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ABSTRACT

Uropathogenic Escherichia coli (UPEC) is the major cause of urinary tract infections.

These bacteria live in complex heterogenous communities called bio�lms. UPEC bio�lms

are encapsulated in a matrix composed of proteins, exopolysaccharides, and DNA. These

bio�lms are responsible for a wide variety of functions including protecting the bacteria

against physical and chemical stresses. The UPEC strain UTI89 produces bio�lms under

di�erent environmental conditions in the lab. In static cultures UTI89 forms pellicles at

the liquid-air interface and it forms wrinkled colony bio�lms on solid agar plates. The

major proteinaceous component of these bio�lms is a functional amyloid structure called

curli. This work focuses on the development of curli-dependent bio�lms and developing

methods of characterizing the interactions of curli with disease associated proteins.

In the �rst project, I established that pellicle bio�lm formation can be regulated metabol-

ically. I found that aged cultures of UPEC produced a potent pellicle bio�lm inhibitor.

Therefore, bacteria-free conditioned media from aged cultures of UTI89 impeded UTI89’s

own pellicle formation. UTI89 grown in bacteria-free conditioned media from an aged

UTI89 culture exhibited de�cient pellicle formation. The antibio�lm e�ect was dependent

on cysteine metabolism. UPEC mutants in the cysteine biosynthesis pathway were able to

form pellicles in conditioned media. Interestingly, cysteine metabolism mutants, includ-

ing a cysE deletion strain, were able to make curli amyloids in conditioned media. The

addition of exogenous cysteine restored the antibio�lm activity.

In a second project, I established a total internal re�ection �uorescence microscopy

assay to visualize bacterial amyloid formation in real time. The ability of curli to self-

xii



assemble into �bril structures with nucleation dependent kinetics is a process which has

primarily been investigated using bulk assays. How this �bril formation is initiated and

how amyloids of one type can template the formation of amyloids of another type are

questions which have been poorly studied to date. I developed a method that allows

the measurement of amyloid assembly in curli and allows us to investigate the interac-

tions between the functional amyloid curli and disease associated proteins such as alpha-

synuclein at the single molecule level. This work elucidates mechanisms of bio�lm reg-

ulation as well as the biophysical role that components of the bio�lm play in triggering

other diseases and therefore, on overall health.
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CHAPTER I

Microbial Amyloids and the Extracellular Matrix

Parts of the work presented in the chapter are derived from work in preparation to be

submitted as a review article to mBio.

Gichana, E.K., Chapman, M.R.

1.1 Introduction

Escherichia coli (E. coli) is a rod-shaped, Gram-negative bacterium classi�ed as a mem-

ber of the family Enterobacteriaceae within the Gammaproteobacteria class. It is closely

related to such well known pathogens as Salmonella, Klebsiella, Serratia, and Yersinia pestis

(Brenner and Farmer, 2007). E. coli is one of the most studied and understood organisms

is science. What makes it an ideal model organism is that it is fast growing, versatile and

can be found in a variety of environments and conditions. E. coli can even be found in

environmental wastewater where it is used as a fecal indicator bacterium to indicate con-

tamination [74]. The E. coli genome contains about 4,800 genes, 1700 of which are shared

amongst all E. coli strains [77].

However, E. coli is also part of the commensal �ora of many animals including humans.

E. coli can also be an important pathogen. While some bacteria are restricted to speci�c

niches within the host, E. coli can colonize and cause infection in a variety of sites. These

1



include the urinary tract, respiratory system, skin, soft tissue, and the gastrointestinal

tract [18].

Within a human host, E. coli is most commonly found in the lower intestinal tract. The

gut microbiome is dominated by obligate anaerobes ( 90%), as it is an anoxic environment

[11]. E. coli, a facultative aerobe is the most common of the aerobes, but only makes up up

to about 5% of the constitution [18]. E. coli makes its home in the thin layer of mucus that

lines the gut where it grows in a multi-species bio�lm [14] meaning that it is in constant

competition for nutrients and or survival. Because of its location in the lower intestinal

tract, E. coli is often found in feces which are then excreted from the host, meaning that E.

coli can end up in places like wastewater and in the soil and has been shown to survive for

long periods of time [74]. These environments are completely di�erent than of the host

in terms of the types of nutrients that are available, availability to oxygen, temperature,

and the competitors.

This ability of E. coli to survive in a variety of areas can lead to disease. As an example,

urinary tract infections are some of the most common bacterial infections. And although

many di�erent species of bacteria can cause these infections, 80% of infections are caused

by uropathogenic strains of E. coli [129]. The proximity of the urethral opening to the

rectum makes it possible for bacteria to make it into the urethra and up to the bladder [49].

Once in the bladder, UPEC invade the bladder epithelial cells where they form bio�lms to

allow themselves to evade the host‘s immune system responses and drugs [155].

1.2 Bio�lms

Many bacteria, including E. coli live as members of complex communities called bio�lms

[46, 61]. Bacteria living within bio�lms are encapsulated in an extracellular matrix com-

posed of proteins, exo-polysaccharides, and DNA. These bio�lms are responsible for a

wide variety of functions including; protecting the bacteria against physical and chem-

ical stresses such as oxidative stress and dessication [20, 61]. Bio�lms also help bacteria
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to evade the host‘s immune responses and reduces the ability of antimicrobial agents to

combat things like infections [3, 54, 66, 107].

Within bio�lms, we see distinct populations of cells and extracellular matrix produc-

tion is restricted to a distinct subpopulation [36,41,70,124]. Factors which control the ex-

pression of the matrix components include temperature, osmolarity, oxygen, and nutrient

availability [53,53,92,100]. In the lab, bacteria form bio�lms in low salt, low temperature,

and low nutrient conditions [42, 62].

In E. coli and Salmonella enterica bio�lms, the major protein component are aggrega-

tive �bers known as curli, which constitutes 85% of the matrix composition, and the major

polysaccharide component is the carbohydrate polymer cellulose which constitutes the

majority of the remaining 15% [23, 115, 163]. The expression of curli and cellulose relies

on the master bio�lm regulator CsgD [62,98,110]. The expression of CsgD is complex and

relies on small RNAs, regulatory networks, environmental cues, posttranslational phos-

phorylation, and many transcriptional regulators [42]. This complex regulation gives rise

to precision control of curli and cellulose production. Disregulation of CsgD can result in

altered bio�lm phenotypes.

For instance, some strains of bacteria have been found to form bio�lms at elevated

temperatures [36, 119]. From these studies, it was discovered that cysteine homeostatis

impacts bio�lm formation and the production of extracellular matrix components as well

as the folding and stability of entracytoplasmic proteins [70]. CsgD is a trasncriptional

regulator of adrA, which encodes for a diguanylate cyclase which produces a secondary

messenger, cyclic-di-GMP (c-di-GMP) [163]. ci-di-GMP binds to the cellulose synthase

BcsA, leading to its activation [101, 163]. CsgD requires c-di-GMP from to proteins Y�N

amd Y�M [69, 150]. Y�N is inhibited by the redox-sensitive regulator Y�R. As Y�R is

depleted, Y�N dimerizes and leads to unregulated cellulose production [69]. This shows

that cysteine auxotrophs have increased curli and decreased cellulose production. This is

due to a cellulose and curli production are tightly coupled and mediated by the cysteine

3



biosynthesis gene cysE [70].

1.3 Modeling bio�lms in the laboratory

Models of the bio�lm can be grown in the lab to help investigate environmental, molec-

ular and genetic factors modulating bio�lms formation. E. coli forms two types of bio�lms

in the laboratory. When grown in glass culture tubes or polystyrene tissue culture plates

in static liquid cultures, E. coli forms a �oating bio�lms at the air liquid interface called

pellicles (Figure 1.1A) [72, 76]. Pellicles are composed of cells encased in a matrix of curli

and cellulose. Pellicle formation can then be quanti�ed by crystal violet staining of the

biomass [160]. Pellicle bio�lm production is reliant on CsgD which regulates the expres-

sion of the matrix components [42]. These pellicle bio�lms can be inhibited by the pres-

ence of glucose, high osmolarity, and temperatures greater than 30°C [59, 100].

Under the right conditions, E. coli can also produce wrinkled colony bio�lms on solid

agar plates which spread away from the initial site of inoculation (Figure 1.1B) [36]. Many

bacteria including E. coli, Salmonella spp., Citrobacter koseri, Psudomonas aeruginosa, and

Bacillus subtilis can form these types of bio�lms [20, 36, 112, 119]. These wrinkles go by

many names depending on the strain. They are sometimes called rdar (red, dry, and rough),

rugose, or wrinkled colony bio�lms, though for this work, we stick to rugose to refer to

these types of bio�lms [22, 36]. Within the rugose bio�lms, matrix production also takes

place at the air-colony interface where the oxygen exposed cells express matrix compo-

nents [36]. The phenotype can be analyzed by growing the bio�lm on plates supplemented

with Congo red [160]. The development of rugose and pellicle bio�lms requires expres-

sion of curli and cellulose [36,76,162]. Both curli and cellulose bind Congo red dye which

leads to colonies red in color, indicating curli only or curli and cellulose production. It can

lead to colonies pink in color, which indicates cellulose only production. If both curli and

cellulose production is a�ected, as with the deletion of csgD (Figure 1.1B) rugose colonies

spread less, have a smaller diameter, and do not bind the dye [119, 163].
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Figure 1.1:Modeling bio�lms in the laboratory. (A.) WT UTI89 grown in static culture at 26 °C forms

a pellicle bio�lm in a microtiter plate. The planktonic cells have been removed and the pellicle was stained

with 0.1% crystal violet. A UTI89 ∆csgA mutant is unable to form a pellicle under these same conditions

[160]. (B.) Rugose bio�lms form complex spreading and wrinkling patterns which are dependent on the

master bio�lm regulator CsgD. UTI89 ∆csgD mutant colonies do not spread as much as WT, do not wrinkle,

and do not bind Congo red dye. Figure reproduced from [71, 160].
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1.4 Microbial amyloids

Amyloids are most famous because of their implication in diseases such as Alzheimers

and Parkinsons Disease (Cooper et al., PNAS 1987; Glenner et al, Biochem Biophys Res

Comm. 1984; Ste�an et al PNAS 2000; Pruisner et al Trends Biochem Sci 1996; Chiti and

Dobson Annu Rev Biochem 2006). In fact, amyloids are now associated with 36 human

diseases. These range from systemetic diseases such as renal amyloidosis, the well-known

neurodegenerative diseases, and even prostate cancer [28].

A class of amyloids, termed functional amyloids, exists that stands independently of

disease associated amyloids. These structures are not the result of protein misfolding, but

are rather are the product of highly regulated assembly and serve important roles in cell

physiology. Functional amyloids are now found in all kingdoms of life. They are found

in fungi, mammals, and bacteria [?, 16, 17, 23, 40, 48, 136]. Microbial amyloids are by far

the largest class of functional amyloids. Microbial amyloids are responsible for a wide

variety of functions including; bio�lm formation, adhesion, invasion of host cells, host

pathogen interactions, as well as regulating in�ammatory and immune responses in the

gut [1, 8, 52, 56, 57, 75, 85, 104, 114, 118, 138, 139, 144].

Despite their varied sequence composition, sizes, and biological functions, currently,

amyloid �brils are biophysically characterized by their repeating cross-β-sheet architec-

ture when examined by x-ray di�raction. The subunits are oriented perpendicular to the

�ber axis and stabilized by hydrogen bonds between backbone amide groups [39, 132].

These structures are highly stable, resistant to proteolytic degradation and SDS, and they

bind to amyloids speci�c dyes such as Congo red and ThT. Figure reproduced from [39,96].

1.4.1 Curli

Curli are among the best-studied of the microbial amyloids. Curli are an integral part

of the bio�lm extracellular matrix produced by Salmonella, Enterobacteriaceae, and E. coli

(Chapman et al, Science 2002; Collinson et al J Bac 1993; Solomon et al J food Prot 2005;
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Figure 1.2: In vitro polymerization of amyloids. This schematic illustrates protein monomers poly-

merizing into amyloid. The lag phase, growth phase, and stationary phases are indicated. The blue arrow

indicates the end of the lag phase. Figure reproduced from reference [17].
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Hung et al, MBio 2013).

Curli �bers are composed of heteropolymeric �brils CsgA, the major curli subunit,

and CsgB, the minor curli subunit. Though the structure of these �brils has not yet de-

termined at the molecular level, must of the structural data that does exist, the results of

X-ray di�raction, electron microscopy, NMR, and other �uorometric methods, suggests

that these �bers have stacked β-helical subunits rather than an in-register β-sheet struc-

ture found in disease associated amyloids [125, 135]. All the same, these �brils display all

of the same structural and biophysical properties as disease associated amyloids [23].

Unlike disease associated amyloids which are thought to be the result of protein mis-

folding (REF), these functional amyloids are the product of a highly coordinated biosyn-

thetic pathway [17, 141].

Curli are the result of two divergently transcribed operons, csgBAC and csgDEFG

[23, 62]. Curli subunits are assembled in what is known as type VIII secretion [15, 141]

(Figure 1.2).

As mentioned previously, expression of curli is also controlled by several environ-

mental signals, but curli are primarily expressed during stationary phase and at low tem-

peratures (REFs). There are a few mutants and clinical isolates that have been shown to

express curli at higher temperatures (REFs). Transcription of the csgBAC operon is inter-

nally regulated by CsgD, the �rst gene product of the csgDEFG operon [162](Zogaj et al.,

2003; Dudin et al., 2014). CsgD activates the transcription of csgBAC. CsgA is the primary

structural element of the curli �ber. It has a core amyloid region made up of 5 imperfect

repeat units with a conserved consensus sequence made up of arginine and glutamine

residues [26, 148]. The arrangement of the repeats aligns the glutamine and asparagine

residues which stack up and stabilize the fold. The internal repeats, R2-R4, contain a crit-

ical set of residues termed “gatekeepers” which modulate amyloid formation. The termi-

nal repeats R1 and R5 are responsible for interactions with the minor subunit protein,

CsgB [148, 149](Wang and Chapman, J Biol Chem 2008; Wang et al., PNAS 2010).
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Figure 1.3: Curli biogenesis - working model. The csg operon encodes the curli speci�c genes. CsgA,

the major curli subunit, is transported into the periplasm by the SecYEG translocon. CsgA is kept soluble

by CsgC until it can be delivered to CsgG by the accessory protein CsgE for secretion. CsgA is nucleated

into ordered amyloid �bers on the cell surface by CsgB in a CsgF dependant manner [37].
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CsgB is responsible for nucleating CsgA into a curli �ber. CsgA and CsgB sequences

are about 30% identical. It also has a core amyloid region made up of �ve strands. The �rst

four repeats share the same motif as CsgA‘s R1-R4, but R5 is unique [64, 65](Hammer et

al., PNAS 2007; Hammer et al., J Mol Biol 2012). Truncation of this strand still results in

an amyloidogenic protein that can nucleate and polymerize CsgA. CsgB adheres to the

cell wall at the c-terminus and exposes a template for recognition by an R1 or R5 repeat

of a CsgA. CsgF helps to tether CsgB to the cell wall [97] (Nenninger et al., PNAS 2009).

Addition of CsgF to CsgB in vitro considerably speeds up aggregation of CsgB, and in fact,

seems to help CsgB adopt a proper amyloid fold.

CsgA and CsgB are secreted through an outer membrane lipoprotein, CsgG [89,117](Loferer

et al., Mol Microbiol 1997; Robinson et al., Mol Micro 2006). CsgA and CsgB are targeted

to CsgG by a 22-amino acid N-terminal signal sequence [117](Robinson et al., Mol Micro

2006). CsgG is complex of 9 identical subunits. Each subunit has four β-strand subunits

which assemble to form a β-barrel with 36 transmembrane β-strands [21, 58](Goyal et

al, Nature 2014; Cao et al., PNAS 2014). Each of these units also contributes 3 residues

to a series of rings that constrict the secretion channel to a diameter of 9A and function

as gatekeepers for the selective secretion of the unstructured curli subunits [21](Cao et

al., PNAS 2014). CsgG is aided by CsgE, another periplasmic protein that assembles as a

nonameric cap to CsgG that traps CsgA in the periplasmic vestibule of CsgG, facilitating

CsgA’s translocation to the outter membrane [80](Klein et al., MBio 2018).

CsgC, a periplasmic accessory protein, inhibits amyloid �bril formation within the

periplasm (Evans et al., Mol Cell 2015). It does this by inhibiting primary nucleation or

elongation via a series of electrostatic interactions [126, 133, 134].

1.5 Modulation of amyloid �bril formation

Because of the role that amyloids play in causing such devastating human diseases as

Alzheimer‘s and Parkinson‘s disease, much e�ort has been exerted at identifying chemi-
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cals that are able to prevent their formation. E. coli and its highly regulated curli biogenesis

system represents an elegant model along with a suite of tools with which to screen for

molecules which are able to modulate the amyloid formation.

The Chapman lab has been screening and characterizing a library of designer pep-

tidomimetic compounds called 2-pyridones. These compounds were initially recognized

as anti-amyloid in a screen of small molecule molecules in testing for their e�cacy in

binding to Aβ-42, an amyloid associated with Alzheimer’s disease [6, 22, 67, 83]. One of

the 2-pyridone compounds, FN075, proved to be a potent amyloid inhibitor. It inhibits Aβ

and CsgA polymerization in vitro and blocks curli bio�lm formation in bio�lm assays.

In a UTI89 mouse model, FN075 resulted in decreases in intracellular bacterial commu-

nities [22]. FN075 was also tested against another amyloid protein, α-synuclein, which

associated with Parkinson’s disease. Interestingly, FN075 accelerated α-synuclein �bril

formation [67].

Curli have also been shown to trigger α-synuclein aggregation [24]. The process by

which these two proteins interact to promote amyloid formation is known as cross-seeding

[102]. Considering that many amyloids share structural and kinetic characteristics, it

makes intuitive sense that there would be molecular cross-talk.

1.6 Dissertation Goals

The aims of this dissertation are to identify inhibitors of bio�lm formation as well as

investigate the mode by which the known inhibitor FN075 and the human disease asso-

ciated amyloid α-synuclein modulate amyloid formation. In chapter 2 I �nd that E. coli

UTI89 conditioned media is able to inhibit its own growth by an e�ect that is dependent

on cysteine metabolism. In chapter 3, I develop a real-time �uorescence microscopy as-

say that will allow us to characterize interactions between amyloid proteins and proteins

and chemical modulators. In chapter 4, I characterize the e�ects of small molecules on the

polymerization of CsgA.
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CHAPTER II

Conditioned Media of Uropathogenic E. coli Impede Its

Own Bio�lm Development via Cysteine Metabolism

The work presented in this chapter is in preparation for publication.

Gichana, E.K.*, Zhou, Y.*, Hung, C., Leong, B.J., Hultgren, S.J., Chapman, M.R.

1
Conditioned Media of Uropathogenic E. Coli Impede Its Own Bio�lm Development via

Cysteine Metabolism.

2.1 Introduction

Many bacteria live as members of complex communities called bio�lms [33, 60, 106].

Bacteria living within bio�lms are encased in an extracellular matrix composed of pro-

teins, exopolysaccharides, and extraxellular DNA [79]. Bio�lms are linked with a variety

of chronic infections and have increased resistance to antimicrobial agents and environ-

mental stress [4,5,88,91]. Eschericia coli(E. coli) is a major cause of urinary tract infections.

A clinical uropathogenic E. coli (UPEC) isolate UTI89, forms bio�lm-like intracellular com-

munities in bladder epithelium cells which protect UPEC from immune clearance [22,103].

1Author contributions - E.K.G. and Y.Z. contributed equally to this work.
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In a laboratory setting, UTI89 develops rugose colony bio�lms on solid agar surfaces and

pellicle bio�lms �oating at the air-liquid interface of static cultures [72,76]. The develop-

ment of colony and pellicle bio�lms requires expression of curli and cellulose [36,76,162].

Curli are functional amyloid �bers produced on the surface of many enteric bacteria [111].

Curli �bers are both adhesive and stable which makes them perfect structures for facil-

itating both bacteria-surface and bacteria-bacteria interactions [119]. The expression of

both curli and cellulose is controlled by the master regulator CsgD [19, 120, 163].

Many bacteria are capable of producing metabolic intermediates or structural compo-

nents that prevent their own bio�lm formation or inhibit bio�lm development of other

species [63, 81, 86, 116, 140, 146]. For instance Staphylococcus aureas exports cyclic autoin-

ducing peptides to the environment, which triggers bio�lm dispersion via the accessory

gene regulator (agr) system [81]. Bacillus subtilis releases D-amino acids as the cultures

ages, which not only disperse its own pellicle bio�lm, but can also prevent bio�lm for-

mation of a broad spectrum of bacteria species [81, 140]. the gram-negative bacterium

Vibrio cholerae utilizes quorum sensing molecules to repress bio�om matrix production

at high cell density [25,161]. In E. coli, self-produced indole and capsular polysaccharides

also exhibit antibio�lm activity [86,140,146]. O-acetylated serine (OAS) has also been im-

plicated as in inhibitor of E. coli bio�lms [131]. OAS is produced from serine by serine

acetyltransferase, CysE. OAS is then converted to cysteine by two functionally redundant

OAS sulfhydrylases, CysK and CysM.

In this study we found aged bio�lm cultures of UTI89 demonstrated antibio�m activ-

ity against its own pellicle formation. The potential bio�lm inhibitor is heat-stable and

is resistant to protease treatment. A candidate approach revealed that the antibio�lm ac-

tivity of the conditioned medium is dependent on cysteine metabolism, as conditioned

media of cysteine auxotrophs ∆cysE and ∆cysK∆cysM lost the antibio�lm activity. Cys-

teine metabolism also controls bio�lm architecture of UTI89 pellicle and rugose bio�lm.
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2.2 Experimental Procedures

2.2.1 Bacterial Strains, Media, and Growth Conditions

The well-characterized uropathogenic E. coli isolate UTI89 was provided by Scott Hul-

gren [32, 94]. UTI89 mutants were generated by red-swap as described [151] or kindly

provided by the Hutgren lab. These mutants are listed in Table 2.1. Primers used to con-

struct these mutants are listed in Table 2.2. Unless otherwise stated, bacteria were typically

grown in LB at 37°C with shaking.

Table 2.1: Strains used in this study

Bacterial strains Relevant genotype and features Resistances References

Wild-type UTI89 Wild-type clinical UPEC None [94]

UTI89 ∆csgA Deletion of the major culrlin gene, csgA, None [22]

in UTI89, abolishment of curli expression

UTI89 ∆cysE Deletion of the serine None [70]

acetyltransferase cysE
UTI89 ∆cysK∆cysM Deletion of cysteine None [70]

synthases cysK and cysM
UTI89 ∆csgBA Deletion of the curli None [36]

operon csgBA
UTI89 ∆csgD Deletion of the curli and None [36]

cellulose regulator csgD
UTI89 ∆tnaA Deletion of the tryptophanase None This study

tnaA
UTI89 ∆gshA Deletion of the γ -glutamate-cysteine Kanamycin This study

ligase gshA
UTI89 ∆gshB Deletion of the glutathione Kanamycin This study

synthase gshB
UTI89 ∆kpsS Deletion of the polysialic acid None From the

capsule synthesis gene kpsS Hultgren lab

UTI89 ∆kpsF Deletion of the polysialic acid None From the

capsule synthesis gene kpsF Hultgren lab

2.2.2 Pellicle bio�lms

Pellicle bio�lms of UTI89 were cultivated as previously described [160]. Overnight

cultures of UTI89 grown in LB were diluted 1:1,000-fold into 2mL of YESCA media (1%
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Figure 2.1: Primers used in this study.
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casamino acid and 0.12% yeast extract) or 1mL of fresh YESCA media mixed with condi-

tioned media in wells of 24-well tissue culture plates. Bacterial cultures were incubated

statically at 26°C for 32-48 hours before analyeses were performed. For better visualiza-

tion, each well was stained with 2mL of 0.1% crystal violet and washed with PBS twice. To

prepare conditioned media, overnight cultures of UTI89 was diluted by 1:1,000-fold into

4-6mL YESCA media in glass culture tubes and incubated statically at 26°C for 4-5 days.

Bacteria-free conditioned media was made by passing the 4 day old cultures through a

0.2mm syringe �lter and stored at 4°C for no longer than 2 weeks.

2.2.3 Rugose colony bio�lms

Rugose bio�lms were grown as previously described [36]. Brie�y, overnight cultures

of WT UTI89 or mutant strains grown in LB were normalized to an OD600 of 1 and 4µL of

the normalized culture was spotted onto YESCA agar. For complementation assays with

exogenous cysteine or o-acetyl-serine (OAS), sterile paper discs with 10% (m/v) cysteine

or OAS were placed 2 cm away from freshly spotted bacteria on YESCA agar. Bacteria

were incubated at 26°C for 48 hours.

2.2.4 Colony forming units (CFU) measurements of rugose bio�lm

WT UTI89 and ∆cysE rugose colonies grown on YESCA and YESCA supplemented

with 25µM of cysteine for 48 hours. Colonies were resuspended in 1mL of 50mM potas-

sium phosphate bu�er pH 7.2 and tissue homogenized prior to serial dilution and CFU

determination.

2.2.5 Western blot analysis

To determine protein expression in UTI89 grown in conditioned media or the fresh

medium, bacteria grown at 26°C for 24 hours were collected, including bio�lm cells and

planktonic cells. Collected bacteria were homogoenized for 20 seconds to separate bacteria
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in the pellicle. Bacterial cell densities of homogenized cultures were normalized based on

optical density at 600nm.

Western blot analysis of CsgA was performed as previously described [151]. Brie�y,

normalized bacteria pellets from pellicle cultures or colony bio�lms were treated with or

without 70µL HFIP. HFIP treated samples were then dried immediately in a SpeedVac at

45°C for 35 mins. Both HFIP treated and non-treated samples were resuspended directly

in 150µL 2X SDS loading bu�er. Non-HFIP treated samples were also used for detection

of CsgD. Samples were loaded onto 15% SDS-PAGE gels. To detect CsgA, proteins were

transferred onto a PVDF membrane by semi-dry transfer and probed with rabbit anti-

CsgA serum (Proteintech Group, Inc., Chicago, IL). For CsgD and RpoS, wet-transfer was

carried out and blots were probed with rabbit anti-CsgD serum (kindly provided by Dr.

Ute Rombling) or by anti-RpoS antibody (Santa Cruz Biotechnology, Inc.) [65].

2.2.6 Growth curve measurements

UTI89 wild-type or mutants were inoculated in LB medium at 37°C overnight and

diluted by 1:1,000 fold into 200µL YESCA, YESCA mixed with H2O, or YESCA mixed with

the conditioned medium in wells on 96-well microtiter plate. The plate was sealed with

transparent sticker. OD600 was measured by a plate reader (Molecular Devices, Sunnydale,

CA) every hour in a 48 hour period of time. The fresh YESCA medium with no bacteria

was used as the control.

2.3 Results

2.3.1 Conditioned UTI89 cultures impedes its own bio�lm formation

UTI89 forms robust pellicle after 2-3 days of incubation in static liquid YESCA at 26°C

[72]. To investigate if UTI89 produces antibio�lm molecules during growth, we collected

�lter-sterilzed UTI89 bio�lm culture media after bio�lms had grown at 26°C for 3-5 days.
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Conditioned media were mixed with fresh YESCA media at a 1:1 (v/v) ratio which was then

used in pellicle bio�lm assays. A de�cient bio�lm formation phenotype was observed for

UTI89 grown in conditioned media (Figure 2.1A). UTI89 was only able to form a thin,

fragile pellicle in conditioned media collected from 3 day old cultures and was unable

to form a pellicle in conditioned media collected from 4 and 5 day old cultures after 48

hours of incubation (Figure 2.1A). As a control, UTI89 formed robust pellicles in fresh

YESCA or fresh YESCA mixed 1:1 (v/v) with H2O, indicating that the de�cient pellicle

formation in conditioned media is not due to nutrient limitation (Figure 2.1A; also mention

the supplementation of nutrients to the spent media). Additionally, no substantial growth

defects were observed for UTI89 grown in the conditioned medium in comparison to that

in the fresh medium or diluted fresh medium (Figure 2.1B).

Figure 2.2: Conditioned media collected from UTI89 cultures impeded its own pellicle forma-
tion. (A) UTI89 was grown statistically at 26°C in the fresh YESCA medium, the diluted fresh medium, or

conditioned media collected from 3-5 day old cultures. Bacteria were grown on a 24-well tissue culture plate

for 48 hours. Each well was stained with crystal violet for a better visualization. (B) Growth curves of UTI89

in the fresh YESCA medium (circle), the conditioned medium (square), and the diluted fresh medium (trian-

gle) on a 96-well plate. Bacteria were grown at 26°C statistically for 48 hours. Optical density was measured

at 600nm by a plate reader. Each experiment was measured with 6 replicates.

The bio�lm-de�cient phenotype is not caused by an increase of pH from 6.6 in fresh

YESCA to 8.1 in conditioned media, as fresh media at pH 8.1 still supported robust pellicle
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formation (Figure 2.2A). Consistent with this result, UTI89 was unable to form a pelli-

cle in the conditioned medium bu�ered to pH 6.6 (Figure 2.2A). Further characterization

revealed that conditioned media was resistant to extended boiling at 95°C or proteinase

K treatment (Figure 2.2B), indicating potential antibio�lm factor is not likely a protein.

It is, however, still possible that polysaccharides or heat-stable small molecules are the

antibio�lm factor. It is possible that the antibio�lm agent was trapped by the cellulose

membrane or lost activity. Moreover, conditioned media collected from pellicle defective

mutants ∆csgD and ∆csgBA maintained the pellicle inhibitory e�ects (Figure 2.2C), sug-

gesting the antibio�lm factor is predominantly derived from the planktonic culture.

2.3.2 Candidate approach unveils cysteine metabolism as responsible for the

antibio�lm activity

In order to identify the potential antibio�lm component in the conditioned medium,

a candidate approach was utilized. We determined that the common bio�lm inhibitors –

indole, capsular polysaccharide, D-amino acids, and norspermidine, were not responsible

for this antibio�lm activity (Figure A2). Cysteine and the precursor OAS have been shown

to modestly inhibit bio�lm formation of S. aureus and E. coli MG1655 [131, 156]. Interest-

ingly, conditioned media harvested from UTI89 cysteine auxotroph mutants ∆cysE and

∆cysK∆cysM, supported pellicle formation of UTI89 (Figure 2.3B). CysE is a serine acetyl-

transferase that conversts serine to OAS [82]. The OAS sulfhydrylases CysK and CysM

further convert OAS to cysteine (Figure 2.3A) [10,47,158]. Restoration of pellicle formation

in conditioned media from ∆cysE and ∆cysK∆cysM mutants was not due to an increase

of bacterial growth or higher cell density, as the growth rate of UTI89 in the ∆cysE con-

ditioned media was almost identical to that in the wild-type conditioned medium (Figure

A3). The antibio�lm e�ect was restored by expressing ∆cysE or ∆cysK in trans from a

plasmid in a ∆cysE mutant or a ∆cysK∆cysM mutant, respectively (Figure 2.3C).

To investigate if the antibio�lm activity of the conditioned media is cysteine-depenedent,
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Figure 2.3:Molecular characterization of the conditioned medium. (A) Increase of pH in the condi-

tioned medium was not responsible for the antibio�lm activity. UTI89 grown statically at 26°C for 48 hours

in fresh medium (pH 6.6), conditioned medium (pH 8.1), fresh medium with pH adjusted to 8.1, and condi-

tioned medium bu�ered to pH 6.6. (B) The potential inhibitor in the conditioned medium was heat stable

and was resistant to proteinase K treatment. UTI89 was grown at 26°C for 48 hours in conditioned medium,

conditioned medium boiled at 95°C for 1 hour, conditioned medium treated with 0.2µg/mL proteinase K, or

fresh medium treated with proteinase K for 3 hours. Prior to inoculation, proteinase K in the medium was

deactivated by boiling at 95°C for 1 hour. (C) Pellicle defective bacteria were able to produce the potential

bio�lm inhibitor. UTI89 was grown in fresh medium, or conditioned media collected from wild-type, ∆csgD
or ∆csgBA at 26°C for 48 hours. Wells were stained with crystal violet.

cultures of ∆cysE or ∆cysK∆cysM were supplemented with exogenous cysteine at var-

ious concentrations from 20µM to 200µM, grown for 4 days, and the resulting condi-

tioned media was collected. Conditioned media from the ∆cysE or ∆cysK∆cysM supple-

mented with cysteine regained the antibio�lm activity (Figure 2.3C). Remarkably, incu-

bation of the ∆cysE or ∆cysK∆cysM cultures with 20µM cysteine was su�cient to restore
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the antibio�lm activity of the resulting conditioned media. Supplementation of ∆cysE or

∆cysK∆cysM mutants with cystine also restored the antibio�lm activity of the conditioned

media collected from these two mutants Figure 2.3D). Together, these results demonstrate

that the antibio�lm activity of UTI89 conditioned media is dependent on cysteine/cystine

metabolism.

Cysteine itself did not directly function as a bio�lm inhibitor, as pellicle formation was

not prevented in the fresh medium supplemented with cysteine (Figure 5.4A). Consistent

with this results, post-addition of cysteine to conditioned media collected from a ∆cysE

and ∆cysK∆cysM cultures did not complement the antibio�lm e�ect (Figure 5.4B). More-

over, the precursor OAS also showed no inhibitory impact on pellicle formation in the

fresh medium (Figure 5.4C).

Cysteine is a strong reducing agent involved in intracellular redox balance [99, 108].

Addition of the strong reducing agent dithiothreitol (DTT) did not a�ect pellicle forma-

tion (Figure 5.5A). Other thiols including glutathione (GSH) and D-cysteine also had no

e�ect on pellicle formation in the fresh medium (Figure 5.5A). Conditioned media from

glutathione mutants, ∆gshA and ∆gshB, still maintained antibio�lm activity similar to

wild-type (Figure 5.5B). In addition, incubation of ∆cysE or ∆cysK∆cysM mutants with

DTT, glutathione, or D-cysteine did not restore the antibio�lm activity of the resulting

conditioned cultures (Figure 5.5C and data not shown). Collectively, these results suggest

the antibio�lm activity is related to cysteine/cystine and is not due to alteration of redox

state.

2.3.3 De�cient bio�lm formation in conditioned media coincided with reduced

curli production

Pellicle development is dependent on curli production [22, 59]. We asked if curli ex-

pression in UTI89 grown in conditioned media was reduced. Curli production in UTI89

grown in fresh medium, diluted fresh medium, or conditioned medium collected from
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Figure 2.4:The bio�lm-inhibitory e�ect of the conditionedmediumwas dependent onL-cysteine
metabolism. (A) Schematic of cysteine biosynthesis mediated by the serine acetyltransferase CysE and

OAS sulfhydrylases CysK and CysM. (B) Conditioned media collected from ∆cysE and ∆cysK∆cysM lost

bio�lm inhibitory e�ect. (C) UTI89 grown at 26°C for 48 hours in fresh medium, or conditioned media

collected from 4 day old cultures of wild-type, ∆cysE, ∆cysK∆cysM, ∆cysE/pCysE, or ∆cysK∆cysM/pCysK.

(D) Supplementation of cysE and cysKcysM cultures with cysteine restored the antibio�lm activity of the

conditioned medium. UTI89 wild-type, ∆cysE and ∆cysK∆cysM were grown statically in YESCA medium

supplemented with 20µM, 100µM, or 200µM, or 100µM cystine. After 4 days of growth at 26°C, corresponding

conditioned media were collected and tested for the ability to support pellicle formation of UTI89 wild-type

at 26°C for 48 hours. Wells were stained with crystal violet.
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4 day old wild-type UTI89 culture was analyzed by western blot (Figure 2.4A). UTI89

grown in the fresh medium or the diluted fresh medium for 24 hours produced bacte-

ria associated CsgA, whereas no CsgA was detected from UTI89 grown in the wild-type

conditioned medium (Figure 2.4A). Interestingly, curli production was partially restored

in UTI89 grown in conditioned media collected from a ∆cysE culture and a ∆cysK∆cysM

culture (Figure 2.4A).

Figure 2.5: Curli production was reduced in UTI89 grown in the conditioned medium. (A) UTI89

was grown at 26°C in fresh YESCA, diluted fresh YESCA, or conditioned media collected from cultures of

wild-type,∆cysE mutant or∆cysK∆cysM. After 24 hours of growth when the bio�lm had just started to form,

all bacteria in the well, including the pellicle and planktonic cells, were collected for Western blot analysis.

To detect curli production, cell lysates were pre-treated with HFIP. Cell lysates without HFIP treatment were

used for the CsgD blot. The blots were probed with αCsgA or αCsgD antibody, respectively. (B) UTI89 was

grown at 26°C for 24 hours in fresh YESCA, diluted fresh YESCA, or conditioned medium collected from

wild-type UTI89 culture. Bacteria from the pellicle and the planktonic bacteria were collected for Western

blot. The blot was probed by αRpoS antibody.

2.3.4 Cysteine metabolism controls multiple bio�lm models

In preparation of ∆cysE and ∆cysK∆cysM cultures to produce conditioned media, we

noticed that these cultures produced a pellicle at the air liquid interface, but the pellicle

formed was smooth rather than the wrinkled pellicle that is normally seen in WT UTI89

(Figure 2.5 and Cegelski 2009). Supplementation of low levels of Congo red to YESCA

media (1:7,500) allows for clear visualization of the topography present in the pellicles

formed by UTI89 (Figure 2.5). Under similar growing conditions at low temperatures on

YESCA agar, UTI89 develops rugose colony bio�lms with distinctive wrinkles, sometimes
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referred to as rdar (red, dry, and rough) [22,36] (Cegelski 2009, Depas 2013). The develop-

ment of rugose bio�lms is also dependent on curli and cellulose production. Thus, rugose

bio�lms appear to mirror the formation of wrinkles in pellicles. We hypothesized that if

cysteine metabolism is important for the formation of wrinkles on pellicles, it may also

be important for rugose colony wrinkle formation.

Figure 2.6: Cysteine auxotrophy inhibits pellicle wrinkling. Pellicles are inoculated via 2µL of

overnight culture into 2mLs of fresh media. Pellicles were grown for 48 hours at 26°C in YESCA media

supplemented with 1:7,500 YESCA:Congo red stock and 25µM IPTG. Cysteine auxotrophs formed smooth

pellicles, while in trans complementation restored pellicle wrinkling. The negative well is a non-inoculated

well of the pellicle media.

We determined that cysteine auxotrophy interrupted rugose colony spreading and

wrinkling (Figure 2.6). Wrinkling of ∆cysE colonies can be restored by growing bacteria

next to a sterile �lter disk with 10% (m/v) cysteine or OAS. ∆cysK∆cysM mutants had

colony wrinkling restored by exogenous addition of cysteine but not by OAS addition

(Figure 6A). The colony wrinkling was also restored by in trans complementation of either

of these mutants (Figure 2.6B). The number of cells within the colony does not seem to

a�ect colony wrinkling, ad addition of 250µM cysteine to YESCA media led to colony

wrinkling in ∆cysE without statistically changing CRUs present within the colony (Figure

2.6C).
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Figure 2.7: Cysteine auxotrophy inhibits rugose colony spreading and wrinkling. (A) Rugose

colony bio�lms grown at 26°C on YESCA media normally spread and wrinkle. Cysteine auxotrophy via

∆cysE or ∆cysK∆cysM inhibits the wrinkling and spreading of rugose colonies. Exogenous supplementation

of 10% (m/v) cysteine on a paper disk restores wrinkling to both cysteine auxotrophs. Exogenous supple-

mentation with 10% OAS restores wrinkling to ∆cysE but not to ∆cysK∆cysM as it can no longer convert

this compound to cysteine. (B) in trans complementation of cysteine auxotrophs restores colony wrinkling.

C WT and textit∆cysE rugose colonies grown on YESCA and YESCA supplemented with 25µM or 250µM

of cysteine for 48 hours. Colonies were resuspended in 1mL of bu�er and tissue homogenized prior to serial

dilution and CFU determination.
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The diguanylate cyclase AdrA was downregulated at the transcriptional level in the

∆cysE and ∆cysK∆cysM colonies (Figure 2.7A). Supplementation of the cysteine aux-

otrophs with 250µM cysteine restored colony wrinkling and increased adrA transcription

(Figure 2.7B). Rugose formation of∆cysE was complemented by driving expression of adrA

via the csgBAC promoter (pLR2)(Figure 2.7B), suggesting cystiene metabolism regulates

rugose formation by modulating cellulose synthesis. Taken together, cysteine metabolism

appears to play an integral role in the formation of pellicles and rugose bio�lms.

2.4 Discussion

Many bacteria are capable of producing extracellular signals such as autoinducing

peptides, D-amino acids, and indole to trigger bio�lm disassembly or to prevent bio�lm

formation [81, 86, 116, 140, 146]. We found that UTI89 released an antibio�lm factor into

the environment as the cultures aged (Figure 1).

Several molecules with antibio�lm activity have been discovered in E. coli cultures

that display antibio�lm activity [86,146]. It reduces bio�lm formation of E. coli K12 strains

through the homoserine lactone transcriptional regulator, SidA [86, 87]. Although indole

and indole derivatives have been reported to e�ciently decrease bio�lm formation of var-

ious E. coli strains [86], they do not seem to a�ect pellicle formation of UTI89, as ro-

bust pellicles were formed in the presence of millimolar concentrations of indole (Figure

A2A). Moreover, the fact that the indole synthase mutant ∆tnaA was still able to pro-

duce antibio�lm activity suggests indole or its derivatives are not pellicle inhibitors (Fig-

ure A2A). Additionally, a ∆sdiA mutant was unable to form a pellicle in the conditioned

medium (data not shown). Uropathogenic E. coli also produces and releases soluble cap-

sular polysaccharides that prevent surface attachment and bio�lm formation of a broad

spectrum of gram-negative and gram-positive bacteria [140]. However, group II capsular

polysaccharide was not responsible for the antibio�lm activity against pellicles as condi-

tioned media from capsular polysaccharide synthesis mutants ∆kpsF and ∆kpsS did not
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Figure 2.8: Decreased adrA transcription causes smooth colonies in cysteine auxotrophs. (A)
Miller assays with the adrA promoter upstream of lacZ. Colonies were grown for 48 hours at 26°C on YESCA

media or YESCA media supplemented with 250µM cysteine. Miller assays were performed in biological trip-

licate on all samples. (B) The csgBAC promoter driving adrA expression (plr2-adrA) restores wrinkling in

∆cysE colonies grown for 48 hours at 26°C.

inhibit pellicle formation (Figure A2B). Additionally, we analyzed norspermidine and D-

amino acids since both of them showed antibio�lm activity and were released in aged

pellicle bio�lm culture of B. subtilis. However, neither D-amino acids, norspermidine, nor

the combination of the two agents had any inhibitory a�ect on UTI89 pellicle development
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under the conditions tested (Figure S2C).

We found that the antibio�lm factor that is present in UTI89 conditioned media is

dependent on cysteine biosynethesis genes (Figure 3). High concentrations of sulfhydryl

compounds including cysteine were reported to inhibit bio�lm formation in S. aureus by

reducing biosynthesis of polysaccharide intracellular adhesin [156]. E. coli exports cys-

teine and its precursor OAS [31, 50, 99], and genes involved in cystiene biosynthesis play

a role in modulating bio�lm development [38, 128]. Sturgill et al. showed that an E. coli

MG1655 ∆cysE mutant, which is unable to catalyze the conversion of serine to OAS, ex-

hibits accelerated bio�lm formation with increased biomass, suggeting that cysteine or

OAS may act as a bio�lm inhibitor intracellularly or extracellularly [131]. We have demon-

strated that conditioned media from niether ∆cysE nor ∆cysK∆cysM were able to inhibit

pellicle bio�lm development, and the antibio�lm activity can be restored e�ciently by

supplementing the mutant cultures with cysteine or cystine (Figure 3), suggesting that

the antibio�lm factor in the wild-type conditioned medium is dependent on cysteine/cys-

tine metabolism and is downstream of OAS. The antibio�lm activity seems to be specially

mediated by cysteine/cystine, as other thiols including GSH, D-cystine, and DTT were

unable to restore the antibio�lm activity (Figure S5). It is unclear how cysteine/cystine

metabolites serve to prevent pellicle development. Cystiene or the precursor OAS did

not impair pellicle development when added directly to fresh cultures even at millimo-

lar concentrations (Figure S4). Consistent with this result, we did not detect a signi�cant

di�erence of extracellular cysteine concentration between the fresh medium and the con-

ditioned medium quanti�ed by the method of Gaitonde (49)(data not shown). Aditionally,

the inhibitory e�ect is not likely a result of altered redoc balance, as addition of other

reducing agents such as DTT and glutathione to ∆cysE or ∆cysK∆cysM cultures did not

restore bio�lm inhibition (Figure S5).

Cysteine metabolism also controls pellicle and rugose bio�lm formation. In paying

close attention to our ∆cysE and ∆cysK∆cysM cultures destined for conditioned media
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production, we noticed the cysteine auxotrophs form smooth pellicles. These smooth pel-

licles can be complemented in trans to develop pellicle wrinkles that look like the WT

wrinkles (Figure 2.5). This smooth morphotype is mirrored in rugose bio�lm formation, as

cysteine auxotrophs form smooth unwrinkled colonies in this bio�lm type. These bio�lms

can be complemented exogenously by cysteine, and ∆cysE can also be complemented by

OAS. ∆cysE still can produce both OAS sulfhydrylases, CysK and CysM, which can con-

vert OAS to cysteine, but ∆cysK∆cysM still has a smooth colony with exogenous OAS ad-

dition, as it cannot further convert OAS to cysteine. This provides support that this bio�lm

modulation signal is downstream of OAS and is dependent on cysteine metabolism. It also

means that the wrinkled phenotype is not a CysB mediated transcriptional change. CysB

is a LysR type regulator that has DNA binding activity in the presence of N-acetylserine

(NAS), which is produced from OAS at high pH8? or higher. If the wrinkling was medi-

ated by CysB colonies of ∆cysK∆cysM would wrinkle when exposed to OAS at pH?, as

OAS could still be converted to NAS, thus activating CysB. We previously observed the

oxidative stress plays a role in rugose bio�lm formation. However, addition of oxidant or

reducing agent (DTT) to cysE mutant did not rescue rugose bio�lm formation.

There are several possible mechanisms of how cysteine mediates the production an-

tibio�lm activity in conditioned cultures. One possibility is that a cysteine breakdown

product or multiple products may have additive inhibitory e�ects. To keep intracellular

cystiene in balance, bacteria degrade cysteine into hydrogen sul�de, ammonia and pyru-

vate [9, 10, 35, 93, 95]. Although none of these compounds were found to inhibit pellicle

formation (Figure A5 and data not shown), we cannot rule out the possibility that an ac-

cumulation of these metabolites have additive e�ects against bio�lm formation. Alterna-

tively, cysteine metabolism in aged cultures may lead to alteration of other metabolic path-

ways. Cysteine is linked to homocysteine and methoionine biosynthesis and other sulfur

metabolism [122]. An imbalance of intracellular cysteine may also a�ect the metabolic

network. Bio�lm development is sensitive to subtle changes in environmental cues includ-

29



ing nutrient composition, levels of phosphate, and osmolarity [79]. Thus, subtle changes

in extracellular amino acids level or sulfur metaboites may result in de�cient pellicle for-

mation. Additionally, in cysteine-methionine pathway, methionine can be converted to S-

adenosyl-methionine (SAM), which is related to quorum sensing molecules such as AI-2.

Therefore, manipulation of cysteine biosynthesis may a�ect the production of a potential

downstream signaling molecule.
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CHAPTER III

Real-time �uorescence microscopy assay for amyloid

aggregation

3.1 Introduction

Parkinson’s disease is a neurodegenerative disease that is characterized by intra-synaptic

deposits found in Lewy bodies and Lewy neurites in the brains. The major components

of these deposits are α-synuclein amyloid �bers [121,143,153]. α-synuclein is a short, in-

trinsically disordered protein that can be found at relatively high concentrations, up to

50µM, at neuronal synapses [152].

The aggregation of α-synuclein to form �brous amyloid structures is also associated

with a variety of other neurological disorders, including Alzheimer’s disease and Hunt-

ington’s disease [27,34,55,130], though neither the molecular mechanisms by which these

proteins form these aggregates nor the source of their toxicity is yet understood [34].

Recently, studies have shed light on the role that intestinal microbes play in over-

all health [145]. Much interest has focused on the role that these microbes play in brain

function [51]. Enteric bacteria such as Escherichia coli secrete extracellular amyloid �bers

called curli which share many of the same structural and biophysical properties as dis-

ease associated amyloids [23]. Unlike disease associated amyloids, curli �bril formation

is highly regulated by a dedicated assembly pathway [23, 30, 72, 127]. Curli are responsi-
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ble for facilitating adhesion to surfaces, invasion of host cells, bio�lm development, and

pathogen-host interactions, as well as regulating in�ammatory and immune responses

in the gut [8, 13, 85, 104, 137, 138, 144]. Curli have been shown to trigger α-synuclein ag-

gregation through a process known as cross-seeding [24]. In vitro, amyloids polymerize

into �bers with nucleation dependent kinetics in three distinct phases; the lag phase, the

growth phase, and the stationary phase [7,123]. In the lag phase, monomers assemble into

on-pathway oligomeric nuclei . Once these oligomeric intermediates are formed, they cat-

alyze �ber elongation in the growth phase (Figure 3.1). Formation of these oligomers is

the rate-limited step and can take considerable time. However, add a preformed �brils to

the solution – seeding – decreases or eliminates this lag phase [7, 123]. Cross-seeding is

when an amyloid of one type causes an amyloid of another to adopt the same structure

and it has been well documented [90,159]. However, it is not yet well understood are how

�bril formation is initiated nor how �brils can template further �bril polymerization.

One way to address these questions is to measure the rates at which interactions be-

tween molecules occur. However, quantitatively measuring the kinetics of protein aggre-

gation is quite a challenging problem, and many powerful techniques are often unavailable

for the study of amyloids because of their insolubility. The most commonly carried out

measurements are made in bulk assays in which an ensemble of protein aggregates at var-

ious stages of �bril formation is monitored. These methods can further be broken down

into two categories: in situ, during the reaction, and ex situ, that require that aliquots are

taken from the reaction at de�ned time-points [7]. Many of these techniques yield di�er-

ent information about the sample and each technique has advantages and disadvantages

depending on the aim. Therefore, many are often used together to paint a more complete

understanding of the reaction. However, these types of experiments mask the complex-

ity of macromolecular interactions which are by nature, stochastic at the molecular level.

Descriptions of �bril growth by a single rate constant captures the average behavior. Fur-

thermore, such fundamental questions such as for this reason, it’s useful to try to follow

32



Figure 3.1: Kinetics of in vitro amyloid polymerization as monitored by ThT. This schematic illus-

trates protein monomers polymerizing into amyloid. The lag phase, growth phase, and stationary phases

are indicated. The blue arrow indicates the end of the lag phase. Figure reproduced from reference [17]

the reaction at the level of single molecule.

The early stages of aggregation have been studied using single molecule �uorescence

techniques. The di�usion of �uorescently labeled protein molecules was measured through

the focal volume of a laser [105]. And the growth of individual �bers have been mon-

itored by such methods as total internal re�ection �uorescence microscopy (TIRF) and

dSTORM (direct stochastic optical reconstruction microscopy) [12,109]. TIRF has enabled

views into the nature of �bril formation and revealed such features as polarized �ber
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growth and stop-and-go kinetics [2, 45, 154, 157]. For these reasons, we aimed to extend

the TIRF method in combination with bulk ensemble methods to characterize CsgA and

α-synuclein cross-seeded �bril formation.

3.2 Experimental procedures

3.2.1 CsgA puri�cation

CsgA was puri�ed as previously described [44]. Brie�y, expression of C-terminal His6-

tagged CsgA or CsgB homologs without the Sec signal sequence in NEB3016 was induced

at OD600 = 0.9 by 0.5 mM IPTG at 37°C for 1 hour. Bacteria were lysed in 8 M guanidine hy-

drochloride in 50 mM potassium phosphate bu�er (KPi) overnight at 4°C. After centrifuga-

tion at 10,000 x g for 20 minutes, the supernatant was incubated with nickel-nitrilotriacetic

acid (Ni-NTA) resin (Sigma Aldrich) at room temperature for 1 hour and then loaded onto

a disposable polypropylene column (Thermo-Fisher). Proteins were eluted into 50 mM KPi

containing 125 mM imidazole. To get monomeric CsgA, fractions with the target protein

were combined and loaded onto a 30-kDa centrifugal �lter units (Thermo-Fisher) to re-

move dimers and other oligomers. To make CsgA seeds, 2 week-old �bers were sonicated

for three 10 second bursts on ice.

3.2.2 α-synuclein puri�cation

The protein puri�ed using the protocol described previously with minor modi�ca-

tions [142]. Brie�y, 1% of the overnight grown culture was transferred in fresh media and

induced with 0.8 mM IPTG (Isopropyl β-D-1-thiogalactopyranoside) for four hours after

the optical density (O.D.) of the culture reached to 0.6. The induced cells were pelleted

at 4,000 rpm and resuspended in 25 mL lysis bu�er (10 mM Tris, 1 mM EDTA, pH 8).

The lysed cells were then boiled at 95°C for 15-20 minutes and centrifuged at 11,000 rpm

for 20 minutes. The supernatant was thoroughly mixed with 10% streptomycin sulfate
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solution (136 µL/ml) and glacial acetic acid (228 µL/ml). The solution was centrifuged at

11,000 rpm for 30 minutes. To the clear supernatant, equal volume of saturated ammo-

nium sulphate was added and incubated at 4°C for an hour with an intermittent mixing.

The precipitated protein was separated by centrifuging it at 11,000 rpm for 30 minutes.

The pellet was dissolved in equal volume of absolute ethanol (chilled) and 100 mM ammo-

nium acetate. Finally, the pellet was washed with absolute ethanol, dried at room temper-

ature and resuspended in 50 mM Tris pH 7.2. The protein solution was �ltered through

50 kDa cuto� column (Amicon, Millipore). The protein was checked on SDS-PAGE and

the molecular weight was con�rmed by Mass Spectrometry. The concentration of protein

was determined using ϵ275 = 5, 600M−1cm−1
. The puri�ed proteins were stored at -80°C

at concentration of 100 µM until use.

3.2.3 Thio�avin T assay

Freshly puri�ed CsgA was diluted in 50mM KPi (pH 7.3) to the molar concentration in-

dicated in each experiment. Samples were incubated along with 20 µM ThT in a black, �at-

bottom 96-well plates (Corning) which were sealed with a transparent microplate sealer.

Plates were incubated at 25°C. Readings of the ThT �uorescence intensity were taken at

15 minute intervals following a 5 seconds orbital mixing for 24 hours.

α-synuclein was thawed on ice, syringe �ltered, and diluted in 50mM KPi (pH 7.3) to

the molar concentrations indicated in each experiment. 20 µM ThT was incubated with

75 µL of 50 µM α-synuclein with 20µM ThT and 100mM NaCl and a 2mm glass bead for

homogeneous mixing. Plates were incubated under continuous orbital shaking conditions

on a Tecan plate reader at 300 rpm at 37°C. Readings of ThT �uorescence intensity at 495

nm were collected every 30 minutes or hour for 48-72 cycles in the top excitation/emission

mode.

In cross-seeding experiments, freshly puri�ed CsgA and α-synuclein were diluted in

50 mM KPi, (pH 7.3) to the molar concentrations indicated in each experiment. Samples
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were incubated in 96-well, black, �at bottom plates at 37°C with 20µM ThT and 100 mM

NaCl under continuous shaking conditions, along with a 2mm glass bead for homoge-

neous mixing. The ThT �uorescence intensity was recorded in 30 minute intervals using

a Tecan plate reader (excitation: 438 nm; emission: 495 nm; cut-o�: 475 nm).

3.2.4 Transmission electron microscopy

5µL of the sample was applied to formar coated carbon-coated grids (Ernest F. Fullam,

Inc, Latham, NY) and incubated for 1 minute, washed with MilliQ water before negatively

staining with 1% uranyl acetate for 90 seconds. Samples were imaged on Jeol electron

microscope (JEOL1400 plus).

3.2.5 Protein labeling

The proteins were expressed and puri�ed as described above. Proteins were labeled as

previously described [109]. Brie�y, α-synuclein was labeled at the C-terminus at residue

122. This residue lies outside the proposed amyloid forming region of the protein. ThT

�uorescence measurements were performed to ensure that the mutation did not interfere

with aggregation kinetics (data not shown). CsgA was labeled at the 150 position, also

located at the C-terminus of the sequence. This mutant has previously been shown to

behave like wild-type in vivo and assembles in vitro similarly to wild-type.

The CsgA Q150C andα-synuclein N122C were labeled with maleimide-modi�ed Alexa

Fluor 647 dye (Invitrogen, Carlsbad) via a cysteine thiol moiety. Labeled protein was pu-

ri�ed from the excess free dye by a P10 desalting column via Sephadex G25 matrix (GE

Lifesciences).

3.2.6 TIRF microscopy

Imaging was performed on �ow cells and 16-well culture wells (Grace BioLabs). Wells

were passivated by overnight incubation in 5% (w/v) Pluronic acid (Thermo-Fischer), and
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washed thoroughly. Imaging was done using a Nikon Ti2-E motorized inverted micro-

scope with LED-based light sources (100x, 1.45NA) with a Photometrics Prime 95B Back-

illuminated sCMOS Camera. Image analysis was performed using Fiji v 1.0.

3.3 Results

3.3.1 ThT establishes that mutants can cross-seed

The kinetics of polymerization for both CsgA and α-synuclein have been widely stud-

ied and are known to exhibit three characteristic states: the lag phase, the growth phase,

and the stationary phase [43]. First, it was necessary to con�rm that in the Chapman

lab conditions CsgA was able to accelerate α-synuclein aggregation. Fibril formation was

monitored by ThT �uorescence. The addition of freshly puri�ed, monomeric CsgA to α-

synuclein decreased the rate of α-synuclein aggregate formation. Additionally, the slope

of the sigmoidal curve became steeper indicating a more cooperative transition than α-

synuclein alone (Figure 3.2).

Interestingly, the addition of pre-formed CsgA �brils only modestly a�ectedα-synuclein

amyloid formation (Figure 3.4). Pre-formed CsgA seeds did not catalyze the aggregation

process of α-synuclein as well as soluble CsgA, but the e�ect was concentration depen-

dent. This concentration dependence of the acceleration ofα-synuclein could be attributed

to the increasing concentration of monomer in solution as the seed concentration was in-

creased. It was hypothesized that these monomer species were responsible for interacting

with α-synuclein and precipitated the resultant increase in kinetics (Figure 3.2 and 3.3).

Lending support to this hypothesis is the fact that others in the lab have been unable to

detect interactions between CsgA and α-synuclein in surface plasmon resonance experi-

ments (unpublished data). This suggested that the interactions between the two proteins

is quite transient.

To test the e�ect of α-synuclein on CsgA �bril formation, a similar experiment was
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Figure 3.2: Addition of CsgA accelerated the polymerization of α-synuclein.In black, ThT �uores-

cence of of monomeric α-synuclein. In red, ThT �uorescence of monomeric α-synuclein incubated at a 25:1

molar ratio with freshly puri�ed CsgA.

carried out. Soluble α-synuclein and α-synuclein seeds were added to soluble CsgA and

�bril formation was monoitored by ThT �uorescence. Results showed that soluble α-

synuclein decreased the rate of aggregation in CsgA (Figure 3.5) but preformedα-synuclein

seeds had no e�ect on CsgA aggregation (Figure 3.6).

3.3.2 Single-molecule tracking of amyloid formation

In order to carry out the TIRF experiments with labeled protein, a series of CsgA and

α-synuclein mutants were constructed with cysteine residues inserted at various loca-

tions that can be labeled with maleimide cysteine thiol reactive �ourescent dyes. Neither

CsgA nor α-synuclein contain a cysteine in their primary sequence. The thiol groups are

particularly powerful in this instance as the engineered sites allowed precise and selec-
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Figure 3.3: Monomeric CsgA accelerated the polymerization of α-synuclein in a concentration
dependent manner. ThT �uorescence of 50µM α-synuclein with CsgA monomer at various molar ratios

shows that increasing concentration of CsgA increasesd the rate of α-synuclein polymerization.

tive labeling. The maleimide group reacts at with the thiols at neutral pH to form a stable

linkage that is not reversible and does not react with tyrosines, histidines, or methion-

ines [68]. Direct covalent linkage of the dye to the protein was an appealing method as

compared to techniques such as immuno�uorescence staining because of the the small

size of the dye molecules compared to antibodies [78, 113]. These factors all contributed

to an increase in resolution of the imaging process.

To ensure that in vitro, the mutants assembled into amyloid �bers e�ciently when

compared to wild-type as measured by ThT, a CsgA Q150C mutant that had previously

been tested in the lab in vivo and had been found to be wild-type like was chosen [147].

ThT assays further illustrated that it behaved closely to wild-type in kinetic experiments

39



Figure 3.4: CsgA seeds did not accelerate the polymerization of α-synuclein as much as soluable
monomeric CsgA. ThT �uorescence of 50µM α-synuclein with CsgA at increasing concentration of seeds

showed a slight concentration dependence which likely results from an increase in monomer concentration.

with batch to batch variability in is taken into account (Figure 3.7).

In reading the literature, several promising potential α-synuclein mutants for these

assays were identi�ed. Previous work on a N122C mutant seemed most promising. The

mutation is located at the N-terminus and well outside the NAC region of the protein

which is thought to be responsible for aggregation [109]. ThT polymerization data showed

that the mutant and WT α-synuclein showed similar aggregation kinetics so so it was

chosen for the following experiments (Figure 3.7).

For both proteins in the absence of the AlexaFluor label, because of the cysteine muta-

tion, a small concentration of reducing agent was required to ensure that disul�de bonds

did not form. The e�ect of the reducing agent on the kinetics of �bril formation on wild-

40



Figure 3.5: Solubleα-synuclein decreased the rate of CsgA�bril formation. Monomericα-synuclein

at molar ratios of 1:1 and 1:2 decreased the rate of CsgA �bril formation.

type protein was also tested (data not shown).

Next, the e�ect of adding the AlexaFluor dye to the protein was tested in ThT experi-

ments. Unsurprisingly, high ratios of dye to protein were found to a�ect kinetics (Figure

3.9). But decreasing the concentrations of dye to protein and by playing with the ratios

of labeled to unlabeled protein, the e�ect of the �uorophore on the structure of the �bril

and e�ects on the kinetics was minimized (Figure 3.10A). Interestingly, TEM images of

the resulting �bers do not show major di�erences in morphology between the mutants

and wild-type �brils (data not shown).

To establish that it is possible to visualize both proteins using this technique, varying

ratios of labeled to unlabeled protein were incubated in 16 well culture wells. The aim was

to �nd a ratio that would give good resolution. Visualization of the growth of CsgA �brils
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Figure 3.6: Preformed α-synuclein seeds had no e�ect on the rate of CsgA polymerization. Pre-

formed α-synuclein seeds at concentrations of 2%, 5%, and 10% to of the CsgA concentration had no e�ect

on the rate of CsgA polymerization.

forming over the course of an hour long experiment was achieved (Figure 3.10).

3.4 Conclusion

This data provided direct experimental evidence that CsgA and α-synuclein �bril for-

mation can be directly visualized using this TIRF microscopy assay. This technique can

therefore be used to study the kinetics of �bril assembly as well as a host of other unan-

swered questions regarding CsgA and α-synuclein cross-seeding such as; why soluable α-

synulcein decreases the rate of �bril formation but preformed �brils accelerate, do CsgA

and α-synuclein form �brils of mixed species

However, it is not yet well understood are how �bril formation is initiated nor how
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Figure 3.7: CsgA Q150C mutant kinetics do not signi�cantly di�er from those of WT CsgA. WT

CsgA and Q150C �bril kinetics are comparable.

Figure 3.8: α-synuclein N122C did not signi�cantly change kinetics of �bril formation. Polymer-

ization of α-synuclein N122C and WT α-synuclein �bril formation kinetics were comparable as measured

by ThT �uorescence assays.
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Figure 3.9: Addition of the AlexaFluor dye at high concentrations did have an a�ect kinetics of
�bril formation. CsgA Q150C and at α-synuclein N122C labeled with high concentrations of AF-647 did

have an a�ect kinetics of �bril formation.

�brils can template further �bril polymerization.
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Figure 3.10: TIRF elongation assay of CsgA. Stills of CsgA elongating in a passivated culture well

can be seen in the stills. The 10:1 molar ratio of CsgA was used. This ratio of labeled CsgA Q150C to WT

unlabeled CsgA does not perturb kinetics of aggregation as measured by ThT (Panel A). TIRF elongation

assay enables in situ measurement of the kinetics of �bril elongation.
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CHAPTER IV

Ongoing and Future Directions

4.1 Introduction

Various proteins have been shown to inhibit the polymerization of another. For ex-

ample, the human human systemic amyloid precursor protein transthyretin (TTR), which

functions as a transportor theyroxine and retinol, has been shown to inhibit curli assem-

bly [73]. Two other E. coli proteins in the curli secretion system, CsgC and CsgE, have both

been shown to inhibit polymerization of CsgA both in vitro and in vivo [29, 43, 80, 133].

CsgC and CsgE have also been shown to decrease the rate of polymerization of α-

synuclein. CsgC inhibits aSyn polymerization at a ratio as low as 1:100 presumably through

interactions between an element of the aSyn sequence that is shared with CsgA [29, 43].

CsgE delays α-synuclein �bril formation at a molar ratio of 4:1. Several point mutants of

CsgE were also made that were able to prolong the lag phase of aSyn relative to WT CsgE,

but interestingly, these mutants were poor inhibitors of CsgA.

In addition to the natural modulators of �bril formation, chemical modulators of �bril

formation have also been identi�ed. The most potent inhibitor of CsgA inhibition identi-

�ed thus far is the peptidomimetic ring-fused 2-pyridone molecule called FN075 (Figure

4.1) [6,22]. FN075 has been shown to have di�erential e�ects on the aggregation of CsgA

andα-synuclein [67]. Where FN075 promotes oligomerizatin of both proteins,α-synuclein

oligomers are competent for amyloid formation while CsgA oligomers are not [67]. The
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chemistry of 2-pyridone FN075 is well-established and highly-ameanable, diverse func-

tional groups can be added as our understanding of structure function increases.

Figure 4.1: 2-pyridone amyloid inhibitors. The 2-pyridone sca�ord is shown with each of the mod-

i�able sites highlighted. FN075 is the most potent CsgA inhibitor built on this sca�old. AC37 and AC38

illustrate the tunability of the molecule to gain further understanding of the structure-activity relation-

ships.

4.2 Experimental procedures

4.2.1 Ion Mobility Mass Spectrometry

Proteins were prepared in a similar manner as for ThT assays without the addition of

ThT (Chapter 3, Experimental procedures). Because of the large distribution of possible

oligomeric species and limitations on the resolution capabilities of the instrument, protein

samples were passed through 100 kDa cuto� coloumns to remove oligomers greater than
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7-mers from the studies. Samples were then �ash frozen at appropriate time points and

passed o� to the laboratory of Brandon Routolo for IMMS.

Refer to chapter 3 for further experimental proceducures.

4.3 Results

4.3.1 Initial screening of chemical modulators

As a high-throughput method of screening compounds, ThT assays were performed.

CsgA and alpha-synuclein were puri�ed into soluble monomers and allowed to incubate

in the presence or absence of compound. At a �vefold molar excess (125 µM), FN075 has

been shown to completely inhibit ThT �uorescence of 25µM CsgA over time (Cegelski et

al., Nat Chem Bio 2009)(Figure 4.1).

It has previously been shown that the small molecule inhibitor FN075 inhibits �bril

formation of the curli protein CsgA by promoting an o�-pathway, non-amyloidogenic

oligomer. FN075 also accelerates α-synuclein aggregation by stimulation the formation of

on-pathway oligomer formation [67].

Though a great number of compounds were screened, very few of the compounds in

the library screened so far have performed to the level of FN075 (Figure 4.2). Since all of

the molecules are built o� of the same sca�old with di�erent chemical moieties decorating

speci�c sites, substitutions will allow the investigation of structure-function relationships.

4.3.2 Ion mobility mass spectrometry shows that FN075 promotes an extended

conformation

To identify the speci�c regions to which FN075 is binding, ion-mobility mass spec-

trometry was utilized (IMMS). IMMS is a powerful technique that enables the separation

of complex mixtures [84]. It can be thought of as gas-phase electrophoresis. Speci�cally,

this technique will be used to characterize the on-pathway oligomers formed immediately
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Figure 4.2: FN075 blocks �bril formation of CsgA and accelerates α-synuclein �bril formation.
ThT �uorescence measurements of freshly puri�ed CsgA with 20µM ThT measured at 15 minute intervals.

upon incubating the compound with alpha-synuclein.

Binding experiments were carried out to �nd out the number of alpha-synuclein sub-

units present in each oligomer and the number of bound FN075 molecules. The most inter-

esting �nding from these experiments thus far was that FN075 promotes a more extended

conformation of monomeric alpha-synuclein (Figure 4.4). What was most surprising was

that incubation of alpha-synuclein with FN075 resulted in a disappearance of dimer and

higher order oligomeric peaks in the spectra (Figure 4.5). Reasons may be that the solvent

required for IMMS experiments may be interfering with alpha-synuclein-FN075 oligomer

assembly. Another reason may be that experiments are typically carried out at low tem-

peratures and FN075 may not be stable. These are details that need to be �gured out prior

to continuation of this method to try to map the location of binding onto CsgA and alpha-
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Figure 4.3: 2-pyridone compounds show a range of variability, however, no new potent inhibitor
of CsgA has yet been identi�ed. ThT �uorescence measurements of soluble CsgA incubated with 2-

pyridone compounds at a 1:5 molar ratio excess.

synuclein.

Reasons may be that the solvent required for IMMS experiments may be interfering

with alpha-synuclein-FN075 oligomer assembly. Another reason may be that experiments

are typically carried out at low temperatures and FN075 may not be stable. These are

details that need to be �gured out prior to continuation of this method to try to map the

location of binding onto CsgA and alpha-synuclein.
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Figure 4.4: FN075 promotes amore extended α-synucleinmonomer. Soluable α-synulcein incubated

with FN075 at a 1:10 molar ratio indicates that FN075 promotes a more extended structure.

Figure 4.5: Soluble α-synuclein is predominantly made up of monomers and dimers. Soluable

α-synuclein contains multiple ionization states of the protein in monomer and dimer states.

4.4 Conclusions

4.4.1 Cysteine biosynthesis metabolite inhibits bio�lm formation

Bacteria living within bio�lms are encapsulated in an extracellular matrix composed

of proteins, exopolysaccharides, and DNA and many factors control the expression of the

matrix components [?, 53, 92]. Curli are the major protein component of the E. coli extra-

cellular matrix. Uropathogenic E. coli UTI89 can form pellicle bio�lms in the lab, with curli
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Figure 4.6: Soluble α-synuclein incubated with FN075 loses dimer species. α-synuclein incubated

with FN075 at a 1:10 molar ratio (with FN075 in excess) indicates that FN075 causes a disappearance of the

dimer species. Monomer compound complexes can be observed with 1-6 FN075 molecules bound.

being the major component. In Chapter 2, I found that aged UTI89 produces an antibio�lm

inhibitor that inhibits its own pellicle formation. UTI89 grown in bacteria-free conditioned

media was unable to form a pellicle bio�lm. I was able to eliminate several molecular an-

tibio�lm candidates. Along the way I was able to conclude that the antibio�lm activity

was dependent on cysteine production as cysteine auxotrophs lost the ability to produce

the bio�lm inhibitor, and the phenotype could be complemented by addition of cysteine

or cystine into mutant cultures. Though I am still unsure of how cysteine biosynthesis

mediates the antibio�lm activity, there are a few hypotheses. One idea is that it may be a

combination of many metabolic products may be combined to contribute the antibio�lm

e�ect. Another idea that is worth exploring is the fact that YESCA media simply does

not have enough tryptophan for the bacteria to e�ciently convert to indole, a signaling

molecule which has been shown to have antibio�lm e�ects.

4.4.2 TIRF microscopy can be used to measure �bril formation

In chapter 3, I showed that single-molecule TIRF experiments can be used to monitor

�bril formation of CsgA and alpha-synuclein. We identi�ed two CsgA and alpha-synuclein

cysteine point mutants which behave wild type like in ThT assays and which can be
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�uorescently tagged in TIRF experiments with AlexaFlour dyes for imaging. With a suite

of maleimide dyes available, multi-color TIRF experiments can be executed to watch the

interactions of CsgA and alpha-synulciein with �bers and monomers mixed in various

combinations.

4.4.3 FN075 promotes an extended alpha-synuclein structure

In chapter 4, I showed that FN075 promotes a more extended monomer structure

of alpha-synuclein. This illustrates that 2-pyridones coupled with IMMS are a powerful

method of mapping the interactions of amyloid �bril formation with amyloids. Further,

this illustrates that CsgA polymerization is a novel framework with which to assess the

e�cacy of drugs and other molecules to modulate amyloid �bril formation.
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Figure 5.1: The antibio�lm activity was not due to reported bio�lm inhibitors including indole,
capsular polysaccharides, D-amino acids and norspermidine. (A) UTI89 grown at 26°C for 48 hours

in fresh YESCA medium added with 0 µM, 500 µM, or 1 mM indole, or conditioned medium from 4 day old

cultures of wild-type UTI89 or a δ tnaA mutant. (B) UTI89 grown at 26°C for 48 hours in the fresh medium,

or conditioned media collected from 4 day old cultures of wild-type, ∆kpsF mutant or δkpsS mutant. (C)
UTI89 grown at 26°C for 48 hour in fresh medium, or fresh medium supplemented with 1 mM D-Leucine, 1

mM D-Methionine, 1 mM D-Tryptophan, 1 mM D-Tyrosine or 1 mM D-amino acid mix (D-Leu, D-Met, D-

Try, D-Tyr), 100 µM norspermidine, or a combination of 100 µM D-amino acids and 100 µM norspermidine.

Bacteria were grown in wells on 24 well tissue culture plates, and each well was stained with crystal violet

for better visualization.
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Figure 5.2: Growth curves of UTI89 grown in the conditioned medium collected from 4 day old
cultures of wild-type or a δcysE mutant. Optical density was measured at 600 nm by plate reader. Each

data point represents the average of 6 replicates.
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Figure 5.3: Cysteine did not directly inhibit pellicle formation. (A) UTI89 was grown in fresh

medium supplemented with 100 µM or 1 mM cysteine at 26°C for 48 hoursr. (B) UTI89 was grown at 26°C for

48 hours in fresh medium, wild-type conditioned medium, δcysE conditioned medium, δcysKδcysM con-

ditioned medium, or δcysE and δcysKδcysM conditioned media post-supplemented with 100 µM cysteine.

Wells were stained with crystal violet.
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Figure 5.4: DTT, glutathione (GSH) or D-cysteine did not contribute to the antibio�lm activity
of the conditioned medium. (A) UTI89 grown at 26°C for 48 hours in fresh medium in the presence of

1 mM DTT, GSH or D-cysteine. (B) UTI89 grown in fresh medium or conditioned media collected from

4 day old cultures of wild-type, δgshA or δgshB. (C) UTI89 grown in fresh medium, conditioned media

from wild-type or δcysE cultures, or conditioned media from δcysE cultures supplemented with GSH or

D-cysteine.
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