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Abstract

Fimbriae are small, hair-like appendages arranged on many bacteria’s outer-
membrane surfaces used for binding to biotic and abiotic surfaces to resist shear forces and
attach to nutrient sources. Fimbriae are important in the initial attachment of cells to a
substrate as well as the subsequent irreversible attachment to a surface. In this
investigation, E. coli was engineered to over-express fimbriae in response to the presence
of IPTG and DCPK. The over-expression of fimbriae in E. coli resulted in a pronounced
response to the agglutination of mannose-containing yeast cells, causing them to sediment
from solution at a much faster rate than wild-type or fimbrial deletion strains. Furthermore,
the presence of fimbriae resulted in a significantly higher partitioning of cells into
hydrocarbon sources across a range of alkanes. Lastly, the presence of fimbriae was shown
to be essential in the development of biofilms, where only strains expressing fimbriae

resulted in biofilm formation.
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Chapter 1 Introduction

Escherichia coli has been a valuable workhorse for genetic engineering for many
decades due to its well established characterization of genetic components. In this
investigation, E. coli was engineered to over express the cellular surface structure known
as fimbriae in response to the presence of model chemicals and hydrocarbons. Fimbriae
are essential for initial biofilm development which protects cells in a hazardous
environment. By engineering fimbrial expression in E. coli, not only will cells stick to
areas containing a targeted pollutant, but they will also become protected by the developing
biofilm. To this end, yeast agglutination assay (YAA), microbial adhesion to hydrocarbon
(MATH) assay, and specific biofilm formation (SBF) assay were used to quantify the level

of fimbriation in E. coli.

1.1 Fimbriae and Biofilms

Fimbriae are small, hair-like appendages arranged on many bacteria’s outer membrane
surface and are found in many species. Typically, fimbriae are 7 — 10 nm wide and up to
several microns in length.> These extracellular structures are used to bind to both biotic
and abiotic surfaces to anchor cells to surfaces so as to resist shear forces (caused by flow)
and to attach to nutrient sources.*® In addition to surface attachment, influence initial cell-
to-surface biofilm formation in a range of culture conditions, including both static and flow
conditions as well as minimal and rich nutrient/media conditions.”

Fimbriae are important in the initial attachment of cells to a substrate as well as the
subsequent irreversible attachment to a surface. Irreversible attachment to varying surfaces
(biotic or abiotic) is achieved through two primary mechanisms: via surface interactions
with specific adhesion groups located at the tip of fimbriae, and especially the tip adhesin
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FimH; and through production of extracellular polymer substances (EPS) including
exopolysaccharides, proteins, and macromolecules such as DNA and lipids.®® The
mechanisms controlling molecular attachment of cells to a substrate through adhesins is
not yet fully understood, but is most likely due to the hydrophobic interactions of amino
acid (AA) residues located at the fimbrial tip.1*1213 Following the initial stages of cellular
attachment to a substrate, cells begin to colonize and spread out across a surface. At this
point, depending on environmental cues (often via inhospitable changes in the immediate
habitat), a complex biofilm architecture begins to emerge as a protection mechanism,
complete with water channels, pores, and trapped nutrients in which the encapsulated cells
exhibit totally different behavior compared to planktonic (suspended/swimming) cells.!*
Biofilm formation and maturation has been suggested to occur in at least five
distinct stages:” Initial cellular attachment to a surface (weak and readily reversible);
transition to irreversible attachment (by specific adhesins such as fimbriae/pili or
extracellular polymer matrix production); early developmental stage of 3D growth;
development of biofilm architecture into mature biofilms; and release of cells following
biofilm maturation. The presence of fimbriae has been shown to greatly increase the level
of biofilm development in static culture conditions!®, which is almost requisite for
development of biofilms. An increase in the level of cellular fimbriation will/should lead
to an increase in biofilm formation that will increase the likelihood of cellular survival and
proliferation —and thus metabolism of environmental pollutants that would otherwise result

in cell death.



1.2 Implications in Bioremediation:

Bioremediation is a broad term encompassing the use of microorganisms to treat
contaminated materials, whether liquid or solid, through natural or enhanced biochemical
degradation mechanisms present in microbes (including bacteria, yeast, and fungi).
Currently, there are more than 1,320 Superfund National Priority List (NPL) sites for
hazardous substances, pollutants, or contaminant releases.’® Not only is the clean-up of
contaminated sites a national priority with significant environmental and societal impacts,
but remediation of such sites is also a projected hundred billion dollar industry.!” With their
pathways of cellular metabolism extensively characterized and plethora of genetic tools
available for the design of novel and targeted cellular properties, E. coli is a perfect
candidate for engineering bioremediation techniques. The use of engineered bacteria for
bioremediation can enhance the specific degradation of environmental contaminants and
may be used to remediate soils/liquids. Such treatment may be performed ex situ by
removing contaminated material from its native site and treating elsewhere, or in situ by
injection wells to introduce biodegrading microorganisms and biostimulants (i.e., pH
modulators, moisture, aeration, nutrients) to enhance metabolic or survival rates.!8

Chemically contaminated industrial areas (such as Superfund sites) contain high
concentrations of pollutants that can either inhibit cell proliferation, as characterized by the
inhibitory concentration (IC50), to prevent cell proliferation or kill most organisms and
cells, as quantified by the lethal dose (LD50). The minimal inhibitory concentration (MIC)
is the most commonly used metric to measure cellular sensitivity to an antimicrobial agent
(such as an antibiotic) and defines the lowest concentration of a compound that inhibits

cellular proliferation across time.l® However, this metric measures the sensitivity of



planktonic cells; when the MIC metric is applied to cells in a biofilm, it fails to measure
the true antibiotic MIC. This discrepancy prompted the development of the minimal
biofilm eliminating concentration (MBEC), a new metric that more fully describes the MIC
of an antimicrobial agent required to prevent cellular growth.?°2! Such experiments
suggest that biofilms provide one route by which cells resist the toxic effects of many
poisons, as the biofilm matrix limits the diffusion of normally toxic chemicals and hence
protects individual cells;?°-?2 accordingly, biofilms theoretically increase the likelihood of
cellular proliferation and growth, thus increasing the speed of remediation. Therefore, an
increase in the level of cellular fimbriation should lead to an increase in biofilm formation
which will increase the likelihood of cellular survival and proliferation. In turn, when
combined with another engineered trait such as metabolism of environmental pollutants,
fimbriation will lead to a superior response towards targeted pollutants with a higher

efficiency and survival rate.



Chapter 2 Background
2.1 Structure and Genetic Organization of Fimbriae

The fim operon is an approximately 10kb pair gene fragment that consists of fimB,
fimE, fimA, fiml, fimC, fimD, fimF, fimG, and fimH genes. Both fimB and fimE regulate
the expression of fimbria in Escherichia coli. These genes are site-specific recombinases,
enzymes that promote genetic recombination, and mediate fimbriae phase switching from
on to off and vice versa.® fimB can mediate phase switching bi-directionally from phase-
ON to phase-OFF as well as phase-OFF to phase-ON; fimE. however, can only mediate
phase switching uni-directionally from phase-ON to phase-OFF.?* Both fimB and fimE are
upstream genes to an invertible element, fimS, which is responsible for the phase-ON and

phase-OFF behavior of bacterial fimbria (Fig. 1).

fims
L

Phase ON

—

5 fimA H fimI H AmC H fimD H fimF H fimG H fimH }7 3
IRL RR

Phase OFF

I

Figure 1: Invertible “fim switch” element responsible for turning on/off fimbrial expression.?®

The genes involved in the physical construction of fimbria are located downstream
of fimS in the cluster of genes fimA-H. fimA is the major structural fimbrial subunit of
fimbria; fiml is an uncharacterized gene whose function in unknown; fimH is an adhesion
site responsible for binding, e.g., to receptors containing mannose; and fimF and fimG
compose the small structure tip that houses the fimH adhesion gene.?® fimC and fimD are

involved in the transport and assembly of type 1 fimbriae/pili known as the chaperon-usher

pathway; fimC facilitates three simultaneous function including folding of subunits,
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stabilization of subunits, and capping of subunits in the periplasm whereas fimD is an outer-
membrane usher that transports fimbria outside of the cell during the nascent construction
of fimbria/pilus.?® The relative physical organization of proteins constituting fimbrial
development are shown in Figure 2A, where the majority of the fimbrial structure is related
to the FimA major structural protein. Figure 2B visually displays an electron micrograph
of the fimbrial tip adhesin, FimH, which is a small but very important component of cellular

fimbriae.

FimA
(-1,000)

Figure 2: Visual representations of (A) assembled fimbrial unit and (B) fimbrial tip housing FimH.?"2

2.2 FimH Binding “Pocket” for Attachment to Biotic and Abiotic
Surfaces

The unique binding and attachment properties of fimbriae to biotic and abiotic
surfaces result primarily from the FimH binding pocket, located at the distal end of
individual fimbria. The FimH binding pocket binds specifically to biotic a-D-mannose
containing substrates binds non-specifically to a variety of abiotic surfaces, including

polyvinyl chloride (PVC), polycarbonate, polystyrene, and borosilicate glass.?®



Furthermore, adhesion of FimH to abiotic surfaces has been shown to maintain a similar
binding mechanism as does FimH to biotic surfaces; this was shown through addition of
methal-a-D-pyrranoside (a non-metabolism analogue of mannose) to cellular suspensions,
which prevented biofilm formation on abiotic surfaces.?®

The FimH protein consists of two domains, a mannose-recognizing lectin and a
pilin domain that connects the FimH tail to the rest of the fimbrial super structure
constituting the fimbrial adhesin.®® The interplay between these two domains results in a
dramatic change in FimH affinity to mannose and manossylated surfaces; when the pilin
domain is disrupted, for example through a mutation rendering it structurally defective, the
affinity of the lectin domain to mannose groups increases by up to three hundredfold.3!
The disruption of the pilin domain leads to increased mannose affinity and also mediates
strong binding to surfaces even under low-shear conditions. The native FimH structure
binds weakly under low-shear conditions, but strongly under high-shear conditions, which
was attributed to a shear-induced mechanical separation of domains and thus switching the
lectin domain from a low-to-high affinity state for binding.®

A B

Binding Pocket

Binding

Lectin Domain Pilin Domain
Pocket ( :

Figure 3: The fimbrial tip is composed of (A) two domain lectin and pilin protein containing (B) the mannose-
binding pocket (yellow) at fimbrial tip responsible for attachment of fimbriae to surfaces.®?



Studies of uropathogenic E. coli and Klebsiella pneumoniae FimH adhesins, both
of which are 279 AAs in length, but vary by 15% in AA residues, revealed mutations in
the lectin domain of FimH that resulted in higher binding affinity.32 As seen in Figure 3,
the two-domain structure of FimH contains a mannose-binding pocket in the lectin domain
that is connected by a linker chain of 3 AAs to the pilin domain, incorporating the lectin
domain into the fimbrial super unit. Regions in red represent mutations that increase
mannose binding; yellow regions represent mutations where monomannose binding is
increased; regions in orange represent mutations where polymannose binding is increased,;
and the region in light yellow showcases the mannose-binding pocket.

The lectin domain of the FimH adhesin also has implications in cellular
hydrophobicity. The lectin family consists of carbohydrate-binding proteins that are often
hydrophobic in nature.®® Studies of the structure and binding thermodynamics of the
fimbrial binding pocket showed that the binding of FimH to mannose a-D-mannopyranose
results in a negative change in entropy, favoring the bound state of mannose to the lectin
domain.*? The polar FimH binding pocket is flanked on each side by Tyr48 and Tyr138
residues — which are hydrophobic AAs. As shown in Figure 4, these two AA residues form
the “tyrosine gate” lining the FimH binding pocket which confers the hydrophobic

properties observed in fimbriae.3*



- Binding Mannopyranoside

-
- Pocket
-
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Figure 4: Hydrophobic “tyrosine gate” flanks the mannose binding pocket to mediate binding of mannose-
containing groups to the FimH adhesin.!2343%

The hydrophobicity of the FimH adhesin has direct implications for cellular
adhesion to abiotic surfaces. The body of most bacterial species is negatively charged;
based on Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory, electrostatic
repulsion should prevent cells from attaching to many negatively charged abiotic surfaces;
nonetheless, cells are able to attach to abiotic surfaces despite the presence of a repulsive
energetic barrier.® The presence of fimbriae around on the cell surface may promote
cellular attachment, either by creating an extended soft polymer layer that reduces surface
potentials below the energy barrier needed for cellular attachment to abiotic surfaces13 or
by exploiting the smaller surface area of fimbriae to avoid [or reduce] electrostatic
repulsion during cellular approach.®” Cellular attachment to abiotic surfaces and
subsequent biofilm formation is strongly correlated to the presence of fimbria on cells.®®
This ultimately suggests that while the FimH adhesin is specific to mannose and

mannosylated surfaces (biotic), it also has the ability to attach to abiotic surfaces via on
9



non-specific binding from hydrophobic and electrostatic interactions. Furthermore, studies
involving fimH deletions resulted in at least a three log reduction in colony forming units

(CFUSs) gathered from biofilms formed in silicon tubing.394°

2.3 Remediation Techniques
Three general strategies exist for the treatment of contaminated environmental sites
such as water and soil: biological, chemical, and physical treatment. Chemical and
physical treatment of environmental contaminants have historically been the most common
methods of remediation as they are more controlled, expedient, and time sensitive.*
Nonetheless, bioremediation remains an established method for remediation of soils and
groundwater, accounting for twelve percent of ex situ treatment projects and eleven percent
of in situ treatment projects at Superfund sites across the US (Fig. 5).*> Bioremediation
techniques can be enhanced by adding rate-limiting nutrients to the microbial environment
of the contaminated site or used in tandem with existing chemical or physical methods to
provide a more economically viable route for environmental remediation.'842
Ex Situ Technologies (425) 58% In Situ Technologies (314) 42%
Chemical Treatment (10) 1% Soil Vapor Extraction (196) 26%
Incineration (on-site) (42) 6%

Bioremediation (49) 7%
Thermal Desorption (61) 8%

Incineration (off-site) (94) 13% In Situ Solidification/

Stabilization (46) 6%

In Situ Bioremediation (35) 5%
Solidification/Stabilization (137) 19%
In Situ Soil Flushing (16) 2%

Other (ex-situ) (32) 4% Other (in situ) (21) 3%

Figure 5 Superfund source treatment projects by category.*?
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Bioremediation treatments generally follow one of several different strategies.
First, organic compounds can be degraded into carbon dioxide and water or methane
(mineralization); one specific example is the degradation of benzene in water into CO> and
methane.*® Second, organic compounds can be transformed into smaller and less toxic or
dangerous compounds; one example is the biotransformation of 2,4,6-trinitrotoluene
(TNT), a toxic mutagen, into amino-substituted aromatics and toluene.**#> Third,
electrophilic halogen and nitro groups on organic compounds can be biologically reduced;
on example is the biodegradation of tetrachloroethene (PCE), a chlorocarbon, to ethane.46
Finally, heavy metals can be immobilized through a change in the valence state to a less
toxic form; one example is the change of hexavalent chromium to trivalent.*’#! Other
biomediated heavy metal sequestration techniques have been used in the complexation of
cadmium by phytochelatin (PC) and mercury by metallothionein (MT).*34% Commonly,
bioremediation strategies are applied to organic (carbon-containing) compounds, to
inorganic pollutants commonly found in fertilizers such as ammonia, nitrate, and
perchlorates, and heavy metals. The vast majority of bioremediation sites deal with organic
compounds, the most prominent of which being petroleum based hydrocarbons such as
polycyclic aromatic hydrocarbons (PAHs) and BTEX (benzene, toluene, ethylbenzene,
xylenes). These account for 40% and 37%, respectively, of contaminated sites.
Furthermore, industrial wood preserving and hydrocarbon processing facilities account for
over 50% of superfund sites where bioremediation is used as the primary method of

cleanup.*?
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2.4 Engineered Species for Bioremediation

The massive use of petroleum products in developed countries has often led to
contamination of the environment by release of hydrocarbon products and derivatives. One
major such instance was the Deepwater Horizon (DWH) oil spill in the Gulf of Mexico in
2010 where 6.7x10° metric tons of crude oil was released into the environment, believed
to be the largest marine-based release of all time.>® The DWH oil spill not only released
the range of linear alkanes used in petrol, but it also released unspecified amounts of
benzene, toluene, ethylbenzene, and xylenes (BTEX), polycyclic aromatic hydrocarbons
(PAH), and many other others. BTEX and PAHSs are also found widely in the industrialized
areas that process petroleum-based chemicals and are of keen interest due to their higher
water solubility and ability to contaminate groundwater and sediments.>* BTEX and PAHs
are listed as priority pollutants by the US EPA and are both toxic and carcinogenic;
therefore, their removal from the environment is important and of keen interest to the
scientific community.

One such method for the remediation of these hydrocarbons is the use of microbes
for degradation and removal of such pollutants. Due to the well understood biochemical
and genetic nature of Escherichia coli, many of the specific biodegrading genes found in
other species have been heterologously combined for expression in E. coli. The
combination of genes across species into E. coli has allowed us to better understand and
even improve the functions of such genes.®® For instance, pyrene, a polyaromatic
hydrocarbon (PAH) consisting of four fused benzene rings, was shown to be degraded by
a consortium (YL) of microbial species (mostly unidentified, but included Bacillus cereus);

unknown plasmids from this consortium were then extracted and transformed into
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competent E. coli cells. After transformation, the E. coli with YL plasmids was grown in
the presence of PAHs and the degradation of PAHs was monitored via high performance
liquid chromatography (HPLC) to show that various PAHs were degraded by E. coli
transformed with unknown plasmids in the YL consortium.>*>* In this case, the well
understood characterization of E. coli allowed for the degradation of PAHSs in a controlled
manner from an unknown and uncontrollable source.

With the prominence of BTEX as pollutants in many industries, a great deal of
research concerning the biodegradation of these compounds has been conducted. The
metabolic break down of molecules into smaller units for energy or other anabolic
reactions, or catabolism, of BTEX has been extensively studied via the tod and tol
metabolic pathways (originating from Pseudomonas putida F1 and Pseudomonas putida
mt-2).-%% However, the majority of research done on BTEX degradation has been on
individual components therein, and not BTEX mixtures which are much more likely
present in contaminated sites. When p-xylenes were degraded by the tod operon, a dead-
end product (3,6-dimethylcatechol) was formed that could no longer be degraded.®® In the
TOL plasmid (pWWO0), the enzyme xylene oxygenase cannot recognize and breakdown
benzene as a substrate, thus preventing its degradation.®! Furthermore, when two P. putida
strains containing these pathways were combined, they did not result in full degradation of
all BTEX. When separate plasmid parts were engineered and introduced in E. coli, the
genes required for intermediate degradation products were elucidated. From this,
researchers were able to introduce the genes involved in the complete mineralization of all
BTEX components. When the cultures harboring the combination of genes in the tod

operon and TOL plasmid were incubated in the presence of BTEX, UV-Vis, and HPLC
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results showed no presence of metabolic intermediates (gas chromatography also showed
no peaks outside of those associated with BTEX), unlike the simple combination of the
two P. putida strains in a single culture.%? This introduction of heterologous genes in E.
coli has been extensively studied. Degradation of trichloroethylene (TCE) was
successfully accomplished in E. coli by introduction of todC1C2BA, genes required for the
enzyme toluene dioxygenase; not only did this confer E. coli with the ability to degrade
TCE, but it also proved that only todC1C2BA was needed for this degradation pathway and
not some unelucidated interaction between multiple genes or regulatory systems in the host
organism.®® Similar studies have been performed to study biphenyl, toluene, and benzene

degradation in E. coli and the elucidation of genes required in the degradation thereof.>>646°
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Chapter 3 Experimental Methods

3.1 Plasmid Construction

Plasmids were designed in silico using SnapGene and the cloning history is given
in the Supporting Information.
3.1.1 pPCC1401

Plasmid pPCC1401 was constructed by amplifying fimA-H from Escherichia coli
MG1655 genomic DNA using primers pPCC1401-gib-for-Ndel and pPCC1401-gib-rev-
Xbal, where the E. coli MG1655 genomic DNA was extracted using Qiagen’s miniprep
kit. Following this, polymerase chain reaction (PCR) was used to amplify and extract
fimA-H from the genomic DNA using primers pPCC1401-gib-for-Ndel (pFG1-fimA-
H_Ndel-for) and pPCC1401-gib-rev-Xbal (fim operon-Xbal-rev). The result of this PCR
was ran on a gel to verify the length of the construct and then purified using Qiagen’s gel
cleanup kit. Following gel purification, a double digest of fimA-H was performed using
the enzymes Ndel (5°) and Xbal (3”) and incubated at 37°C for 3 hours. The host vector
pFG1 (AprR, pBR322 ORI) was also double digested using Ndel and Xbal. Once the
double digests were gel purified, a ligation reaction with the cut and purified vector
(pFG1/Ndel/Xbal) and insert (fimA-H/Ndel/Xbal) was performed using T4 ligase. Two
reactions were ran: one with ONLY vector (pFG1) and one with vector AND insert (fimA-
H). The resulting ligation reactions were then transformed into electrocompetent E. coli
MC1061 cells and incubated overnight on Luria Bertani (LB)+Apramycin culture plates.
The plates were checked in the morning for colonies; the plate with only the vector did not
grow while the plate with the vector and insert had many colonies. Five separate colonies

were selected from the V+I plate and cultured for a miniprep in the morning. The
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minipreps were then ran on a gel to verify proper plasmid size/length. After verification
of plasmid size, primers were designed for sequencing. Sequencing results were verified
by GeneWiz.
3.1.2 pPCC1403

Plasmid pPCC1403 was constructed by linearizing host vector plasmid pFG28A
(AprR, pBR322 ORI) using restriction enzyme digestion by HindIII (5”) and Sacll (3°).
The cut vector fragment was then purified using Qiagen’s gel extraction kit. The gene
fragment fimA-H was amplified from plasmid pPCC1401 using the primers pPCC1403-
gib-for-HindlIl and pPCC1403-gib-rev-Sacll. Gibson Assembly was then used to insert
fimA-H into the cut pFG28A vector/host plasmid (Hindlll and Sacll) to create the new
plasmid pPCC1403. Following linearization and purification, Gibson Assembly was
performed to insert fimA-H into the cut pFG28A vector by using primers pPCC1403-gib-
for-Hindlll and pPCC1403-gib-rev-Sacll. Plasmid pPCC1403 was constructed by
excising the His-egfp gene from pFG28A by cutting with Sacll and Hindll and then using
Gibson Assembly using primers to insert fimA-H into the cut vector.
3.1.3 Plasmid History

Plasmid pFGL1 contains apramycin resistance and the pBR322 origin of replication
as well as the lacl regulatory genes including the lac operator, lac promoter (inducible by
IPTG), lacl, and the tac promoter (binds the lac repressor [Lacl] to inhibit transcription;
repression is relieved by addition of Isopropyl B-D-1-thiogalactopyranoside (IPTG) - the
higher the concentration of IPTG, the higher the expression from Pwc). pFGL also
contained the araC regulatory gene, which was removed via double restriction digestion

described earlier. The plasmid vector backbone of pPCC1403 (pFG28A) was based off of
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the pFG1 plasmid; it contains the lacl/Ptc regulatory scheme that regulates a downstream
GOl (alkS) which subsequently regulates Paxs to control transcription of the His-egfp
fluorescence tag (AprR, pBR322 ORI). The His-egfp gene was replaced by fimA-H using
restriction digest of vector pFG28A, PCR amplification of fimA-H, and Gibson Assembly

of the two gene fragments.

3.2 Yeast Agglutination Assay/Sedimentation Assay (YAA)

A modified yeast agglutination assay (YAA) was performed to semi-quantitatively
measure the degree of fimbriation (DOF) of the engineered cells. Two methods were used
to prepare yeast cultures, both of which resulted in the same level of detection of
fimbriation. In the first method, industrial yeast pellets (Saccharomyces cerevisiae) were
mixed in phosphate buffer solution (PBS) at a concentration of 5 mg/mL. In the second
method, yeast pellets were grown overnight in Luria Bertani (LB) (37°C with shaking) and
then centrifuged and washed with PBS twice. Following growth, the yeast suspension was
then diluted to an optical density (OD) of 8.0 (OD595 on NOVOstar plate reader) in
preparation for the assay.

Bacterial strains were grown from an overnight subculture starting at an OD of 0.05
and grown statically in LB +/- Apramycin, where specified, to an OD of 0.7; then, all
cultures were induced with varying concentrations of IPTG and then grown until the late
exponential phase. (NOTE: it is hard to grow these E. coli past an OD of 2 — 2.5 in static
growth conditions). Next, the bacterial cultures were centrifuged and resuspended in PBS
twice and diluted to an OD of 1.0 in preparation for the assay. After E. coli and yeast cells
were grown, washed, and diluted, 500 uL of each suspension (yeast and bacteria) was

transferred into a single centrifuge tube and the yeast and bacteria cells were allowed to
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interact. Where noted, 100 mM D-mannose or methyl a-D-Mannopyranoside was added
to bacterial suspensions 5 minutes before addition of yeast suspension to ensure full
occupation of the FimH mannose-binding fimbrial tips.

After mixing of yeast and bacteria suspensions, the cells were allowed to react for
3, 6, 16, or 36 hours without agitation. Bacteria bound to yeast cells sedimented out of
solution and deposited on the bottom of the centrifuge tubes; the opacity of the remaining
solution depended on the reaction time. Then, each centrifuge tube was vortexed at ~2200
rpm (Analog Vortex Mixer, 120V, FisherScientific) for 10 seconds; solution turbidity was
measured for each sample at 0, 3, 5, 10, 20, and 30 minutes after vortexing. For turbidity
measurements, a 20 pL aliquot was removed from the tube; great care was taken to ensure
that the aliquot was taken from the center of the centrifuge tube at the same depth for each
measurement. The removed aliquot was diluted 10 times in PBS and turbidity/absorbance
(595 nm wavelength) was measured in a 96-well plate. Each experiment was repeated at

least three times.

@ Cellular Sediments
High Turbidity

Low Turbidity

""

—)-
Increasing Sedimentation Time (after vortexing)

Figure 6: Yeast Agglutination and Sedimentation Assay
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Figure 7: Surface Coverage of Fimbrial Adhesive Tips (FimH) by Methyl-a-D-Pyrannoside.
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Figure 8: Methyl-a-D-Pyrannoside Mechanism of Inhibition for the Agglutination of Yeast Cells.
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Figure 9: The FimH adhesin is responsible for binding of E. coli to yeast cells.

3.3 Microbial Adhesion to Hydrocarbons (MATH) Assay

A MATH assay was used to measure the cell surface hydrophobicity. In this assay,
the absorbance of an aqueous cell suspension and a hydrophobic phase are measured before
and after mixing to determine the concentration of cells that partition into the hydrophobic
phase. Briefly, bacterial suspensions were allowed to grow to a desired OD and then
centrifuged and washed in PBS twice to remove all carbon sources and thus stop or greatly
hinder cell growth. Suspensions were then diluted to an OD of 1.0 in preparation for the
MATH assay. After dilution, 4 mL of the cell suspension and 1 mL of a hydrocarbon liquid
(n-dodecane, hexadecane, hexane, toluene/naphthalene mixture) were sequentially
transferred into a 15 mL centrifuge tube. Each solution, containing cells and hydrocarbons,
was vigorously vortexed at ~3200 rpm (Analog Vortex Mixer, 120V, FisherScientific) for
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60 seconds and then allowed to rest and phase separate into two distinct liquid phases for
10 minutes (30 minutes if noisy readings). After phase separation, the OD of the bottom
aqueous layer was measured with care to avoid carrying additional hydrocarbon into the
96-well plate. Each measurement was repeated at least three times. We report two metrics,

the MATH(%)/Hydrophilicity defined as,

ODsq95 Before Vortexing
Hydrophilicity (%) = 100 3.1
ydrophilicity (%) ODsqsAfter Vortexing * 1)

and the fraction partitioned (Fp) into hydrocarbon phase defined as,

E, = 1 — Hydrophilicity(%) (3.2)

Hydrocarbon Phase ————p

Cell Suspension (aqUeoUs) =———

Increasing Degree of Fimbriation

Figure 10: Microbial Adhesion to Hydrocarbon (MATH) Assay.
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Figure 11: Visualization of MATH assay with increasing level of partitioning to hydrocarbon phase with
increasing level of fimbrial expression.

3.4 Specific Biofilm Formation (SBF) Assay

The growth of bacterial biofilm formation over time was quantified via the growth
of bacterial cultures in sterile 96-well plates. Cell cultures were grown overnight from a
fresh colony and subcultured the following morning (starting at OD 0.05) and allowed to
grow to mid-exponential phase. This suspension was then diluted to an OD of 0.2
immediately prior to the start of the biofilm assay. 300 L aliquots of the cell culture were
injected into wells of a sterile 96-well plate, which was then covered with sterile aluminum
foil; the 96-well plate and aluminum covers were sterilized via soaking in ethanol for one
hour under UV radiation source. The 96-well plate was then quiescently incubated at 30°C
for 12, 24, or 48 hours. Following incubation, aliquots of liquid cultures were diluted 10:1
in LB media and the OD of the diluted liquid cultures were measured (to quantify relative
cell growth). The remaining cell solutions were decanted/removed from the wells. Each
well was then washed three times in 300 uL of PBS to remove unbound cells followed by
well staining in 300 pL of 0.1% crystal violet (CV) in DI water (50 pg in 50 mL H20) for
20 minutes. After incubation, the CV stain was removed and the wells were again washed

three times in PBS; the biofilm was subsequently eluted via addition of 300 pL of an
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acetone/ethanol mixture (20:80, v/v) to solubilize the bound cells from the surface of the
wells66. The OD of the eluted CV-stained biofilm was then measured to quantify the level
of biofilm development by each cell type. Each assay was repeated for twelve replicates
from two separate cultures. These values were then averaged to calculate the specific

biofilm formation (SBF)67 of each cell type

B —NC
SBF = %x 100, (3.3)

where B is the amount of CV-stained biofilm formed, NC is the amount of CV adhered to
the 96-well plates due to abiotic factors (i.e., a measure of film formation in LB without

cells), and G is the optical density of cells grown in each suspended culture.

LB only MG1655
1401- MG1655 AfimA
0 mM IPTG wr
1401+
1mM IPTG

Figure 12: Biofilm formation increases with increasing level of fimbriation. From left to right (periphery
wells left blank): LB only, 1401- (0.0 mM IPTG + glucose), 1401+ 1.0 mM IPTG, MG1655,
MG16554fimA.

3.5 Transmission Electron Microscopy (TEM) Imaging
Type | fimbriae are 4 — 10 nm in width and 0.5 - 2.1 um in length and are too small
to be resolved with conventional light microscopy. Instead, TEM imaging was used to

visually confirm the presence or absence of fimbriae. To image cell surface appendages,
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cultures were grown one of two ways: from an overnight subculture in LB or from a culture
that was cleaned and resuspended in HEPES buffer (fixed in 0.1% glutaraldehyde
solution). One day prior to imaging, cells were grown overnight from a subculture and
grown to the late exponential phase, then cleaned and resuspended in 10 mM HEPES
buffer. Later in the evening (the night before imaging, ~12 hours) the washed cells were
resuspended in a 0.1% glutaraldehyde solution to fix the cells. The second method of cell
processing for TEM imaging was accomplished by growing cells in standard LB (from a
subculture) with induction of fimbriation by addition of 1.0 mM IPTG and diluted to an
OD of 0.5 the morning of imaging (essentially, no processing). There was no significant
difference in quality of images obtained for these methods of cell preparation.

After cell preparation, and prior to grid incubation, two 20 uL drops of DI water
and two 20 uL drops of uranyl acetate were deposited onto a piece of Parafilm
(manufacturer). Next, 2—5 pL of a bacterial suspension were pipetted onto a freshly glow-
discharged carbon-coated TEM grid and allowed to sit for 30 — 90 seconds. Following this
incubation period, the cell-adsorbed grid was twice quickly washed in water: the grid was
transported by forceps into a small 20 pL drop of DI water on wax paper (~1 second) and
dried by touching its outer edge with a chemwipe to wick away excess water. After
washing, the grid was quickly deposited into the 20 uL drop of 2% (w/v) uranyl acetate (~1
second) and then blotted dry with a chemwipe; uranyl acetate staining was repeated, except
this time, the sample was allowed to stain for 15 seconds and then wicked dry. The grids
were then allowed to air dry. Prepared grid specimens were then loaded into the TEM
holder, inserted into the stage, and pumped down to the stage pressure. Samples were

observed in a JEOL 1200 EX TEM operated at an acceleration voltage of 100kV and
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electron micrographs were recorded using a 2k slow-scan CCD camera (model 14C, SIA)
at a user-defined magnification. Areas in the sample with uneven stain or positive staining
with a large amount of black contrast were avoided, whereas cells with lighter staining

were sought out.
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Chapter 4 Manipulation of fim Operon for Fimbrial
Expression in Escherichia coli

4.1 Methodology
4.1.1 Materials

The Escherichia coli strains used in the study of manipulation and control of
fimbrial expression were MG1655-WT, MC1061-WT, MG1655AfimA, MG1655AfimA-
pPCC1401, and MG1655AfimA-pFGL. The yeast agglutination assay used the industrial
baker’s yeast Saccharomyces cerevisiae. Common growth and preparation media used for
bacterial strains and for yeast were Luria Bertani (LB) broth (5 g yeast extract, 5 g NaCl,
10 g Bacto-tryptone in 1 L total volume H20, procured from BD Chemical); LB agar (5 g
yeast extract, 5 g NaCl, 10 g Bacto-tryptone, and 15 g agar procured in 1 L total volume
H20, from BD Chemicals); phosphate buffer solution (PBS) (8 g NaCl, 0.2 g KCI, 1.44 g
Na2HPO4, 0.24 g KH2PO4 dissolved in 800 mL of H20 and pH adjusted to 7.4 [with HCI]
followed by the addition of H20 to 1 L); and apramycin sulfate (antibiotic, 50 pg/mL in
distilled H20, sterile filtered, from Carbosynth).
4.1.2 Preparation

All E. coli and yeast cells were grown statically from an overnight starter culture
inoculated from a single colony on LB-agar plates at 37°C +/- antibiotics, where specified.
From this, subcultures were prepared by diluting cells from the overnight cultures into a
desired volume of LB-broth with a starting optical density (OD) of 0.05 and grown until
an OD of 0.7 was reached (~2.5-3 hrs); at this OD (0.7), ImM IPTG was added where
indicated and grown for 16 hours without shaking (late exponential phase), unless
otherwise noted. Following growth, cells were processed by centrifuging at 40009 for 15

minutes to pellet the cells and then decanting the LB solution, the pellet was then
26



resuspended in an equal volume of PBS and then centrifuged again at 40009 for 15 minutes
and decanted, this PBS wash was repeated again and the cell pellet was resuspended in half
the starting volume of PBS. Following this final wash, cells were prepared for assaying by

diluting the solutions to an OD of 1.0, except where indicated.
4.2 Assays and Characterization
4.2.1 Yeast Agglutination and Sedimentation Assay (YAA)

The experimental preparation and measurement procedure for the yeast
agglutination and sedimentation assay (YAA) was described in Section 3.2. All data were
obtained using a NOVOstar plate reader (BMG Labtech) operating at a wavelength of 595
nm to measure the optical density of a solution containing bacteria and yeast cells. We
report the average and standard deviation of the absorbance over n = 6 replicates. The yeast
agglutination assay measures the change in the absorbance in solution as fimbriated
bacterial strains attach to and agglutinate yeast cells, forming larger clusters that sediment
out of solution. The rate at which aggregates sediment out of solution provides a relative
metric of the level of fimbriation of the bacteria: the higher the level of fimbriation, the
faster the rate of sedimentation and the more rapidly the absorbance of the solution
decreases. The settling velocity (Vs) of a particle with a Reynold’s number less than 0.1
(Stokes’ Law) is

_ 9y — p)D;

4.1
T (4.1)

Vs

where g is gravitational acceleration, p,, is the density of the settling particles (1.087 g/mL),
p is the density of the medium in which the particles are suspended (0.998 g/mL), Dy? is

the diameter of the settling particles, and p is the viscosity of the fluid medium (1.0 cP).
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Figure 13: Yeast agglutination assay (YAA), measuring absorbance as a function of time for E. coli strain
MG1655 with and without addition of IPTG for mixing times of (A) 3 hours and (B) 36 hours.
IPTG addition did not result in any increase in sedimentation rate.

To determine whether the addition of the inducer IPTG affected the ability of
bacteria to express fimbriae and thus agglutinate yeast, we first performed a YAA on the
wild-type bacteria strain, MG1655, in the presence and absence of IPTG. The yeast
agglutination assay (YAA) was carried out after two different E. coli/yeast
reaction/interaction times: 3 and 36 hours. At each reaction time point, the presence and/or
absence of IPTG for each mixing time showed similar sedimentation rates, independent of
IPTG (Fig. 13). The opacity of the MG1655 cell suspension decreased by a factor of two
to three over thirty minutes. The decrease in the turbidity seen in the above figure for
MG1655 suggests that there exists some amount of naturally expressed fimbria in the wild-

type strain.
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Figure 14: Yeast agglutination assay (YAA), measuring absorbance as a function of time for E. coli strain
MG16554fimA with and without addition of IPTG for mixing times of (A) 3 hours and (B) 36
hours. IPTG addition did not result in an increased sedimentation rate.

Similarly, the effect of IPTG on fimbriation was tested for the fimbriae-deletion
strain MG1655AfimA. Over thirty minutes, the opacity of the solution remained relatively
constant for three hour reaction (Figure 14A) and addition of IPTG did not change the
ability of cells to agglutinate yeast. Similarly, for a 36 hour reaction the addition of IPTG
did not have an effect on the agglutination of yeast cells (Fig. 14B), although the
absorbance of both solution decreased somewhat. The relatively slow sedimentation rate
seen in MG1655AfimA over a thirty minute period indicates the absence of fimbria in this

strain.
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Figure 15: Yeast agglutination assay (YAA), measuring absorbance as a function of time for E. coli strain
MG16554fimA-pPCC1401 with and without addition of IPTG for mixing times of (A) 3 hours
and (B) 36 hours. The addition of IPTG resulted in a dramatic increase in the rate of
sedimentation.

The bacterial strain engineered to express fimbriae upon induction,
MG1655AfimA-pPCC1401, showed marked differently sedimentation behavior in the
YAA depending on the presence or absence of the inducer IPTG. Upon adding IPTG at
concentrations of 10 to 100 uM, the absorbance decreased faster for the MG1655AfimA -
pPCC1401 strain than for than non-induced MG1655AfimA-pPCC1401 at all reaction time
points (Fig. 15). This rapid decrease in turbidity indicates agglutination of yeast cells,
suggesting the presence of fimbriae. To confirm that the binding of bacterial fimbriae to
yeast cells generated the faster change in absorbance, we added methyl-a-D-pyrranoside
(Mann(pyr), which is chemically similar to mannose) to an induced strain of
MG1655AfimA-pPCC1401. The addition of Mann(pyr) resulted in a sedimentation
response similar to the uninduced MG1655AfimA-pPCC1401 strain; this result suggested

that when mannose was present, the FimH adhesin became occupied and no longer capable
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of mediating cellular attachment. In all cases, the presence of IPTG caused

MG1655AfimA-pPCC1401 to agglutinate and sediment out yeast cells at a much higher

rate than the controls across all reaction times.
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Figure 16: Yeast agglutination assay (YAA), measuring absorbance as a function of time for E. coli strain
MG16554fimA-pFG1 with and without addition of IPTG for mixing times of (A) 3 hours and (B)
36 hours. IPTG addition did not result in any increase in the sedimentation rate.

The parent plasmid of pPCC1401 was pFG1. A YAA was carried out using
MG1655AfimA-pFG1 to see if the unique agglutinating power of pPCC1401 was a
remnant of the parent plasmid vector pFG1. The ability of MG1655AfimA-pFGL1 to
agglutinate yeast does not change with and without the presence of the inducer IPTG.
Additionally, the opacity of the cell suspension remained relatively constant across most
time points, suggesting that MG1655AfimA-pFG1 played no role in the agglutination of

yeast cells.
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Figure 17: Yeast agglutination assay (YAA), measuring absorbance as a function of time for all E. coli strain
tested with and without addition of IPTG for mixing times of (A) 3 hours and (B) 36 hours. The
addition of IPTG in MG16554fimA-pPCC1401 resulted in a dramatic increase in the rate of
sedimentation, while wild-type MG1655 displayed a moderate sedimentation rate.

To assess the relative extent of fimbriation in all strains, we compared the results
of the YAA across all strains and all additives. Induction of MG1655AfimA-pPCC1401 by
10 or 100 puM IPTG resulted in a significantly increased sedimentation rate of cellular
suspensions (Fig. 17). The rapid decrease in absorbance in the first five minutes of the
assay indicated that cells rapidly sedimented out of suspension; after this time, the
absorbance reached a plateau of 0.05. The agglutinating power of wild-type MG1655 was
relatively intermittent between the engineered strains and the remaining control strains —
as seen by the purple line in between the two major trends. The remaining experiments
[1401- (0.0 mM IPTG), 1401+ 0.1 mM IPTG + Mann(Pyr), dfimA + 1.0 mM IPTG,
MC1061 + 1.0 mM IPTG, pFG1 + 1.0 mM IPTG, and yeast] showed little sedimentation

over the thirty-minute time-course of the assay; the absence of a pronounced response in
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the initial sedimentation rates of these unfimbriated control strains suggests that fimbriae
are essential for the attachment and agglutination of yeast cells by E. coli.
4.2.2 Microbial Adhesion to Hydrocarbon Assay (MATH)

After the cells were grown and processed, the samples were processed as described
in Section 3.3 in preparation for the microbial adhesion to hydrocarbon (MATH) assay.
Following the assay, the average and standard deviation of n = 6 optical density
measurements were compared across difference hydrocarbons and bacterial strains. Three
alkanes of varying chain length were tested in the MATH assays: hexane (C6), dodecane
(C12), and hexadecane (C16); the dielectric constants of these alkanes were 1.88, 2.01, and
2.08, respectively. In addition, the aromatic hydrocarbon toluene (dielectric constant 2.38)
was also tested for in the MATH assays.

The tendency of the cells in solution to partition themselves into the hydrocarbon
phase was quantified using Equations 3.1 and 3.2 in Section 3.2.3. The percent
hydrophilicity (Eg. 3.1), corresponding to the fraction of cells remaining in aqueous
solution, was calculated from opacity measurements in the aqueous phase; the
corresponding fraction partitioned into the hydrocarbon phase was derived from this
metric. Higher values of percent hydrophilicity indicated that cells were more likely to
remain in the aqueous phase. The fraction partitioned (Fp) represents the fraction of cells
that left the aqueous phase and moved into the hydrocarbon phase, and was calculated

using Equation 3.2 in the Experimental Methods chapter.
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Figure 18: Microbial Adhesion to Hydrocarbon (MATH) Assay in hexane, measuring absorbance as a
function of microbial hydrophobicity in AfimA, MG1655, pPCC1401 without induction,
pPCCI1401 with induction. Engineered strain MG16554fimA-pPCC1401 partitioned into the
hydrocarbon phase at the highest rate.

The adhesion of cells to the hydrocarbon hexane was also measured. Most cells
showed little partitioning into hexane, as shown in figure 4.6. Both 1401- 0.0 mM IPTG
and 1401+ 1.0 mM IPTG resulted in similar levels of partitioning, with values of 21 and
18, respectively; the standard deviation of 1401- 0.0 mM IPTG was double that of 1401+
1.0 mM IPTG suggesting the leaky expression of fimbriae in uninduced 1401. The wild-
type strain MG1655- 0.0 mM IPTG and the fimbrial deletion strain AfimA- 0.0 mM IPTG
resulted in the same levels of partitioning, with Fp of 4 and 5%, respectively. The fraction
of partitioned cells was always higher in the strains with the engineered plasmid pPCC1401
than in those without (Fig. 18), suggesting the presence of fimbriae — which contain
hydrophobic tyrosine groups at the FimH tip. Such hydrophobic moieties may explain the

increased level of partitioning of 1401 into hexane.
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Figure 19: Microbial Adhesion to Hydrocarbon (MATH) Assay in dodecane, measuring absorbance as a
function of microbial hydrophobicity in AfimA, MG1655, pPCCI1401 without induction,
MG16554fimA-pPCC1401 with induction. Engineered strain MGI16554fimA-pPCC1401
partitioned into the hydrocarbon phase at the highest rate.

To determine the effect of alkane chain length on the tendency of bacterial strains
to partition into hydrocarbons, we also performed MATH assays using dodecane (Figure
19) and hexadecane (Figure 20). The tendency of bacterial strains to partition into dodecane
was measured. Cells of the induced strain, 1401+ 1.0 mM IPTG, were significantly more
likely to partition into the hydrocarbon phase, with partitioned fraction of 37%, compared
to all other strains (Fig. 19). The remaining strains showed relatively the same level of
partitioning with values of 4%, 5%, and 4.5% for 1401- 0.0 mM IPTG, MG1655- 0.0 mM
IPTG, AfimA- 0.0 mM IPTG, respectively. The same trends observed for dodecane were
also observed for hexadecane (Fig. 20). The induced strain, 1401+ 1.0 mM IPTG, showed
an increased level of hydrophobicity compared to the other strains, with nearly 70% of
cells partitioning into the hydrocarbon. The partitioned fractions of cells into the
hydrocarbon phase for 1401- 0.0 mM IPTG, MG1655- 0.0 mM IPTG, AfimA- 0.0 mM
IPTG were essentially the same (2%) with standard deviations larger than the values

measured themselves (Fig. 20).
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Figure 20: Microbial Adhesion to Hydrocarbon (MATH) Assay in hexadecane, measuring absorbance as a
Sfunction of microbial hydrophobicity in AfimA, MG1655, pPCCI401 without induction,
pPCC1401 with induction. Engineered strain MG16554fimA-pPCC1401 partitioned into the
hydrocarbon phase at the highest rate.
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Figure 21: Microbial Adhesion to Hydrocarbon (MATH) Assay in toluene, measuring absorbance as a
function of microbial hydrophobicity in AfimA, MG1655, pPCCI1401 without induction,
pPCC1401 with induction. Engineered strain MG16554fimA-pPCC1401 partitioned into the
hydrocarbon phase at the highest rate.

Both the induced (1401- 0.0 mM IPTG) and uninduced (1401+ 1.0 mM IPTG)
bacterial strains carrying the plasmid pPCC1401 for over fimbriation resulted in
approximately the same level of partitioning into the hydrocarbon phase (F, = 83%), as
shown in Figure 21. Wild-type bacteria (MG1655- 0.0 mM IPTG) and bacteria with a

fimbrial deletion (AfimA- 0.0 mM IPTG) were slightly less likely to partition, with
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corresponding F, values of 69% and 65%, respectively. The error on MG1655 wild-type
was significantly larger than any of the other strains; this may have been a result of different
native expression levels of fimbria across the separate cultures used in the MATH assays.
The level of partitioning of cells into the hydrocarbon phase was relatively high for all
strains, compared to the three other hydrocarbons tested.

4.2.3 Specific Biofilm Formation (SBF)

Samples for quantification of biofilm formation were prepared as described in
Section 3.4 of Materials and Methods. All samples were grown statically at 37°C. The
average and standard deviation of absorbance of n = 12 biofilm samples were acquired for
each SBF assay at three time points: 12, 24, and 48 hours. The specific biofilm formation
(SBF) was calculated from the measurements of cell growth and biofilm growth using
Equation 2.3 in Section 2.2.4. Biofilm development was quantified via a plate reader
operating at a wavelength of 595 nm. Biofilm absorbance measured the total level of
biofilm formation without regards to relative cellular growth rates of each strain. The
specific biofilm formation was standardized to abiotic control wells that contained only the
LB growth medium. Higher values of SBF indicated higher rates of biofilm growth

(relative to cell growth rate).
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Figure 22: 96-well plate biofilm formation assay, measuring the absorbance of crystal violet (CV) stained
biofilms as a function of time. For each sample, biofilm absorbance was measured at 12 h
(sparsely shaded), 24 h (medium shading), and 48 h (dense shading). The engineered strain
MG16554fimA-pPCC1401 developed the highest amount of biofilm.

The absorbance of biofilm-containing solutions, reported in Figure 22 without
correcting for the rate of cellular growth, varied with strain and inducer concentration. The
biofilm formation for each strain did not exhibit consistent trends with time, as shown in
Figure 22. The induced and fimbriated strain 1401+ 1.0 mM IPTG exhibit the highest
absorbance and hence the highest biofilm formation. By contrast, little biofilm formation
was observed in the uninduced strain 1401- 0.0 mM IPTG and the wild-type strain
MG1655- 0.0 mM IPTG. The lowest biofilm formation was observed for the fimbrial
deletion strain AfimA- 0.0 mM IPTG; the absorbance of these samples was statistically
indistinguishable from that of the control wells of LB growth media only (without cells).
The highest level of biofilm formation was observed in 1401+ 1.0 mM IPTG, while all
other strains produced a substantially smaller amount of biofilm, suggesting that 1401

expressed a significantly higher degree of fimbriation.
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Figure 23: Specific Biofilm Formation (SBF) assay, measuring the absorbance of crystal violet stained biofilms
as a function of time and semi-normalized to bacterial growth. For each sample, SBF absorbance
was measured at 12 h (sparsely shaded), 24 h (medium shading), and 48 h (dense shading). The
engineered strain MG16554fimA-pPCC1401 developed a much higher SBF than all controls.

The specific biofilm formation also quantifies the total biofilm formation, but
corrects for non-specific staining due to abiotic factors (i.e., residual stain in control wells
with only LB) and normalizing the total biofilm absorbance value by the relative growth
of each sample. The induced fimbriated stain, 1401+ 1.0 mM IPTG, generated the highest
level of biofilm formation, as quantified by SBF in Figure 23, with the greatest levels of
specific biofilm formation (relative to cellular growth) occurring at the earliest time point.
Lower SBF was observed for the uninduced strain (1401- 0.0 mM IPTG) and the wild-type
strain (MG1655- 0.0 mM IPTG); the standard deviations across n = 6 measurements were
large compared to the value of the SBF. The strain with the fimbrial deletion (AfimA- 0.0
mM IPTG) showed almost no biofilm formation; furthermore, the standard deviations for
the fimbrial deletion strain were 2-3 times larger than the value of the SBF. Similar to the
trend seen in figure 23, the specific biofilm forming ability of the strain engineered for

fimbrial expression showed the highest level of biofilm formation — with 1-2 orders of
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magnitude higher biofilm development than all other strains; such results indicate that the
presence of fimbriae is essential in initial biofilm formation.
4.2.4 Transmission Electron Microscopy (TEM) Imaging
Cells were prepared for transmission electron microscopy (TEM) imaging using the
procedure described in Section 3.5. Samples were then imaged in a JEOL 1200 EX TEM

at a user-defined magnification to confirm the presence or absence of fimbriae.

Figure 24: Transmission electron micrographs of induced MGI16554fimA-pPCC1401 (left, engineered
strain), MG1655 (center, wild-type), and MGI16554fimA (right, fimbrial deletion). The
engineered strain MG16554fimA-pPCC1401 displayed many more fimbriae than wild-type
MG1655, while MG16554fimA displayed no fimbriae.

The presence of fimbriae in the engineered bacteria strain with plasmid pPCC1401

is readily seen in TEM imaging, as shown in Figure 24. The presence of fimbriae on the
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wild-type strain (MG1655) can be vaguely seen. By contrast, the strain with a fimbrial
deletion (MG1655AfimA) showed no presence of fimbriae in the TEM images. At a higher
magnification, the presence of individual fimbriae on the engineered strain
(MG1655AfimA-pPCC1401) was much more pronounced than in the wild-type strain
(MG1655). There was no presence of fimbriae on the strain with a fimbrial gene deletion
(MG1655AfimA). Such images validate the presence of fimbriae in the engineered strain

(MG1655AfimA-pPCC1401) and substantiate the results of previous assays.

4.3 Discussion

To elucidate the effect of cellular fimbriation on biofilm development and binding
affinity to select surfaces and biologically relevant molecules, the plasmid pPCC1401 was
engineered to overexpress fimbrial development on the outer membrane of a fimbrial-
deletion mutant of E. coli strain MG1655. The degree of fimbriation of the engineered
MG1655AtimA-pPCC1401 strain was compared to that of wild-type MG1655, which
expresses a native level of fimbriation; to MG1655AfimA-pFG1, which contains the parent
vector of pPCC1401 expressing the apramycin antibiotic selection marker and promoter
sequence involved in IPTG induction; and to MG1655AfimA, which lacks the major
fimbrial subunit protein FimA required for structural development of viable fimbriae. The
presence or absence of fimbriae on each strain was determined using a variety of
experimental methods, including the yeast agglutination and sedimentation assay (YAA),
microbial adhesion to hydrocarbon assay (MATH), specific biofilm assay (SBF), and
transmission electron microscopy (TEM) imaging.

The ability of E. coli expressing fimbriae to agglutinate yeast and red blood cells is

well documented in the microbiology and medical literature.®®*"* To determine the extent
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to which the presence of fimbriae were able to agglutinate yeast, a modified yeast
agglutination and sedimentation assay (YAA) was developed; in this assay, the relative
degree of fimbriation expressed by each strain was related to the rate of sedimentation of
cells in solutions containing E. coli and yeast. As the number of fimbriae on each cells
increases, the agglutination of yeast and E. coli cells is expected to increase. The increase
in aggregate diameter leads to an increase in the rate of sedimentation, which scales with
the effective aggregate diameter squared (Eg. 4.1). The sedimentation rate of the induced
engineered strain MG1655AfimA-pPCC1401 was significantly higher than the non-
induced sample (Fig. 15). As the concentration of inducer (IPTG) increased, the
sedimentation rate of the solution increased slightly but was not significant within
experimental errors. Nonetheless, the sedimentation rate of MG1655AfimA-pPCC1401 (at
any level of IPTG induction) was significantly higher than that measured for any strain
lacking fimbriae. Similarly, when methyl-a-D-pyrranoside (a non-metabolizable analogue
of mannose) is present during the reaction, the FimH binding domain of fimbriae binds to
Mann(Pyr); the fimbriae are unable to bind the yeast cells and so the rate of sedimentation
in this mixture is comparable to that in non-fimbriated and uninduced strains. Outside of
the engineered and induced strains, only the wild-type MG1655 strain showed any
significant level of fimbriation. The rate of sedimentation observed for MG1655 was
between that of the non-fimbriated strains and the strains engineered for increased degree
of fimbriation, suggesting an intermediate degree of fimbriation (Fig. 17). The observed
trend of increasing sedimentation rate with increased degree of fimbriation supports the
agglutination trends in an earlier study, which reported an increase in aggregate size with

strains of E. coli containing higher degrees of fimbriation.”
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A well-established method to characterize the level of cellular hydrophobicity is
the microbial adhesion to hydrocarbon (MATH) assay.”"® The MATH assay quantifies
the fraction of cells that partition into a hydrophobic hydrocarbon phase through the change
in optical density of the aqueous cellular solution before and after agitation. As discussed
in Section 2.2, the FimH adhesin is a two-domain system, in which a pilin domain connects
a lectin domain to the major fimbrial subunit (FimA) with a mannose-binding “pocket”
located at the lectin tip; this binding pocket is lined with hydrophobic tyrosine AA residues.
Therefore, bacterial cells expressing a larger number of fimbriae should result in a higher
fraction of cells that partition into a hydrophobic hydrocarbon phase, Fp. Indeed, the strain
engineered for fimbriation (MG1655AfimA-pPCC1401) exhibited the highest value of Fp
over all strains for all four hydrocarbons tested (hexane, dodecane, hexadecane, and
toluene). The highest values of Fp were observed for aromatic toluene, for all strains,
however, MG1655AfimA-pPCC1401 showed a significantly higher partitioning than did
the wild-type MG1655 and MG1655AfimA. Similar MATH results in toluene were
reported for a “hydrophobic” bacterial strain.”® For the smallest alkane chain tested (n-
hexane), approximately twenty percent of the fimbriated strain MG1655AfimA-pPCC1401
partitioned into the hydrocarbon phase, whereas a negligible fraction of cells in MG1655
and MG1655AfimA partitioned. A greater fraction of cells partitioning into the longer
chain alkanes, n-dodecane and n-hexadecane, with F, of forty and seventy percent,
respectively. These results are consistent with those reported in an earlier study of E. coli
in n-dodecane.®®

Type 1 fimbriae have been shown to greatly enhance biofilm formation on both

biotic and abiotic surfaces.?>*’" To quantify the extent of biofilm formation by various
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bacterial strains, biofilms grown in 96 well plates are stained with crystal violet and then
extracted with various ethanol mixtures.>’-%° Here, we found that the highest total biofilm
formation for any time point was achieved in the strain engineered for fimbrial
overexpression, MG1655AfimA-pPCC1401, which was at least five times higher than any
other sample. The total amount of biofilm formed by wild-type MG1655, which expressed
fimbriae, was higher than the fimbrial deletion strain MG1655AfimA and on par with the
amount of biofilm formed via leaky expression of the non-induced MG1655AfimA-
pPCC1401. Biofilm formation was almost non-existent in MG1655AfimA, and was not
statistically distinguishable from biofilm formation due to residual residues from the LB
control wells without cells. Together, these results indicate the presence of fimbriae is
essential for initial biofilm formation to occur. Absolute biofilm formation, however, is a
poor measurement because it does not account for differences in cellular growth rates or
for non-specific CV staining of the control wells. The specific biofilm formation (SBF)
calculated in Equation 3.3 takes into account these factors;®’ this normalized metric of
biofilm formation more accurately quantifies biofilm formation with respect to the
presence of fimbriae. After normalization, the effect of fimbriae expression on E. coli
biofilm forming ability was far more pronounced, with MG1655AfimA-pPCC1401
displaying at least an order of magnitude more biofilm forming ability than any of the
controls (Fig. 23).

The relative abundance of fimbriae on the surface of the strains used in these assays
was verified through direct imaging with transmission electron microscopy (Fig. 24). The
fimbrial deletion mutant MG1655AfimA showed absolutely no fimbrial on the cellular

membrane and the wild-type MG1655 showed few fimbriae. By contrast, the engineered
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strain, MG1655AfimA-pPCC1401, showed a significantly increased presence of fimbriae

on the cell’s outer-membrane.

4.4 Conclusion

In this chapter, E. coli was genetically engineered to over-express fimbriae under
control of the Pwc promoter, allowing the expression of fimbriae to be inducible by the
lactose-mimicking and non-metabolizable inducer molecule IPTG. The plasmid
pPCC1401 was designed to contain all genes necessary for fimbrial development and
inducible expression. This plasmid was transformed into MG1655AfimA to produce
MG1655AfimA-pPCC1401. Several assays were performed to compare the relative degree
of fimbriation of this engineered strain to various controls, including wild-type MG1655,
MC1061, MG1655AfimA, MG1655-pFG1, and non-induced MG1655AfimA-pPCC1401.
The agglutinates of yeast and the engineered bacterial strain MG1655AfimA-pPCC1401
sedimented out of suspension more rapidly than any of the controls tested. Furthermore, a
greater fraction of MG1655AfimA-pPCC1401 cells partitioned into the hydrocarbon phase
than in any of the controls. These results confirmed that the engineered strain controllably
expressed fimbriae. The presence of fimbriae in the engineered strain (and absence in the
controls) was confirmed through TEM imaging, which revealed that the engineered strain,
MG1655AfimA-pPCC1401, expressed more fimbriae than any of the controls. Finally, the
presence of fimbriae on E. coli increased the biofilm forming ability of the engineered and
induced strain MG1655AfimA-pPCC1401 by at least an order of magnitude. The presence
of fimbriae assists in the attachment of bacterial cells to substrates, promotes
hydrophobicity, and stimulates biofilm formation which may be utilized to attach to and

colonize areas of hydrocarbon contamination.
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Chapter 5 Alkane-Inducible Fimbriation for Bioremediation
Processes

5.1 Methodology
5.1.1 Materials

The Escherichia coli strains used in the study of manipulation and control of
fimbrial expression were MG1655-WT, MC1061-WT, MG1655AfimA, MG1655AfimA-
pPCC1401, MGI1655AfimA-pFG1, MGI1655AfimA-pFG28A, and MGI1655AfimA-
pPCC1403. The yeast agglutination assay used the industrial baker’s yeast Saccharomyces
cerevisiae. Common growth and preparation media used for bacterial strains and for yeast
were Luria Bertani (LB) broth (5 g yeast extract, 5 g NaCl, 10 g Bacto-tryptone in 1 L total
volume H20, procured from BD Chemical); LB agar (5 g yeast extract, 5 g NaCl, 10 g
Bacto-tryptone, and 15 g agar procured in 1 L total volume H20, from BD Chemicals);
phosphate buffer solution (PBS) (8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g KH2PO4
dissolved in 800 mL of H20 and pH adjusted to 7.4 [with HCI] followed by the addition
of H20 to 1 L); and apramycin sulfate (antibiotic, 50 pg/mL in distilled H20, sterile
filtered, from Carbosynth).
5.1.2 Preparation

Yeast and bacterial cells were grown statically from an overnight starter culture
inoculated from a single colony on LB-agar plates at 37°C +/- antibiotics (where specified).
From this culture, subcultures were prepared by diluting cells from the overnight cultures
into a desired volume of LB-broth with a starting optical density (OD) of 0.05 and grown
until an OD of 0.7 was reached (~2.5 — 3 hrs). Once the culture reached this OD, IPTG was
added at various concentrations (0.01 mM to 5 mM) and grown for 16 additional hours

without shaking. Following growth, cells were centrifuged at 4000g for 15 minutes to
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generate a pellet and the LB solution was decanted. Subsequently the pellet was twice
resuspended in an equal volume of PBS and then centrifuged again at 4000g for 15 minutes.
After the washes, the cell pellet was resuspended in half the initial volume of PBS.
Following this final wash, cells were prepared for assays by diluting the solutions to an OD

of 1.0, except where indicated.

5.2 Assays and Characterization
5.2.1 Yeast Agglutination and Sedimentation Assay (YAA)

A detailed description of the YAA experiments is provided in Section 3.2. Briefly,
planktonic E. coli cells of a known concentration were mixed with yeast cells of a known
concentration and allowed to mix for a set amount of time (3 or 36 hours). After agitation,
aliquots of this cellular suspension were taken across time at a constant height (1.1
centimeters) in the reaction vessel. The more fimbriae present on the outside of E. coli
cells, the more yeast cells will agglutinate; the more cells that agglutinate, the larger the
diameter of the cell particle [or cluster] and the faster that cells will fall out of solution.
Hence the rate of sedimentation (through the decrease in absorbance of the solution)
provides a measure of the extent of fimbriation of the bacteria. Similar to the study
presented in Chapter 4, the goal of this chapter is to controllably induce fimbriation in the
presence of a model inducer molecule, dicyclopropyl ketone (DCPK), which activates
transcription of the genes necessary for fimbriation. The goal of the YAA experiments is
to assess the extent of fimbriation in response to exposure to DCPK. The plasmid
MG1655AfimA-pPCC1403 contains a dual-inducible regulatory system that allows for the
expression of the gene alkS, which we placed under the control of the IPTG inducible Ptac

promoter. The protein AIKS acts as a transcriptional regulator and is able to bind to smaller
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Figure 25: Yeast agglutination assay (YAA), measuring absorbance as a function of time for MG16554fimA-
pPCC1401 and dual-inducible expression of fimbriae in MGI16554fimA-pPCC1403. The
presence of inducers IPTG and DCPK played a large role in the sedimentation rate.

The agglutinating strength of the alkane-inducible MG1655AfimA-pPCC1403
strain for a single concentration of DCPK and IPTG was comparable to the agglutinating
abilities of the IPTG inducible MG1655AfimA-pPCC1401 strain, as seen in Figure 25.
The alkane-inducible strain (MG1655AfimA-pPCC1403, shown with dotted lines) with or
without inducers is compared to the IPTG inducible strain (MG1655AfimA-pPCC1401); a
filled marker indicates presence of inducers (IPTG and DCPK) and an unfilled marker
indicates the absence of the aforementioned inducers. The uninduced MG1655AfimA-
pPCC1403 strain showed a relatively high level of expression, even with the addition of
glucose to prevent the leakiness of the IPTG inducible system. MG1655AfimA-pPCC1401
without inducer showed a much more controllable expression level and a similar level of
agglutination compared to MG1655AfimA-pPCC1401 assay allowed to bind/interact to

methyl-a-D-pyrannoside.
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Figure 26: Yeast agglutination assay (YAA), measuring absorbance as a function of time for dual-inducible
MG16554fimA-pPCC1403 compared to IPTG-inducible MGI16554fimA-pPCC1401 and
controls. MG16554fimA-pPCC1403 showed the same sedimentation rate as MGI16554fimA-
pPCC1401.

The relative agglutination rates of induced MG1655AfimA-pPCC1401 and induced
MG1655AfimA-pPCC1403 were similar, as shown in Figure 26. The cellular suspensions
including these strains sedimented within the first five minutes and exhibited a significantly
lower level of turbidity compared to the controls of MG1655AfimA-pPCC1401 without
induction, MGI1655AfimA-pPCC1401 with methyl-a-D-pyrannoside, plain yeast
suspension, and MG1655AfimA. The level of sedimentation of the wild-type MG1655
strain was intermediate to between that of the two engineered strains and that of the
controls; most aggregates formed by MG1655 sedimented out of solution after ten minutes
and the turbidity of the solution after thirty minutes was only marginally greater than the
engineered strains. The agglutinating power of the uninduced MG1655AfimA-pPCC1403
strain was very similar to that of the wild-type strain, with the majority of sediments falling
out of solution by twenty minutes. From this, it may be deduced that an increase in the

level of fimbriation leads to an increased sedimentation rate.
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Figure 27: Yeast agglutination assay (YAA), measuring absorbance as a function of time for MG16554fimA-
pPCC1403 in the presence inducers IPTG and DCPK across separate ranges of inducer
concentrations: variable IPTG, no DCPK (A), no IPTG, variable DCPK (B), and constant
IPTG, variable DCPK (C).

Next, we attempted to optimize effects of varying the concentrations of inducers
for MG1655AfimA-pPCC1403 was studied. For a fixed concentration of IPTG, there was
no distinguishably higher agglutinating ability by MG1655AfimA-pPCC1403 noticed with
lower concentrations of the model-alkane inducer DCPK. Likewise, the effect of the
change in concentration of DCPK with no IPTG showed no increase in sedimentation rate
as DCPK concentration increased (Fig. 27B). When keeping the concentration of IPTG
constant, there was no significant difference in sedimentation rate with increasing
concentrations of DCPK (Fig. 27C); there was no statistical difference in sedimentation
rate for the case of constant DCPK concentration and varying IPTG concentration. Figure
27A showed that the relatively rapid initial sedimentation rate observed with almost any
level of DCPK was no longer maintained when only IPTG inducer was present; the
engineered strain was much more dependent on DCPK for induction than IPTG. The
sedimentation rate observed in MGI1655AfimA-pPCC1401 did not depend on the

concentration of IPTG. Furthermore, none of the controls (wild-type MG1655; induced
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and uninduced MG1655AfimA-pFG28A, which contains the parent vector of pPCC1403;
uninduced MG1655AfimA-pPCC1403; and yeast suspension) exhibited the rapid initial
sedimentation rate of MG1655AfimA-pPCC1403 in the presence of both IPTG and DCPK
or MG1655AfimA-pPCC1401 in the presence of IPTG. Such results, biologically, indicate
the presence of fimbriae on these induced strains — which bind to mannose-containing
substrates.

5.2.3 Specific Biofilm Formation (SBF)
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Figure 28: 96-well plate biofilm formation assay, measuring the absorbance of crystal violet (CV) stained
biofilms as a function of time. For each sample, biofilm absorbance was measured at 12 h
(sparsely shaded), 24 h (medium shading), and 48 h (dense shading). The engineered strain
MG16554fimA-pPCC1403 developed the highest amount of biofilm.

To test the biofilm forming ability of all bacterial strains and in all inducer
conditions, we measured the overall and absolute biofilm formation using the crystal violet
staining assay described in Section 4.2.3. The highest overall biofilm formation was
measured in non-induced MG1655AfimA-pPCC1403, followed by (in decreasing order)
induced MGI1655AfimA-pPCC1401; induced MG1655AfimA-pPCC1403; wild-type
MG1655; and non-induced MG1655AfimA-pPCC1401 (Figure 28). The amount of
biofilm formed by MG1655AfimA and MG1655AfimA-pFG28A was slightly higher than

the film formed in control sample wells that contained only LB growth media, signifying
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that the parent plasmid did not aid in biofilm formation. The overall biofilm forming rate

did not always increase with increasing incubation time.
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Figure 29: Specific Biofilm Formation (SBF) assay, measuring the absorbance of crystal violet stained biofilms
as a function of time and semi-normalized to bacterial growth. For each sample, SBF absorbance
was measured at 12 h (sparsely shaded), 24 h (medium shading), and 48 h (dense shading). The
engineered strain MG16554fimA-pPCC1401 developed a higher SBF compared to MG16554fimA-
pPCC1403, which was much higher than any of the controls.

By normalizing the total biofilm formation of each sample to the cellular growth
rate of each well, we measured the specific biofilm formation (SBF) for each set of strain
+ inducer concentrations. The SBF provide a much more truthful representation of biofilm
formed relative to cell growth. The IPTG inducible strain MG1655AfimA-pPCC1401
showed the highest levels of specific biofilm formation for all time points, and the SBF
decreased with increasing incubation period (Figure 29). The non-induced
MG1655AfimA-pPCC1403 showed similar levels of specific biofilm formation compared
to the induced strain; however, the trend of decreasing SBF with increasing time was only
evident in the induced MG1655AfimA-pPCC1403 (induced by 1 mM IPTG and 0.01 mM
DCPK). The specific biofilm formation levels of non-induced MG1655AfimA-pPCC1401,
MG1655 wild-type, MG1655AfimA, and MG1655AfimA-pFG28A were much lower
compared to the afore mentioned samples. This increased SBF is associated with increased

level of cellular fimbriation.
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Figure 30: 96-well plate biofilm formation assay, measuring the absorbance of crystal violet (CV) stained
biofilms as a function of time. For each sample, biofilm absorbance was measured at 12 h
(sparsely shaded), 24 h (medium shading), and 48 h (dense shading). The engineered strain
MG16554fimA-pPCC1403 grown with glucose developed the highest total amount of biofilm.

As an attempt to reduce the leaky expression of fimbriae in non-induced
MG1655AfimA-pPCC1403 samples, we added glucose to all strains and characterized the
extent of biofilm formation. Addition of glucose to non-induced MGI1655AfimA-
pPCC1401 greatly reduced biofilm formation, as also observed in earlier samples. In sharp
contrast, addition of glucose to non-induced MG1655AfimA-pPCC1403 samples did not
decrease biofilm formation; instead, biofilm formation of non-induced MG1655AfimA-
pPCC1403 significantly increased. The biofilm formation of MGI1655AfimA,
MG1655AfimA-pFG28A, and non-induced MG1655AfimA-pPCC1401 (with glucose
addition) were indistinguishable from that in control wells containing only LB growth

media (Fig. 30).
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Figure 31: Specific Biofilm Formation (SBF) assay, measuring the absorbance of CV stained biofilms as a
function of time and semi-normalized to bacterial growth. For each sample, SBF absorbance was
measured at 12 h (sparsely shaded), 24 h (medium shading), and 48 h (dense shading). The
engineered strain MG16554fimA-pPCC1401 developed the highest SBF, however, MG16554fimA-
pPCC1403 in the presence of glucose developed a SBF close to that of MG16554fimA-pPCC1401.

The specific biofilm formation of all samples was calculated based on equation 3.3
in section 3.4. The IPTG inducible MG1655AfimA-pPCC1401 showed the highest
specific biofilm formation (Fig. 31). However, the specific biofilm forming ability of non-
induced MG1655AfimA-pPCC1403 in the presence of glucose was still quite high, with
the second highest SBF level of all samples. The specific biofilm formation of
MG1655AfimA, MG1655AfimA-pFG28A, and non-induced MG1655AfimA-pPCC1401
(with glucose) were too low to be measurable.

5.3 Results and Discussion

In chapter four, a novel strain of E. coli harboring the genetic information requisite
of fimbrial expression was engineered (MG1655AfimA-pPCC1401). This strain, however,
was engineered for induction by IPTG, which is expensive, non-metabolizable, and toxic
to cells.22 The goal of this chapter was to engineer a strain of E. coli over expressing
fimbriation that was inducible by a chemically relevant molecule related to bioremediation

of hydrocarbons: DCPK (8 carbons). As discussed in Section 3.1.2, the plasmid for
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MG1655AfimA-pPCC1403 was engineered to produce the AIkS protein (under the control
of the leaky Piwc promoter). This protein subsequently conjugates to small chain
hydrocarbons (C5-C12) to form an alkane-inducible complex that activates the Paxs
promoter, finally directing the transcription of fimA-H engineered directly downstream of
the promoter in the presence of DCPK. The level of fimbriation on the newly-engineered
alkane-inducible strain MG1655AfimA-pPCC1403 was compared to several different
controls, including wild-type MG1655, MG1655AfimA, MG1655AfimA-pFG28A
containing the parent vector of MG1655AfimA-pPCC1403, and the previously engineered
strain MG1655AfimA-pPCC1401. Fimbrial quantification tests were performed and were
analogous to those performed in chapter four, including the yeast agglutination assay
(YAA) and specific biofilm formation (SBF) assays.

As discussed previously, fimbriae have a unique mannose-recognizing receptor
located on the FimH adhesin on the distal tip of each lectin domain. Yeast cell walls are
composed of a complex mix of polysaccharides (mannans, galactans, glucans, and chitin),
where the outermost layer of the cell wall is composed of various mannoproteins — which
are polymers of the individual mannose unit.8*8* Therefore, when yeast and E. coli cells
are mixed, the fimbriae present on the outer-membrane of E. coli cells should bind to these
mannan groups lining the periphery of yeast cells — thus forming a small aggregate. As the
number of yeast cells in contact with the fimbrial tip of E. coli increase, the size of the
cluster will increase — thus forming a larger aggregate. Each subsequent yeast cell bound
to the fimbriae of the original E. coli substrate provides an additional attachment site for
other individual E. coli cells to bind to, which in turn provides additional attachment sites

for yeast; this binding and attachment may then continue in a cascade to form larger and
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larger aggregates. As the size of these aggregates increase, they will sediment out of the
yeast and E. coli suspension/mixture as a function of the square of the aggregate diameter
(Eqg. 4.1). The alkane-inducible MG1655AfimA-pPCC1403 showed approximately the
same sedimentation rate as IPTG inducible MG1655AfimA-pPCC1401; control over
expression of MG1655AfimA-pPCC1403 in absence of inducer molecules, however, was
low and exhibited a large degree of leaky expression even in the presence of glucose (Fig.
25). This lack of control can be attributed to the discrepancy between the promoters
between the two systems used in MG1655AfimA-pPCC1401 and in MG1655AfimA-
pPCC1403. MG1655AfimA-pPCC1401 is induced by a simple de-repression mechanism,
which is negatively inducible: the genes are normally repressed (turned off) until the
presence of an activator (IPTG) binds to the repressor to inactivate the repressor,
disallowing its binding to the operator and activating gene transcription. This mechanism
of induction does not require specific sigma factors to be recruited for binding to RNA
polymerase (RNAP) to recognize promoter regions/sequences. Conversely,
MG1655AfimA-pPCC1403 utilizes a traditional promoter sequence (Paks) that requires
un-elucidated sigma factors for the recruitment and recognition of its sequence to initiate
gene transcription.  This regulatory system is more complex than that used in
MG1655AfimA-pPCC1401. Moreover, the genes involved in AIkS production and the
Pas promoter are heterologous: they are not normally present in E. coli but instead
originate from P. putida). This unknown RNAP promoter recognition mechanism could
give rise to the uncontrolled leaky expression seen in MG1655AfimA-pPCC1403; by
contrast, in MG1655AfimA-pPCC1401, glucose successfully repressed leaky expression

of fimbriation. The sedimentation rate of MG1655AfimA-pPCC1403 was very similar to
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MG1655AfimA-pPCC1401, with both exhibiting a significantly higher sedimentation rate
than the controlled strains with native levels of fimbrial expression and strains with fimbrial
deletions (Fig. 26). These findings suggest that the engineered strain MG1655AfimA -
pPCC1403 produced much higher numbers of fimbriae, which bind to the mannose specific
groups on the outside of yeast cells.

The biofilm forming ability of MG1655AfimA-pPCC1403 was studied to observe
if the trends measured in MG1655AfimA-pPCC1401 were conserved in the alkane-
inducible strain; it was expected that a higher biofilm formation occur in strains with more
fimbriation (as was the case with MG1655AfimA-pPCC1401). Following the methods
described in Section 3.4, a 96-well polystyrene plate was used to incubate cells for 12, 24,
and 48 hours for biofilm quantification. Because polystyrene is hydrophobic,® individual
cells may have difficulty attaching to the surface. Due to the hydrophobic tyrosine residues
lining the binding pocket of the FimH adhesin, it is hypothesized that bacterial strains
containing more fimbriae will attach to the hydrophobic polystyrene wells at a higher rate
than non-fimbriated strains. Furthermore, because the presence of fimbriae have been
linked to greater rates of biofilm formation, we posited that fimbriated bacteria would bind
to wells at a higher rate and also form more biofilm relative to cellular growth. The total
biofilm formation of MG1655AfimA-pPCC1403 of both induced and non-induced strains
was high. However, an unexpected trend was noticed in the non-induced MG1655AfimA-
pPCC1403 strain: the total biofilm formation was higher in the uninduced strain than in the
induced strain. Furthermore, the specific biofilm formation was, within error, the same as
that in the induced MGI655AfimA-pPCC1403. From this, we can say that

MG1655AfimA-pPCC1403 had significant leaky expression.

58



In an attempt to prevent the high levels of leaky expression observed in Section 5.2,
glucose was added with the goal of reducing leaky expression of the Pc/lacl
promoter/repressor system controlling expression in alkS (the same control mechanism
used for expression of fimA-H). If AIKS production caused this high level of leaky
expression, addition of glucose should have greatly reduced it (as did glucose addition to
MG1655AfimA-pPCC1401 in figure 30). However, repression of uninduced
MG1655AfimA-pPCC1403 did not occur in the presence of glucose; instead, the
significant increase in biofilm absorption suggested that an unknown regulatory system
controlling Pake transcription. Indeed, one possible explanation for this surprising result is
that the mechanism of induction differs between MG1655AfimA-pPCC1401 and
MG1655AfimA-pPCC1403 and may involve unknown induction pathways. Furthermore,
the fact that biofilms were allowed to form in a relatively uncontrolled media (LB) without
a defined carbon source could have initiated a cascade of regulatory transcription factors
that led to enhanced leaky expression of the uninduced strain. While native Paks is under
carbon catabolite repression (CCR) in P. putida, it is not controlled by CCR in E. coli.®
This suggests that the normal gene repression of various genes in E. coli by carbon sources,
such as glucose (used to repress MG1655AfimA-pPCC1401), no longer hold.

Although our results to date do not demonstrate controlled alkane-inducible
expression of fimbriae in MG1655AfimA-pPCC1403 in the presence of DCPK,
nonetheless greater fimbriation was observed in strains containing the newly constructed
plasmid pPCC1403. Increased formation of biofilm due to an increased level of
fimbriation does not indicate that the construction of an alkane-inducible strain was a

success, as the increase in biofilm formation in the uninduced strain with and without
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glucose could have been from homologous recombination of fimA-H into the transformed
cell line. However, data from the yeast agglutination assay for MG1655AfimA-pPCC1403
suggested otherwise. All strains with induction at any level of DCPK tested, however,
demonstrated increased agglutinating power, as shown by an initial fast sedimentation rate
compared to the control (Fig. 27B,C), whereas assays using only IPTG as an inducer
resulted in no noticeably different sedimentation rate to that of the controls (Fig. 27A).
This data indicated that fimbriation was not the result from a random plasmid containing
the genes necessary for fimbriation, as the presence of both inducers was required for the
substantial drop in turbidity observed in the beginning minutes of the assay.
5.4 Conclusion

In chapter four, E. coli was genetically engineered to express fimbriation in the
presence of IPTG, a convenient, well characterized, and widely used model inducer.
However, this inducer is expensive, toxic, and is not a relevant molecule for induction
processes related to bioremediation. Therefore, a model inducer molecule related to
hydrocarbon contamination was sought to induce expression of fimbriation in our bacterial
strains. The alkS/Paks regulation system present in P. putida was cloned and combined
with the genetic information for fimbrial expression in MG1655AfimA-pPCC1401 to
engineer the heterologous MG1655AfimA-pPCC1403 strain, which was in principle
inducible by various alkanes as well as the model hydrocarbon DCPK (Cs). The production
of the transcriptional activator AIkS was placed under control of the IPTG inducible
Ptac/lacl system at use in MG1655AfimA-pPCC1401. AIkS may then form a complex by
binding a range of alkanes including the alkane-mimicking molecule DCPK, and hence

activating transcription of Paks to express genes located downstream of the promoter — in
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our case, fimbriation. The heterologous combination of these components allowed us to
engineer MG1655AfimA-pPCC1403, a novel alkane-inducible bacterial strain over-
expressing fimbriation.

The ability of MG1655AfimA-pPCC1403 to produce fimbriae was measured via
the yeast agglutination assay (YAA) and specific biofilm formation (SBF) assay used to
quantify the presence of fimbria in MG1655AfimA-pPCC1401. The YAA showed that
MG1655AfimA-pPCC1403 had a very similar ability to MG1655AfimA-pPCC1403 to
agglutinate yeast cells from a solution. However, MG1655AfimA-pPCC1403 had a much
higher level of leaky expression than MG1655AfimA-pPCC1401, even in the presence of
glucose. The leaky expression was especially apparent in the SBF assays, in which
uninduced MGI1655AfimA-pPCC1403 produced similar SBF values to induced
MG1655AfimA-pPCC1403, and uninduced MG1655AfimA-pPCC1403 in the presence of
glucose resulted in a SBF value exceeding that of the induced strain. These results suggest
that an unknown regulatory system interacts with the heterologous system engineered in
MG1655AfimA-pPCC1403 in an unexpected way. Nonetheless, regardless of leaky
expression, the engineered strains produced more fimbriae than strains without the
engineered plasmid; because DCPK was required to induce fimbriation, we concluded that
the engineered plasmid was responsible for increased fimbriae. Future assays assessing
biofilm formation of these strains should be developed to assess biofilm formation at the
same specific point of growth (i.e., grown to the same OD before assessing biofilm
development, regardless of the time taken to reach this density). An assay at controlled OD
is expected to prevent differences observed that are associated with global regulatory

systems that are activated at different cell culture densities.
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Chapter 6 Conclusion

6.1 Summary and Conclusion

In this study, we investigated the ability of Escherichia coli over expressing
fimbriae to bind to mannose, partition into hydrocarbons, and form biofilms on abiotic
surfaces. In chapter four, the fim operon present in wild type MG1655 was manipulated
for expression in a bacterial strain with a fimbrial deletion, MG1655AfimA, under control
of the Prc/lacl promoter system - inducible by IPTG. In chapter five, fimbrial expression
was engineered to occur in the presence of hydrocarbons via the AlkS/Pakg dual-regulatory
system, which was inducible by the gratuitous inducer DCPK.

Both systems developed, MG1655AfimA-pPCC1401 and MGI1655AfimA-
pPCC1403, demonstrated the ability to agglutinate yeast cells and form biofilms. In this
investigation, it was shown that both the agglutinating power as well as the biofilm forming
ability of E. coli was quite dependent on the presence of fimbriae. The fimbrial adhesin
tip protein FimH was shown to be very important in both the binding and attachment of
fimbriae to biotically relevant molecules and abiotic substrates, as the addition of a non-
metabolizable mannose analog (methyl-a-D-pyrranoside) before the start of each assay
resulted in responses similar to control strains with fimbrial deletions.

The first engineered strain, MG1655AfimA-pPCC1401, was cloned by amplifying
the genes necessary for fimbrial development (fimACDFGH) from genomic MG1655. The
Ptac promoter system, inducible by Isopropyl B-D-1-thiogalactopyranoside (IPTG), was
used to control fimbriation in MG1655AfimA-pPCC1401, as the native promoters of
fimbriae in MG1655, fimB and fimE, were regulated by a complex regulatory network of

more than twenty effectors. This allowed for the controlled expression of fimbriae in
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MG1655AfimA-pPCC1401. The ability of MG1655AfimA-pPCC1401 to agglutinate
yeast cells was significantly higher than the wild-type strain MG1655 or control strains
with fimbrial deletions, with the majority of aggregates sedimenting out of solution within
the first five minutes (Fig. 17). Additionally, MG1655AfimA-pPCC1401 showed a much
higher tendency to partition into hydrocarbon fractions compared to wild type and control
strains in all samples tested, especially in higher chain length hydrocarbons (section 4.2.2).
Furthermore, the presence of fimbriae was shown to be essential in the development of
biofilms, where MG1655AfimA-pPCC1401 developed significantly higher biofilm
formation than wild type MG1655, while strains with fimbrial deletions resulted in almost
no biofilm formation at all (Fig. 23). The physical presence of fimbriae was verified via
transmission  electron microscopy (TEM), where MGI1655AfimA-pPCC1401
demonstrated significant fimbrial presence at a magnification level comparable to the
length scale of an E. coli cell, while significant magnification was required to visualize
fimbrial presence in wild-type MG1655 (no level of magnification nor number of cells
scanned resulted in visualization of fimbriae on AfimA strains).

The hydrocarbon inducible strain, MG1655AfimA-pPCC1403, was cloned by
amplifying fimACDFGH from plasmid pPCC1401 which was placed under control by the
Paiks promoter. The AlkS/Pake dual-regulatory system was cloned from pFG28A, where
AIKS production was inducible by the Pac promoter present in MG1655AfimA-pPCC1401,
inducible by IPTG. The AIKS protein then conjugated with the alkane-like gratuitous
inducer dicyclopropyl ketone (DCPK) to induce the Paxs promoter, thus expressing
fimACDFGH downstream of Pais and causing cellular fimbriation. When compared to the

efficacy of MG1655AfimA-pPCC1401 to agglutinate yeast cells, MGI1655AfimA-
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pPCC1403 induced with IPTG and DCPK showed the same agglutinating power.
However, unlike the well-controlled expression of fimbriae on MGI1655AfimA-
pPCC1401, MG1655AfimA-pPCC1403 displayed a large level of leakiness or background
expression from Paike under non-induced conditions (the relative leakiness of Paks has been
noted in other heterologous studies®’). The uninduced expression of fimbriae in
MG1655AfimA-pPCC1401 was minimized by the addition of glucose (glucose is the
preferred carbon source of E. coli, resulting in carbon catabolite repression of the lacl
system); however, when glucose was added to MG1655AfimA-pPCC1403, no reduction
in expression level was noted. In fact, when glucose was added in the specific biofilm
formation assays, the biofilm development actually increased. Such surprising results have
also been noticed by other recombinant systems regulated by Pake, where the absence of
catabolite repression of Paks in E. coli recombinants was described as being fundamentally
different from regulation mechanism in the host organism (P. oleovorans).®® Nonetheless,
the ability of MG1655AfimA-pPCC1403 to express fimbriae and agglutinate yeast cells in
the presence of DCPK was significant, as assays induced with only IPTG did not result in

the initial sedimentation of yeast aggregates.

6.2 Future Work

While the focus of this study concentrated around the development of fimbriation
to enhance the attachment and binding of bacterial cells to substrates for enhanced
colonization, survivability, persistence of bacteria in contaminated industrial areas, this
was only one tenet of a three-pronged approach to bioremediation. In addition to fimbrial-

mediated adhesion and biofilm development in targeted contaminated sites, we suggest the
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pursuit of additional studies focused on engineered chemotactic response in E. coli to
common environmental contaminants as well as the metabolism of targeted chemicals.
6.2.1 Chemotaxis towards Environmental Contaminants

Bacterial chemotaxis is the movement of cells toward or away from a chemical
gradient, termed positive and negative chemotaxis, respectively. The movement of cells
in response to a chemical gradient allow bacteria to find areas for optimum cellular growth
or survival. The chemotaxis of various species of bacteria towards xenobiotic
contaminants such as BTEX, PAHSs, and alkanes has been observed in several species.8892
Therefore, we propose the construction of clones containing the genes responsible for
chemotaxis towards common pollutants for introduction into E. coli for controlled
manipulation and modification of genetic components in response to desired
chemoeffectors.

The process of chemotaxis is mediated by a two component regulatory system
consisting of a histidine kinase and a response regulating protein. When a chemoeffector
binds to a chemoreceptor, a confirmation change occurs, modulating kinase activity, which
ultimately creates a phosphorylated response regulator protein (CheY) which fuels the
motion of the flagellar motor requires for bacterial swimming.®® The directionality of the
flagellar motor dictates the movement of bacteria; in E. coli, clockwise (CW) motion leads
to bacterial tumbling and counter-clockwise (CCW) motion leads to run cycles of bacterial
propulsion.®% Other chemotaxis driven swimming patterns such as run-and-reverse have
also been noted, especially in ocean-dwelling bacterial species.®’%

The quantification of bacterial chemotaxis to either chemoattractants or

chemorepellents may be measured via many methods including colony forming unit (CFU)
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assays or microscopy-based methods. The two simplest and most widely used methods of
chemotaxis quantification and qualification include the capillary tube assay and agarose
plug assay. In the quantitative capillary tube assay, a chemoeffector solution in minimal
media is introduced to a dilute cell suspension for a short time (ten minutes), after which
the solution is introduced to agar plates and counted for CFUs.88 The qualitative agarose
plug assays use low melting temperature agarose combined with a chemoeffector to
observe cellular accumulation around the agarose plug (which may also be conducted in a
capillary tube).®? More advanced methods of chemotactic quantification involve various
microfluidic devices with source and sink channels flanking a static well containing cells
to generate chemical gradients that may be used to observe the visual migration of cells
towards or away from chemoeffectors.®*1%* Such microfluidic devices may be used to
calculate the chemotactic sensitivity coefficient and chemotactic receptor constant, which
measure the directed bacterial movement due to a chemotactic response and bacterial
ability to bind chemoeffectors to its own chemoreceptors, respectively.1%?
6.2.2 Metabolism of Environmental Contaminants

While Escherichia coli is the most well-studied bacterial species with a well-
understood cellular metabolism and regulatory systems (along with a plethora of genetic
tools for modification and amplification of gene expression), in terms of genes required for
degradation of many common pollutants, it is deficient. Contrariwise, many bacterial
species with known genes for the metabolism of chemicals (such as Pseudomonad spp.),
but have less understood regulatory systems. It is for this reason that we suggest the
exploration of a third leg in the path towards bioremediation: introduction of heterologous

genes in E. coli for the metabolism of environmental contaminants. By combining the
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well-understood regulatory and metabolic systems in E. coli with heterologous genes from
outside species that degrade common pollutants, we hope to uncover the essential genes
implicated in metabolism of chemicals and elucidating the regulatory systems controlling
them. These genes and pathways may then be further explored for improvement in
degradation efficiencies. Uncovering such information will allow for the intelligent design
of metabolic systems for the degradation of targeted environmental contaminants.

As discussed in section 2.4, the tod operon and TOL plasmid are some of the most
widely studied gene fragment for degradation of toluene and BTEX derivatives.!® Future
metabolic work concerning the degradation of aromatic pollutants should focus around the
use and manipulation of genes located within these two aromatic degradation pathways.
Metabolic research involving degradation of alkane and alkane derivatives should
concentrate around alkane degrading genes associated with the OCT plasmid from P.
putida GPo1l, including alkBFGHJKL encoding proteins involved in the conversion of
alkanes to fatty acids and alkST which is the transcriptional regulator for expression of

alkBFGHJKL, 56104106
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