no longer recognizes the EPI. The toxicity observed may be associated with
increased loadings of PTZ and metal respectively. The results of this study suggest that
phenothiazine/silver, phenothiazine/copper, and the trifluoperazine/gold dual
combinations may act as synergistic antimicrobial agents toward E. coli. Future studies
should refine the complexation process and purify compounds to ensure synergism is

from the novel complex and not from excess un-complexed Au (I11) or PTZ.
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CHAPTER 5
MEMBRANE PROTEOMIC ANALYSIS REVEALS ENDOCRINE-DISRUPTING

CHEMICALS INDUCE ANTIBIOTIC-RESISTANCE TOWARD KNOWN BIOCIDES
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Abstract

Constitutively and chemical-induced expression of multi-drug resistant (MDR) proteins
render bacteria resistant to harsh environments, metals, biocides, and other non-
conventional chemicals. Endocrine-disrupting chemicals (EDCs) such as nonylphenol
(NP), 17p-estradiol (E2), 17a- ethynylestradiol (EE2), bisphenol-A (BPA), and
bisphenol-S (BPS) may induce membrane-bound multi-drug resistant (MDR) genes and
are substrates of MDR efflux pumps found in bacteria. To understand the effect of
estrogens on E. coli grown with prolonged exposure of the EDCs NP, E2, EE2, BPA, and
BPS (0.01% wi/v) and evaluated for induced antimicrobial resistance with a chemical
sensitivity assay. NP exposed cells resulted in the highest quantity of antagonistic
response (induced resistance) with cells becoming resistant to 105 of the chemicals,
followed by EE2 (n = 88), BPA (n = 80), BPS (n = 61), and E2 (n = 38). Membrane
proteins from exposed cells were extracted and relatively quantified using unlabeled,
untargeted LC-QTOF mass spectrometry. Regulatory (repression), RND-type, and ABC-
type efflux proteins were upregulated after exposure to specific environmental estrogens
(MdtB in NP, EE2, BPA and BPS treated cells, AcrD in EE2, BPA and BPS treated cells,
ArsB in EE2, BPA, and BPS treated cells, MarR in NP, E2, BPA and BPS, MdtN in NP
treated cells). Non-target analysis of membrane proteins confirmed elevated expression

of antibiotic-resistant proteins.
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5.1. Introduction.

Estrogen mimics such as the synthetic hormones 17a-ethynylestradiol (EE2) and
17p-estradiol (E2), plasticizers such as Bisphenol-A (BPS), and Bisphenol-S (BPS), and
the detergent nonylphenol (NP) are environmental pollutants responsible for various
endocrine-disrupting effects in humans and aquatic and terrestrial animal life.%* %’” These
contaminants are found in consumer products, prescriptions, at historically polluted sites,
and increasingly in tap water and wastewater.>2>® Because of the increased use of
chemicals for industrial, residential, and pharmaceutical usage, EDCs continue to be a
large and growing group of compounds. The United States Environmental Protection
Agency (EPA) defines endocrine-disrupting chemicals (EDCs) as exogenous substances
or mixtures that alter functions of the endocrine systems of humans and wildlife in both
the exposed organism and its offspring.®® 2’ EDCs have a significant acute and chronic
impact on human and wildlife health and the microbial ecology of built and natural
environments.?’%-280 Research suggests that because the actions of EDCs are not limited
to a single endocrine axis or organ, they can be responsible for increasing rates of
cancers, altering adipose tissue promoting obesity, metabolic syndrome, diabetes, thyroid
diseases, and infertility related to the sexual development of humans.>®5! This
accentuates the role EDCs partake in exacerbation of bacteria virulence involved in
clinical infections, environmental ecology, and engineered microbial systems.

Studies have shown that natural sex hormones such as estradiol, can increase
growth and virulence factors in multi-drug resistant (MDR) bacteria such as E. coli, and

P. aeruginosa, increasing the persistence of these bacteria during infections.?81-283
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Synthetic estrogen mimics, plasticizers, and detergents that act as EDCs can play similar
roles in MDR bacteria and induce other virulence factors such as antibiotic resistance.

E. coli and other gram-negative bacteria possess MDR efflux pump proteins that
are responsible for the extrusion of toxic chemicals from the cytoplasm and periplasm as
a resistance response to environmental stressors.?®* These efflux pumps facilitate the
survival of gram-negative bacteria in harsh environments, such as high metals, anaerobic
conditions, wastewater, and the human gut. Chemicals pumped from the cell vary due to
the wide substrates of the efflux pumps in total and include bile salts, antibiotics,
biocides, detergents, and heavy metals, among others,285-2%

MDR proteins are over-expressed in the presence of natural and synthetic
estrogens and estrogen mimics.” Exposure to E2, estriol, and estrone induced the
expression of acrB, acrF, and mdtF (yhiV) in a gPCR analysis of E. coli strain K12, while
exposure to anthropogenic estrogens EE2, BPA, and NP similarly increased and induced
the RND inner membrane genes acrB and mdtF.”® None of these chemicals are true
antimicrobials, however, anthropogenic bisphenols and nonylphenol have been shown to
exhibit biocidal activity in bacteria. Loadings of EDCs in natural and built environments
may pose a direct and indirect risk to public health and microbial ecology as the cycling
of these contaminants in built and natural microbial communities may induce antibiotic
resistance.

To better understand the role EDCs may play in antibiotic resistance in MDR
bacteria, generationally EDC-exposed E. coli was evaluated against 210 biocides (Table

5.1) for high-throughput relative testing of potential antagonism. To determine if
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antibiotic-resistant proteins are overexpressed in response to prolonged exposure to
anthropogenic EDCs NP, E2, EE2, BPA, and BPS, membrane proteins were extracted
and quantified on LC-QTOF mass spectrometry. The resulting conferred resistance to
210 antibiotics was determined using the coefficient of drug interaction, a type of
combination index (CDI) for antagonism, and protein expression was investigated to
observe the role of EDC-induced antibiotic resistance.

5.2. Materials and Methods

5.2.1. Chemicals and Cell Line.

All the EDCs for all test conditions were commercially obtained from Millipore
Sigma. The chemicals NP, EE2, BPA, and BPS were prepared in molecular grade 190
proof ethanol (Sigma Aldrich) using volumetric flasks and stored in glass containers at 4
°C. The chemical E2 was prepared in molecular grade DMSO (Sigma Aldrich) in the
same manner and stored. All chemical stocks were prepared at 100X and made fresh
before biological application.

The E. coli strain wild-type W3110 was used and served as the control and test
strain.?*® Plates were prepared using stock EDC solutions and LB agar (EDCs at
0.01% wi/v). E. coli was streaked on the respective EDC plate for NP, E2, EE2, BPA, and
BPS (all EDCs at 0.01% w/v) and incubated overnight at 37°C for 16 hours. The process
was repeated two additional times to acclimate cells to the respective EDC across three
successive agar plates.

5.2.2. Chemical Sensitivity Assays
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Biolog’s chemical sensitivity assays (PM11-PM-20) were used to evaluate high-
throughput screening of the effects of combinations of multiple classes of biocides and
the environmental estrogens NP, E2, EE2, BPA, and BPS. Assays were conducted per the
manufacturer’s procedure with modifications. A bacteria colony was pre-cultured in
either 5SmL of LB media containing either NP, E2, EE2, BPA, BPS (EDCs at 0.01% w/v)
or no estrogen and incubated at 37°C till mid-log growth (ODsoo 0.8-1.00). Cultures were
seeded to 120 mL of fresh LB media being estrogen free or with their respective
estrogens at the same concentration for a final bacterial concentration of 108
cells/mL. The cultures were dispensed (100 puL per well) in Biolog’s microbial chemical
sensitivity panels (Biolog, Inc., PM11-20) for a final in-well concentration of 10°
cells/mL. The plates were incubated at 37 °C and the growth (ODsoo) was recorded on a
microplate reader spectrophotometer (Biotek Synergy H1) att =0 and t = 16 hr.

5.2.3. Analysis of Combinatory Effects.

The coefficient of drug interaction was used to determine if estrogen exposure
resulted in decreased antibiotic susceptibility. Bacteria growth (ODsoo) on the estrogen
mimic was normalized relative to the control (LB media only) over the same period.

Normalized growth, often used in CDI calculations was used in the calculation for

Equation 5.1.
A+B .
CDI = @B Equation 5.1.

Where AB is the growth of E. coli in the estrogen-biocide mixture, A is the
growth of E. coli on the estrogen alone, and B was the growth on the Biolog biocide

alone. The combination was designated synergistic at CDI < 1, additive at CDI = 1, and
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antagonistic at CDI > 1. The lower limit of CDI > 1.5 was used for antagonistic
combination, though slight antagonism at CDI = 1.1 is a valid starting point.2%1-2%2 CDI
values greater than or equal to 1.5 were set to indicate elevated levels of antagonism since
the growth of the EDC plus biocide was greater than at least one of the individual
chemicals by 16.7-56.7%. CDI values represent the average of duplicate experiments.
5.2.4. Protein Extraction.

Overnight 5 mL precultures of LB media containing either NP, E2, EE2, BPA, or
BPS (EDCs at 0.01% w/v) and no chemicals were prepared and incubated at 37°C.
Bacteria from precultures were seeded into 250 mL of fresh LB media with respective
EDCs or no chemicals for a final bacterial concentration of 10° cells/mL. The cultures
were grown to mid-log (ODeoo 0.8-1.00) and centrifuged at 3500 x g (Sorvall RC 5C
Plus) at 4°C. Pellets were processed immediately for protein extraction. Membrane
proteins were fractionated and isolated using BioRad’s ReadyPrep™ Protein Extraction
Kit (membrane I, sodium carbonate extraction methods) per the manufacturer’s
procedure.?®® Bacterial sample tissues under triplicate growth and extractions for all
EDCs and controls were processed. In a microcentrifuge tube on ice, 2 mL of lysis buffer
solution was added to ~100 mg of sample. To disrupt the cells, samples were sonicated
on ice with an ultrasonic probe (Qsonica Ultrasonic Processor Q500) 4 times with bursts
of 30 seconds on and 30 seconds rest intervals for a total time of 8 min at 20% amplitude.
Samples were centrifuged at 3,000 x g at 4°C. The supernatant was diluted into a chilled
beaker on ice containing 60 mL of membrane protein concentration reagent and stirred

for 60 min. Samples were then ultracentrifuged (Bechman Coulter Optima XPN-100
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Ultracentrifuge) at 100,000 x g for 60 min at 4°C. The supernatant was decanted and
discarded, and the pellets were washed with 3 mL of chilled lysis buffer and rested for 2
min. The samples were washed a second time with lysis buffer and iced for 1 min. Pellets
were resuspended with 2 mL of 2-D rehydration sample buffer containing a
tributylphosphine reducing agent, ampholyte (0.2% w/v), and an ASB-14 detergent to
efficiently solubilize the proteins. Samples were centrifuged at 16,000 x g for 20 min at
room temperature and the supernatant was transferred to clean tubes. Samples were tested
on nano-drop addon on the microplate reader (Biotek Synergy H1) and proteins were
quantified. Samples were stored at -80 °C for downstream applications.

5.3.5. Protein Mass-Spectroscopy and Proteomics Analysis.

Non-target relative quantitative proteomics was performed on protein extracts.
Triplicate biological extract samples were submitted to be processed for protein mass-
spectroscopy. Samples were digested in trypsin and proteins and peptides were relatively
(label-free) quantified using an Agilent 1290 HPLC coupled to the Agilent 6530
Quadrupole TOF LC-MS. Proteins were identified with the FASTA format alogrithim?%*
Tryptic peptides were also targeted based on a prediction list to maximize detection
during untargeted analysis. The data were analyzed, and statistics were applied using the
Proteome Discoverer software.?®® Data were statistically analyzed by one-way ANOVA.
Significantly increased abundance of proteins was determined to be values with a fold-
change (FC) > 4 and p-value < 0.05. A significantly decreased abundance of proteins was

determined to be values with a FC < 0.25 and a p-value < 0.05. The resulting statistical
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data can be visualized on logio-log2 volcano plots for each EDC test condition (Figure
D.1)

5.3. Results

5.3.1. EDC Chemical Sensitivity Assay.

Antimicrobial susceptibility of wild-type E. coli (W3110) was performed by a
high-throughput screen using Biolog’s chemical sensitivity assay. Biolog’s pre-plated
chemicals allowed for the testing of 210 chemicals covering 7 classes of biocides (Table
5.1.) and are frequently used to test the toxicity of conventional antibiotics in a 96-well
microplate format. Each plate contains 24 chemicals of four increasing masses of each
biocide across 10 plates (PM11-PM20, Table 5.1.). Relative growth (ODeoo) was used to
calculate the CDI for each well of the bioassay plate (Equation 5.1.). The number of
antagonistic combinations from each class of biocide with the corresponding EDCs is
presented in Figure 5.1. and 5.2. Of the EDCs assessed, NP combinations resulted in the
highest quantity of antagonism and showed elevated growth when mixed with 105
chemicals, followed by EE?2 at 88, BPA at 80, BPS at 61, and E2 at 38 antagonistic

combinations.
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Figure 5.1. Antagonistic biocide and EDC combinations within classes of chemical
tested. Antagonistic combinations were counted in this figure if the CDI values were >
1.5. Multiple concentrations may induce but were only counted once for each respective
EDC in this figure.
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Table 5.1. Biocide chemical class or target of biocide in Biolog’s chemical sensitivity
assay. Metal biocides are another class of Biolog’s chemical sensitivity assay but were
excluded from this study. A total of 210 were evaluated with various subtypes of

chemicals
No. of _ Class or Class or _ No. of
. Subtype of chemical target of target of Subtype of chemical .
chemicals . . chemicals
action action
2 Glutathione Carboxylic acid 3
5 Oxidizing agent Oxidation Chelator Hydroxyguinoline 4
1 Sulfhydryl N-heterocycle 2
14 Aminoglycoside Other 1
1 Linocosamide DNA alkylation 2
6 Macrolide Fluoroquinolone 5
6 Protein synthesis Protein Intercalator 8
8 Tetracycline Nitrofuran analog 3
5 tRNA synthetase DNA & RNA Purine analog 2
3 Other Pyrimidine analog 5
1 ca® transporter Quinoline 4
10 lonphore Resperation Other 4
4 Uncoupler Folate Sulfonamide 8
2 Other Other 3
11 Cephalosporin K* inhibitor 2
lon channel
1 Monobactam Na" inhibitor 2
11 B-lactam Cell wall Anionic detergent 1
3 Peptidogylcan synthesis Cationic detergent 6
3 Polymyxin Electron transport 3
1 Other Membrane  Guanidine (permeability) 2
3 Acetylcholine antagonist Phenothizaine 4
1 Fatty acid synthesis Other 3
3 Glycopeptide Zwitterionic detergent 1
3 Nitroimidzaole Other Lipoxygenase 1
2 Rifamycin biocides phenylsulfamide 2
2 Triazole Fungalcide Other 1
13 Other
3 Anti-capsule
Total tested 210
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Figure 5.2. Heatmap of CDI values of EDC (0.01% w/v) induced antagonism to Biolog Chemicals. Major groups (shaded in
green) were greater than 50 % of the classes of biocide resulting in elevated levels of antagonism (AC is anticapsule and Fungi
are fungicides, Ach Recp is Ach Receptors, lon is lon channel inhibitors, and Folate Syn is folate synthesis).
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5.3.2. Proteomic Analysis of EDC Induced Antibiotic Resistance.

To further investigate the basis of EDC-induced resistance to 54 types of biocides, a
metaproteomic analysis of E. coli membrane proteins was conducted. This proteomics study was
conducted using untargeted, label-free mass spectrometry, semi-quantified. From the analysis of
the proteomic data, 13,923 unique peptides were identified matching 2,012 proteins (Figure 5.3.).
Of the proteins identified across biological replicates (n = 3), 1483 were shared between control
(unacclimated) cells and NP treated cells (93.6% W3110, 81.2% NP). The shared identified
proteins between the synthetic estrogens E2 and EE2 treated cells and control was 1261 between
E2 and W3110 (79.6% W3110, 88.0% E2), 1503 between EE2 and W3310 (94.9% W3110,
87.6% EE?2), and 1220 between E2 and EE2 (92.1% E2, 78.2% EEZ2). The shared identified
proteins between the plasticizers BPA and BPS treated cells and control was 1493 between BPA
and W3110 (94.3% W3110, 77.1% BPA), 1358 between BPS and W3310 (85.7% W3110,
85.7% EE2), and 1503 between BPA and BPS (81.9% BPA, 94.9% BPS).

Significant proteins detected were sorted by biological process, molecular function, and
cellular location using the Proteome Discoverer software (Figure 5.4.). For all tested EDCs, the
two highest abundant upregulated proteins belonged to metabolic processes and responses to
stimuli. Downregulated proteins varied between EDCs, with the most abundant being metabolic
processes due to NP, E2, EE2, and BPS exposure. Significant up and downregulated proteins
were also sorted by molecular function and location of a cellular component. For all EDC-treated
cells, the most abundant upregulated proteins detected by molecular function demonstrated
catalytic activity. Most of the proteins detected were associated with the membrane, cytosol, and

cytoplasm.
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Figure 5.3. Venn diagrams of total detected, and protein overlap between different tested EDC
(0.01% wi/v) types. Unique proteins for each EDC exposed and wild-type (strain W3110, control)
were: NP 47, E2 39, EE2 18, BPA 31 and W3110 21. No unique proteins were obtained for BPS-
treated cells.
5.3.3. Significant Antibiotic Resistant Proteins Identified.

Exposure to EDCs resulted in increased and decreased protein production of several
resistant classes of proteins when compared to their respective controls. Proteins detected were
considered increased in abundance when the relative expression level showed a fold-change (FC)

> 4 (p-value < 0.05). Proteins were considered decreased in abundance when the relative

expression level exhibited a FC < 0.25 (p-value < 0.05) (Table 5.2.). NP, EE2, and BPA-treated
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cells had a mostly increased relative abundance of significantly identified antibiotic-resistant

proteins, whereas E2 and BPS had a mostly decreased abundance of antibiotic-resistant proteins.
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Figure 5.4. Protein ontology of significantly up or downregulated proteins. Percentage of
upregulated and downregulated proteins detected and categorized by gene ontology. Biological
process (top), molecular function (middle), cellular component (bottom), and upregulated (Blue
colors; Left) and downregulated (Red colors; Right)
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Table 5.2. Major antibiotic resistance proteins significantly detected from treatment from
EDCs. Increased protein abundances are highlighted in blue (solid) and decreased are
highlighted in red (spotted).

1D Classification Protein Name NP E2 EE2 BPA BPS
. . . Log2 FC
P37637  Multidrug resistance protein MdtF
-Log P-Value
X i i Log2 FC
P37636 Multidrug resistance protein MdtE
-Log P-Value
i . Log2 FC
P24177  Probable aminoglycoside efflux pump AcrD
-Log P-Value
. . . Log2 FC
P76398 Multidrug resistance protein MdtB
-Log P-Value
. Log2 FC
POAFP9 Probable multidrug ABC transporter permease YbhR
-Log P-Value
. . . Log2 FC
P25744  Multidrug resistance protein MdtG
-Log P-Value
. . Log2 FC
POAEJO Multidrug export protein EmrB
-Log P-Value
. . . Log2 FC
P37340 Multidrug resistance protein MdtK
-Log P-Value
i i Log2 FC
POAE78 Magnesium and cobalt efflux protein YbeX
-Log P-Value
i i Log2 FC
POAB93  Arsenical pump membrane protein ArsB
-Log P-Value
. L . . Log2 FC
P27245  Multiple antibiotic resistance protein MarR
-Log P-Value
i i i Log2 FC
P76397 Multidrug resistance protein YbhS
-Log P-Value
. Log2 FC
POAFQ2 Probable multidrug ABC transporter MdtN
-Log P-Value
. . . Log2 FC
P32716 Multidrug resistance protein MdtA
-Log P-Value

5.4. Discussion.
5.4.1. EDC and Chemical Sensitivity Assays.

Combinations of NP and biocides yielded high antagonistic levels with
anticapsule, chelating agents, DNA and/or RNA targeting, folate synthesis targeting,
fungicidal, ion channel inhibiting, membrane targeting, Ach receptor targeting, oxidizing,

protein inhibiting, respiration targeting, a cell wall targeting and other biocidal and
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antibiotic chemical classes of compounds (Table 5.1.). Exposure to nonylphenol made E.
coli more drug resistant. Nonylphenol products are toxic detergents and are responsible
for superoxide formation that leads to severe inhibition of bacterial growth unless
resistant mechanisms such as radical scavenging enzymes are present.?%® Previous work
has shown that NP, EE2, and BPA induced antibiotic resistant genes (acrB and mdtF)
encoding the inner membrane protein of RND chemical efflux pumps found in E. coli
and the hormones E2, estriol, and estrone induced genes (acrB, acrF, and mdtF).”
Substrates of the protein AcrB include lipophilic beta-lactams, multiple pharmaceutical
drugs, detergents, bile salts, organic solvents, disinfectants, dyes, steroid hormones,
phospholipids, ethidium, and lipophilic carboxylates.*® 7> 165 297 Sypstrates of the efflux
protein MdtF include acriflavin, doxorubicin, ethidium, rhodamine 6G, and
deoxycholate, 105166 174,298 \while AcrD efflux substrates include amikacin, gentamycin,
neomycin, kanamycin, tobramycin, sodium dodecyl sulfate (SDS), deoxycholate,
estradiol, progesterone, aminoglycosides, Cu?*, Zn?*, and L-cysteine.*6: 163.299-301 The
high levels of antagonism observed in NP-exposed cells may be due to the chemical
efflux caused by NP in E coli. Increased protein production from gene expression likely
results in increased efflux, reducing the effectiveness of these types of chemicals.

Bisphenols, as the parent compound or replacement, caused phenotypic antibiotic
resistance across an array of chemicals. The plasticizer BPA, when mixed with
antimicrobials and biocides, resulted in several antagonistic combinations, most notably
with DNA/RNA targeting antibiotics, chelating agents, folate synthesis targeting,

oxidating agents, protein synthesis, respiration targeting, wall targeting, and membrane
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targeting classes of chemicals (Table 5.2.). As substrates of major efflux pumps in
bacteria, induction of efflux may be a cause for higher levels of antagonism with
chemicals such as membrane targeting an oxidizing agent that requires penetration of the
cell or membrane proximity to be biologically active. BPS shared the same antagonistic
class of biocides but also showed antagonism with Ach receptor inhibiting whereas BPA
did not. Neither BPA nor BPS combinations showed antagonism with ion channel
inhibitors.

Synthetic hormones such as E2 and EE2 produced low and high numbers of
antagonistic combinations. Of the 210 chemicals evaluated, E2 exposure resulted in 38
antagonistic combinations. Estrogenic compounds such as E2 are often readily
biodegraded by bacteria and are hypothesized to act as a carbon source for
metabolism.3%2-3% Reduced antagonism with the tested biocides is likely due to
assimilation of E2 into cellular carbon, resulting in no negative interaction with biocide
or cell. However, the synthetic hormone EE2 reduced antibiotic effectiveness, and cells
survived on biocides compared to no exposure. Since hormones are substrates of major
multi-drug efflux pumps in E. coli, the induction of antibiotic resistance genes that export
many compounds would result in prominent levels of observed antagonism, due to
acquired resistance.

5.4.2. Proteomic Analysis of EDC-exposed Cells.

Biological processes and molecular functions can give insight into the influence

of the EDCs on the membrane proteins of E. coli. As expected, there is an enrichment of

upregulated proteins associated with transporter activity compared to their relative
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controls for E2, EE2, BPS, and BPA acclimated cells. Transporter activity involves the
import and export of biomolecules in response to environmental factors using the energy
of ATP hydrolysis and electro-chemical gradients.?8® 3¢ As substrates of major
transporters E2 and BPA should increase transporter activity as proteins responsible for
energy transport and detoxifications are upregulated. Increased metabolic activity and
response to stimuli signify the bacteria’s attempts to matin homeostasis from the stress of
exposure to the EDCs.30°

Cells treated with NP, E2, and EE2 had a significant decrease in nucleotide-
binding proteins compared to their respective controls. The abundance of nucleotide-
binding proteins decreased in downregulated proteins treated with BPA compared to its
respective control. Nucleotide-binding proteins shape bacterial chromosome changes in
response to environmental conditions and are essential in bacterial cell function through
stabilization and protection of DNA. 2307 An increase in the downregulated proteins
could be a response to the stress the EDCs impose on the cell. A decrease in proteins
categorized as nucleotide-binding may suggest fewer proteins are being downregulated
compared to the respective control increasing DNA protection and stabilization from
stressors such as BPA.

EE2, BPA, and BPS-treated cells increased upregulated proteins associated with
biological processes, more specifically transporter activity. Transport proteins such as
MDR efflux pumps are responsible for the traffic of biomolecules inside or outside the
cell including essential molecules and toxins.>*® The increase in these proteins may be

due to stimulus from the EDC needing to allocate compounds and energy for defense or
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continued function of the cell. Additionally, this increased protein production can be for
the efflux of chemicals via protein transporters to protect cells from toxic compounds.
5.4.3. Upregulated and Downregulated Antibiotic Regulation and Efflux.

The antibiotic-resistance proteins detected can provide insight into the extent of
resistance occurring due to pollutant exposure (Table 5.3.). The MarR protein represses
the transcription of the MarORAB operon, limiting antibiotic resistance of E. coli.®® The
marRAB that encodes for the MarORAB protein system, is stochastic and its expression
is enhanced by the presence of antimicrobial compounds.®!° MarRAB operon expression
is repressed by the MarR protein, but phenolic compounds such as salicylic acid,
dissociate the binding between MarR and PmarQO by binding directly to the MarR protein
ending the repression.®!1312 The increased abundance of MarR in EDC exposed cells
could indicate an attempt by the cells to maintain homeostasis with stressors. As a
phenolic compound, NP can bind to MarR protein causing the regulation of several
resistance proteins, observed here, and could explain the high counts of antagonism with
the 210 biocides assessed and NP accumulated E. coli. Interestingly, despite previous
studies indicating expression of acrAB-TolC related genes, no significant (relative to the
controls) AcrB proteins were detected for NP, BPA, and E2 treated cells. The MarR
protein also regulates the AcrAB efflux pump responsible for exporting a variety of
structurally and chemically unrelated compounds outside of the cell. 31334 The
upregulation of the MarR protein can explain why no significant detection of AcrB
proteins occurred as initially expected consequently other MDR proteins were expressed

and discussed below.
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The protein AcrD is an RND transporter and homolog of the AcrB protein that
forms a tripartite complex responsible for the efflux of aminoglycosides and anionic -
lactams 163299315316 | jke AcrB, the protein AcrD works with AcrA and TolC to export a
more selective variety of compounds than compared with the AcrAB-TolC efflux pump
system. 31317 Upregulation in AcrD in EE2, BPA, and BPS cells can be associated with
an upregulation of BaeR, (data not shown) a regulator of AcrD. However, BaeR
expression increased for NP and E2 treated cells, yet AcrD was downregulated in these
cases. There is conflicting research that shows BaeR is required for the regulation of
AcrD under kanamycin treatment.318-320 Further work is needed to better understand the
protein regulations in the EDC-treated cells.

The protein MdtB was significantly upregulated in NP, EE2, BPA, and BPS-
treated cells. MdtB can form a complex with MdtA, MdtC, and TolC to confer resistance
to novobiocin, B-lactams, and bile salt derivatives, forming a more selective
heterotrimeric efflux transporter MdtB,C complex.% 321-323 The upregulation of MdtB
can be a reason for elevated antagonistic combinations seen in several categories of
biocides tested with the NP, EE2, BPA and BPS treated cells. The protein MdtN was only
upregulated in NP and may confer resistance to sulfur-based drugs.?* This protein is
understudied and further research from the community is needed to better understand the
potential implications.

E2, EE2, BPA, and BPS treated cells had significantly upregulated ArsB protein.
The ArsB protein is thought to assist in the efflux of arsenite and antimonite by the

formation of an arsenic transporter pump.3?. A homolog of MarR in Achromobacter sp.
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was recently identified and regulates arsenic resistance through arsB.®?® Further
exploration is needed to see if the EDCs induce arsenic resistance proteins in E coli.
5.5. Conclusion.

The estrogen-mimics NP, E2, EE2, BPA, and BPS are chemicals of interest in
health and engineering. From a health perspective, E. coli is the dominant strain
responsible for urinary tract infections, and exposure to estrogen has been suggested as
the underlying factor in elevated antibiotic resistance in clinical cultures. In engineered
systems, increased loadings of estrogen mimics are a problem in wastewater attenuation,
as estrogens are incompletely removed during secondary treatment. It was shown that
generational contact of EDCs to bacteria typical of built and natural systems, confers
resistance to a variety of antibiotics and other biocidal chemicals. Upon growth under
EDCs, E. coli exhibited increased resistance toward biocides that would otherwise
normally neutralize or inactivate the cells.

Elevated levels of regulatory proteins involved in antibiotic resistance were
detected. It is unclear why some protein efflux pumps remained significantly upregulated
while others were not detected. The chronic exposure to the EDCs although at high
concentrations, created regulation of the cell that coincides with acclimation to the
environmental stressor. This is evident by the lack of any significant increase or
decreases to efflux pump proteins upon chronic generational exposure to the EDCs. The
significance of these results demonstrates a need to better understand the complexities of
the biochemistry involved during wastewater biological treatment, where many natural

and anthropogenic chemicals can make prolonged contact with multi-drug resistant
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bacteria. Future work will investigate a range of environmentally relevant EDCs exposed
to bacteria, while whole-cell proteomics allows for the assessment of chronic or acute

exposure to MDR bacteria.
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CHAPTER 6

CONCLUSION AND IMPLICATIONS
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6.1. Substrates of the MdtEF-TolC Efflux Pump.

Gram-negative pathogens such as Escherichia coli express the RND family of
efflux pumps. This bacterium contains RND pumps with overlapping substrates that can
be exported. In Chapter 2, substrates were determined for the proteins AcrAB and MdtEF
using a chemical sensitivity assay. In the case of MdtEF and AcrAB, substrates can be
similar with AcrAB having a more diverse substrate recognition while MdtEF tended to
prefer cationic substrates. The results from the in silico analysis of MdtF and AcrB
structures revealed variations that could explain the differing substrate recognition
between the protein pumps.

The significance of this chapter is that under acidic conditions, the lower pl of
essential binding residues in the distal pocket would deprotonate, allowing for stronger
interactions between cationic substrate and anionic surface of the distal pocket in MdtEF.
These findings suggested that acidic conditions influence the transport of cationic
substrates for the MDR efflux pump, MdtEF. This has implications for the need to better
understand the influence of operating conditions on antibiotic resistance in the built
microbial communities of WWTPs.

Variations in pH and oxygenation of biological reactors in WWTPs may alter the
cycling of emerging contaminants that may be substrates of the MdtEF-TolC efflux
pump. Under aerobic conditions, AcrAB may be the primary transporter cycling
chemicals, under anaerobic conditions MdtEF may allow for different substrates to be
cycled depending on the pH. Both protein systems are ubiquitous with E. coli and grant

the organism levels of redundant resistance to chemical stressors, while differences in the
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substrate recognition between the pumps provide robustness to E. coli. As a result, it is
probable that the operating conditions of WWTPs may influence antibiotic resistance and
dictate which protein pumps may be operating and involved in the cycling of emerging
contaminants.

6.2. Novel Antimicrobials.

Applying unique techniques such as dual biocide application can provide useful
inactivation or inhibition of the MDR bacteria that carry efflux pump proteins as part of
their arsenal of antibiotic-resistant mechanisms. In chapter 3, dual applications of metals
and 210 known biocides provided insight into the possible synergistic combinations that
can reduce bacterial growth in E. coli.

The screening of synergistic combinations of the Group IB metal ions Ag (1), Cu
(1), and Au (111) with biocides to inactivate E. coli was explored. The significance of
these results was that it confirmed prior discovered synergistic silver, copper, or gold
ion/biocide combinations while also discovering new never previously reported
combinations that may be promising antimicrobials when applied in combination.
Because these findings support previous studies, the high-throughput method can be used
as a preliminary screen to evaluate other combinations of biocides in dual applications to
combat MDR bacteria.

The implications of this study were that this type of screening and the discovery
of novel synergistic combinations lays the framework for future exploration of more
potential antimicrobials that can inactivate or inhibit MDR bacteria allowing the

continued use of declining effective antibiotics and other pharmaceuticals.
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6.3. Synergism and Antagonism During Drug Discovery.

Understanding the type of chemicals that influence antibiotic-resistant
mechanisms such as efflux pump proteins, can further guide in understanding what type
of biocides can be used to inhibit or inactivate MDR bacteria such as E. coli. Chapter 4
further investigated the concept of synergism by studying the specific biocides
chlorpromazine (CPZ), promethazine (PMZ), thioridazine (TDZ), and trifluoperazine
(TFPZ) derived from the results of chapter 3, dually applied with silver, copper, and gold
ions for synergism toward E. coli.

Ag (1) and Cu (1) drug combinations produced synergistic inhibitions to varying
degrees. The TFPZ and Au (111) combinations were synergistic with E. coli.

As phenothiazines (PTZ), the chemicals CPZ, PMZ, TDZ, and TFPZ may act as efflux
pump inhibitors. There toxicity and increased synergism particularly with Ag (1) and Cu
(111) may be the result of the limitations to MDR efflux pump proteins placed by the
PTZs allowing for the toxic ions to limit E. coli growth. Complex formation between
ligands and metal (PTZ and Au (111)) may inhibit the irreversible binding of the EPIs to
the efflux pumps and limit toxicity. The complexation may reduce toxicity as the efflux
pump will no longer recognize the PTZ as a substrate. This suggests that the changes in
substrate chemicals may reduce toxicity as the efflux pump no longer recognizes the EPI.

Quantification of synergism is relative to how test compounds interact with a
biocide. The assumption that most synergism models make is that dually applied
chemicals for the inactivation of microorganisms do not interact or interfere with each

other’s dose-response curve. However, this assumption is fundamentally flawed as
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chemicals will interact with test organisms and possibly each other to varying degrees.
The implications of this chapter highlight the importance of the nescisidaty to understand
the chemical and biological interactions that dually applied antimicrobials may have on
themselves, the other test antimicrobial, or the target organisms.

6.4. Emerging Contaminant Influences on Antibiotic-Resistant Bacteria.

The endocrine-disrupting chemicals (EDCs), nonylphenol (NP), 17B-estradiol
(E2), 17a- ethynylestradiol (EE2), bisphenol-A (BPA), and bisphenol-S (BPS) may
induce membrane-bound multi-drug resistant (MDR) genes and were substrates of MDR
efflux pumps found in bacteria. As EDCs, these chemicals are of interest in WWTP due
to their influences in public health and microbial ecology. In built systems such as
WWTPs, increased loadings of EDC are an issue in wastewater attenuation, since
estrogens are not fully degraded and removed during biological treatment.

Chapter 5 showed that through generational contact of EDCs to E. coli, the
induction of antibiotic resistance proteins occurred and provided resistance to several
biocides that were previously studied in chapters 3 and 4. Upon growth under EDCs, E.
coli exhibited decreased susceptibility toward biocides that performed better prior to
EDC exposure. Upregulated regulatory proteins involved in antibiotic resistance were
detected. It was probable that the chronic exposure to the EDCs causes regulation of
antibiotic resistance proteins as the cells become acclimated to the environmental
stressors. The implications of these results showed that emerging contaminants that are
substrates of MDR efflux pump proteins, may provide increased antibiotic resistance to

bacteria such as E. coli. This is of particular concern as the reality of built systems and
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environments that are experienced by MDR bacteria in WWTPs will have a multitude of
emerging contaminants that may or may not be substrates of MDR efflux pumps.
Attenuation of the chemicals and cycling of the chemicals can influence the
bioavailability of these contaminants and may reduce the effectiveness of biological

treatment.
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APPENDIX A

SUPPLIMENTAL INFORMATION FOR CHAPTER 2: THE ANAEROBIC EFFLUX

PUMP MDTEF-TOLC CONFERS RESISTANCE TO CATIONIC BIOCIDES

151



A.l. Initial Blast Protein Sequence Alignment.

AcrB 29-339
>sp|P31224|29-339

KLPVAQYPTIAPPAVTISASYPGADAKTVQDTVTQVIEQNMNGIDNLMYMSSNS

DSTGTVQITLTFESGTDADIAQVQVQNKLQLAMPLLPQEVQQQGVSVEKSSSSFL
MVVGVINTDGTMTQEDISDYVAANMKDAISRTSGVGDVQLFGSQYAMRIWMN

PNELNKFQLTPVDVITAIKAQNAQVAAGQLGGTPPVKGQQLNASIIAQTRLTSTE

EFGKILLKVNQDGSRVLLRDVAKIELGGENYDIIAEFNGQPASGLGIKLATGANA
LDTAAAIRAELAKMEPFFPSGLKIVYPYDTTPFVKISIHE

AcrB 29-339
>sp|P37637|29-339

NLPVAQYPQIAPPTITVSATYPGADAQTVEDSVTQVIEQNMNGLDGLMYMSSTS
DAAGNASITLTFETGTSPDIAQVQVQNKLQLAMPSLPEAVQQQGISVDKSSSNIL
MVAAFISDNGSLNQYDIADYVASNIKDPLSRTAGVGSVQLFGSEYAMRIWLDPQ
KLNKYNLVPSDVISQIKVQNNQISGGQLGGMPQAADQQLNASIIVQTRLQTPEEF
GKILLKVQQDGSQVLLRDVARVELGAEDYSTVARYNGKPAAGIAIKLAAGANA
LDTSRAVKEELNRLSAYFPASLKTVYPYDTTPFIEISIQE

Blast results

67.4% identity in 310 residues overlap; Score: 1112.0; Gap frequency:
0.0%

AcrB 2
LPVAQYPTIAPPAVTISASYPGADAKTVQDTVTQVIEQNMNGIDNLMYMSSNSDSTGTVQ

MdtF 2
LPVAQYPQIAPPTITVSATYPGADAQTVEDSVTQVIEQNMNGLDGLMYMSSTSDAAGNAS

*kkhkkkkhk*x KkkKk*k * Ak khkKkkkhkk kk ok kkkhkhkkhkhkkKhkhkk Kk KKk kkKkKk

* % *

AcrB 62
ITLTFESGTDADIAQVQVONKLOQLAMPLLPQEVQQQGVSVEKSSSSFLMVVGVINTDGTM
MdtF 62
ITLTFETGTSPDIAQVQVONKLOQLAMPSLPEAVQQQOGISVDKSSSNILMVAAFISDNGSL

Xk kkkk kK khkkhkkkhkhkhrkhkkhkkikrxkhkkhkkrkk Kx*k *kkkk kx

* Kk kx * * Kk % * *

AcrB 122
TOQEDISDYVAANMKDAISRTSGVGDVQLFGSQYAMRIWMNPNELNKFQLTPVDVITAIKA
MdtF 122
NQYDIADYVASNIKDPLSRTAGVGSVQLFGSEYAMRIWLDPOQKLNKYNLVPSDVISQIKV

* kkx kkxkk K*x k% kK hkhkkx khkkkhkkkx khkkkkx * * k% * K

* Kk % * %

AcrB 182
ONAQVAAGQLGGTPPVKGQQLNASITAQTRLTSTEEFGKILLKVNQDGSRVLLRDVAKIE
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MdtF 182
ONNQISGGQLGGMPQAADQQLNASIIVOTRLOTPEEFGKILLKVQODGSQVLLRDVARVE

* kK Kk KkKkKk K kkkkKkkhkkkk Kkk*k kkAkkkkhkhkkkhkk Kk k*k

kK Kk kK kK *

AcrB 242
LGGENYDIIAEFNGQPASGLGIKLATGANALDTAAAIRAELAKMEPFFPSGLKIVYPYDT
MdtF 242
LGAEDYSTVARYNGKPAAGIATIKLAAGANALDTSRAVKEELNRLSAYFPASLKTVYPYDT

x%k * x X kk Kk Kk xkkk kkxkkkk % * % *k k%
* kK kK x

AcrB 302 TPFVKISIHE

MdtF 302 TPFIEISIQE

* kK *k Kk K

71.1% identity in 1035 residues overlap; Score: 3809.0; Gap frequency:
0.2%

P31224 |ACR 1
MPNEJIDRPIHavfira IBIMLAGELARLKLPfAQYPTIAPPAVT I SASYADAKTVODT
P37637 |MDT 1
MANYHIDRPvEAWELA IEMM L AGELABMNLPf2QYPOTAPPTITVSATYBBADAQTVEDS

* kA kkhkkhkk KAk Kk khkk KAk A A KKK khkkKhkAkk Kk Khkk*k * Ak Ak AkkKkKk

*x K

P31224 |ACR 61
VTQVIEQNMNGIDNLMYMSSNSDSTGTVQITLTFESGTDADIAQVOVONKLOLAMPLLPQ
P37637 |MDT 61
VTQVIEQNMNGLDGLMYMSSTSDAAGNASITLTFETGTSPDIAQVOVONKLOLAMPSLPE

kkkkhkkkkhkkkkhkkx Kk kkkkkk k% * * Kk ok kKK

* % kkkkhkkkkhkkkkhkkkhkkkkkk k%

P31224 |ACR 121
EVOQOOGVSVEKSSSSFLMVVGVINTDGTMTQEDISDYVAANMKDAISRTSGVGDVQLEGS
P37637 |MDT 121
AVQOQOGISVDKSSSNILMVAAFISDNGSLNQYDIADYVASNIKDPLSRTAGVGSVQLEGS

khkkkk kk kAkkK * Kk * * * Ak kkkk Kk kK *kk kKK

* Kk k kKK

P31224 |ACR 181
QYAM.IWMNPNELNKFQLTPVDVITAIKAQNAQVAAGQLGGTPPVKGQQLNASIIAQTRL
P37637 |MDT 181
EYAMIIWLDPQKLNKYNLVPSDVISQIKVQNNQISGGQLGGMPQAADQQLNASIIVQTRL

* ok k Kk kK * * kK * kK k)% *k kK K * kK k Kk Kk
* khkkAkkkhkkhkkhkk Khkk*k

P31224|ACR 241
TSTEEFGKILLKVNQDGSRVLLRDVAKTELGGENYDI IAEFNGQPASGLGTKLATGANAL
P37637|MDT 241
QTPEEFGKILLKVQQDGSQVLLRDVARVELGAEDYSTVARYNGKPAAGTATKLAAGANAL

kkkkhkkkhkkhkkkk khkkk Kkkhkkkkhkkk *kxk K x * **x kk X * Kk Kk Kk

* ok Kk Kk Kk
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P31224 |ACR 301
DTAAAIRAELAKMEPFFPSGLKIVYPYDTTPFVKISIHEVVKTLVEAIILVFLVMYLFLQ
P37637 |MDT 301
DTSRAVKEELNRLSAYFPASLKTVYPYDTTPFIEISIQEVFKTLVEAIILVFLVMYLFLQ

* x * * k * k Kk kkkAkkKkkKkKk Kk * Kk Kk kK

BRI b e S b I b 2 I S b I S b I S 4

P31224 |ACR 361
NFRATLIPTIAVPVVLIGTFAVLAAFGFSINTLTMFGMVLAIGLLVDDAIVVVENVERVM
P37637 |MDT 361
NFRATIIPTIAVPVVIIGTFAILSAVGFTINTLTMFGMVLAIGLLVDDAIVVVENVERVI

khkkhkkhkk KAk hkAk kA k AKhkhkkAkk* Kk K kK

KAA KA AR AR I AR I AR I AR A AR A A XA A XA KK

P31224|ACR 421
AEEGLPPKEATRKSMGOIQGHL 1 AMVLSAVFVPMAFFGGSTGATYRQFSITIVSAMAL
P37637|MDT 421
AEDKLPPKEATHKSMGQTORBL I AVVL.SAVFMPMAFMSGATGET YRQFSTTLISSMLL

* % kkkkhkkk Kk Khhkhkkhkkkk Kkkhkhkkhkkhkk kkkhkkhkkk Kkkhkk%k * k%

*hkkhk kKK kK * Kk K%

P31224 |ACR 481

SVLVALILTP] STGR
P37637|MDT 481 SVEVAMSLTP]
BLFARFNTLFEKSTQHYTDSTRSLLRCTGR

*kx kK Kk kK kkKkkhkkk KKk * K * * % * Kk Kk kK

P31224|ACR 541
YLVLYLIIVVGMAYLFVRLPESENPDEDQGEMIMYE LPAGA TOERTORVINEVTHYYL]]
P37637|MDT 539
YMVVYLLICAGMAVLFLRTPTSFLPEEDQGVFMTTAQLPSGATMVNTTKVLQQVTDYYLT

* kK k% K khkk kk kK k kkkk KAk AkAkKhkAK *kk KKk *

* kK *k kK k*k

P31224|ACR 601

F 2 SREONEGERENSH 01 DR P GE £ K VEATTMRATRAR S O TKD
P37637 |MDT 599
KEKDNVQSVFTVGGFGEFSGQGONNGLAFISLKPWSERVGEENSVTAIIQRAMIALSSINK

khkk kk kkk Kk kAkkk kK Kkkk k Kkk Kkkk K * kkKkk Kk kK * K

P31224|ACR 661
AMVFAFNLPAIVELGTATGFDFELIDQAGLGHEKLTOARNOLLAEAAKHPDMLT SVRPNG
P37637|MDT 659
AVVFPFNLPAVAELGTASGFDMELLDNGNLGHEKLTQARNELLSLAAQSPNQVTGVRPNG

* Kk Kkkkk%k *kkkk*x Kkkk Kk Kk kkkkkkhkkkkkhkkkkx k% * % *
* kx k Kk k

P31224 |ACR 721
LEDTPQFKIDIDQEKAQALGVSINDINTTLGAAWEGS YVNDF IDRGRVKKVYVMSEAKYR
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P37637 |MDT 719
LEDTPMFKVNVNAAKAEAMGVALSDINQTISTAFISSYVNDFLNQGRVKKVYVQAGTPFR

*kkkkKk kK *k k k% * Kk Kk K * K
* kK k kKK Ak kKkKk Kk kK *

P31224|ACR 781
MLPDDIGDWYVRAADGQMVPFSAFSSSRWEYES PRLERYNGHPSMETHGOAA PGK STCGEA
P37637|MDT 779
MLPDNINQWYVRNASGTMAPLSAYSSTEWTYGSPRLERYNGIPSMEILGEAAAGKSTGDA

* Kk Kk Kk K *khkkk kA kK Kk Kk Kk K%k * Ak AkkkAkhkAkhkhk khkkAkkhkkAkk kK
Kk kkKk K

P31224 |ACR 841
MEEMEORASKLPTCHGYDNTEMS Y OEREll o2 PsLYAISLIVVFLCLANEESWSIPFS
P37637 |[MDT 839
MKFMADLVAKLPAGVGYSWTGLSYQEALSSNQAPALYAISLVVVFLALAMEEESWSIPFS

* * * khkk Kkhkkk khkk Akhkkk kkhk kAkkhk khkkhkkhkk AkKh Kk
khkAkkkAk Ak Ak h A kK

P31224 |ACR 901
VMLVVPLGVIGALLAATFRGLTNDVYFQVGLLTTIGLSAKNAILIVEFAKDLMDKEGKGL
P37637 |MDT 899
VMLVVPLGVVGALLATDLRGLSNDVYFQVGLLTTIGLSAKNAILIVEFAVEMMQKEGKTP

kkkkhkkkkhkkk Kkhkkk*k KKk KAkAAAAAAAAAAAAk A A Ak A Ak A KA A XKk Kk *k
* Kk kK

P31224 |ACR 961
IEATLDAVRMRLRPILMTSLAFILGVMPLVISTGAGSGAQNAVGTGVMGGMVTATVLAIEF
P37637 |MDT 959

IEATIEAARMRLRPILMTSLAFILGVLPLVISHGAGSGAQNAVGTGVMGGMFAATVLATIY
* * * Kk okkkkkkkkkkkkkkkkkk  kokkokk

kkkkhkkkhkkkhkhkkkhkkkk Kk kK% * Kk ok Kk kK

P31224|ACR 1021 FVPVEFEFVVVRRRFSR
P37637|MDT 1019 FVPVFEFVVVEHLFAR

*kkk kK Kk kK Kk * K

Periplasm 1

67.4% identity in 307 residues overlap; Score: 1103.0; Gap frequency:
0.0%

AcrB 2
LPVAQYPTIAPPAVTISASYPGADAKTVQDTVTQVIEQNMNGIDNLMYMSSNSDSTGTVQ
MdtF 2

LPVAQYPQIAPPTITVSATYPGADAQTVEDSVTQVIEQNMNGLDGLMYMSSTSDAAGNAS
kkkkkkk khkkk Kk kk kkkkxkk Kkx x xkxkxkxkxkkx * KkxKkxk

AcrB 62
ITLTFESGTDADIAQVQVONKLQLAMPLLPQEVQQQGVSVEKSSSSFLMVVGVINTDGTM
MdtF 62
ITLTFETGTSPDIAQVQVONKLOQLAMPSLPEAVQQQGISVDKSSSNILMVAAFISDNGSL
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*khkkxkk Kx*k kA Kk Kk khkrhkhkhkrxkhkhkxKhk **k *kk*x Kk k%

* kK % * Kk % * *

AcrB 122
TQEDISDYVAANMKDAISRTSGVGDVQLFGSQYAMRIWMNPNELNKFQLTPVDVITAIKA
MdtF 122
NQYDIADYVASNIKDPLSRTAGVGSVQLEFGSEYAMRIWLDPQKLNKYNLVPSDVISQIKV

* Kk kkkk Kk k%K kkk kkhkk KAkkkkhkk khkkkkKk * * kK * %

* Kk % * %

AcrB 182
ONAQVAAGQLGGTPPVKGOQLNASITAQTRLTSTEEFGKILLKVNQDGSRVLLRDVAKIE
MdtF 182
ONNQISGGQLGGMPQAADQQLNASIIVOTRLOTPEEFGKILLKVQODGSQVLLRDVARVE

*x  x Kk kkKk K kkkkKkkhkkk Kk k*k kkkkkkhkkkkkhkk kkk*k
*kk kK kK *

AcrB 242
LGGENYDIIAEFNGQPASGLGIKLATGANALDTAAAIRAELAKMEPFFPSGLKIVYPYDT
MdtF 242
LGAEDYSTVARYNGKPAAGIATIKLAAGANALDTSRAVKEELNRLSAYFPASLKTVYPYDT

xk Kk x X kk Kk Kk xkkk kkxkkkk %k * % *k k%
* kK Kk x

AcrB 302 TPFVKIS

MdtF 302 TPFIEIS

* kK * %

Periplams 1 Emboss Needle

#

#

# Aligned sequences: 2

# 1: EMBOSS_001

# 2: EMBOSS_001

# Matrix: EBLOSUM62

# Gap penalty: 10.0

# Extend penalty: 0.5

#

# Length: 311

# Identity: 207/311 (66.6%)

# Similarity: 256/311 (82.3%)

# Gaps: 3/311 ( 1.0%)

# Score: 1103.0

#

#

#

EMBOSS 001 1 KLPVAQYPTIAPPAVTISASYPGADAKTVQDTVTQVIEQNMNGIDNLMYM 50
SR R A A AR R A P

EMBOSS 001 1 NLPVAQYPQIAPPTITVSATYPGADAQTVEDSVTQVIEQNMNGLDGLMYM 50

EMBOSS 001 51 SSNSDSTGTVQITLTFESGTDADIAQVQVONKLQLAMPLLPQEVQQQOGVS 100
O S T T s I I O B O B O B B B

EMBOSS 001 51 SSTSDAAGNASITLTFETGTSPDIAQVQVONKLQLAMPSLPEAVQQOGIS 100
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EMBOSS 001 101 VEKSSSSFLMVVGVINTDGTMTQEDISDYVAANMKDAISRTSGVGDVQLFE
[ I I P B I e B e e A e A R R R N R RN

EMBOSS_OOl 101 VDKSSSNILMVAAFISDNGSLNQYDIADYVASNIKDPLSRTAGVGSVQLF
EMBOSS_OOl 151 GSQYAMRIWMNPNELNKFQLTPVDVITAIKAQNAQVAAGQLGGTPPVKGQ
eME055 001 51 AL DB LKLy B DL 0L DM O S COL LB OAAE
EMBOSS_OOl 201 QLNASIIAQTRLTSTEEFGKILLKVNQDGSRVLLRDVAKIELGGENYDII
cE0SS 001 201 CINASTIVORE E AT K I LoDy LRI AR TELGAR DY 57
EMBOSS_OOl 251 AEFNGQPASGLGIKLATGANALDTAAAIRAELAKMEPFFPSGLKIVYPYD
251 ARONGKPARGLA LKL AMGANAL DT AR F oA LKTTYEYD
EMBOSS_OOl 301 TTPFVKIS--- 308

EMBOSS_OOl 301 %%égiéigIQE 311

Cytoplasm 4

47.4% identity in 38 residues overlap; Score: 88.0; Gap frequency:

AcrBC4 11 AKGDHGEGKKGFFGWENRMFEKSTHHYTDSVGGILRST
MdtFC4 3 AAPEGGHKPNALFARFNTLFEKSTQHYTDSTRSLLRCT
* * Kk kk kkkkKk kkxkkok *k *

BBlll: identity in 48 residues overlap; Score: 108.0; Gap frequency:

4.2%

Acr 1 ALCATMLKPIAKGDHGEGKKGFFGWEFNRMFEKSTHHYTDSVGGILRST

Mdt 1 ALCATILKAAPEGGHKPN--ALFARFNTLFEKSTQHYTDSTRSLLRCT
Xk Kk kK kK *  *x * * % Xk kkk kkKkkxk * % ok

#

#

# Aligned sequences: 2

# 1: EMBOSS_001

# 2: EMBOSS 001

# Matrix: EBLOSUMG62

# Gap_penalty: 10.0

# Extend penalty: 0.5

#

# Length: 25

# Identity: 15/25 (60.0%)

# Similarity: 17/25 (68.0%)

# Gaps: 0/25 ( 0.0%)

# Score: 80.0

#

#

#
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EMBOSS 001 1 FFGWENRMFEKSTHHYTDSVGGILR 25
R RN

EMBOSS 001 1 LFARFNTLFEKSTQHYTDSTRSLLR 25

Periplasm 4

65.3% identity in 314 residues overlap; Score: 1114.0; Gap frequency:
0.0%

AcrBP4 3

RLPSSFLPDEDQGVEFMTMVQLPAGATQERTQKVLNEVTHYYLTKEKNNVESVFAVNGEGF
MdtFP4 1
RTPTSFLPEEDQGVEMTTAQLPSGATMVNTTKVLOQVTDYYLTKEKDNVQSVETVGGEGE

* kK kkkKk kA AkKkA KA KK *kk KAk k * kK k Kk Kk kkkkAkkikk Kk Kk Kk

* Ak KKk

AcrBP4 63
AGRGONTGIAFVSLKDWADRPGEENKVEAITMRATRAFSQIKDAMVFAFNLPAIVELGTA
MdtFP4 61
SGOGONNGLAFISLKPWSERVGEENSVTAIIQRAMIALSSINKAVVFPENLPAVAELGTA

* kkk Kk kk kk*k X * kkkk Kk k%K * % * k% * k%

* ok k kK * Kk k kK

AcrBP4 123
TGFDFELIDQAGLGHEKLTQARNQLLAEAAKHPDMLTSVRPNGLEDTPQFKIDIDQEKAQ
MdtFP4 121
SGFDMELLDNGNLGHEKLTQARNELLSLAAQSPNQVTGVRPNGLEDTPMEFKVNVNAAKAE

Kk Kk Kk Kk kkkkKkkhkKkkhkkk Kk*k * % * * kkkkkkkKk kK

AcrBP4 183
ALGVSINDINTTLGAAWGGSYVNDFIDRGRVKKVYVMSEAKYRMLPDDIGDWYVRAADGQ
MdtFP4 181

AMGVALSDINQTISTAFGSSYVNDFLNQGRVKKVYVQAGTPFRMLPDNINQWYVRNASGT
* Kk *k ok K * ok kkokk kK * ok kK kK ok Kk * ok k kK

* *kkkk Kk Kk

AcrBP4 243
MVPFSAFSSSRWEYGSPRLERYNGLPSMEILGQAAPGKSTGEAMELMEQLASKLPTGVGY
MdtFP4 241
MAPLSAYSSTEWTYGSPRLERYNGIPSMEILGEAAAGKSTGDAMKFMADLVAKLPAGVGY

* kK kK k% Kk kkkkhkkhkkhkkhkhkkhk hkhkkkhkkkk kk kkkk*k

* k * * *kk Kk KkK

AcrBP4 303 DWTGMSYQERLSGN

MdtFP4 301 SWTGLSYQEALSSN
Kok Kk KkxkK KKk *x

Transmembrane 1

78.9% identity in 19 residues overlap; Score: 82.0; Gap frequency:

AcrB-T1 1 IFAWVIAIIIMLAGGLAIL
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MdtF-T1 1 VFAWVLAIIMMLAGGLAIM

*khkk* khkk kArxkkkKkk*k

Transmembrane 2

94.1% identity in 17 residues overlap; Score: 72.0; Gap frequency: 0.0%

AcrB-T2 4 VVKTLVEAIILVFLVMY
MdtF-T2 1 VFKTLVEAIILVFLVMY

* Ak kkhkAk Kk khkkkkhkkxkkk

Transmembrane 3
80.0% identity in 20 residues overlap; Score: 84.0; Gap frequency: 0.0%

AcrB-T3 1 LIPTIAVPVVLLGTFAVLAA
MdtF-T3 1 IIPTIAVPVVILGTFAILSA
kkhkkAkhkkkk khkkhkk Kkhkkikkk K X
Transmembrange 4
100.0% identity in 22 residues overlap; Score: 102.0; Gap frequency:
0.0%

AcCrB-T4 1 TLTMFGMVLAIGLLVDDAIVVV
MdtF-T4 1 TLTMFGMVLAIGLLVDDAIVVV
kAhkkhkkhkhkhAkhkkhkkhkrkkhkkhkkhkhkkxkk*k*
Cytoplasm 3
84.0% identity in 25 residues overlap; Score: 105.0; Gap frequency:
0.0%

AcrB-C3 1 ENVERVMAEEGLPPKEATRKSMGQI
MdtF-C3 1 ENVERVIAEDKLPPKEATHKSMGQI
Kk KkKkkk Kk*k kkhkAkhkkhkkKk KkAkkkkK
Transmembrane 5
87.5% identity in 16 residues overlap; Score: 66.0; Gap frequency: 0.0

oe

AcrB-T5 4 LVGIAMVLSAVEVPMA
MdtF-T5 1 LVGIAVVLSAVFMPMA
Ak kkk hhkhkkxk*k kK%K
Transmembrane 6
58.8% identity in 17 residues overlap; Score: 50.0; Gap frequency: 0.0

o

AcrB-T6 9 IVSAMALSVLVALILTP
MdtF-T6 1 LISSMLLSVEVAMSLTP
* kX kkk K**% * k%
Transmembrane 7
64.7% identity in 17 residues overlap; Score: 59.0; Gap frequency: 0.0

oe

AcrB-T7 1 GRYLVLYLIIVVGMAYL
MdtF-T7 1 GRYMVVYLLICAGMAVL
**xk* Kk K**x *x * kxkx K
Transmembrane 8
81.2% identity in 16 residues overlap; Score: 64.0; Gap frequency: 0.0

o\°
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AcrB-T8 2 APSLYAISLIVVFLCL
MdtF-T8 1 APALYAISLVVVFLAL
Kk kkhkkhkkhkhk Kkkkk K
Transmembrane 9
94.1% identity in 17 residues overlap; Score: 77.0; Gap frequency: 0.0

o

AcrB-T9 1 FSVMLVVPLGVIGALLA
MdtF-T9 1 FSVMLVVPLGVVGALLA

Kok ok ok ok ok ok ok ok ok k ok ok ok kK
T10

100.0% identity in 19 residues overlap; Score: 91.0; Gap frequency:
0.0%

AcrB-T10 1 VYFQVGLLTTIGLSAKNATI
MdtF-T10 1 VYFQVGLLTTIGLSAKNAI
kAhkkhkkhkhkrkkhkkhkkhkhkkkkhkk*x*k
Cytoplasm 6
61.5% identity in 26 residues overlap; Score: 77.0; Gap frequency: 0.0

o

AcrB-C6 4 EFAKDLMDKEGKGLIEATLDAVRMRL
MdtF-C6 1 EFAVEMMOKEGKTPIEAIIEAARMRL

* % x Kk kkkxk KKk * ok kokk
T11

o©

94.4% identity in 18 residues overlap; Score: 79.0; Gap frequency: 0.0

AcrB-T11 3 ILMTSLAFILGVMPLVIS
MdtF-T11 1 ILMTSLAFILGVLPLVIS
kkhkkhkkhkkhkkrkkhkkhkkrk *kk*kx
T12
83.3% identity in 12 residues overlap; Score: 46.0; Gap frequency: 0.0

o

AcrB-T12 9 VMGGMVTATVLA

MAtF-T12 1 VMGGMFAATVLA
kkxkkKk  kxkokk

160



Table A.1. Complete binding site predictions with respective amino acid, region of AA,
Z score, and Probability and Ranking of Binding Site predictions. Color represents

respective colors associated with Figure 2.5.

Pocket  Pocket

Region AA  Score Zscore Probability Rank  Rank  o0Pilit Zscore Score  AA - Region
274 ASP 27009 08815 05268 05843 10603 31014 ASN 274
MET 15738 03783 03014 044 06606 22062 PHE 459
460  SER 15998 03078 04683 07298 23611 GLY 460
461 GLY 10038 01239 0153 0 0 0365 05008 18482 GLY 461
462 ALA 08272 0.045 0.1077 “ 03515 0473 17859 SER 462
463 THR 14244 03116 02637 04359 06511 21848 THR 463
464 GLY 04356 -01208 00321 0 0 01620 01407 10414 GLY 464
465 GLU 08017 00337 01016 0 0 01728 01573 10785 ALA 465
498 LYS 21155 06202 04223 0 0 01917 01895 11507 LYS 498
499 ALA 0181 02434 00076 0 0 00053 -02613 01411 PRO 499
500  ALA 0189 -02396  0.0081 0 0 00114 -0219 02357 ILE 500
501 PRO 01058 -0277 00037 0 0 01199 00668 0876 ALA 501
502 GLU 07777 0023 0.0959 o [MMZEMN 04261 06286 21344 LYS 502
53  GLY 11695 01979  0.1967 0 0 03467 04635 17646 GLY 503
504 GLY 14620 03288 02736 0 0 0302 03804 15784 ASP 504
505  HIS 19772 05584 03935 0 0 03794 05283 19098 HIS 505
506 LYS 05811 -0.0648  0.0547 0 0 00069 -02487 01692 GLY 506
507  PRO 06092 -00523 00599 0 0 01676 01486 10591 GLU 507
508  ASN 19831 0561 03947 0 0 0002 02943 0067 GLY 508
509  ALA 06807 -00204 00743 0 0 00499 00772 05535 LYS 509
510 LEU 05358 -00851  0.0469 0 0 05166 08528 26366 LYS 510
511 PHE 085 00579 01149 0 0 00995 00296 07927 GLY 511
512 ALA 05431 -00818 00481 0 0 01883 01837 11377 PHE 512
513 ARG 04369 01202 00323 0 0 0349 046 1757 PHE 513
0 03585 04869 187 GLY 514
0 03338 04383 17081 TRP 515
615  PHE 30474 1438 06823 0 12| 06173 11748 33578 PHE 617
616 SER 17964 04777 03539 0 12 02791 03386 14847 ALA 618
08164 00402 01051 0 00577 08554 GLY 619

2.0822
0.8678
27755

06053
0.0631
09148

04157
01178
05383

0.4406

1.0938
0.4674
0.6619

3.1765
17732
2209

ARG
GLN
GLU

865
866

11472 01879 01908 01676 01485 1059 ARG
86  LEU 13374 02728 02409 02962 03691 15531 LEU 868
87  SER 08659 00623 01174 02079 02169 12121 SER 869
88  SER 11915 02077 02026 02163 02306 12429 GLY 870
89  ASN 07331 03 00856 00431 112 ASN 871
870  GLN 08958 0267 03175 14376 GLN 872
274 ASP 12987  0.2555 0.2969  0.3703 15557 ASN 274
459 MET 10272 01343 02862 03511 15127 PHE 459
460  SER 09992 01218 01517 0 0 01592 01343 10272 GLY 460
461 GLY 09718 0109 01445 0 0 01023 0035 08046 GLY 461
462 ALA 11931 02084 0203 00975 00259 07843 SER 462
463 THR 05311 -00871 00462 B 0023 01632 03607 THR 463
464 GLY 00937 -02824 00031 0 0 00342 01220 04511 GLY 464
465 GLU 08991 00771 01259 0 0 00603 -00516 06108 ALA 465
498 Lys 05753 -00674 00537 [N O© 01102 00495 08371 LYS 498
49 ALA 0167 02497  0.068 0 0 00177 01859 03099 PRO 499
500 ALA 04388 01283 00325 (B o o188 0117 09883 ILE 500
501 PRO 02561 -02009 00129 0 0 00063 02529 01598 ALA 501
502 GLU 02519 -02118 00126 0 0 00681 -00335 06512 LYS 502
503  GLY 01035 -0278 00036 0 0 00192 01793 03246 GLY 503
504 GLY 04826 -01088  0.0387 0 02841 03475 15047 ASP 504
505 WIS 12222 02214 02106 0199 02017 11782 HIS 505
506 LYS 02362 -02188 00114 0 0 0101 00325 0792 GLY 506
507  PRO 09250 00891 01326 0 0 01044 0039 08135 GLU 507
508 ASN 21212 06227 0423+ |[JEEEEM o 0053 -00737 05611 GLY 508
509 ALA 09317 00017 01341 0 0 00065 -02515 01620 LYS 509
510  LEU 05002 -0.0969 00428 0 0 0027 01492 03921 LYS 510
511 PHE 19213 05335 03819 0 00088 -0.2348 02004 GLY 511
512 ALA 14715 03327 02758 0 01261 00773 08995 PHE 512
513 ARG 05021 -00509 00567 0 02781 03368 14807 PHE 513
02035 02093 11953 GLY 514
02333 02598 13082 TRP 515
615  PHE 27546 09055 05352 05009 08121 25454 PHE 617
616 SER 22673 06879 04514 0288 03552 15219 618
617  GLY 06118 -00511  0.0605 00145 02019 0274 GLY 619
618 GLN 25638 08203 05041 03823 05344 19233 ARG 620
83  GLN 15124 03500 02861 00968 00247 07815 GLN 865
864  GLU 13005 02564 02314 02046 02112 11995  GLU
85  ALA 23257 0714 04619 0 02316 02568 13015 ARG 867
86  LEU 15753 0379 03018 0 019 0186 11444 LEU 868
867  SER 03065 -01874 00174 0 0 0046 -00877 05298 SER 869
868 SER 15063 03482 02846 |HEGGMM 26 | 01613 0138 1035 GLY 870
89  ASN 13707 02877 02497 0 2 0218 0233 12496 ASN 871
870  GLN 06057 -00538 00593 0 02218 02402 12644 GLN 872
274 ASP__ 25847 0829 05079 03485 0467417733 ASN__ 274
459 15738 03783 03014 02726 0327 14589  PHE
460  SER 15008 039 03078 0113 00545 08483 GLY 460
461 GLY 10038 01239 0153 0 0 02077 03718 15592 GLY 461
462 ALA 08272 0045 01077 12 0 0345 04592 1755 SER 462
463 THR 14244 03116 02637 [NNGHNMEEEN 03862 05429 19425 THR 463
464 GLY 04356 -01208 00321 0 0 00305 01353 04232 GLY 464
465 GLU 08017 00337 01016 0 0 00795 00091 07058 ALA 465
498 LYS 04873 01067 00394 0 00131 02093 02575 LYS 498
499 ALA 03319 -01761 00199 0 0 0005 -02591 01459 PRO 499
500 ALA 02473 02138 00122 ﬁ- 01489 0117 09884  ILE 500
501 PRO 04663 -0.1161 00363 0 00606 -00508 06126 ALA 501
502 GLU 04158 -0.1386 00296 0 0 0042 0091 05044 LYS 502
503  GLY 03748 -01569  0.0246 0 0 01044 00389 08134 GLY 503
504 GLY 07012 -00112 00785 0 0 00313 -013% 04202 ASP 504
505 HIS 07394 00059 00s7 [EEEEISEN 02005 03586 15297 HIS 505
506 LYS 02384 -02178 00116 0 0 00779 00125 06983 GLY 506
507 PRO 03077 01869 00175 0 0 00327 01277 04402 GLU 507
508  ASN 11689 01976  0.965 0 0 00125 02123 02507 GLY 508
509 ALA 02846 01972 00155 (IS o 00137 02061 02646 LYS 509
510  LEU 01941 -02376  0.0084 0 0 00138 0205 0266 LYS 510
511 PHE 09997 0122 01519 0 0 0009 -02311 02086 GLY 511
512 ALA 02085 02311  0.0094 0 0 00503 -00763 05554 PHE 512
513 ARG 03224 01803 0019 0 0 01205 00679 08784 PHE 513
0 00374 0112 04741 GLY 514
0 01251 00758 08961 TRP 515
615  PHE 21648 06422 0432 05758 10319 30378 PHE 617
616  SER 20550 05036 04102 04655 07228 23455 ALA 618
617  GLY 08148 00395 01047 02243 02445 12741 GLY 619
618 GLN 28676 09550 05514 03727 05149 18798 ARG 620
83  GLN 20407 05868  0.4071 04872 07768 24663 GLN 865
864  GLU 24672 07771 04874 04861 07739 24599 GLU 866
85  ALA 0701 00113 00785 00718 -0.0256 06689 ARG 867
86  LEU 06058 -00538 00503 0 01457 01116 09763 LEU 868
87  SER 185 05034 03669 04167 06075 2087  SER 869
88  SER 13819 02027 0252 0135 00932 0935 GLY 870
89  ASN 11995 02112 02046 0 0 02845 03482 15063 ASN 871
870  GLN 02748 -02016 00146 0 0 00595 00533 06068 GLN 872



Table A.2. Chemical substrates of AcrAB and MdtEF from chemical sensitivity assay
and associated charges from Chemicalize.

[ AcrAB [ MdtEF |
\ Panel Well Chemical Charge | Charge Chemical Panel Well \

PM12 E1  2,4-Diamino-6,7-diisopropyl-pteridine 0 0 2,4-Diamino-6,7-diisopropyl-pteridine ~ PM12 El
PM16 A9 5-Chloro-7-iodo-8-hydroxyquinoline 0 0 5-Chloro-7-iodo-8-hydroxyquinoline PM16 A9
PM20 Al Amitriptyline 1 1 Amitriptyline PM20 Al
Pm12 E9  Benzethonium chloride 1 1 Benzethonium chloride Pm12 E9
PM16 C9  Cetylpyridinium chloride 1 1 Cetylpyridinium chloride PM16 Cc9
PM14 Gl  Chelerythrine 1 1 Chelerythrine PM14 Gl
PM20 E1  Crystal violet 1 1 Crystal violet PM20 El
PM13 A5 Dequalinium chloride 1 1 Dequalinium chloride PM13 A5
Pm12 H9  Dodecyltrimethyl ammonium bromide 1 1 Dodecyltrimethyl ammonium bromide Pm12 H9
PM20 E5  Dodine 1 1 Dodine PM20 E5
PM15 D5  Domiphen bromide 1 1 Domiphen bromide PM15 D5
PM11 F5  Erythromycin 1 1 Erythromycin PM11 F5
PM19 Al Josamycin 1 1 Josamycin PM19 Al
PM17 E1  Niaproof -1 -1 Niaproof PM17 El
PM15 F5  Oleandomycin 1 1 Oleandomycin PM15 F5
PM20 F9  Pridinol 1 1 Pridinol PM20 F9
PM14 A9  Sanguinarine 1 1 Sanguinarine PM14 A9
Pm12 H1  Spiramycin 1 1 Spiramycin Pm12 H1
PM20 C1  Thioridazine 1 1 Thioridazine PM20 C1
PM13 G9  Trifluoperazine 1 1 Trifluoperazine PM13 G9
PM20 H9  Troleandomycin 1 1 Troleandomycin PM20 H9
PM13 H9  Tylosin 1 1 Tylosin PM13 H9
PM15 C9  1,10-Phenanthroline 0 2 Bleomycin PM11 C1
PM18 H5  2-Phenylphenol 0 -1 Cefmetazole PM15 A9
PM15 B9  5,7-Dichloro-8-hydroxyquinaldine 0 2 Chlorhexidine PM19 Cl
PM15 Cl1  5,7-Dichloro-8-hydroxyquinoline 0 1 Lidocaine PM18 D9
PM20 G9  8-Hydroxy-quinoline 0 0 Minocycline PM11 Cc9
PM14 Bl  9-Aminoacridine 1

PM14 Al  Acriflavine 1

PM11 F1  Chloramphenicol 0

PM17 D9  Chlorpromazine 1

PM11 A5  Chlortetracycline 0

PM20 D5  Ciprofloxacin 0

PM13 C5  Doxycycline 0

PM11 E5  Enoxacin 0

PM15 C5  Fusidic acid -1
PM19 B5  Harmane 0
PM20 E9  Hexa-chlorophene -1
PM19 D5  lodonitro Tetrazolium Violet 1
PM19 Gl  Lauryl sulfobetaine 0
PM19 E9  Lawsone -1

PM18 D9  Lidocaine 1
PM11 A9  Lincomycin 0
PM11 B9  Lomefloxacin 0
PM15 G9  Menadione 0
PM19 Bl  Methyltrioctyl-ammonium chloride 1

PM11 E9  Nalidixic Acid -1
PM15 D9  Nordihydroguaia retic acid 0
PM16 Bl  Norfloxacin 0
Pm12 D9  Novobiocin -1
PM11 H9  Ofloxacin -1
PM20 Bl  Orphenadrine 1
PM13 B9  Oxolinic acid -1
PM20 F5  Oxytetracycline 0
PM18 C9  Pentachloro-phenol -1
PM20 D1  Proflavine 1
PM16 E9  Rifamycin SV -1

PM13 D9  Rolitetracycline
Pm12 A5 Tetracycline
PM20 B9  Tetrazolium violet
PM18 A9 Thiamphenicol
PM18 Gl  Triclosan

PM16 B9  Trimethoprim
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APPENDIX B

SUPPLEMENTAL INFORMATION FOR CHAPTER 3: HIGH-THROUGHPUT

SCREENING OF SYNERGISTIC GROUP IB-BIOCIDE COMBINATIONS FOR E.

COLI INACTIVATION
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B.1. Chemcial Sensitivy Assay.

Under each metal concentration (as uM or mM) are four squares (per biocide)
representing four increasing concentrations of that biocide. Thus, twelve concentrations
were tested per metal/antibiotic pair for a total of 2,520 combinations of Ag (I)/biocide,
Cu (I)/biocides, and Au (I1)/biocides for 7,560 total combinations tested. Samples were

tesed in duplicate.
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Figure B.1. Heat map of antagonistic responses as determined by the coefficient of drug
interaction. 630 combinations of Group 1B metals with biocides present in a
commercially available 96-well panel set are displayed. Antagonistic responses are
highlighted with shades of red, yellow or purple. White squares are considered additive
(within 1% of CDI =1). Black shaded regions include synergistic (CDI < 1) or undefined
CDiI calculations.
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Table B.1. Minimum inhibition concentrations of Cu (1), Ag (1), and Au (111) ions with E.
coli. MIC was carried out using the micro-titer broth dilution method.

Copper : : Gold Chloride
Sulphate Silver Nitrate Trihydrate
MICgo >4 mM 40 uM 50 uM
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APPENDIX C

SUPPLIMENTAL INFORMATION FOR CHAPTER 4: SYNERGY AND

ANTAGONISM OF GROUP 1B METAL AND PHENOTHIAZINE COMPLEXES

AND MIXTURES ON E. COLI
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Figure C.1 UV-vis scans of CPZ and Au (I11) under increasing molar ratios of PTZ-
Metal. Scans were conducted with a base Au (111) concentration of 0.1 mM
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Figure C.2. UV-vis scans of PMZ and Au (I11) under increasing molar ratios of PTZ-
Metal. Scans were conducted with a base Au (I11) concentration of 0.15 mM
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Figure C.3. UV-vis scans of TDZ and Au (I11) under increasing molar ratios of PTZ-
Metal. Scans were conducted with a base Au (I11) concentration of 0.1 mM
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Figure C.4. UV-vis scans of TFPZ and Au (I11) under increasing molar ratios of PTZ-
Metal. Scans were conducted with a base Au (I11) concentration of 0.1 Mm
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Figure C.5. Heat map of the inhbition of E. coli growth from dually appled CPZ and
metals corresponding to duplicate experiments
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Promethazine
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Figure C.6. Heat map of the inhbition of E. coli growth from dually appled PMZ and
metals corresponding to duplicate experiments

171



Thioridazine
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Figure C.7. Heat map of the inhbition of E. coli growth from dually appled TDZ and
metals corresponding to duplicate experiments
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Trifluoperazine
UM 180 90.1 45.0 22.5 11.3 5.63 2.81 141 0.704 0.352 0

Ag (D

Cu (1)

Au (111

High Low

tnhibition[ 100 [""e0 T80 [""70 [0 T80 [0 T a00 20 0NN

Figure C.8. Heat map of the inhbition of E. coli growth from dually appled TDZ and
metals corresponding to duplicate experiments
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APPENDIX D

SUPPLEMENTAL INFORMATION FOR CHAPTER 5: MEMBRANE PROTEOMIC

ANALYSIS REVEALS ENDOCRINE-DISRUPTING CHEMICALS INDUCE

ANTIBIOTIC-RESISTANCE TOWARD KNOWN BIOCIDES
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Figure D.1. Total and significantly identified relative proteins from triplicate extractions
of respective EDC (0.01% wi/v) grown E. Coli. Samples were from biological triplicate
protein extractions as separate injections in the mass-spec. The solvent for NP, EE2,
BPA, BPS is EtOH and the solvent for E2 was DMSO. Samples of just W3110 with no
exposure were also processed and compared to solvent controls (data not shown)
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Panel Well Mode of action Chemical NP NP NP NP EE2EE2EE2 EE2 BPABPABPABPA

BPSBPSBPSBPS E2 E2 E2 E2

PM18 Al anti-capsule Ketoprofen 10 0.8 0.5
PM17 B1 anti-capsule Sodium salicylate

PM17 A9 anti-capsule Thiosalicylic acid

PM15 C9 Chelator 1,10-Phenanthroline

PM13 B5 Chelator 2,2'-Dipyridyl

PM15 B9 Chelator 5,7-Dichloro-8-hydroxy-quinaldine

PM15 C1 Chelator 5,7-Dichloro-8-hydroxyquinoline

PM16 A9 Chelator 5-Chloro-7-iodo-8-hydroxy-quinoline

PM20 G9 Chelator 8-Hydroxy-quinoline

PM15 B5 Chelator EDTA

PM14 H1 Chelator EGTA 09 09 09 1.0
PM14 B5 Chelator Fusaric acid

PM18 A5 Chelator Sodium pyrophosphate decahydrate | 0.8 0.8 0.8 1.0
PM13 C1 DNA & RNA nucleic acid analog, purine  6-Mercapto-purine 0.9]

PM18 B9 DNA & RNA nucleic acid analog, purine  Azathioprine

PM18 H1 DNA & RNA nucleic acid analog, pyrimidine5-fluoro-5'-deoxyuridine

Pm12 F9 DNA & RNA nucleic acid analog, pyrimidine5-Fluoroorotic acid

PM13 D5 DNA & RNA nucleic acid analog, pyrimidine 5-Fluorouracil

PM13 E1 DNA & RNA nucleic acid analog, pyrimidine Cytosine-1-beta-D-arabino-furanoside

PM18 B1 DNA & RNA nucleic acid analog, pyrimidine Trifluorothymidine 0.8
PM19 D1 DNA & RNA nucleic acid inhibitor, purine  Disulphiram 1.0 09 0.9
PM18 G9 DNA & RNA synthesis, polymerase Myricetin 0.9 0.7 0.7 0.7
PM17 G1 DNA alkylation Chlorambucil 0.9 09 08 1.0
PM19 G9 DNA damage, mutagen, antifolate Hydroxylamine 0.9 0.9
PM15 E5 DNA damage, nitrofuran analog 5-Nitro-2-furaldehyde semicarbazone
PM14 A5 DNA damage, nitrofuran analog Furaltadone

PM14 E5 DNA damage, nitrofuran analog Nitrofurantoin

PM18 H5 DNA intercalator 2-Phenylphenol

PM20 F1 DNA intercalator 4-Hydroxy-coumarin

PM14 Bl DNA intercalator 9-Aminoacridine

PM14 Al DNA intercalator Acriflavine

PM19 A9 DNA intercalator Coumarin

Pm12 D9 DNA intercalator Novobiocin

PM20 D1 DNA intercalator Proflavine

PM19 C5 DNA intercalator Umbelliferone

PM16 E5 DNA methylation, methyltransferase 5-Azacytidine

PM19 H1 DNA synthesis Hexammine cobalt (1ll) chloride
PM20 D5 DNA unwinding, fluoroquinolone Ciprofloxacin

PM11 E5 DNA unwinding, fluoroquinolone Enoxacin

PM11 B9 DNA unwinding, fluoroquinolone Lomefloxacin

PM16 B1 DNA unwinding, fluoroquinolone Norfloxacin

PM11 H9 DNA unwinding, fluoroquinolone Ofloxacin

PM16 D9 DNA unwinding, quinolone Cinoxacin

PM11 E9 DNA unwinding, quinolone Nalidixix Acid

PM13 B9 DNA unwinding, quinolone Oxolinic acid

PM18 B5 DNA unwinding, quinolone Pipemidic Acid

PM15 H5 Folate Hydroxyurea

Pm12 E1 Folate dihydrofolate reductase inhibitor 2,4-Diamino-6, 7-diisopropyl-pteridine
PM16 B9 folate synthesis Trimethoprim

PM17 C5 folate synthesis, sulfonamide Sulfachloro-pyridazine

Pm12 E5 folate synthesis, sulfonamide Sulfadiazine

Pm12 D5 folate synthesis, sulfonamide Sulfamethazine 0.9 0.9 09 09
Pm12 G5 folate synthesis, sulfonamide Sulfamethoxazole

PM17 C9 folate synthesis, sulfonamide Sulfamono-methoxine

PM16 B5 folate synthesis, sulfonamide Sulfanilamide

Pm12 F5 folate synthesis, sulfonamide Sulfathiazole

PM18 C5 folate synthesis, sulfonamide Sulfisoxazole

PM16 H5 Fungicide Chloroxylenol

PM15 D9 Fungicide, lipoxygenase Nordihydroguaia retic acid

PM16 C1 fungicide, phenylsulphamide Dichlofluanid

PM20 H5 fungicide, phenylsulphamide Tolylfluanid

PM17 C1 ion channel blocker, K+ 4-Aminopyridine

PM13 A5 ion channel inhibitor, K+ (m) Dequalinium chloride

PM18 D9 ion channel inhibitor, Na+ Lidocaine

PM15 Al ion channel inhibitor, Na+ Procaine

PM20 E5 membrane permeability, guanidine Dodine

PM15 A5 membrane permeability, guanidine Guanidine hydrochloride

PM17 E1 membrane, detergent, anionic Niaproof

Pm12 E9 membrane, detergent, cationic Benzethonium chloride

PM16 C9 membrane, detergent, cationic Cetylpyridinium chloride

Pm12 H9 membrane, detergent, cationic Dodecyltrimethyl ammonium bromide
PM15 D5 membrane, detergent, cationic Domiphen bromide

PM19 B1 membrane, detergent, cationic Methyltrioctyl-ammonium chloride
PM18 C1 membrane, detergent, cationic Poly-L-lysine

PM19 G1 membrane, detergent, zwitterionic Lauryl sulfobetaine

PM15 E1 membrane, electron transport Alexidine

PM19 C1 membrane, electron transport Chlorhexidine

PM20 E9 membrane, electron transport Hexa-chlorophene

PM14 C5 Membrane, ionophore 1-Hydroxy-pyridine-2-thione

PM16 C5 membrane, nonspecific binding Protamine sulfate

PM20 Al membrane, transport Amitriptyline

PM17 D9 Membrane, transport, phenothiazine Chlorpromazine

PM14 H5 Membrane, transport, phenothiazine Promethazine

PM20 C1 Membrane, transport, phenothiazine Thioridazine

PM13 G9 Membrane, transport, phenothiazine Trifluoperazine

PM20 C5 NT - acetylcholine receptor, antagonist Atropine

PM20 B5 NT - beta-adrenergic blocker D,L-Propranolol

PM20 B1 NT - cholinergic antagonist Orphenadrine

PM20 F9 NT - cholinergic antagonist Pridinol

PM18 G1 Other antibiotic - bacterial fatty acid synthes Triclosan

PM11 C1 Other antibiotic - Glycopeptide Bleomycin

PM15 D1 Other antibiotic - Glycopeptide Phleomycin

Pm12 C5 Other antibiotic - Glycopeptide Vancomycin

PM15 H1 Other antibiotic - Nitroimidazole 2-Nitroimidazole

PM20 C9 Other antibiotic - Nitroimidazole Ornidazole

PM18 F5 Other antibiotic - Nitroimidazole Tinidazole

Pm12 H5 Other antibiotic - RNA polymerase Rifampicin

PM16 E9 Other antibiotic - RNA polymerase Rifamycin SV

PM18 G5 Other antibiotic - Triazole 3,5-Diamino-1,2,4-triazole (Guanazole)




PM17 D5 Other antibiotic - Triazole 3-Amino-1,2,4-triazole
PM17 B9 Other antibiotic - tuberculosis Ethionamide
PM17 F9 Other biocide - antimicrobial, from plants ~ Tannic acid

PM14 A9 Other biocide - ATPase, Na+/K+ and Mg++Sanguinarine
PM18 F1 Other biocide - carbonyl agent, amine oxide Semicarbazide
PM17 H5 Other biocide - cyclic AMP phosphodiester: Caffeine

PM19 B5 Other biocide - imidazoline agonist Harmane

PM20 H1 Other biocide - microtubulin polymerization Patulin

PM20 G1 Other biocide - multisite, carbamate Captan

PM17 E5 Other biocide - phospholipase C, ADP ribos Compound 48/80
PM14 G1 Other biocide - protein kinase C inhibitor ~ Chelerythrine
PM19 H5 Other biocide - reducing agent, AdeMet ant Thioglycerol

PM17 H9 Other biocide - tyrosine phosphatase inhibit Phenylarsine oxide

©

o

PM16 D1 oxidation, glutathione 1-Chloro-2,4-dinitrobenzene

PM16 D5 oxidation, glutathione Diamide

PM14 D5 oxidation, sulfhydryl lodoacetate

PM19 E5 oxidizing agent D,L-Thioctic Acid

PM19 E9 oxidizing agent Lawsone

PM15 E9 oxidizing agent Methyl viologen 1.0

PM18 H9 oxidizing agent Plumbagin 09 09 0.9 1.0

PM15 F1 oxidizing agent, peroxidase substrate 3,4-Dimethoxy-benzyl alcohol 1.0]

PM19 D9 protease inhibitor, serine Phenyl-methyl-sulfonyl-fluoride (PMSF)_0.9 0.9 0.8 0.8

PM17 A5 Protein aa analog, alanine B-Chloro-L-alanine hydrochloride

PM20 A9 Protein aa metabolism Benserazide 09 1.0 06 0.8

PM19 F5 protein synthesis Blasticidin S

PM11 F1 protein synthesis Chloramphenicol

PM14 F1 protein synthesis Chloramphenicol

PM18 A9 protein synthesis Thiamphenicol

PM11 Al protein synthesis, aminoglycoside Amikacin 0.7 0.7 0.9

PM20 A5 protein synthesis, aminoglycoside Apramycin J

PM11 D1 protein synthesis, aminoglycoside Capreomycin 0.8 0.8 0.8 0.8
PM19 G5 protein synthesis, aminoglycoside Dihydro-streptomycin 09 10 09 0.8
PM13 E5 protein synthesis, aminoglycoside Geneticin (G418) X 1.0- 1.0 09
PM11 G5 protein synthesis, aminoglycoside Gentamicin 0.8 0.8 1.0 0.8 0.8 0.8 0.8 0.8
PM17 B5 protein synthesis, aminoglycoside Hygromycin B

PM11 H5 protein synthesis, aminoglycoside Kanamycin 0.8 0.8 0.7 0.8 0.8 0.9 0.8 0.8
PM11 F9 protein synthesis, aminoglycoside Neomycin 0.9 0.8 0.8 0.9 0.8 0.8 0.8 0.8
Pm12 C1 protein synthesis, aminoglycoside Paromomycin 09 09 0.8 0.9
Pm12 D1 protein synthesis, aminoglycoside Sisomicin 0.8 0.9 0.8 0.9
Pm12 G1 protein synthesis, aminoglycoside Spectinomycin 0.8 0.7|

PM16 E1 protein synthesis, aminoglycoside Streptomycin 0.8

Pm12 F1 protein synthesis, aminoglycoside Tobramycin 0.9

PM15 F9 protein synthesis, chain termination Puromycin

PM15 C5 protein synthesis, elongation factor Fusidic acid

PM11 A9 protein synthesis, lincosamide Lincomycin

PM11 F5 protein synthesis, macrolide Erythromycin 0.8 0.9 0.9

PM19 A1l protein synthesis, macrolide Josamycin

PM15 F5 protein synthesis, macrolide Oleandomycin

Pm12 H1 protein synthesis, macrolide Spiramycin

PM20 H9 protein synthesis, macrolide Troleandomycin

PM13 H9 protein synthesis, macrolide Tylosin

PM11 A5 protein synthesis, tetracycline Chlortetracycline

PM11 D5 protein synthesis, tetracycline Demeclocycline

PM13 C5 protein synthesis, tetracycline Doxycycline

PM11 C9 protein synthesis, tetracycline Minocycline

PM20 F5 protein synthesis, tetracycline Oxytetracycline

Pm12 B5 protein synthesis, tetracycline Penimepicycline

PM13 D9 protein synthesis, tetracycline Rolitetracycline

Pm12 A5 protein synthesis, tetracycline Tetracycline 1.0 09 03

Pm12 C9 Protein tRNA synthetase D,L-Serine hydroxamate

PM17 F5 Protein tRNA synthetase DL-Methionine hydroxamate

PM16 H1 Protein tRNA synthetase Glycine hydroxamate

Pm12 G9 Protein tRNA synthetase L-Aspartic-B-hydroxamate

PM16 G9 Protein tRNA synthetase L-Glutamic-g-hydroxamate

PM19 D5 respiration lodonitro Tetrazolium Violet

PM13 E9 respiration, Ca++ porter Ruthenium red iL| 0

PM20 D9 respiration, ionophore, H+ 18-Crown-6 ether 0.9 1.0 1.0 1.0

PM19 B9 respiration, ionophore, H+ 2,4-Dintrophenol

PM20 G5 respiration, ionophore, H+ 3,5-Dinitro-benzene

PM15 G1 respiration, ionophore, H+ cccp

PM19 C9 respiration, ionophore, H+ Cinnamic acid

PM19 E1 respiration, ionophore, H+ FCCP

PM19 A5 respiration, ionophore, H+ Gallic acid

PM18 C9 respiration, ionophore, H+ Pentachloro-phenol

PM19 F9 respiration, ionophore, H+ Sodium caprylate

PM16 H9 respiration, ionophore, H+ Sorbic acid

PM20 E1 respiration, uncoupler Crystal violet

PM15 G9 respiration, uncoupler Menadione

PM15 G5 respiration, uncoupler Sodium azide

PM20 B9 respiration, uncoupler Tetrazolium violet

PM17 D1 respiratory enzymes, carboxamide Oxycarboxin

PM14 C1 toxic anion Boric Acid

PM13 C9 toxic anion Potassium chromate

PM16 F1 toxic anion Potassium tellurite

PM11 G9 toxic anion Potassium Tellurite

PM18 D5 toxic anion Sodium Bromate

PM14 C9 toxic anion Sodium cyanate

PM14 E9 toxic anion Sodium metaborate

PM18 E1 toxic anion Sodium metasilicate

PM14 G9 toxic anion Sodium nitrite

PM16 F5 toxic anion Sodium selenite

PM18 D1 toxic anion Sodium-m-arsenite 1.0 09 0.2 05
PM17 E9 toxic anion, molybdate analog Sodium tungstate 0.8 0.8 0.8 0.5
PM18 E5 toxic anion, oxidizing agent Sodium-m-periodate 0.9 :LO-
PM14 B9 toxic anion, PO4 analog Sodium arsenate 0.8 0.9 0.7 0.6
PM14 F9 toxic anion, PO4 analog Sodium metavanadate 0.9 0.8 09 0.8 0.9
PM14 H9 toxic anion, PO4 analog Sodium orthovanadate .0 0.9 0.9 0.9 09 0.9 0.8 0.8
PM14 D9 toxic anion, SO4 analog Sodium dichromate 0.9 0.9 0.9-
PM16 F9 toxic cation Aluminum sulfate 0.8 0.9 0.9 0.9
PM18 E9 toxic cation Antimony (1) chloride 0.9 0.6




PM14 D1 toxic cation Cadmium chloride 0.9 0.9-
PM13 F1 toxic cation Cesium chloride 0.8 0.9 0.8 0.9
PM16 G1 toxic cation Chromium chloride 0.6 0.8 0.8 1.0
PM13 G1 toxic cation Cobalt chioride 0.7 0.7 o4l
PM13 H1 toxic cation Cupric chloride 09 0.8 1.0 0.7
PM16 G5 toxic cation Ferric chloride 0.9 0.9 09 08
PM17 F1 toxic cation Lithium chloride 1.0 0.6]

PM13 G5 toxic cation Manganese chloride 0.9 0.9 0.9
PM13 A9 toxic cation Nickel chloride 09 0.7 0.8
PM13 F9 toxic cation Thallium (1) acetate 0.9 1.0

PM15 H9 toxic cation Zinc chloride 1.0 09 1.0 0.8
PM16 A5 wall Phosphomycin 0.9 1.0

PM17 G5 wall, cephalosporin Cefamandole nafate

PM11 E1 wall, cephalosporin Cefazolin 0.8 0.8

PM15 A9 wall, cephalosporin Cefmetazole 0.9 0.9

PM17 H1 wall, cephalosporin Cefsulodin 1.0 09

PM13 D1 wall, cephalosporin Cefuroxime 0.9 0.9

PM11 H1 wall, cephalosporin Cephalothin 0.9 1.0
PM13 H5 wall, cephalosporin Moxalactam 1.0 10 0.8 0.8
PM17 G9 wall, cephalosporin Cefoperazone 1.0“
PM16 A1l wall, cephalosporin Cefotaxime 0.9

PM14 E1 wall, cephalosporin Cefoxitin 0.8 1.0 09 0.9
PM11 G1 wall, cephalosporin Ceftriaxone

PM18 F9 wall, monobactam Aztreonam

PM11 B1 wall, penicillin Amoxicillin

PM13 Al wall, penicillin Ampicillin

PM13 B1 wall, penicillin Aziocillin 0.9]

PM14 G5 wall, penicillin Carbenicillin 1.0

Pm12 A9 wall, penicillin Carbenicillin

PM11 B5 wall, penicillin Cloxacillin

PM11 D9 wall, penicillin Nafcillin

Pm12 B1 wall, penicilin Oxacillin

Pm12 A1l wall, penicilin Penicillin G

PM19 F1 wall, penicillin Phenethicillin

PM14 F5 wall, penicillin Piperacillin

PM15 B1 wall, peptidoglycan synthesis D-Cycloserine

PM17 Al wall, peptidoglycan synthesis D-Serine

PM13 F5 wall, peptidoglycan synthesis Glycine

PM11 C5 wall, Polymyxin Colistin

Pm12 B9 wall, Polymyxin Polymyxin B

PM19 H9 wall, Polymyxin Polymyxin B

Figure D.2. Heatmap of CDI values of EDC (0.01% w/v) induced Syergism and additve
effects to Biolog (Blue shading).
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Table D.1. All identified proteins from triplicate biological injections of E. coli grown in
all respective EDCs and control testing conditions.

Protein List

Q8XE62 , P39180 , POADW3 , POADAY , P75818 , POA905 , W1FVW9 ,
AOAOH3JH44 , POAACO , POABC3 , P69807 , POAEOS , P46130 , P37749 , POABT?2 ,
POA7Z4 , POA7G6 , POABNS , POAGYS8 , POAAIS , P10408 , POA853 , P12758 ,
POC8J6 , P05847 , POA9MS , POABF6 , POAFGS , P69741 , POACEOQ , PO8839,
POABJ9 , P09152 , P60422 , P09323 , POA8F4 , PO0393 , POA9AG , PO0363 , PO0961 ,
POA9B2 , PO7001 , POCE47 , P61175, P68187 , POABB4 , POABBO , POASV1,
POAG6MS8 , POA940 , P77774 , P06959 , P09373 , POA7TAT , P39177 , POATK2 ,
P69797 , P69786 , POC8J8 , AOAOH3JQ75 , POABAO , AOAOH3IMR3 , POAG67 ,
P60723 , POA7V0, P06996 , POADY3, P37194 , POA915 , POA917 , POA912
POACO02 , P31554 , P69776 , POA908 , POAEHS5 , POADB1 , P64581 , P02943 ,
P60438 , POA7R9 , P02359 , POA7LO , POA7W1 , P02413 , POA7VS , POA910 ,
P25714 , P02931 , P02930, P28635 , POAG44 , P62399 , POADY7 , POA7XS,
W1FZ84 , W1G3V3, P37636 , P58229 , P64604 , POA927 , W1FUB4 , POADQ?7,
P09424 , POA9IMO , P37617 , POA921 , P77293 , W1FU14 , AOAOH3JIM9 , POA9Q7 ,
POACDS , POADG4 , P11349 , POA7TM2 , P31224 , P09127 , P26459 , P69739 ,
P63284 , P76576 , POA7S9 , POA7L3 , P37637 , POA7TK6 , POAG59 , POAFR2 ,
P37665 , P77330 , P06129 , POADZ7 , P60955 , P76578 , P45464 , W1FSWS5 ,
POAGP9 , P69783 , POABH9 , POAB98 , P08194 , P69828 , POAGF6 , POAB26 ,
POAEX9, POA742 , POACAL , P76507 , POACF4 , P09169 , P10384 , POADBY ,
P20966 , Q8XE41 , P24182 , Q8XC31, W1G708 , P36659 , POA9S3 , AOAOH3JIZ5 ,
POAC4T7 , P23173 , W1FS73 , POA7D7 , P11868 , POA7B1 , P52647 , AOAOH3JJ32 ,
Q8X5R4 , P10100, P77338 , AOAOH3JCY2 , P30844 , P77625 , P41036 , P06609 ,
POAEJ4 , P15005 , Q8X578 , POAGE1 , P38506 , P23890 , W1FQZ7 , POAFD4 ,
POASCO , P08956 , POAAGS , POA9Q5 , AOAOH3JRG4 , P13035 , POAAHO , P77529
, P04805 , P33232 , AOAOH3JS22 , AOAOH3JI64 , POAGGO , POACLY , Q8X660 ,
P75691 , POAFBS , P22524 , Q46803 , AOAOH3JCY6 , P76251 , POASBW?2 , POAGZ1 ,
P25665 , P09372 , P60720 , POADNO , P39409 , AOAOH3JI35 , P08660 , P75800 ,
P27242 , POAA9S , POAGIS , P20083 , P15034 , POASUO , POA7A9 , P69503 ,
P05852 , W1FTM3, Q8X5TO0 , P23839 , P16433 , POA9D4 , PO0887 , Q8XCO00 ,
W1G0W6 , AOAOH3JDL6 , W1FUNT7 , P37648 , W1G8R8 , POAAJS , P27243 ,
P75839 , AOAOH3JEBY , PODMC5 , POAACA4 |, P52644 , P75946 , POAAKY ,
Q8X5N1, P24207 , P09391 , POAE74 , POA8S1 , AOAOH3JKI8 , P27836 , P75828 ,
P76237 , POA935 , P76185, P37639 , P76421 , POAFD1 , POAEJO , POA8RY , P09549
, W1G7L0, Q2MB16 , P52101 , AOAOH3JQBO , P37327 , AOAOH3JFG8 , P54746 ,
P17315, POAG71, P31697 , POAERO , P32681 , P77485 , AOAOH3JRM4 , POAFUO ,
POAADG , P76406 , Q46793 , P33358 , P76561 , POA3R8 , POAGC7 , POAFA9 ,
AOAOH3JM80 , P77475 , P75831 , W1FV91 , Q8XDU3 , POABUO , P07913,
WI1FYMS8 , W1FUN1, Q8X781, P04846 , Q8X809 , P33941, P02918 , POAAEO,
W1FUR2 , AOAOH3JS36 , W1G0T2 , POC066 , P37691 , Q8XDB1 , AOAOH3JH37,
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