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Abstract

Bacteria consist of only a single cell, but these prokaryotes are amazingly complex.
Bacteria are among the earliest forms of life that appeared on Earth billions of years ago; they
are found in all types of environments including the human body. Understanding protein
behavior in bacteria may provide new insights into their roles in shaping human health and
disease. Owing to their small sizes, the diffraction limit of light has always limited subcellular
imaging inside bacteria. With the advent of super-resolution microscopy, it became possible to
visualize subcellular processes with very high sensitivity, specificity, and spatial resolutions.
Coupled with single-particle tracking, it is now possible to detect and track macromolecules with
tens-of-nanometers precision to understand the mode of motion of individual macromolecules,
including confinement, restriction, and directed motion in real time. These modes of motion can
be used to infer the activity of these macromolecules in biological processes happening inside
living cells. The work in this thesis develops several novel approaches to studying microbial cell
biology. In particular, I apply these methods to two non-model microbial systems: the pathogenic
Vibrio cholerae and a set of human-gut anaerobes.

By investigating a transcription regulator in V. cholerae, | provide new knowledge about
the expression systems typically used for understanding bacterial gene expression in the
virulence regulation pathway. With advanced super-resolution imaging and single-molecule
tracking methodologies, I probe changes in the subcellular dynamics of TcpP in live Vibrio
cholerae in response to several growth conditions. I discover that differences in labeling,

expression systems, and hosts can change the dynamics of TcpP, and thus these changes will

xii



affect the toxin production in V. cholerae. Because single-molecule tracking is sensitive to the
heterogeneous distribution of protein dynamics in live cells, the results reveal subcellular
phenotypes that were previously hidden by bulk experiments. Furthermore, by fluorescently
labeling another transcriptional regulator, ToxR, | show that ToxR and TcpP can be imaged
simultaneously in the same bacterial cell. Based on this newly developed capability to obtain
localizations and dynamics of these two proteins in a live cell, | present first explorations toward
real-time, two-color super-resolution investigation of a regulatory pathway in a live pathogen.
The findings in Chapter 2 and 3 suggest that single-molecule tracking of proteins provides a very
sensitive assay to detect subtle differences in protein dynamics—and thus protein activities—that
are hidden by in vitro measurements.

Additionally, I present the first imaging investigation of a co-culture of live, obligate
anaerobes: Bacteroides thetaiotaomicron and Ruminococcus bromii. By developing several
methods to characterize these two bacterial species with microscopy, | demonstrate in Chapter 4
the feasibility of growing and imaging multiple bacterial species from the same co-culture.
Furthermore, | test the applicability of novel fluorescent proteins for use in anaerobic imaging
conditions. This work on anaerobic co-culture systems shows the capability of high-resolution
imaging at the nanoscale for future work addressing emerging questions related to the human gut
microbiome. Overall, the results presented in this thesis demonstrate the capabilities of single-
molecule imaging and single-molecule tracking in non-model bacterial systems to investigate

unique questions regarding bacteria even bigger roles in human health and disease.
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Chapter 1: Introduction

The work presented in this dissertation examines the applications of single-molecule
fluorescence microscopy to two non-model bacterial systems: pathogens and anaerobic bacteria.
In this chapter, I introduce optical microscopy and explain the importance of increasing spatial
resolutions down to the nanometer-scale to unveil the inner workings inside live bacteria. |
highlight available fluorescence labeling methods commonly used for bacterial imaging, as well
as explain the drawbacks of these methods. Then, I review the body of literature regarding
pathogenesis in Vibrio cholerae and the associated cholera disease. | introduce some examples of
biological mechanisms occurring at bacterial cell membranes in V. cholerae and in other
pathogens. Finally, I introduce the ongoing research to understand bacterial behavior in a

microbiome.

1.1 Light microscopy in bacteria

The applications of light microscopy have been invaluable to modern cell biology. This
instrument has allowed us to visualize living objects invisible to the naked eye, and enabled us to
peek into subcellular structures in a non-invasive, minimally perturbing way. The resolution of a
light microscope is well-matched to the cellular components of many eukaryotes, and thus makes
this method a very useful tool in research and clinical settings. Even the smallest living objects

like bacteria can be observed and cell shape recognized at only 100x magnification.



In brightfield microscopy, light from an incandescent source is aimed through the sample,
causing the light to be absorbed, scattered or deflected by the sample. Brightfield micrsocopy has
been used to visualize cells, but an additional staining process is often needed in order to
enhance contrast in the microscope image (Figure 1.1a)" since cells are thin and transparent.
Though stains and dyes are frequently used in biology and medicine to highlight structures in
biological tissues for viewing, staining may destroy or introduce artifacts. Therefore, a phase-
contrast microscope is more widely applicable for observing transparent, unstained, live cells.
This optical microscopy technique converts phase shifts in light passing through a transparent
specimen to differences in image contrast. As a result of making phases visible, biological
processes can be observed and recorded with high contrast, sharp clarity, and minute specimen
detail®. For bacteria, phase-contrast microscopy has been a useful tool for shape analysis, since a
light-dark boundary around the entire cell makes it easy to determine by cell-segmentation
algorithms (Figure 1.1b)°. However, phase-contrast microscopy is not ideal for thick samples as
phase artifacts may distort details around the perimeter of the sample.

The technique of fluorescence microscopy has become an essential tool in biology due to
attributes that are not readily available in other contrast modes with traditional optical
microscopy. In this microscopy technique, fluorophores absorb one wavelength of light and emit
light at a longer wavelength to produce a physical phenomenon described as fluorescence®. With
the discovery of the green fluorescent protein® (GFP), virtually any non-fluorescent protein of
interest can be made to fluoresce. Therefore, with an array of available fluorochromes,
fluorescence microscopy has made it possible to identify cells and sub-microscopic cellular
components with a high degree of specificity amid non-fluorescing material. By specific

attachment of fluorophores to proteins of interest, selective proteins in live bacteria can be



localized and followed over time (Figure 1.1c). Furthermore, with the right fluorescence filters,
multi-color imaging can be achieved to visualize multiple macromolecules simultaneously to see
protein complexes and cellular factories, resembling a more relevant depiction of the complexity
of biology. Though fluorescence microscopy holds great promise for broad applications in
biology, the sensitivity of fluorescence detection is compromised by background signals, either
from cellular autofluorescence or from unbound and non-specific reagents®”’, and by blurring,

bleaching and bleedthrough of signals®.

Brightfield Phase-contrast Fluorescence

@ S0

#
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Figure 1.1 Live Vibrio cholerae imaged using different microscopy techniques: (a) brightfield,
(b) phase-contrast, and (c) fluorescence. A transcription regulator in V. cholerae was fused with
a fluorescent protein to provide fluorescence in (c). Scale bars: 1 um.

The fluorescence microscope cannot provide spatial resolution below the diffraction
limit, but the detection of fluorescing molecules below such limits is readily achieved with the
advent of super-resolution methods. Therefore, it is possible to precisely localize
macromolecules in space with high precision and to follow them in living cells to visualize
molecular events and obtain dynamics. Fluorescence microscopy has advanced our
understanding of biology and medicine®, and has motivated the scientific community to explore
how macromolecules function and come together to carry out biological processes of survival

and adaptation in prokaryotes to eukaryotes®*%.



1.2 Single-molecule imaging
In the mid-1980s, nanometer-scale detection was achieved for single electrons or ions

%%, scanning tunneling microscopy (STM)*® and

confined in vacuum electromagnetic traps
atomic force microscopy (AFM)*. Shortly after, single pentacene molecules were detected at
liquid-helium temperatures'®*®. Then single fluorescent dye molecules were detected at room
temperature using near-field optical techniques and wide-field microscopy only a few years
later?®?'. As development in single-molecule imaging allowed for applications in cell biology,
imaging experiments were first performed on mammalian cells?’. Because mammalian cells are
on the order of tens of microns compared to a few microns in bacteria, single-molecule detection
was more readily done in these cells than in bacterial cells with green, blue, cyan, and yellow
fluorescent proteins.

Single-molecule fluorescence (SMF) microscopy quickly became widely used in all areas

of biology for many different applications, such as accessing chromatin substructures and

23-25 26,27

organization”%, genome mapping®®#’, membrane transport?®, viral infection?®, and cell
division®**3. With the sensitivity achieved from single-molecule measurements, it was possible
to identify rare molecular events that were previously masked by ensemble averaging®. By
circumventing the diffraction limit that restricted conventional light microscopy, SMF
microscopy enabled the visualization of subcellular events in vivo with nanometer precision at
millisecond time scales?****. In mammalian cells, SMF microscopy has been applied to studies
of macromolecular dynamics and interactions in and on the plasma membrane, revealing
mechanisms of specialized membrane domains such as clathrin-coated pits, focal adhesions,

synapses, signaling in immune cells, and others?>*%. In bacterial cells, subcellular imaging

SMF microscopy have contributed to the understanding of cytoskeletal organization, DNA
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structure, and the central dogma of biology—replication, transcription and translation
nanometer-scale resolutions. Although conserved mechanisms in microbiology are still being
elucidated in model bacterial systems like Escherichia coli'®, a wider range of bacterial species
are now readily studied with SMF imaging****. The development of genetic tools in non-model
bacteria has opened the field to visualize the inner workings of pathogens and the human gut
microbes*®*’.

A fluorescently labeled biological sample typically contains a high density of
fluorophore, and therefore make them difficult to resolve by the single-molecule localization
approach. The resolution is limited by the diffraction of light passing through a lens that
transforms the light emitted from a molecule into an Airy disk often more than 100 times its

actual size*. Therefore, even light from an infinitesimally small emitter cannot be focused to a
point, but rather expanded by the diffraction limit of light through this equation:

d =" 1.1
where d is the smallest distance resolvable between two adjacent objects, A is the wavelength of
light, and NA is the numerical aperture of the objective lens. Even with the best available
objectives (NA ~1.4 - 1.5), the diffraction-limited spot still has a diameter ~250 nm for an optical
microscope.

However, if single emitters can be separated in space, the center positions of each emitter
can be fit to a function to obtain nanometer-localization precision. The precision with which a
molecule can be localized (4x) depends on several factors: the size of the pixels in the detector
(), the background noise (b), the standard deviation (s) of the point-spread function, PSF, and

the number of photons detected (N), as described by this equation®:
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Therefore, as long as background noise is minimized and the probes each give off many photons,
it is possible to resolve single-molecules down to nanometer resolutions. In our two-dimensional
optical set-up, we achieve ~50 nm resolutions along the x- and y-axes with fluorescent proteins.
SMF microscopy requires that the fluorophore being imaged be isolated in space from
other emitters; it is difficult to distinguish individual molecules in a system with thousands of
molecules. To accommodate this diffraction limit, single-molecule experiments require very low
labeling densities to distinguish two molecules in space. In small cells like bacterial cells, a max
of only a few fluorophores can be resolved at one time because the short axis of bacteria is only
~3-4 times the size of the diffraction limit. The discoveries of photoswitchable (PS)**>? and
photoactivatable (PA)**** fluorescent proteins (FPs) overcame this experimental constraint to
allow higher localization precisions to be achieved in bacterial cells. By incorporating PA-FPs
that switch from non-fluorescent to fluorescent states, Photoactivated Localization Microscopy
(PALM)? and Fluorescence Photoactivation Localization Microscopy (FPALM)> separate FPs
temporally in a diffraction-limited region because only a small subset of emitters are
stochastically activated at one time, and then the experiment is repeated until all emitters are
localized. Therefore, each individual FP can be localized with tens of nm precision by fitting the
PSF to a 2D Gaussian function. PALM provides a high-density map of the distribution of protein
in cells, but cytotoxicity can sometimes be the tradeoff*®. To obtain lots of single-molecule
localizations, imaging is typically done with high laser powers and long imaging durations.
Photoactivation and photoswitching requires activation by 405-nm laser light, and this

wavelength is enough to kill cells.



Since high spatial resolution can been attained with super-resolution methods, combining
necessary optics with super-fast video-rate can provide insight into subcellular dynamics in
relevant time scales®’. A protein can be tracked for a reasonable amount of time (i.e., up to 30s)
for as long as the sample does not drift over the acquisition period—usually up to a few
minutes—and the molecule has not photobleached. A technique like PALM combined with
single-particle tracking® can resolve the localizations and dynamics of individual molecules in
live cells; acquiring a large dataset of single-molecule trajectories is needed to accurately

determine molecular environments and detect heterogeneous diffusion within a single cell.

1.3 Fluorescence labeling methods

Almost all proteins have intrinsic fluorescence from their aromatic amino acid residues—
tyrosine, phenylalanine, and tryptophan—>but the photophysical properties (e.g., quantum yield
and brightness) are not optimal for single-molecule work. Most bio-molecules, therefore, require
selective attachment of extrinsic labels in order to be visualized by fluorescence microscopy. The
choice of fluorophore labels and labeling schemes depends on whether an intracellular or
extracellular protein of interest is under investigation. Small organic dyes and fluorescent
proteins (FPs) are two classes of fluorophores commonly used in biology; these two fluorophores
differ in their specificity, size, and stability®®. Labeling with organic dyes requires conjugation to
antibodies, enzymes, or chemical moieties, which each have their own advantages and
disadvantages for cellular imaging. Antibody conjugation is both specific and quantitative in
vitro®*®* because the antigen can recognize a specific protein moiety, but antibodies are large
(~150 kDa), polyvalent, less specific, and most importantly, not compatible with live-cell
imaging. Enzyme-conjugation methods, such as the CLIP-tag® (20 kDa), SNAP-tag® (20 kDa),

and HALO-tag®™ (33 kDa) technologies, are more efficient reactions than antibody conjugation



since a covalent interaction between an enzyme-substrate pair leads to greater specificity.
However, a drawback of these enzymatic labeling methods is that they require the complete
clearing of any free (unconjugated) dyes in the system to reduce background signals, which is
not always attainable. Another labeling method, chemical moiety conjugation®, eliminates the
limitations on size by relying on side chain interactions (i.e., bonding to the ester group with
primary amine of lysine chain); this labeling chemistry requires that specific side chains be
exposed on the exterior of proteins. Due to the properties of organic dyes that make them ideal
for high-resolution imaging, organic dye conjugation may be incomplete or nonspecific which is
less than ideal for live-cell imaging®®®’. FP labeling differ from organic-dye labeling methods
described above in that FP labeling genetically fuses the FP gene to the target gene to produce a
fusion gene that then gets translated into a single amino acid chain. By not relying on a chemical
reaction for fluorophore attachment, FB labeling singularly labels all target proteins and ensures
that there are no freely floating, unattached fluorophores®®. The genetic encodability of FPs
makes this labeling method the most suitable method for live-cell imaging.

Though no other labeling methods rival FP labeling in terms of specificity, there are
drawbacks to using FPs as probes. Even the most optimized FPs suffer from less than ideal
folding efficiencies (<100%) and slow maturation times (~30 mins)>*, which may limit their uses
in some biological applications. Additionally, not every FP in the cell will fluoresce. Since FPs
are not as bright as organic dyes, the presence of naturally fluorescent molecules in the cell may
contribute to even lower signal-to-noise ratios. Autofluorescence in cells commonly comes from
DNA (~380 nm), aromatic amino acid residues (~350-450 nm), NADPH (~450 nm), folic acid
(~450 nm), retinol (~515 nm), and flavin (~540 nm). Despite having more optimal fluorescence

properties, such as better quantum yields and brightness, organic dyes are not used as probes for



intracellular macromolecular labeling in bacteria, especially in Gram-negative bacteria, because

1. The outer and inner cellular

these dyes do not readily diffuse into the bacterial cytoso
membranes in Gram-negative bacteria prevent dye permeation from diffusing into bacteria’.
Despite the discovery of cell-penetrating peptides’* (5-40 amino acids) for intracellular transport
of larger molecules exist, this delivery system is not yet compatible in bacteria. In addition, the
microinjection of organic dyes, which is commonly utilized in eukaryotes, is not feasible in
bacteria because the microinjection needles themselves are on the same order of magnitude as
the size of bacteria’®. Despite these drawbacks, there are applications involving labeling with
organic dyes in bacteria but these are generally restricted to fixed-cell studies and/or

investigations of outer-membrane proteins in live bacterial cells. Table 1.1 lists the optical

properties and oligomeric states of the fluorophores used in this thesis.

Table 1.1 Optical properties and oligomeric states of fluorophores used in this study.

Photo- Excitation  Emission . ) i
A . . Quantum Brightness Oligomeric
Fluorophore Activation maximum maximum . *
yield (%) state
(nm) (nm) (nm)

mCitrine” N/A 516 529 0.76 174 monomer
PAmCherry™ 405 564 595 0.22 77 monomer
PA-GFP> 405 504 517 0.79 132 monomer
CreiLOV" N/A 450 495 0.51 85 monomer

*relative to eGFP brightness

1.4 Expression of fluorescent protein fusions in bacteria

FP labeling introduces foreign DNA into bacteria through chemical competence (heat-
shock), mechanical disruption (electroporation), or natural transformation’®’”. Once the fusion
DNA is stabilized in bacteria, the protein is either expressed ectopically from a plasmid or

endogenously from a location on the chromosome. An advantage to using ectopic expression to
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produce protein fusions is the ability to overexpress low-copy number proteins; this is valuable
in the case that less than half of FP-fused proteins are turned on due to the intrinsic nature of
these FPs**"®. However, plasmid-expression may lead to overexpression which can induce
artificial responses and possible toxicity’®. Another disadvantage of ectopic expression from a
plasmid is that these expression vectors are often leaky, and will result in protein production
independent of induction. Though ectopic expressions may result in comparable expression
levels to native expression levels, these levels will never be equivalent to native expression.

In order to maintain native expression levels, protein fusions are endogenously expressed
from their native promoters on the bacterial chromosome. Creating cell strains with endogenous
expression of protein fusions can be time consuming due to the selection and screening processes
required to identify transformants®®, but it is the only method that guarantees native expression
levels. For bacteria that easily take up and incorporate foreign and linear DNA fusions into their
chromosomes by homologous recombination, labeling at the endogenous locus is not too
difficult®®. However, for non-model bacteria and some pathogens, the DNA fusion must first
be cloned into a helper or a suicide vector before homologous recombination can proceed®®. A
major disadvantage for using additional vectors is that it is not always possible to ligate DNA
fusions that are bigger than the vectors themselves, therefore, allelic exchange may not always be
a feasible option. Though methods like recombineering® and the CRISPR/Cas system® make
genetic editing possible for the insertion of bigger genes, these methods are not easily
implemented. Since these latter methods rely on single-stranded DNA with very minimal
homologous sequence requirements, these cloning methods are more readily adapted for bacteria

without a natural competence system.
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Regardless of the method used for genetic engineering, the location of the FP insertion in
the target protein needs to be properly addressed to minimize perturbations to the native structure
and function of the target protein. Most protein fusions typically fuse a FP to either the N- or C-
terminus with or without a short flexible linker sequence. Sometimes, if a flexible region already
exists at internal loops within the protein, protein fusions can be made there as well. A poorly
placed label has the potential to completely disrupt protein-protein interactions and other relevant
interactions in the cell. In many instances, where the size of the FP is comparable to the size of
the protein target, proper experimental controls are needed to test for stability and validate
function of the protein fusion.

Though FP labeling is commonly used for bacterial imaging, this method of labeling may
introduce artifacts like mislocalization and dimerization because GFP and other non-optimized
FPs are naturally tetrameric’®®®. The natural tendencies of FPs to form quaternary structures can
be minimized or eliminated through genetic manipulations, but these monomeric versions of FPs
still exhibit some agglomeration even after years of optimization® . This oligomerization
problem becomes a critical problem in experiments where multiple proteins are labeled. The
native interactions and co-localizations of these protein fusions may be hindered by the
agglomeration of these labels. Therefore, it is necessary to always carry out proper controls to

determine that the labeled protein behaves like the unlabeled protein.

1.5 Cholera

Since its inception in 1817, eight pandemics of the cholera disease have been recorded
with the most recent occurring in 1992%%°%, In the United States, water-related spreading of this
disease has been eliminated by modern water and sewage treatment systems. However, cholera

remains a great public health concern in parts of Africa, Asia, and Latin America. This
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gastrointestinal disease still afflicts more than 5 million people annually®?. Cholera infections
often result in life-threatening secretory diarrhea characterized by voluminous diarrhea,
vomiting, hypovolemic shock and acidosis, but cholera is treatable if bacterial titer is detected
early in the infection cycle. Cholera is not only epidemic but endemic to ~50 countries of poor
sanitation, and thus treatment methods oral rehydration and antibiotics are often countered by the
lack of clean water supplies®**.

Cholera is caused by a Gram-negative bacterium, Vibrio cholerae, and transmitted to
humans by the ingestion of contaminated food and water sources. These bacteria are identified
under the microscope by their curved rod shapes and a single polar flagellum. V. cholerae is
classified as toxigenic or non-toxigenic based on their ability to produce the enterotoxin, cholera
toxin (CTX), which creates imbalance of ions in the host to cause large amounts of water loss
from the body®. Toxigenic strains of serogroups O1 and 0139 have caused widespread
epidemics around the world, but other serogroups exist and have caused milder, isolated
outbreaks®®’. V. cholerae strains are classified by the agglutination in their O-group specific
antiserum directed against the lipopolysaccharide component of their cell wall. Within O1, there
are 2 biotypes, classical and EIl Tor, and each biotype has 2 distinct serotypes, Inaba and Ogawa.
The clinical symptoms are indistinguishable, however, the El Tor biotype infections are typically
associated with milder symptoms. Globally, most cholera outbreaks are caused by O1 EIl Tor
biotype. Since 1986, an El Tor variant which has characteristics of both classical and El Tor
biotypes emerged in Asia and was spread to Africa and the Caribbean, causing more severe
episodes of cholera and higher death rates* . This thesis will focus on the V. cholerae O1 since
0395 has been extensively characterized. The O1 serogroup was also responsible for seven of

the last eight pandemics around the world, and therefore, identifying molecular events within this
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serogroup may contribute to better understanding of the pathogenicity to reduce the severity of

the outbreaks in future pandemics.

1.6 V. cholerae pathogenesis

During its lifetime, V. cholerae colonizes multiple environments where varying pH levels
and temperatures are experienced™. Because various O1 and non-O1 V. cholerae have been
isolated from diverse geographic areas around the world, this suggests that V. cholerae may have
been formed in multiple aguatic microenvironments. V. cholerae are often associated with
copepods or other zooplankton, shellfish, and aquatic plants'®. To be infectious in humans, V.
cholerae must pass through the acidic environment of the gut and colonize on the surface of the
intestinal epithelial cells; this colonization requires the toxin co-regulated pilus (TCP)®. It is
important to elucidate the mechanisms by which CTX and TCP make V. cholerae pathogenic in
order to cure the disease, rather than to just to treat its symptoms.

As mentioned above, the two most important virulent factors critical for causing the
cholera infection are CTX and TCP. CTX is a bipartite toxin with six subunits: one « subunit and

five 4 subunits'™

. When localized inside the intestinal epithelial cells, the CTX-a subunit
adenosine diphosphate (ADP) ribosylates G-proteins to constitutively activate cyclic adenosine
monophosphate (AMP) production, which leads to the rapid secretion of chloride ions and water

that causes severe diarrhea’®

. TCP, atype IV pilus, is responsible for microcolony formation,
and acts as a receptor for the bacteriophage CTX¢; this bacteriophage harbors the genes that
encode CTX. CTX¢ is generally present as an integrated section of the genome—on each of the
two chromosomes in O1 serotype and tandemly on the larger chromosome in El Tor biotype—

103

rather than in a virion form=". Without TCP production, V. cholerae strains are not toxigenic and

cause infections in humans. The gene expressions of CTX and TCP are the result of a
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multiprotein regulatory cascade known as the ToxR regulon, coined after the discovery of ToxR,
a key positive regulator of virulence'®.

The ToxR Regulon, a collection of regulatory elements composed of ToxS, ToxR, TcpP
and TcpH, regulates CTX and TCP gene expression (Figure 1.2) through the activation of ToxT,
a direct activator of the genes encoding CTX and TCP'®. ToxT has two domains with distinct
functions. The AraC/XyIS family domain, C-terminal domain (CTD), of ToxT mediates DNA
binding via two helix-turn-helix motifs. The CTD binds DNA as a dimer to two toxboxes, a 13-
bp degenerate DNA sequence, organized as inverted repeats positioned at -44 to -67 relative to
the +1 transcription start site of toxT. The N-terminal domain (NTD) of ToxT is a non-conserved
region that shares no homology to any other proteins, but contains dimerization and regulatory
elements that respond to positive effectors (i.e. bicarbonate) and negative effectors (i.e. bile and
unsaturated fatty acids)'®. Because the toxT gene is located in the tcp operon, ToxT can regulate
its own gene expression by activating transcription of itself from the tcp promoter via an
autoregulatory loop, independent of ToxR and TcpP. However, initial ToxT production
absolutely requires the interaction of ToxR and TcpP?".

ToxR and TcpP are bitopic membrane proteins that work in conjunction at the toxT
operon in the cytoplasm to activate transcription of toxT via their NTDs; they share homology
with the NTDs of the OmpR/PhoB family™®. The functions of the periplasmic domains of these
proteins are not known, but TcpP and ToxR are hypothesized to interact in their periplasm
domains to activate toxT gene expression'®**°. While toxR gene expression is constitutive, tcpP
gene expression and degradation is mediated by quorum sensing via the AphA, AphB, HapR,
and cAMP receptor proteins. Additionally, the membrane-bound effector proteins ToxS and

TcpH bind to ToxR and TcpP, respectively, in a wild-type V. cholerae strain in the periplasm.
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The exact mechanisms are yet to be elucidated, but it is hypothesized that the ToxS and TcpH
effector proteins stabilize and/or enhance dimerization of their interacting counterparts*©*,

The role of ToxR in toxT gene expression is less important than that of TcpP. ToxR alone
cannot activate the toxT promoter, while overexpression of TcpP can activate this operon in the
absence of ToxR™2. Unlike TcpP, ToxR is not readily degraded by proteases in nonvirulent in
vitro growth conditions'*****. On the other hand, ToxR activates OmpU and represses OmpT,
two outer-membrane porin proteins in V. cholerae in a TcpP-independent manner'*. ToxR binds
to the ompU promoter to activate ompU gene expression, while ToxR binds to the ompT
promoter to interfere with CAMP-receptor protein binding to stop ompT transcription
activation'*®. Though the function of OmpU is found to protect the cells from bile, organic acids
and antimicrobial peptides, the function of OmpT is not yet elucidated. The roles of ToxR in

regulating OmpT/OmpU expression levels may be the reason for ToxR incorporation into the

virulence regulatory network.

outer membrane.
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Figure 1.2. Model of the virulence cascade in V. cholerae. The pathway by which the ToxR
Regulon (ToxS, ToxR, TcpP and TcpH) regulates gene expression of the major V. cholerae
virulence factors CTX and TCP is tightly regulated by AphA and AphB. The expression of

porins, OmpU and OmpT, is tightly regulated by ToxR.
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It is known how V. cholerae causes infection in the human host, but the subcellular
mechanism by which virulence gene production is turned on and off is not well characterized. It
has been shown that TcpP, ToxR, and ToxT are proteolyzed in vitro under toxin-noninducing
growth conditions™****. Therefore, it is possible that late in the V. cholerae infection cycle, a
termination mechanism exists that causes the bacteria to allocate its energy to maintain growth
rather than to further colonize the host.

Though the elements in this toxin regulatory pathway have been identified, the
mechanism by which membrane proteins can access DNA in the cell and recruit RNA
polymerase has not been uncovered with standard genetic and biochemical approaches. So far
single-molecule localization microscopy and tracking have added to a deeper understanding of
the toxin regulatory pathway by elucidating a variation of the hand-hold model: a mechanism in
which ToxR enhances TcpP diffusion along DNA by removing occluding nucleoid-associated
proteins from the chromosome to facilitate TcpP diffusion, and ToxR also directly influences
TcpP binding at the toxT promoter*’. However, this mechanism was elucidated by tracking
plasmid-expressed TcpP-PAmCherry that may or may not represent the “true” dynamics of
TcpP. Furthermore, there remains to be a great deal of knowledge pertaining to the molecular-
scale interactions happening within this regulon. Future experiments using these high-resolution
imaging techniques will hopefully address the following questions: how often ToxR, TcpP, and
other elements co-localize to form a stable complex; how sources of compaction and
organization affect toxT transcription; and how locus freedom correlates with toxT transcription

in vivo.
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1.7 Biological mechanisms at the cellular membrane

Cellular membranes are essential components of life that act as barriers to separate the
hostile extracellular environment from the cell interior, where all living reactions occur. Cellular
membranes provide shape and structure, and allow cell motility to occur'*’. Bacteria can be
classified into two categories based on the Gram-stain test: Gram-positive or Gram-negative™®.
Gram-positive bacteria take up the crystal violet stain, and then appear purple-colored under the
microscope from the thick peptidoglycan layer in the bacterial cell wall. Gram-negative bacteria
possess a cell envelope made of two membranes separated by a thin layer of peptidoglycan, and
cause them to take up the counterstain (safranin or fuchsine) and appear red or pink. Because of
their inner and outer membranes, Gram-negative bacteria transport macromolecules across the
cell envelope using several types of secretion systems. In both Gram-positive and Gram-negative
cell envelopes, the cellular membranes of bacteria allow for fundamental processes such as these:
generating energy in the form of ion gradients; transporting ions, proteins, nucleic acids,
nutrients and metabolites; and providing transduction systems to sense the surrounding
environments**"**%. Because the lipid portion of the outer membrane in Gram-negative bacteria
is impermeable to charged molecules, porin channels in the outer membrane allow passive
diffusion of molecules across the inner and outer membranes into the periplasm—the region
between the cytoplasmic and outer membranes and the cytosol. The signals and substrates are
available to be transported across the cytoplasmic membrane using transport and signaling
proteins embedded in the periplasm*?**%,

An ability to adapt to changing environmental stresses and stimuli is essential for cell
survival in all organisms. Bacteria sense environmental stimuli through cell surface receptors

located on the periphery of the membrane, which in turn transduce the signals to intracellular
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transcription factors to initiate gene expression in the cytoplasm. Although two-component
signaling systems are found in all domains of life, they are most commonly found in bacteria,

especially in Gram-negative bacteria*?

. This signaling system is achieved by the
phosphorylation of a response regulator through a histidine kinase, which triggers a
conformational change and leads to the activation or repression of target genes™?. For most
pathogens, sensing the host environment is crucial for inducing virulence in the host
environment™*!%,

In bacteria, there is only one RNA Polymerase (RNAP) responsible for the transcription
of all classes of RNA™ compared to the multisubunit RNAPs in eukaryotes'?. Since DNA and
RNAP are localized in the bacterial cytoplasm, it has been generally assumed that transcription
factors should be in close proximity to these transcription elements and have similar subcellular
localizations. However, the initial discoveries of ToxR*?" and TcpP*? in V. cholerae were quite
surprising since these transcription regulators are membrane-localized. Though these two
proteins do not contain any of the necessary elements of the prototypical two-component
signaling system, ToxR and TcpP can still activate transcription. Because the membrane limits
protein diffusion to two dimensions, whereas DNA is generally compact toward the center of the
cell, it is still a mystery how membrane-bound transcription regulators bind specific regions on
the DNA—Iike the helix-turn-helix motif in the cytosol. The discovery of these membrane-
bound transcription activators in V. cholerae paved the way for the discovery of other
membrane-bound transcription activators in other Gram-negative and Gram-positive bacteria%.

Understanding the mechanism by which membrane-bound transcription activators like

TcpP and ToxR induce gene expression can have a lot of impact in developing novel

therapeutics to combat multidrug-resistant bacteria. Because bacterial membranes and
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membrane-associated proteins and processes are the targets of natural antibiotics, they are also
good drug targets for the development of novel synthetic antimicrobials. As mentioned
previously, the membrane prevents passive penetration while the porins allow active transport of
water-soluble compounds into the periplasmic space. Therefore, drug discovery must combat

native efflux pumps that eject antibiotics and other foreign drugs into the extracellular space.

1.8 The human gut microbiome

The synergistic relationship between bacteria and humans begins at birth: when a
newborn is immediately exposed to the microbial population in the surroundings™****. As the
baby matures through infancy and adulthood, the human digestive tract associated microbes—
commonly referred to as the human gut microbiome—undergoes a succession of changes that are
correlated with diet and numerous other external and internal host-related factors***. The human
gut microbiome also contains archaea, viruses, and eukaryotic microbes, but here we only focus
on anaerobic bacteria. The bacterial cells within the human gastrointestinal tract (GIT)
outnumber the host cells by a factor of 10, and more than 100 times for the number of genes'*,
The human gut microbiome has recently emerged as a key factor in human health and diseases,
especially in obesity, type 2 diabetes, cardiovascular disease, colorectal cancer, and
inflammatory bowel diseases ****’.

More than 50 bacterial phyla—maostly anaerobes—have been detected in the human gut
to date through sequencing of the 16S rRNA-encoding genes*®. Bacteroidetes and Firmicutes
are the most dominant and conserved phyla in all individuals, representing up to 90% of the
intestinal microbiota. Important variations in bacterial compositions are found between these

individuals™®; these variations depend on the selective pressures from the host for functions such
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as in modulating diet, improving energy yields from food, regulating bile-acid metabolism, and
regulating adipose tissue inflammation**®**2. Because these gut microbes play important roles in
human metabolism, nutrition, physiology, and immune function, new tools and methods outside
of traditional microbiology methods are needed to uncover the complexity of this entangled
networks of interactions™"**,

Over the past several years, the European Metagenomics of the Human Intestinal Tract
(MetaHIT) and the NIH-funded Human Microbiome Project accumulated copious amounts of
microbial DNA sequences to understand the composition and the genetic potential of this
complex ecosystem. By identifying the extensive non-redundant catalogue of the bacterial genes
from the GIT, it is possible to distinguish bacterial functions that are housekeeping and those

specifically for the gut**

. All of this genetic information, along with metatranscriptomics,
metaproteomics, metabolomics, are going to be useful as the field pushes toward understanding
how structure and dynamics of different microbiota play a role in shaping human health and
disease. Furthermore, studying human host/pathogen interactions can give us better
understanding about commensalism, mutualism, and parasitism, but these experiments are not
easily implemented and will require a lot of methods development.

In addition to using meta-omics data to determine the ecosystem inside the human gut
microbiome, understanding how bacteria sustain life in a community at the cellular level may
also be informative to identify the specific roles of each bacterial species in shaping the human
microbiome. One direct tool that can be used to visualize the microbiome is single-molecule
imaging™*®. This method can elucidate subcellular structure in bacteria, and can also elucidate

key interactions involving proteins, RNA, and DNA. Though many single-molecule imaging

experiments have been performed in live bacteria, these experiments mostly examine aerobic
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bacteria in isolation®®**. One of the biggest challenges for examining anaerobes with
fluorescence is identifying probes that can fluoresce without the use of oxygen as a cofactor —
unlike GFP and its derivatives. Because of this oxygen limitation, imaging in anaerobes has been
limited to studying proteins localized in the outer membrane where organic dye labeling is
readily achieved. A recent advance in my lab elucidated the mechanism by which the abundant
gut symbiont Bacteroides thetaiotaomicron (B. theta) recognizes and processes carbohydrates
which humans cannot themselves digest, through the investigation of single B. theta cells grown
in isolation®®. Though this study was a good starting step toward visualizing the gut microbiome,
it is necessary to take it a step further to image two bacterial species and then to image a
community of bacteria. There is hope for nanoscale imaging of the microbiome in the future to

impact our understanding of the coexistence of bacteria and the human host.

1.9 Dissertation objectives

While there are numerous applications of single-molecule imaging in bacteria, most focus
on model systems like E. coli, Bacillus subtilis, or Caulobacter crescentus. The simplicity and
ease with which these model bacterial systems can be propagated, manipulated, and studied in
the laboratory has made this model organism ideal for understanding DNA replication, gene
expression, and protein synthesis'®**’. Though model bacterial systems have greatly facilitated
fundamental experiments in both molecular biology and biochemistry, these simple organisms do
not provide insight into infectious diseases caused by microbial pathogens. In this thesis, |
address some of the challenges associated with protein fusion expressions in bacteria, and
develop single-molecule fluorescence imaging methods to study non-model bacterial systems in

isolated cultures and in a co-culture.
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In Chapter 2, | use single-molecule tracking to probe the change in motion of protein
fusions as a function of expression methods, growth conditions, and host systems. Single-particle
tracking of proteins provides a very sensitive readout to address subcellular phenotypes that are
invisible to averaging and bulk-scale biochemical assays. Overall, Chapter 2 highlights the need
for relevant biological controls in fluorescence microscopy experiments to better understand
bacterial behavior in the least perturbed manner. In Chapter 3, with the aim of advancing single-
molecule imaging in pathogens, | explore the feasibility of simultaneously imaging and tracking
two transcriptional activators, ToxR and TcpP, in live V. cholerae cells using two-color super-
resolution imaging. | address some of the caveats with fluorescence labeling of ToxR and the
simultaneous labeling of ToxR and TcpP—yproteins that may be involved in the same

complex'%®

. My findings suggest that the location of fluorophore attachment in ToxR is crucial
for maintaining its native function and stability. In addition, my results suggest that sterics
induced by the simultaneous FP labeling of ToxR and TcpP hinder native interactions, and
therefore reduce downstream virulence production. Overall, Chapter 3 presents the first approach
to do simultaneous tracking of ToxR and TcpP in live V. cholerae cells.

With the aim of imaging subcellular behavior and intracellular interactions in a more
complex system, | extend fluorescence imaging methods to another non-model bacterial
system—a co-culture of anaerobes—in Chapter 4. By cloning different versions of flavin-based
FPs into anaerobes, | assess the feasibility of using this novel class of FPs for imaging of B.
theta. In addition to fluorescence, | use phase-contrast microscopy to distinguish the different
bacterial species in a mixed-culture. The results in Chapter 4 provide the first experiments

towards imaging a microbiome. Finally, in Chapter 5, | end my thesis by summarizing key

findings and discussing how all of these results contribute to the single-molecule imaging field. |
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also discuss ongoing methods developments for imaging live bacteria with increasing complexity
and for enhancing the properties of fluorescence proteins to track biomolecules for longer

periods of time.
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Chapter 2: Differences in Labeling, Expression Systems, and Hosts
Produce Concealed Subcellular Phenotypes

The contents of this chapter will be included in the following reference:

Siv, C; DiRita, V.J.; and Biteen, J.S. Differences in labeling, expression systems, and hosts
produce concealed subcellular phenotypes. To be submitted June 2017.

Author Contributions:

Experimental design: CS, VJD, and JSB; Data collection: CS;
Data analysis: CS, VJD, and JSB

Labeling and expressing fluorescent protein fusions in vivo has always presented a challenge for
single-molecule fluorescence microscopy. In bacteria, where the cellular membrane restricts dye
entry, fluorescent protein labels provide specificity and efficiency unmatched by other methods.
Fluorescent protein fusions are either expressed ectopically from a plasmid or endogenously at
the native chromosomal locus. Since fluorescent protein fusions do not generally perturb
macroscopic cellular processes, changes in protein functionality and stability are often missed by
traditional approaches. Here, | determine that single-molecule tracking of fluorescent protein
fusions in living bacterial cells is a much more sensitive probe of labeling artifacts. | image the
transcription regulator, TcpP, in live Vibrio cholerae and | demonstrate that endogenous and
ectopic (plasmid-based) expression produce TcpP fusion proteins that move differently inside the
cell. Though overexpression in the ectopic strain may lead to mislocalization and dimerization,
which can slow protein diffusion, my data suggest that this overexpression artifact is minimal

compared to the magnitude of the physiologically relevant motion changes associated with
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expression methods, growth conditions, and host systems. | demonstrate the sensitivity of single-
molecule imaging to elucidate subtle differences that are missed by static immunoblot detections,
independent of protein expression levels. This study reveals the importance of key control
experiments in single-molecule fluorescence experiments when trying to deduce the true

mechanisms of proteins based on their motion in live cells.

2.1 Introduction

Though molecular biology, biochemistry, and genetics have extensively characterized
genes and their associated biochemical processes, the application of fluorescent proteins (FPs) in
live-cell fluorescence imaging has been invaluable to bridge the gap between genotype-
phenotype relations and cellular function in cell biology and microbiology 2. Because FPs can
be genetically encoded to provide specificity, | can now elucidate molecular mechanisms with
millisecond temporal resolution by directly visualizing subcellular localization and dynamic
interactions of individual proteins in real time *. Beyond conventional imaging, single-molecule
fluorescence (SMF) microscopy has transcended traditional ensemble measurements and enabled
imaging at the nanometer scale to measure molecular-scale positioning and movement of
essential and low-copy proteins in both model and pathogenic bacterial systems *”’. Such super-
resolution imaging methods are particularly useful in microbiology, where the sizes of the
organisms are on the same order of magnitude as the diffraction limit of light ®. Despite these
advances in fluorescence microscopy, efficiently expressing FPs without perturbing normal
function in vivo still presents a challenge for fluorescence imaging. In live-cell experiments, the
ability to use a FP fusion depends intimately on the scientific question; for instance whether an

intracellular or extracellular protein is under investigation and whether or not the label hinders
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functions due to steric hindrance within binding interfaces °. Even though routine
characterizations of the functionality and stability of fusions to fluorescent proteins are
performed, the fluorescence imaging community has not yet agreed on the best methods to
express fusion proteins in cells. In this paper, | investigate the consequences of using common
expression systems to study transcription regulation by a membrane-localized protein in live
Vibrio cholerae cells.

In studies of protein mechanism within bacterial systems, fusion proteins can either be
expressed at the native promoter on the chromosome or by an expression vector *°. Though
ectopic expression is often more convenient, endogenous chromosomal labeling ensures that the
fusion protein is expressed at native levels. However, in systems where limited or
underdeveloped genetic methods restrict the ability to alter genes on the chromosome, fusion
proteins are nearly always expressed ectopically from a plasmid vector like the pBAD or pET
series of plasmids ™. These vectors can be tuned to some extent to control protein expression
from inducible promoters, but such promoters are not subjected to the same gene regulation
pathways as the native chromosomal promoters, and thus protein levels can differ significantly
from wildtype levels *2. In some cases, overexpression of this kind enables detection of low-copy
number proteins, but, consequently, can also lead to artificial responses—such as mis-
localization and/or dimerization—and toxicity ***. Additionally, ectopic expression of a
recombinant protein in a heterologous organism enables comparative studies of gene function
across species to determine functional complementation or deleterious effects that changes
phenotype morphologies. For instance, the very robust bacterium Escherichia coli has served as
a prototype for understanding key pathways in other bacteria, including V. cholerae ***°. Yet, the

physiological relevance of examining protein biophysics in a non-native host is also variable.
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Figure 2.1 The ToxR Regulon regulates gene expression of the major V. cholerae virulence
factors CTX and TCP through ToxT. This study compares the biophysical behaviors of the
wildtype (wt) TcpP to that of a chimeric protein: TcpP fused to the photoactivatable fluorescent
protein PAmCherry (PAM).

Directly measuring and understanding subcellular mechanisms of pathogenic microbes is
extremely important for advancing knowledge of human health and disease. For instance, the
human disease cholera remains a relevant health threat in many areas with poor sanitation,
afflicting more than 5 million people annually *". The sudden loss of water and ions in infected
patients is the result of V. cholerae expressing the principal virulence factors cholera toxin (CT)
and toxin-co-regulated pilus (TCP) *. To control expression of these virulence factors, V.
cholerae uses a complex transcription regulatory network that includes the bitopic membrane
proteins TcpP and ToxR (Figure 2.1) *"*°. These trans-membrane proteins collaborate to activate
transcription of toxT, the primary direct transcriptional activator of V. cholerae virulence genes,
via their cytoplasmic N-terminal domains %. TcpP and ToxR share homology with the activators
of a large family of response regulators, the OmpR/PhoB family, which are common in

prokaryotes 2°?*. To provide additional control, the less well characterized membrane-bound

effector proteins ToxS and TcpH likely bind in the periplasm to ToxR and TcpP, respectively, to
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stabilize the multiprotein transcription complex and activate genes associated with pathogenicity
referred to as the ToxR regulon (Figure 2.1) **%°. During its lifetime, V. cholerae colonizes
multiple environments—such as aquatic reservoirs, stool, and human host—demonstrating
resilience to varying pH levels and temperatures %°. And even just within the course of human
infections, these bacterial cells must pass through the acidic gut environment and colonize the
surface of intestinal epithelial cells to become virulent #’. Variable protein expression profiles of
key regulators in the ToxR regulon may play a significant role in the adaptability of V. cholerae
to diverse growth condition and biofilm formation.

Overall, biophysical investigations can uncover important information about the
transcription regulation of V. cholerae virulence by a cytoplasmic, DNA-binding transcription
activator; molecular-scale experiments including single-molecule imaging will impact the
understanding of V. cholerae infections as well as explain other subcellular processes in bacteria
that share a similar regulatory system. However, to ensure that lab experiments can be
extrapolated to real-world systems, key experimental parameters must be determined —in
particular, for cellular imaging, even subtle differences between the behavior of a wildtype
protein and its fluorescently-labeled fusion need to be assessed. In this report, | compare the
expression and dynamics of fluorescently-labeled TcpP expressed endogenously from its native
promoter on the chromosome and ectopically from an inducible expression vector in live V.
cholerae cells, as well as in the non-native E. coli host, using single-particle tracking (SPT)%.
Though the TcpP expression levels were controlled to be identical according to traditional
colorimetric characterization 2°, more efficient transfer and fluorescence immunodetection
techniques uncover differences in protein expression levels in vitro, and high-sensitivity single-

cell and single-molecule experiments uncover significant differences in protein motions in live
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cells. Additionally, I compare single-molecule dynamics for varying growth conditions to
understand how changes in the TcpP expression profile affect biophysical readouts. | show that
plasmid-expression systems do not produce native levels of a TcpP fusion and cause an artifact
in subcellular dynamics due to overexpression, but this overexpression artifact is minimal
compared to the true dynamical changes caused by changing growth conditions. Overall, SPT
elucidates the subtle underlying mechanisms missed by static immunoblot methods. In particular,
| determined that TcpP slows down under the growth conditions that promote virulence protein
activation and speeds up under toxin-noninducing conditions, suggesting complex formation
between TcpP, other proteins, and the toxT promoter. Finally, | track ectopically expressed TcpP
in E. coli and detect motion artifacts similar to those caused by ectopic expression in V. cholerae.
Overall, these results define important parameters for future experiments by i) highlighting
approaches that can lead to potential artifacts created by fluorescent labeling in cells and ii)

validating mechanistic insights from protein dynamics.

2.2 Results and Discussion
2.2.1 Fluorescently labeled TcpP expressed by two different approaches has minimal effect
on V. cholerae growth rate

TcpP localizes to the V. cholerae inner membrane, making its fluorescent labeling
organic dyes a poor option as organic dyes do not readily pass through the cell membrane of this
Gram-negative bacterium without mechanical perturbations **3*. Therefore, to study TcpP
dynamics in live V. cholerae, | created a protein fusion with the photoactivatable mCherry
(PAmCherry) fluorescent protein expressed at the TcpP C-terminus. | expressed TcpP-

PAmCherry with two common approaches for fluorescent labeling of proteins in cells: (1)
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ectopic expression from an inducible plasmid promoter and (2) endogenous expression from the
native promoter on the chromosome. For ectopic expression of TcpP-PAmCherry, | genetically
encoded tcpP-pamcherry in an arabinose-inducible vector (pBAD18) and electroporated the
plasmid into an O395 AtcpP V. cholerae strain. For ectopic expression in this strain, pPBAD18
was chosen to mimic native TcpP expression levels because it is a low-copy plasmid with only
10 — 12 copies per cell ™. I previously used this ectopically-expressing strain (‘ectopic strain’),
along with other mutant strains containing pBAD18:tcpP-pamcherry, to uncover
TcpP/ToxR/toxT interaction using single-molecule imaging %°. Alternatively, to endogenously
express this fluorescent fusion, | cloned the fusion gene into a suicide vector for allelic exchange
into V. cholerae 32; | denote this latter strain ‘endogenous’. Both of these strains should express

TcpP-PAmCherry under the growth conditions used in this study. Table 2.1 lists the strains used

in this study.
Table 2.1 Strains used in this study.

Strain Description Notation Reference

Cs1 0395 Vibrio cholerae Wildtype Lab stock
CS23 0395:tcpP-pamcherry Endogenous This study

RY1 0395 AtcpP Yu and DiRita (1999)
JM707 0395 AtcpP pBAD18:tcpP-pamcherry Ectopic Haas et al. (2014)
CS120 E. coli pBAD18:tcpP-pamcherry E-pBAD This study
CS134 E. coli pMMBG66EH:tcpP-pamcherry E-pMMB This study
CS138 0395 AtcpP pMMBG66EH:tcpP-pamcherry  IPTG-ectopic This study

Introducing protein fusions in bacteria may cause growth defects if their expression alters
essential cellular processes or if expressing plasmids are a substantial metabolic burden to the

cells. I characterized cell growth in the toxin-inducing conditions (LB pH 6.5/30 °C) that lead to
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maximal expression of virulence factors, as well as in the toxin-noninducing conditions (LB pH
8.5/37 °C) that minimize virulence factor expression *. In the toxin-inducing conditions, both
the ectopic and endogenous strains grow similarly to wildtype (wt) V. cholerae, irrespective of
induction by arabinose (Figure 2.2a). In contrast cultures grew more poorly after arabinose
induction in the toxin-noninducing condition. Various bacterial species experience cell stresses at
higher pH **, which may affect lag periods, time of entry into the stationary phase, and final cell
numbers and densities. However, V. cholerae should be adaptable to the toxin-noninducing
alkaline pH conditions since these bacteria form habitats in marine and coastal environments
where pH is basic **°. Thus, the poor growth | observe indicates that the changes in protein

expression under toxin-noninducing conditions may interfere with normal cellular processes.
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Figure 2.2 In vitro characterization of the O395 V. cholerae strains reveals differences in
transcription and expression levels. 0395 (wt), 0O395:tcpP-pamcherry (endogenous), and 0395
AtepP pBAD18:tcpP-pamcherry (ectopic) were grown either in toxin-inducing conditions (LB
pH 6.5 30°C) to produce maximum virulence gene expression, or in toxin-noninducing
conditions (LB pH 8.5/37 °C) to minimize virulence gene expression. Gene expression from
pBAD18 was induced by arabinose. (a) Growth curves under toxin-inducing and toxin-
noninducing conditions. (b) Enhancement of the transcript levels of toxT and tcpP due to toxin-
inducing conditions (relative to toxin-noninducing conditions) for each strain. Blue: wt, red:
endogenous, purple: ectopic (+arabinose). (¢) TcpP or TcpP-PAmMCherry (TcpP-PAM) and TcpA
protein expression in all three strains probed by immunoblotting. (d) tcpP mRNA levels in the
arabinose-induced ectopic strain relative to the wt strain.
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2.2.2 Different TcpP-PAMCherry expression methods lead to different levels of
transcription and downstream protein expression

To assess gene expression within the ToxR regulon in cells expressing TcpP-PAMCherry,
| quantified the mRNA transcripts using reverse transcriptase quantitative polymerase chain
reaction (RT-qPCR). Purified RNA was extracted from the three strains (ectopic, endogenous,
and wt) after 4 h growth in toxin-inducing or toxin-noninducing conditions (Figure 2.2b). In wt
cells, tcpP transcript levels were independent of toxin-induction (i.e., tcpP transcript
“enhancement” of 1), while transcription of toxT was enhanced by these conditions (Figure
2.2b). As TcpP is the toxT transcription activator (Figure 2.1) | examined whether TcpP protein
levels correlated to toxT transcription. | measured protein expression by immunoblotting with
antibodies against TcpP. For the wt strain, | observed TcpP in toxin-inducing conditions, but not
in toxin-noninducing conditions, where TcpP is rapidly degraded by regulated intramembrane
proteolysis of TcpP (Figure 2.2c) **%.

RT-gPCR in the endogenous strain demonstrated that, as in wt, tcpP transcription is
independent of toxin-inducing conditions (Figure 2.2b). This result is not surprising because the
endogenous strain transcription is driven by the same promoter as in wt, so | expected to observe
a similar pattern of gene expression. However, unlike what | observed with the wt, | observed
that for the endogenous strain TcpP-PAmCherry is detectable in both toxin-inducing and toxin-
noninducing conditions (Figure 2.2c). This difference between wt TcpP levels and endogenous
strain TcpP-PAmCherry levels is consistent with the hypothesis that the fluorescent label at the
TcpP C-terminus stabilizes the protein and inhibits regulated intramembrane proteolysis (RIP) of
TcpP by Tsp and YaeL *". In keeping with this stabilizing effect of TcpP-PAmMCherry, the total

toxT transcription levels were increased in the endogenous relative to the wt in toxin-
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noninducing conditions (Figure 2.3). The sensitivity of downstream toxT transcription levels
was also reduced in the endogenous relative to the wt (Figure 2.2b), which further supports the
hypothesis that TcpP-PAmCherry is more resistant than wt TcpP to RIP in toxin-noninducing

conditions.

107 4« *

NSNS

Enhancement of mRNA levels
(Toxin-inducing/noninducing)

tcpP  toxT toxR  aphB
Figure 2.3 mRNA levels in the fusion strains relative to the wildtype (wt) strain. Red:
endogenous, purple: ectopic (+arabinose). Bottom: zoom-in on the smaller relative values.

Significance was calculated by a Student’s t-test. NS, not significant; *, P < 0.05; **, P <0.001;
**xk P <0.0001.

For the ectopic strain, 0.1% w/v arabinose was added to the growth medium at the start of
induction. TcpP transcription in the ectopic strain is driven by an arabinose-inducible promoter,
which likely does not respond the way the native tcpP promoter responds to growth signals, and
indeed, | observed large increases in tcpP transcript levels in the ectopic strain relative to wt
(Figure 2.2d). This 10 — 50-fold increase indicates that this plasmid induction level was too
high, even though the arabinose concentration is similar to what is commonly used for this
plasmid in V. cholerae. Additionally, TcpP-PAmMCherry expression in the ectopic strain is
elevated (Figure 2.2c). Taken together, it is clear that TcpP-PAmCherry is not expressed at

native levels from the pBAD18 expression system. Therefore, arabinose induction here does not
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yield native TcpP levels. As in the endogenous strain, TcpP-PAmCherry levels in the ectopic
strains are insensitive to the difference between toxin-inducing and toxin-noninducing conditions
(Figure 2.2d). tcpP transcription in the ectopic strain seems to be enhanced in toxin-inducing
conditions (Figure 2.2b); this discrepancy must be related to the growth defect in toxin-
noninducing conditions (Figure 2.2a) that negatively affects plasmid stability and maintenance.
Despite the elevated levels of tcpP mRNA and TcpP protein in the ectopic strain in toxin-
inducing conditions, toxT transcripts are made in the ectopic and wt strains (Figure 2.3). This
implies that the TcpP-PAmCherry may not be as active as wildtype TcpP. Though tcpP mRNA
levels are the same for the endogenous and wt strains, the toxT mRNA levels are not, which
suggests that some regulation of the protein levels may be hidden by RT-gPCR results alone, and
reveals that the TcpP concentration is not rate-limiting for toxT transcription. As a control, |
measured the mRNA levels of ToxR (the co-transcriptional regulator of ToxT **) and aphB (an
activator of the tcpP promoter *). These transcripts are independent of toxin induction in all
strains (Figure 2.4). Because downstream TcpA production is a direct readout of an active ToxR
regulon, another measure of TcpP activity is to probe TcpA protein production. In all three
strains, TcpA levels by immunoblot are equivalent irrespective of whether TcpP or TcpP-
PAmCherry are being expressed (Figure 2.2c), again confirming that functional TcpP-
PAmCherry maintains its native function to activate toxT expression, and subsequent tcpA

expression.
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Figure 2.4 Transcript levels of toxT, tcpP, toxR, and aphB were determined for cultures grown
as described in the text. (c) Enhancement of the transcript levels of toxT and tcpP due to toxin-
inducing conditions (relative to toxin-noninducing conditions) for each strain. Blue: wt, red:
endogenous, purple: ectopic (+arabinose). Significance was calculated by a Student’s t-test. NS,
not significant; *, P < 0.05; **, P <0.001; **** P < 0.0001.

2.2.3 Single-molecule tracking reveals altered TcpP-PAMCherry dynamics depending on
the expression method

After verifying the TcpP-PAmCherry expression and activity, | tracked single molecules
of this fusion protein in the endogenous (Figure 2.5a) and ectopic (Figure 2.5d) strains under
toxin-inducing conditions with nanometer-scale resolution. | detected differences in the diffusive
behavior, by comparing TcpP-PAmMCherry trajectories in the endogenous (Figure 2.5b) and
ectopic (Figure 2.5e) strains, TcpP-PAmCherry diffuses freely along the cell membrane in the
endogenous strain, whereas it is sub-diffusive in the ectopic strain. The mean squared
displacements (MSDs) of single-molecule tracks quantify the differences in the dynamics

(Figure 2.5b vs. €). One curve is plotted for each single-molecule track from the cells in (a) and
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(d), respectively. By assuming that TcpP-PAmMCherry exhibits homogeneous Brownian motion, |
calculated the apparent diffusion coefficient, D, for each individual molecule from the slope of
MSD vs. time lag, z, according to MSD = 4Dz. The first five time steps in each trajectory, which
correspond to the short-time linear region, were used to estimate the diffusion coefficient of each
molecule, which was calculated for 4537 and 4097 single-molecule tracks in 195 endogenous
and 202 ectopic cells, respectively. The average diffusion coefficient in the endogenous strain
(Dendo: (46.2 + 0.4) x10° um?s ) is faster than the ectopic strain (Decto: (29.1 + 0.3) X107 pm?s™
um?s ). For comparison, the slopes that correspond to the average diffusion coefficient from all
trajectories in the endogenous strain (red) and ectopic strain (purple) are both plotted in Figure

2.5b and e.
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Figure 2.5 Single-molecule tracking of TcpP-PAmCherry in the endogenous and ectopic V.
cholerae strains reveals differences in dynamics. (a) Single-molecule trajectories of
endogenously expressed TcpP-PAmCherry on a phase-contrast image of a single bacterial cell.
Scale bar: 1 um. (b) Mean-squared displacement (MSD) versus time lag (z) for the endogenous
strain tracks. One curve is plotted for each single-molecule track in the cell in (a). The diffusion
coefficient (D) is calculated from the slope of the first 5 time steps in each grey trajectory. The
red curve is the average of all of the trajectories in this endogenous strain (Dayg: 0.046 pm?s?),
the purple is the average for the ectopic strain (Dayg: 0.029 um?s™). (c) Distribution of all 4537
calculated single-molecule diffusion coefficients from 195 cells. (d) Single-molecule trajectories
of TcpP-PAmCherry in one ectopic strain V. cholerae cell overlaid on the phase-contrast image
of that cell. Scale bar: 1 um. (e and f) Corresponding analyses of the ectopic strains using 4097
calculated single-molecule diffusion coefficients from 195 cells. Movies were acquired with 40-
ms integration time after a 4-h incubation in toxin-inducing conditions.

Furthermore, single-particle tracking allowed us to probe heterogeneous dynamics as
shown by the distributions of D for the endogenous (Figure 2.5¢) and ectopic (Figure 2.5f)
strains. Using a two-term log-normal function, | fit these distributions of D to determine Dgjow
and Dy, in each strain. These fits reveal that TcpP-PAmCherry moves slower in the ectopic cells
(Dstowecto: (6.2 £ 0.1) x 102 um?s ') compared to the endogenous cells (Dsjow,endo: (8.7 *+ 0.4)

x 107 pm? s %), However, these dynamics are reversed in the faster population: TcpP-
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PAmCherry moves faster in the ectopic (Dsastecto: (86.2 + 0.2) x 10> um?s™") than in the
endogenous strain (Dsast.endo: (52.6 = 0.2) x 10~ um?s ™). The diffusion rates calculated for TcpP-
PAmCherry in these experiments are comparable to those of other membrane-bound proteins in
other bacterial species “°. Though the variance of D takes into account the day-to-day
measurements, the broadness of the distribution of D values may also be a result from cell-to-cell
heterogeneity. Because there are two identifiable subpopulations in these distributions, the
results suggest that TcpP may be involved in transient or multiple modes of interaction in the cell
irrespective of the source of expression.

By comparing the relative weights of slow and fast diffusers between the endogenous and
the ectopic strains, | reveal subpopulations that are involved in different functions. Because the
protein diffusion rate is related to the molecule size, I interpret the slow diffusion term to be the
motion of a subpopulation that may be involved in complex formation and the fast diffusion term
to be random motion. This slow subpopulation is present in the endogenous strain (26.5 + 0.2%)
at a lower same frequency than in the ectopic strain (62.8 £ 0.9%). Though this data suggests that
TcpP-PAmCherry in the ectopic strain form more complexes than in the endogenous strain, these
complexes may not all be related to the toxT transcription activation complex. Because there is
only one toxT promoter that TcpP can act on at one time, the slow subpopulations in both strains
should be similar. Therefore, by considering this diffusion data alongside the elevated mRNA
and protein levels seen in the ectopic strain, I conclude that this subpopulation may be an artifact
from overexpression or from plasmid expression itself for the ectopic strain. For instance, TcpP-
PAmCherry agglomerates may interact with one another through dimerization and
oligomerization because of the close proximity, thus resulting in higher occurrence of slow

diffusers. This observation in my system is not surprising since photoactivatable FPs can exhibit
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appreciable dimerization **. The results here provide precaution for plasmid expression of fusion
proteins in cellular imaging: even though the TcpP-PAmCherry protein retains virulence
function in the endogenous and ectopic strains (Figure 2.2b and c), single-molecule trajectories

demonstrate clear differences in the subcellular fusion protein motions.

2.2.4 Single-molecule trajectory analysis is a sensitive probe for elucidating subtle
biophysical differences masked by bulk biochemical assays

V. cholerae colonizes various habitats and forms biofilm through quorum sensing ***. To
examine the effect of growth conditions—temperature, pH, and nutrient composition—on TcpP
activity, | immunoblotted with antibodies against TcpP and TcpA to discern changes in protein
levels. Though the toxin pathway can be completely turned off by increasing both the pH and
temperature during growth, it is unclear about the intermediate stage when only one variable is
changed. By comparing the change in temperature (conditions 1 vs. 2) and the change in pH
(conditions 1 vs. 3) in Figure 2.6a, | detect no observable change for TcpP and TcpA
expressions for both endogenous and ectopic strains. To examine the effect of nutrient
composition on growth, | probed TcpP and TcpA in cells grown in M9 supplemented with NRES
which should stimulate the highest level of toxin production *. Based on the protein levels
observed between conditions 1 and 4, | do not detect observable changes going from toxin-
inducing conditions to M9 supplemented with NRES. Based on the results in Figure 2.6a,
immunoblot detection is not sensitive to probe changes in protein expression for changing
growth conditions. Plasmid-expressed TcpP-PAmCherry is driven from a promoter unaffected
by environmental stresses, and therefore | expected to observe these unchanged expression levels

in the ectopic strain. On the other hand, since the endogenous strain should respond to
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environmental stresses similarly to the wt strain, | conclude that environmental stresses regulate
the protein degradation rates rather than the rates of protein expression. The TcpP-PAmCherry
protein levels in changing growth conditions further support my hypothesis that TcpP-

PAmMCherry avoids RIP.
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Figure 2.6 Changes in TcpP-PAmCherry dynamics as a function of growth pH and growth
temperature for endogenous and ectopic expression of TcpP-PAmCherry in V. cholerae as
detected by single-particle tracking. The V. cholerae strains were grown for 4 h in one of four
conditions: (1) toxin-inducing (pH 6.5 LB at 30°C), (2) pH 6.5 LB at 37°C, (3) pH 8.5 LB at
30°C, and (4) pH 6.5 M9 (+NRES) at 30°C. (a) Immunoblot with antibodies against TcpP and
TcpA for the wt, endogenous and ectopic V. cholerae strains. Western samples were normalized
by ODgqo before starting the assay. The diffusion coefficients of each single TcpP-PAmCherry
molecule were calculated from individual trajectories as in Figure 2.5. Distributions of the
diffusion coefficients calculated from all of the trajectories are shown for the endogenous strain
(b —d) and the ectopic strain (e — h). The distributions were fit to a two-term log-normal
distribution. The red curve corresponds to the ‘slow’ diffusion term while the green curve
corresponds to the ‘fast’ diffusion term.



Though immunoblotting is useful for measuring protein expression levels, | cannot
extract kinetic details critical for determining mechanisms with this assay. Instead, | use single-
particle tracking (SPT) to detect single-molecule dynamics in living V. cholerae cells to probe
mechanism. Here, | cultured the endogenous and ectopic strains in four different conditions—
toxin-inducing conditions (LB pH 6.5/37 °C), LB pH 6.5/37 °C, LB pH 8.5/30 °C, and M9 pH
6.5/30 °C—for 4 h before preparing the samples for imaging. As described above for Figure 2.5,
TcpP-PAmCherry molecules were tracked in cells, and each single-molecule track was analyzed
to find the diffusion coefficient, D. For each single-molecule track, the slope was used to
calculate D, and the distribution of these D values is given in Figure 2.6 for endogenous (b — e)
and ectopic (f — i) cells grown in the same four conditions as in Figure 2.6a. Table 2.2 indicates
the number of tracks and cells used to generate the corresponding D values for the distributions
of D in Figure 2.6. The difference in the shape of the distributions between endogenous and
ectopic is very striking (Figure 2.6b — e vs. Figure 2.6f — i); however, the changes within them
are less obvious. Therefore, | fit these distributions in Figure 2.6 (b — i) with a two-term log-
normal function to obtain Dgow, Drast, and the relative weights of each diffusing term for the two
strains under the four growth conditions. These calculated values are detailed in Table 2.3, and

compared between strains and growth conditions in Figure 2.7.
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Figure 2.7 Diffusion coefficients and population weights of TcpP-PAmcherry as a function of
pH and temperatures, calculated from the fits of diffusion coefficient distributions in Figure 2.6.
For each strain in the four growth conditions: (a) Diffusion coefficients for the ‘fast’ and ‘slow’
populations, and (b) relative weights of the ‘fast’ and ‘slow’ populations.

Although imaging was done at room temperature for all growth conditions, I still detect
changes in D (Figure 2.7a) and in population weights (Figure 2.7b). Therefore, SPT reveals that
TcpP-PAmMCherry dynamics change with growth temperature, suggesting that growth
temperature—and not imaging temperature—is the main contributor to the change in protein
dynamics. A change in temperature does not change the Dgjow, Drast, OF population weights in the
endogenous strain (Figure 2.7). However, altering pH changes motion significantly. Dgjow
increase (Figure 2.7a, bottom panel) while the population weights decrease (Figure 2.7, left
panel) going from growth in toxin-inducing conditions to LB pH 8.5/30 °C. I attribute this shift
to growth conditions that disfavor TcpP/ToxR/toxT promoter interactions when virulence factor

production is reduced. For growth in M9 glycerol medium supplemented with NRES, the
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distributions of D are similar for growth in toxin-inducing conditions and M9 (Figure 2.6b vs.
d). The slow term in endogenous is higher (34.4 £ 0.3% vs. 26.5 = 0.2%) in M9 supplemented
with NRES, which suggests that this slow term may be TcpP-PAmCherry involved in the toxT
transcription activation complex. Similar trends for changes in dynamics are seen in the ectopic
strain for the slow diffusing term (Figure 2.7a, bottom panel). However, Dgjow ecto IS always
slower for Dgjow.endo fOr all growth conditions. 1 also observed that population weight of the slow
diffusing TcpP-PAmCherry in the ectopic strain is significantly more in toxin-inducing
conditions and M9 supplemented with NRES (Figure 2.7b). These results suggest that we may
be capturing a complex formation in the ectopic strain, but these effects are enhanced by the
dominant confined (slow) motion from non-native expression levels from plasmid induction.
Based on the observation that TcpP-PAmMCherry changes motion in different growth conditions, I
speculate that the complex required for toxT transcription activation may be disassembled as
growth temperatures and pH levels are increased in the environment which leads to
downregulation of virulence proteins. | conclude that single-molecule imaging can sensitively
visualize protein expression changes, as well as their associated kinetics, undetected by
immunoblotting. TcpP-PAMCherry dynamics observed between the endogenous and ectopic
strains (Figure 2.7a, bottom panel) indicate that motion is altered when fusion proteins are not
natively expressed, exemplified by highly confined TcpP-PAmCherry population (Figure 2.5d)
and a slowing down of Dgew, dynamic changes due to changing growth conditions can still be

observed.
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Table 2.2 Statistics for all strains in different growth conditions. Only trajectories lasting five
frames or longer were included in the analysis.

Strain Growth conditions Cells Trajectories
Endogenous toxin-inducing (LB pH 6.5 30°C) 195 4537
LB pH 6.5 37°C 208 2482
LB pH 8.5 30°C 86 1604
M9 pH 6.5 30°C 186 2732
Ectopic toxin-inducing 202 4097
LB pH 6.5 37°C 80 1387
LB pH 8.5 30°C 131 3530
M9 pH 6.5 30°C 82 1925
IPTG-ectopic toxin-inducing (- IPTG) 67 874
toxin-inducing (+I1PTG) 93 1877
E-pBAD toxin-inducing 199 2279
E-oMMB toxin-inducing (+IPTG) 56 1042

Table 2.3 Statistics for ‘slow’ and ‘fast’ TcpP-PAmMCherry for endogenous and ectopic strains in
different growth conditions. Dgjow and Dr.st Were calculated from fitting the distribution of all D
(Figure 2.6) to a two-term log-normal distribution. The fractions were calculated from calculated
from the areas below each log-normal distribution. Standard errors were generated through from
day-to-day measurements.

Strain Growth conditions  Slow fraction  Fast fraction (x10'[3) t)rv%zs'l) (xlo'?ﬁitnzs'l)
toxin-inducing 26.5+0.2 73.5+0.2 8.7+04 52.6+0.2
LB pH 6.5 37°C 24.2+05 75.6+0.5 10+0.1 802

Endogenous

LB pH 8.5 30°C 184+0.1 81.6+0.1 17+0.3 81.4+0.9
M9 pH 6.5 30°C 34.4+0.3 68.6 + 0.3 9.7+0.3 86.8 £ 0.5
toxin-inducing 62.8+0.9 37.2+£0.9 6.2+0.1 86.2+0.2

Ectopic LB pH 6.5 37°C 31.2+04 67.8+0.4 6.7+0.1 71+1.0
LB pH 8.5 30°C 16.6 +0.6 83.4+0.6 10+0.3 10° + 4.0
M9 pH 6.5 30°C 46.8+£0.1 53.2+0.1 44+0.1 74.8 £ 0.6
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2.2.5 Expression of TcpP-PAmCherry from a plasmid expression system creates artificial
protein dynamics independent of induction level

Figures 2.2 — 2.7 show that the ectopic strain containing pBAD18 can be induced with an
arabinose concentration to turn on immunoblot-detectable expression of TcpP-PAMCherry.
However, this induction level also results in the appearance of a very slow moving subpopulation
during imaging (Figure 2.5d and Figure 2.7a, bottom panel). To determine whether this
subpopulation is created by elevated protein expression or attributed to the pBAD18 expression
system itself, I cloned tcpP-pamcherry into another low-copy number expression vector, IPTG-
inducible pMMBB6EH *°, and transformed the new vector into 0395 AtcpP for comparison. In
Figure 2.8a, induction of pMMBG66EH with 1 mM IPTG causes a growth defect in toxin-
inducing conditions. Under toxin-noninducing conditions, this growth defect is further enhanced
(Figure 2.8b), consistent with the lag phase | observed after arabinose induction of pBAD18 in
the same growth conditions (Figure 2.2b). | characterized protein levels produced from the
pPMMBG66EH vector by immunoblotting, and | observed that TcpP-PAmMCherry is overexpressed
with 1 mM IPTG induction in both toxin-inducing and noninducing conditions (Figure 2.8c).
Though IPTG-inducible promoters are known to be leaky, non-induction does not result in
immunoblot-detectable TcpP or TcpA (Figure 2.8c, condition 3). In addition, unlike the
pBAD18-ectopic strain (Figure 2.2d), when pMMBG66EH vector is used, TcpP-PAmCherry
expression is reduced by toxin-noninducing conditions for the ectopic strain, while the TcpA
levels remain unchanged. The decreased TcpP-PAmCherry levels detected in the pMMB66EH-
ectopic strain and the growth defect observed under toxin-noninducing conditions suggest that
the pMMBG66EH expression vector may be unstable at pH 8.5 such that imaging this construct at

pH 8.5 may not elucidate native mechanisms.
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Figure 2.8 Characterization of ectopically expressed TcpP-PAmCherry from a second plasmid
induced by IPTG. 0395 (wt), O395:tcpP-pamcherry (endogenous), and 0395 AtcpP
pPMMBG66EH:tcpP-pamcherry (ectopic) were grown in (a) toxin-inducing, and (b) toxin-
noninducing conditions. (c) Protein expression of TcpP and downstream TcpA detected by
immunoblotting against TcpP and TcpA antibodies. The samples were run in toxin-inducing and
repressing conditions in the order: (1) wt, (2) endogenous, (3) ectopic (- IPTG), (4) ectopic (+
IPTG). Mean square displacement curves for single-molecule trajectories of TcpP-PAmCherry
expressed from (d) leaky IPTG promoter (—IPTG) and (e) 1 mM IPTG induction (+IPTG) in
toxin-inducing condition. The diffusion coefficient (D) is calculated from the slope of the first 5
time steps in each grey trajectory. The green curve is the average of all of the trajectories in this
—IPTG strain (Dayg: 0.049 um?s ™), the blue is the average for the +IPTG strain (Dayq: 0.039
um?s ). Single-molecule trajectories of ectopically expressed TcpP-PAmCherry expressed from
(F) leaky IPTG promoter (—IPTG) and (g) ImM IPTG induction (+IPTG)leaky expression
overlaid on a phase-contrast image of a single bacterial cell. Scale bars: 1 um.
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Figure 2.9 Dynamics of plasmid-expressed TcpP-PAmCherry from a second IPTG-induced
plasmid. Distributions of calculated diffusion coefficients from single-molecule trajectories in
the ectopic strain expressed from (a) leaky IPTG promoter (—IPTG) and (b) 1 mM IPTG
induction (+IPTG) in toxin-inducing condition.

To understand how dynamics of a molecule may be altered by its expression system, |
visualized and tracked individual TcpP-PAmCherry in the IPTG-ectopic strain under toxin-
inducing conditions without IPTG and with IPTG induction. By calculating D for each track in
(Figure 2.8d) and (Figure 2.8¢) and plotting distributions in Figure 2.9 for (a) for leaky
expression and (b) 1 mM IPTG induction, respectively, | reveal that the slow diffusers move
slower (Dsiow,+1p76: (7.2 % 0.3) x 102 um?s ™' vs. Dygjow,_ip1: (10.9 + 0.4) x 10° pm?s™") when
TcpP-PAmCherry protein levels are increased with IPTG induction. This similar trend for a
change in dynamic for increased expression is also observed between the endogenous and
pBAD18-expressed strains, which further supports that overexpression results in highly confined
motion. For the fast diffusing subpopulation, TcpP-PAmCherry moves slower with IPTG
induction (Drast,_ip7c: (12.0 £ 0.4) x 102 um?s ™' vS Dtast, 4116 (85.0 + 0.6) x 102 um?s™'). By
comparing Ds.st for —IPTG and —IPTG growth conditions, | reveal a broader distribution for
+IPTG (Figure 2.9a vs. b, green curves). | speculate that this broadness may be attributed by
the increased likelihood for TcpP-PAmCherry to bind transiently to other proteins due to high

protein concentrations. My imaging, which can detect localizations with leaky (Figure 2.8f) and
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IPTG-induced plasmid expression (Figure 2.8g), reveals the sensitivity of single-molecule
imaging to visualize the dynamics of low-copy numbers of TcpP-PAmCherry that are
undetectable by immunoblotting (Figure 2.8c, condition 3). The particle tracking results here
further support the hypothesis that plasmid expression of a fluorescent protein fusion creates
highly confined protein dynamics not seen in endogenous expression (Figure 2.8f and g). It may
be possible to extract dynamics that correspond to a virulence mechanism in V. cholerae from
strains that utilize plasmid expression systems by tracking an unrelated chimera protein
expressed in the same system, and discerning and subtracting dynamics that are induced by

overexpression.

2.2.6 TcpP motion in a heterologous host is inconsistent with TcpP motion in V. cholerae

Allelic exchange in non-model bacterial systems are sometimes undeveloped or difficult,
thus expression of protein fusions from plasmid expression systems are typically utilized. By
investigating TcpP-PAmCherry expression and dynamics expressed from an endogenous locus
and from plasmid expression systems, | uncover motion artifacts that must be addressed before |
can deduce mechanisms from single-molecule dynamics. To understand if similar motion
artifacts are present in another host, | measured single-molecule TcpP-PAmCherry dynamics in
E. coli. I chose E. coli as a heterologous host because early discoveries of the V. cholerae

proteins and mechanisms relevant for pathogenesis were first made in E. coli *¢*,
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Figure 2.10 Fluorescence intensity of ectopically expressed TcpP-PAmCherry in V. cholerae
and in a heterologous host. The fluorescence is measured in a single cell in which some of the
photoactivatable PAmCherry is activated every 30s by a 405-nm laser. (a) V. cholerae
(+arabinose), (b) E. coli (+arabinose), (c) V. cholerae (+IPTG), (d) E. coli (+IPTG). The
fluorescence intensity is proportional to the number of photoactivated fusion protein copies.
Fractionation of cells grown in toxin-inducing conditions, probed by immunoblotting with
antibodies against TcpP determines where TcpP is localized in cell. (1) wt V. cholerae, (2)
endogenous V. cholerae, (3) ectopic V. cholerae (+arabinose), (4) ectopic V. cholerae (-IPTG),
(5) ectopic V. cholerae (+IPTG), (6) ectopic E. coli (+arabinose), (7) ectopic E. coli (-IPTG),
and (8) ectopic E. coli (+IPTG). Equal amounts of total protein were loaded in each lane for (e)
the soluble fraction and (f) the membrane fraction.

(¢}

In E. coli containing either pBAD18:tcpp-pamchery or pMMBG66EH:tcpp-pamcherry, |
visualized and tracked individual plasmid-expressed TcpP-PAmMCherry under toxin-inducing
conditions as described above for V. cholerae. In E. coli, two types of motion were captured for
arabinose-induced TcpP-PAmCherry. The slow-moving subpopulation is very similar to TcpP-
PAmCherry observed in the ectopic V. cholerae strain, but I also detect a significant number of
molecules that diffused too quickly to track. This fast TcpP-PAmCherry motion in the pPBAD18-
expression system was not detected for the pMMBG66EH-expression system. To determine if this
fast diffusing population is real and not just a result of elevated background fluorescence in E.

coli, I plot the total fluorescence intensity in a single bacterial cell during a 1 min acquisition
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(Figure 2.10a —d). The spikes in intensity correspond to the 200-ms 405-nm pulses meant to
photoactivate PAmCherry. Because intensity increases after activation and decreases over time,
this suggests that the fast motion | observed are TcpP-PAmCherry molecules—and not
autofluorescence—that are activated, imaged, and bleached over time. Additionally, | extract
relative protein copies from these traces by the fluorescence intensities after the activation
pulses. Since the same 405-nm laser power is used for photoactivation, the higher intensities
indicate that there are more TcpP-PAmCherry molecules in E. coli than in V. cholerae for
pBAD18-expression system (Figure 2.10b vs. a). The pMMBG66EH expression system also leads
to higher intensities in E. coli (Figure 2.10d) relative to V. cholerae (Figure 2.10c). Overall,
these differences in protein concentration for different hosts suggest different plasmid-expression
system regulation or different plasmid copy numbers in different bacterial species. Therefore, |
conclude that studying protein dynamics in a heterologous host may also result in artifacts.
Because its protein sequence targets TcpP to the V. cholerae inner membrane, and
because membrane-bound fluorescent proteins generally move slow enough to be tracked in my
2D-imaging setup, the non-trackable, arabinose-induced TcpP-PAmCherry molecules in E. coli
were unexpected. This fast motion is more consistent with molecules diffusing in the cytoplasm.
Therefore, | separated soluble and insoluble fractions by ultracentrifugation, and | used
immunoblotting to determine where TcpP-PAmMCherry is localized in E. coli. | detected TcpP in
the membrane of both the E. coli and V. cholerae strains (Figure 2.10f). However, Figure 2.10e
shows that whereas all TcpP-PAmMCherry localizes to the V. cholerae membrane, TcpP-
PAmCherry is also found in the soluble fraction of E. coli when expressed by arabinose
induction of pBAD18, supporting the idea that the non-trackable subpopulation observed in the

E. coli strain is cytosolic TcpP-PAmCherry. Based on the degradation bands in the
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pBAD18:tcpP-pamcherry E. coli strain, these degraded molecules may also contribute to the
non-trackable subpopulation. Since the diffusion rates experienced by most cytosolic proteins are
faster than the limitations of SPT, this subpopulation is not captured by SPT. Based on the very
fast TcpP-PAmCherry dynamics | obtained for E. coli, it is not evident that TcpP mechanisms in
V. cholerae can be elucidated with pPBAD18 expression in E. coli. However, because the
pPMMBG66EH-expression system only leads to membrane-bound TcpP even in E. coli (Figure
2.10, lane 8), this latter strain may still be useful for characterizing freely diffusing TcpP-
PAmCherry in the periplasm of a Gram-negative bacterium. Future studies may characterize the
motion of TcpP-PAmCherry in this heterologous host to establish a baseline to differentiate in V.
cholerae between TcpP-PAmCherry actively engaging in transcription activation, and freely

diffusing TcpP-PAmCherry in the V. cholerae periplasm.

2.3 Conclusions

Single-molecule protein tracking is invaluable for understanding subcellular biological
interactions in living bacteria, but the consequences of labeling and expressing protein fusions in
vivo may cause artifacts that are not obvious in bulk controls. In this study, | have measured the
motion of a transcriptional regulator, TcpP, fused to the fluorescent protein PAmCherry in live
bacterial cells, and have examined how the TcpP-PAmCherry motion changes based on
expression. Though TcpP-PAmCherry expression in V. cholerae is stable and retains sufficient
functional activity for downstream mRNA and protein expressions detectable in biochemical
assays, single-molecule tracking reveals significant changes in physiologically relevant protein
motion due to fusion protein expression and regulation. Plasmid expression of TcpP-PAMCherry
from arabinose- and IPTG-inducible promoters causes overexpression, which leads in these SPT
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studies to a slow-diffusing subpopulation that is not present under endogenous expression.
Because TcpP-PAmCherry is not subjected to proteolysis like unlabeled TcpP, | probe similar
downstream TcpA levels by immunoblot detection. However, tracking TcpP in V. cholerae cells
at different growth conditions reveals the sensitivity at the single-molecule level to elucidate
dynamical responses that are hidden in immunoblot detection. By comparing the distribution and
average diffusion coefficients of TcpP-PAmCherry at different growth conditions, | found that
TcpP moves faster under growth conditions that disfavor virulence production, possibly by
destabilizing the ToxR regulon protein-DNA complex. Furthermore, by examining TcpP motion
in a heterologous host like E. coli, my data suggests that it may not be relevant to directly
translate findings in E. coli to findings in V. cholerae: | measure a significant amount of much
faster TcpP-PAmCherry motion by SPT. Through cell fractionation, | found that this rapidly-
diffusing subpopulation in E. coli corresponds to cytoplasmic TcpP. The data in this study
suggests that single-molecule protein tracking has the capability to uncover mechanistic
understandings above artifacts induced by labeling and incorrect protein expression levels, but
experimental variables should be limited and controlled for in order to correlate protein

dynamics with ‘true’ biological processes.

2.4 Materials and methods
2.4.1 Bacterial strains and culture conditions

The Vibrio cholerae classical strain 0395 was used throughout this study. The
Escherichia coli strain DH5« was used for cloning, and strain SM10Apir was used for
conjugation of plasmid into V. cholerae. V. cholerae was cultured in two different media as

indicated in the experiments: Luria-Bertani (LB) rich medium or M9 minimal medium
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supplemented with 0.4% glycerol and an amino acid supplement (asparagine, arginine, glutamic
acid and serine, 25 mM final concentration). Overnight cultures of V. cholerae were cultured in
LB at neutral pH before subculturing 1:100 in toxin-inducing conditions (pH 6.5/30 °C, shaking)
to activate full virulence gene expression or in toxin-repressing conditions (pH 8.5/37 °C,
shaking) to turn off virulence gene expression *. Ectopic expression of TcpP-PAmCherry1 *°
from pBAD18 or from pMMBG66EH was induced by the addition of L-arabinose to 0.1% final
concentration and isopropyl-D-thiogalactopyranoside (Invitrogen) to 1 mM final concentration,
respectively. In vitro and in vivo measurements were done on bacterial cells in mid-logarithmic
phase, except for the growth curves for which the cells were grown until stationary phase was
reached. The growth curves were performed on an Infinite 200 PRO (TECAN) in a 96-well plate
with orbital shaking turned on and temperature set to either 30 °C or 37 °C, as indicated in the
text. ODggp readings were taken at 20 min intervals for 23 h. Antibiotics for bacterial growth
were used at the following concentrations: carbenicillin, 50 or 100 pg ml™; kanamycin, 50 pg

ml; and streptomycin, 100 pg ml ™.

2.4.2 Plasmid and strain construction

Plasmids used in this study were the cloning vector pGEM-T Easy (Promega), the suicide
vector pKAS32 ¥, the arabinose-inducible expression vector pBAD18-Kan *°, and the isopropyl
p-D-1-thiogalactopyranoside (IPTG)-inducible expression vector pMMBG6EH . The
pMMBG66EH:tcpP-pamcherry construct was constructed by amplifying the tcpP-pamcherry
sequence from strain JM707 using primers CSP133 and CSP134 (Table 2.4). For allelic
exchange in V. cholerae, homologous recombination inserted the pamcherry gene sequence

between the tcpP whole-gene sequence and 500 nt downstream of the tcpP stop codon. This
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synthesized gene fragment (IDT) was used as a template to generate flanking restriction sites
with primers CSP60 and CSP61 (Table 2.4). The PCR products were ligated into pPGEM-T Easy
before moving into other backgrounds. The resulting plasmids were digested with EcoRI and
Xbal and ligated into similarly digested pBAD18-Kan, digested with Hindlll and Xmal and
ligated into similarly digested pMMBG66EH, or digested with Bglll and Xbal into similarly
digested pkK AS32 3. The resulting expression plasmids were confirmed by sequencing, and
transformed into a AtcpP V. cholerae strain by electroporation. Plasmid DNA was introduced
into E. coli by standard chemical or electroporation methods, and introduced into V. cholerae by
electroporation or by conjugation through SM10.pir *. Integration of the plasmid into the

V. cholerae chromosome was selected for by plating on TCBS (thiosulfate-citrate-bile-sucrose)
plates (Difco) containing 50 pg ml~* ampicillin. The cointegrate was resolved by selection on LB
plates containing 1 mgml " streptomycin. PCR with primers flanking the deletion was used to

determine recombination and loss of the wildtype allele.

Table 2.4 Primers used for cloning tcpP-pamcherry.

Primer Sequence
CSP60 5-GCAGATCTATGGGGTATGTCCGCGTGAT-3
CSP61 5-GCTCTAGACAACTGCGAACATTAGGGTA-3

CSP133 5-CCCGGGAGGAGGAAACGATGGGGTATGTCCG-3'
CSP134 5-GCAAGCTTTTACTTGTACAGCTCGTCCATGCCGC-3'

2.4.3 Protein electrophoresis and immunodetection
Overnight cultures of V. cholerae were subcultured 1:100 in pH 6.5 or pH 8.5 LB and

grown for 4 h at 30 °C or 37 °C. For ectopic expression, L-arabinose or IPTG was added to the
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culture medium at the time of subculture for strains containing pBAD18 or pMMBG66EH,
respectively. One milliliter of midlogarithmic culture was pelleted by centrifugation and
resuspended in 1x sample buffer. Proteins were separated by SDS/PAGE using 4 — 20%
(weight/volume) Mini-PROTEAN pre-cast gels (Biorad), and loading volumes were adjusted to
normalize the ODggo. Proteins were then transferred to a polyvinylidene difluoride (PVDF)
membrane using the iBlot 2 Dry Blotting system (Invitrogen) and probed with rabbit anti-TcpP
antibodies (generated by Rockland Immunochemicals), rabbit anti-TcpA antibodies (generated
by Rockland Immunochemicals), or with mouse anti-RNA Polymerase £ antibody (BioLegend).
The blots were probed with IRDye 800CW goat anti-rabbit and IRDye 680RD goat anti-mouse,

and imaged with the Odyssey CLx Imaging System (LICOR).

2.4.5 Reverse transcription polymerase chain reaction (QRT-PCR) analysis of mMRNA
expression

The bacterial strains were cultured in triplicate in each of the conditions listed above. 1-
OD of cells from each sample was harvested, and RNA was extracted using TRIzol reagent (Life
Technologies). RNA samples for gRT-PCR were DNase-treated with TURBO DNA Free Kit
(Life Technologies), run on an agarose gel to check quality, and quantified by measuring the
OD3g0. The gRT-PCR experiments were performed using the QuantiTect SYBR green RT-PCR
kit (Qiagen) according the manufacturer’s manual. The qRT-PCR primers are shown in Table
2.5. Transcription levels were normalized to levels of rpoB, the transcript of the RNA

~AACT
2

polymerase $ subunit, and fold change was calculated using the method *%. Results are the

averages for three biological replicates (Table 2.6).
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Table 2.5 Primers used for gRT-PCR analysis.

Target Forward primer Reverse primer
toxT  5-TGGGCAGATATTTGTGGTGA-3' 5-GAAACGCTAGCAAACCCAGA-3
tcpP 5-TGAGTGGGGGAAGATAAACG-3' 5-TTGGATTGTTATCCCCGGTA-3'
rpoB  5-GGCGGTGTTATCCAGTCAGT-3' 5-CTGGTTCGAACGGGTGTACT-3'

Table 2.6 Raw data for gRT-PCR analysis with AACT method. These values were obtained from
triplicate samples.

Strain Growth condition toxT  tcpP  toxR  aphB  rpoB  recA
Mean CT (threshold cycle)
toxin-inducing ~ 18.165 27.953 22.922 19.395 17.916 22.107

Wildtype 4 in-noninducing  21.632 28.250 23.762 20275 18.813 22.286

Endogenous tgxin-infjucing 16.770 29.413 22.702 19.657 18.384 22.487

toxin-noninducing 16.982 29.750 23.541 20.009 18.912 22.251

Ectopic toxin-inducing  15.078 21.782 21.145 18.831 17.297 20.383

toxin-noninducing 16.491 24.276 21.434 18.949 17.507 19.630

Standard deviation of CT (threshold cycle)

Wildtype to.xin-inglucing 0.303 0.320 0.225 0.049 0.054 0.580

toxin-noninducing 0.163 0.169 0.296 0.148 0.132 0.294

Endogenous to_xin-infjucin_g 0.162 0.378 0.226 0.205 0.085 0.343

toxin-noninducing 0.061 0.327 0.042 0.172 0.035 0.369

: toxin-inducing 0.210 0534 0.303 0.136 0.128 0.455
Ectopic

toxin-noninducing 0.180 0.304 0.292 0.095 0.115 0.347

2.4.6 Cell fractionation

Cell fractionation was carried out as previously described for E. coli *® with a few
modifications. Bacteria grown for 4 h in toxin-inducing conditions were harvested as described
for protein electrophoresis. The pellet was washed twice with 10 mM Tris base (pH 7.5) before

resuspension in 1/50 of the culture volume. After one freeze-thaw cycle at -80°C, cells were
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sonicated with a microtip at 30% amplitude three times for 30s each time. Cell debris was
pelleted by centrifugation (7,000 x g for 15 min at 4 °C in a tabletop centrifuge), and the
supernatants were ultracentrifuged to form membrane pellets (100,000 xg for 60 min at 4 °C
with a Beckman 70 Ti rotor). The soluble fraction (supernatant) was collected, and the
membrane fraction (pellet) was washed once in 10 mM Tris-HCI (pH 7.5). Protein
concentrations were determined at 280 nm with a spectrophotometer. Equal concentrations of

proteins were then analyzed by SDS-PAGE and immunoblot detection.

2.4.7 Super-resolution single-particle tracking in live bacterial cells

Bacterial cultures were grown in the same condition as described for immunodetection
above. 4 h after subculturing the bacterial cultures into fresh media (with inducers added for the
strains ectopically expressing TcpP-PAmMCherry), 1 ml of midlogarithmic culture was pelleted by
centrifugation and the pellet resuspended in 200-300 pl of growth medium. A 2.0-pl droplet of
concentrated cells was then placed onto an agarose pad (2% agarose dissolved in M9 minimal
media at pH 6.5 or 8.5, spread on a microscope slide, and cut into 1” squares) and covered with a
coverslip. M9 minimal media was used for making agarose pads to reduce background
fluorescence.

All live bacterial cell imaging was done at room temperature using an Olympus IX71
inverted fluorescence microscope equipped with a 1.40 numerical aperture, 100x oil-immersion
wide-field phase-contrast objective. PAmCherry fluorescence was activated in the cells using a
405-nm laser (Coherent Cube 405-100), and imaged using a 561-nm excitation laser (Coherent
Sapphire 560-50) operating at 100 — 120 W/cm? and 30 — 60 W/cm?, respectively. A 200-ms

activation pulse was used to photo-activate 1 — 5 PAmCherry molecules per cell at a time. A
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Photometrics Evolve EMCCD camera was used to capture a 256 x 256 pixel field of view at a
speed of 40 frames per second, which corresponds to a 12.5 um x 12.5 um detection area. The
movies collected were processed using custom MATLAB code previously written in the lab ***
to segment cells from phase-contrast images and to localize single TcpP-PAmCherry molecules
on the scale of 50 nm according to the 95% confidence interval from fitting the emission to a 2D
Gaussian function. Single-molecule tracks were constructed by connecting molecules that are
localized within 350 nm in consecutive frames for a minimum of 5 frames. However, most track
lengths are greater than 10 frames. The diffusion coefficient of each single-molecule trajectory
was calculated from the mean squared displacement versus time lag. I used the squared

displacements associated with the first five time lags to minimize errors associated with reduced

statistics at higher time lags.
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Chapter 3: Two-Color Super-Resolution Imaging and Tracking

in Live Vibrio cholerae

The work presented in this chapter was a collaboration between the following authors:
Chanrith Siv, Andrew . Perault, Victor J. DiRita, and Julie S. Biteen

Author contributions:

Experimental design: CS, VJD and JSB; Data collection: CS, AIP, VJD and JSB;
Data Analysis: CS, VJD and JSB

Cholera is a threat to public health, afflicting more than 5 million people annually®. Here, | used
single-molecule fluorescence imaging and single-particle tracking to localize and track two
transcription regulators in the virulence pathway of this cholera disease in live Vibrio cholerae
cells, the bacteria responsible for producing the cholera toxin. In V. cholerae, virulence gene
expression is under control of an unusual set of membrane proteins. From biochemical and
genetic data, it has been hypothesized that a membrane complex composed of two activators,
ToxR and TcpP, binds the toxT promoter, recruits RNA polymerase, and activates toxT gene
expression leading to activation of the ToxT-controlled virulence genes. However, the
biophysical mechanism and sequence of events for the binding of transcription elements to the
toxT promoter have yet to be fully elucidated. In this chapter, | created fusions of the membrane-
bound transcription activators TcpP and ToxR to orthogonal fluorescent proteins and assessed

the suitability of the labeling and expression methods for two-color single-molecule fluorescence
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imaging. The results indicate that simultaneous fluorophore labeling of ToxR and TcpP at the
endogenous locus does not lead to downstream virulence production, whereas ectopic expression
of these protein fusions does activate virulence. In addition, | detected the localization patterns
and subcellular dynamics of plasmid-expressed ToxR and TcpP to access information about the
processes happening inside live cells. The developments and demonstrations in this chapter
indicate that two-color imaging of membrane-bound transcription activators is possible in live V.
cholerae cells, and that this approach may be applied to understand the regulatory behavior of
ToxR and TcpP in the transcriptional activation of the toxT gene and the subsequent activation of

downstream virulence genes.

3.1 Introduction

Cholera is a waterborne disease caused by an infection of the intestine with the bacterium
Vibrio cholerae®. An estimated 3-5 million cases and over 100,000 deaths occur each year
around the world, especially in developing countries where proper sanitation and waste handling
procedures are not regulated®. Cholera, when detected within the first few hours of infection, is
typically treated with oral rehydration therapy to restore fluids to the patient and to allow the
immune system to clear the infection®. Antibiotics can also be administered to reduce the
severity of vomiting and diarrhea and to shorten illness duration by 50%, but patients are still at
risk of severe dehydration caused by the secretion of cholera toxin (CTX) by the bacterium®.
Because this disease remains a threat to human health, ongoing research strives to identify other
treatment modalities based on the underlying mechanisms of CTX regulation.

In the Gram-negative pathogen V. cholerae, virulence gene expression is under the
control of an unusual set of membrane proteins. Here, a membrane complex composed of two

activators, ToxR and TcpP, binds the toxT promoter, recruits RNA polymerase, and activates
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toxT gene expression (Figure 3.1A). This signaling event leads to the activation of ToxT-
controlled virulence genes®. Though both TcpP and ToxR have binding sites on the toxT
promoter, TcpP directly activates toxT transcription while ToxR plays an accessory role. The
mechanism of ToxR is unclear, but ToxR is hypothesized to enhance DNA-binding and/or
facilitates transcription activation of TcpP”®. Expression of CTX in V. cholerae is the result of
this multiprotein transcription regulatory cascade—the ToxR regulon. The biophysical details of
this complex, such as the co-localization of these transcription activators in cells and the
associated protein-protein and protein-DNA interactions, have yet to be fully elucidated.
Fluorescence microscopy, which uses probes that are excited and emit in the visible
wavelength range, remains the preferred method for live bacterial cell imaging despite the

limited resolution®*°

. With the advent of super-resolution methods, this trade-off between spatial
and temporal resolution can be mitigated. One of the ways to circumvent the diffraction limit of
light, which bounds the resolution of optical microscopy to ~250 nm, is through Photoactivated

Localization Microscopy (PALM). This method achieves resolutions more than an order of
magnitude better than the diffraction limit through imaging single fluorescent proteins one at a
time. By combining PALM and single particle tracking (SPT)*, dynamic interactions occurring
on the scale of tens of nanometers can be visualized and investigated.

In this study, | constructed protein fusions of the membrane-bound transcription
activators TcpP and ToxR with an orthogonal pair of fluorescent proteins (FPs), and examined
the dynamics and localization patterns of single ToxR-mCitrine and TcpP-PAmCherry molecules
under growth conditions that activate the virulence pathway. In particular, | determined that
ToxR-mCitrine and TcpP-PAmCherry do not localize to a particular region of the cell but rather

diffuse throughout the cell. In addition, | characterized the heterogeneous motion of these
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fluorescent fusions to understand their regulatory behavior in the transcriptional activation of the
toxT gene and the subsequent activation of downstream virulence genes. The data get us closer to
establishing a model for the formation of the ToxR/TcpP/toxT protein-DNA complex important

in the production of downstream cholera toxin.
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Figure 3.1 (A) Virulence signaling cascade in V. cholerae. Adapted from Matson et al.*® (B) The
ToxR pathway independent of TcpP and ToxT. (C) FP labeling locations in ToxR and TcpP. The
green FP, mCitrine, is genetically encoded in a linker region of toxR in the middle of the gene
while the red FP, pamcherry, is genetically encoded at the C-terminus of tcpP.
3.2 Results
3.2.1 Simultaneous endogenous fluorescence labeling of ToxR and TcpP downregulates
transcription activation

Ectopic expression of proteins fusions is often used when genetic manipulations of
bacterial chromosomes have yet to be developed. There are many different types of expression

plasmids available for use in different bacterial species™, and therefore many interesting proteins
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have been fused to FPs and expressed from plasmids for live bacterial cell imaging. However,
plasmid-expressed protein expression levels may not lead to native expression levels. Moreover,
incorrect protein expression may result in irrelevant protein dynamics in cells that masks the
relevant dynamics, making inferences to biological processes more difficult. To eliminate the
possibility of non-native expressions, | expressed ToxR and TcpP protein fusions from their
native loci on the bacterial chromosome. | used two orthogonal photoactivatable FPs as labels:
PAGFP and PAmCherry for ToxR and TcpP, respectively.

0395 V. cholerae is not naturally competent; therefore, I used a suicide vector to
facilitate homologous recombination of DNA fusions into the bacteria'® (Figure 3.2A). After
filter mating and five successive rounds of antibiotic selections, final constructs containing the
fusions were verified by PCR and sequencing. | created three different bacterial strains using this
approach: 0395:toxR-pagfp, 0395:tcpP-pamcherry, and 0O395:toxR-pagfp:tcpP-pamcherry. For
ToxR-PAGFP, | attached the FP to ToxR at two different locations: at an internal linker region in
the cytoplasm and at the C-terminus of the protein. From immunoblot detection against ToxR
antibody, | detected a stable ToxR-internal fusion (Figure 3.2B, lane 2) and an unstable ToxR
C-terminal fusion (Figure 3.2B, lane 3). This Western also show that ~50% of the PAGFP on
the ToxR C-terminal fusion was cleaved; a band appears where the wildtype-copy of ToxR also
appears in the wildtype strain. Furthermore, immunoblot detection against TcpA show that the
ToxR-internal fusion is functionally active and causes downstream TcpA production. For TcpP-
PAmCherry, | attached the FP to the C-terminal fusion for TcpP since this protein fusion had
been found to be functional in another study*®. By immunoblot detection against the TcpP
antibody, | detected a band that corresponds to a stable TcpP-PAmCherry fusion (Figure 3.2C,

top panel). Though degradation bands also appear on this blot, TcpP-PAmMCherry was the
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dominant species detected. Assessment of TcpP-PAmCherry function by immunoblot detection
against TcpA antibody reveals functional activity that cause downstream TcpA production
(Figure 3.2C, bottom panel). From these immunoblots, | provide evidence for the endogenous
expressions of FP fusions to ToxR and TcpP in V. cholerae, and that these protein fusions only
minimally perturb native protein functions.

To directly probe interactions of ToxR and TcpP, | constructed a double-color mutant
strain that expressed ToxR-PAGFP and TcpP-PAmCherry from their endogenous loci. The
Western shows that in the double-color strain, TcpP-PAmCherry was not expressed (Figure
3.2D, lane 3). Though DNA sequencing verified that both toxR-pagfp and tcpP-pamcherry genes
were successfully recombined at their native loci on the bacterial chromosome, it is unclear
about the mechanisms causing this result. These two genes are located on different promoters,
and therefore should be regulated independently. Nevertheless, these results here, which
demonstrate a case where protein fusions cannot be expressed from their endogenous promoters,
describe a situation in which ectopic expression of proteins fusions may be the best option to

probe existing interactions of ToxR and TcpP.
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Figure 3.2 Endogenous expressions of ToxR and TcpP protein fusions in V. cholerae. (A)
Allelic exchange in V. cholerae using the pK AS32 suicide vector™. (B) Endogenous expression
of ToxR-PAGFP in 0395 leads to a stable fusion when the FP is attached to an internal linker in
the cytoplasm (lane 2) compared to the C-terminus of ToxR (lane 3). (C) Endogenous expression
of TcpP-PAmCherry in 0395 strain produces a stable fusion where the dominant species is full-
length TcpP-PAMCherry (lane 2). (D) O395:toxR-pagfp,tcpp-pamcherry strain does not produce
TcpP-PAmCherry (lane 3) as it did for the O395:tcpp-pamcherry strain (lane 2). Lane 1 in (B-D)
is wildtype O395.
3.2.2 Ectopic expressions of ToxR and TcpP protein fusions in the two-color V. cholerae
strain

To examine ToxR and TcpP protein fusion expressions in a V. cholerae 0395
AtoxRAtcpP double-mutant strain (“two-color”), I compared ToxR and TcpP protein levels
produced by the two-color strain to protein levels in the wildtype and the O395 AtcpP
pBAD18:tcpP-pamcherry (“one-color”) strains. Because PAGFP was not detectable under

standard single-molecule imaging conditions (A excitation = 488 nm, appropriate filters, laser

power = 30 — 100 W/cm?), | used monomeric Citrine instead to label ToxR at the internal linker.
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Since mCitrine is not photoactivatable, | did some initial photobleaching prior to data collection
to obtain a sparse subset of molecules. Immunoblot detection samples were prepped from
bacterial cultures that were grown in toxin-inducing conditions for 4 h. Immunoblotting against
ToxR serum demonstrated that the ToxR-mCitrine fusion was intact and stable (Figure 3.3A,
lane 3). Though leaky expression from the IPTG-inducible promoter resulted in some expression
of ToxR-mCitrine (Figure 3.3A, lane 2), protein expression level was low compared to the
expression of ToxR in the wildtype strain (Figure 3.3A, lane 1). Contrastingly, IPTG induction
resulted in elevated ToxR-mCitrine levels compared to the wildtype strain (Figure 3.3A, lane 3
vs. 1). By immunoblotting against TcpP serum, | detected TcpP-PAmCherry when arabinose
(arab) was added to the single (0395: 4tcpP) and double mutant V. cholerae strains (Figure 3.3B,
lanes 3 and 5). Because lower molecular-weight bands were detected in the samples expressing
TcpP-PAmCherry (Figure 3.3B, lanes 3 and 5), | speculate that this FP fusion is degraded to
some extent. Though unlabeled TcpP can undergo intramembrane proteolysis degradation under
toxin-noninducing conditions in vitro to produce a truncated form of TcpP called TcpP*, this
species was not present for the strains expressing TcpP-PAmCherry. However, there was some
degradation of TcpP-PAmCherry as shown by the appearance of low molecular weight species,
the dominant product of arabinose induction was still TcpP-PAmCherry (Figure 3.3B, lanes 3
and 5). Taken together, the results from these Westerns confirm ectopic expression of ToxR-

mCitrine and TcpP-PAmCherry in the two-color strain.
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Figure 3.3 Immunoblots against (A) ToxR and (B) TcpP antibody. These bacterial strains were
grown in toxin-inducing conditions. IPTG was used to induce ToxR-mCitrine expression while
arabinose (arab) was added to induce TcpP-PAmCherry expression.
3.2.3 The two-color V. cholerae strain maintains a functional ToxR regulon

To assay the functionality of ToxR-mCitrine and TcpP-PAmCherry fusions in the ToxR
regulon, I performed immunoblot detection against the toxin co-regulated pilus A (TcpA)
(Figure 3.3). TcpA is a functional readout for the ToxR regulon since its expression is
intrinsically tied to ToxR and TcpP protein expression (Figure 3.1A). TcpA was not produced in
the absence of a functional ToxR and/or TcpP. TcpA was produced when arabinose was added to
the one-color and two-color V. cholerae strains (Figure 3.4, lanes 5, 6, and 8). Despite some
ToxR-mCitrine and TcpP-PAmCherry production as a result of leaky expression from the
plasmids (Figure 3.3A, lane 2; 3.3B, lane 2), TcpA protein was not produced (Figure 3.4, lane
3). Furthermore, | observed decreased TcpA production in the two-color strain after inductions
with both IPTG and arabinose (Figure 3.4, lane 6 vs. lane 5), compared to arabinose induction
alone (Figure 3.4, lane 5). This decreased TcpA expression in the two-color strain (Figure 3.4,
lanes 5 and 6) compared to the wildtype strain (Figure 3.4, lane 2) suggests that steric
hindrance or other disruption mechanisms minimize the interactions of TcpP and ToxR to

activate downstream virulence proteins. For both the one- and two-color strains, TcpA proteins
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levels were lower compared to the wildtype strain (Figure 3.4, lanes 5, 6 and 8 vs. lane 2); this
result suggests that ToxR and TcpP protein fusions may be less active in either binding to or
enhancing the toxT promoter. Furthermore, this data indicates that some optimal protein
concentrations of ToxR and TcpP are needed to fully activate the ToxR regulon. Additionally,
TcpA was produced when arabinose was added to the one-color V. cholerae strain (Figure 3.4,
lane 8), which agrees well with previous reports that overexpression of TcpP results in the
activation of virulence proteins’*°. Contrastingly, by comparing TcpA production when either
IPTG or arabinose was added (Figure 3.4, lane 4 vs 5), | detected that IPTG alone produces
lower levels of TcpA than arabinose alone, thus indicating that TcpP has a more critical role in

the ToxR regulon”?.
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Figure 3.4 Immunoblot of toxT-regulated toxin coregulated pilus protein TcpA, a downstream
virulence product of the ToxR regulon. The yellow box corresponds to the band corresponding to
the TcpA protein.

To determine the functional activities of ToxR and TcpP protein fusions in the one-color
and two-color strains, | performed an enzyme-linked immunosorbent assay (ELISA) to detect for
CTX. Samples were harvested from cells that were induced with arabinose and IPTG for 4 h.

CTX protein levels were lower in the induced cells expressing the protein fusions compared to

the wildtype cells (Figure 3.5), which suggests that these protein fusions may not be as efficient
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as unlabeled ToxR and TcpP to activate toxT transcription and downstream CTX production. The
results from the ELISA assay agree well with the Western results (Figure 3.4) to support the
conclusion that ToxR and TcpP proteins fusions are less active in the virulence pathway to
activate cholera toxin gene expression; this observation may be the result of steric hindrance that
minimizes the favorable interactions of ToxR and TcpP.

A caveat to consider when assessing the implications of these results is that ectopic
expressions of these ToxR and TcpP protein fusions may not be comparable to native expression
levels. Overexpression of these proteins may cause proteins to dimerize or oligomerize, and thus
block RNA polymerases from accessing the DNA promoters more readily to stimulate
transcription. Because | detected CTX in both the one-color and two-color strains, this result
suggests that the ToxR and TcpP functions are not so perturbed by FP labeling that functions are
completely lost.

Taking the TcpA Western and CTX ELISA results together, the levels of TcpA and CTX
detected from these strains in the absence and presence of inducers suggest that ToxR-mCitrine
and TcpP-PAmCherry fusions maintain a functional—though perhaps weakened—ToxR regulon

capable of activating the toxT promoter to trigger downstream production of TcpA.
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Figure 3.5 Cholera toxin ELISA of the V. cholerae strains used in this study with and without
the addition of inducers. CTX levels from the one and two-color strains were normalized to the
CTX levels in the wildtype strain.
3.2.4 ToxR-mCitrine regulates porin production independent of TcpP

The transmembrane transcriptional activators ToxR and TcpP modulate expression of V.
cholerae virulence factors by controlling toxT. However, in a pathway independent of TcpP and
ToxT, ToxR also activates and represses transcription of genes encoding two outer-membrane
porins OmpU and OmpT (Figure 3.1B). These outer membrane proteins are transcriptionally
regulated by ToxR: ToxR activates ompU transcription but represses ompT transcription. To
understand if ToxR-mCitrine retains function in this orthogonal pathway, | measured OmpU and
OmpT protein expressions. To perform this assay, cell lysates from cultures grown in toxin-
inducing conditions for 4 h were separated by a SDS-PAGE gel. Coomassie blue makes highly-
expressed proteins visible on a gel, which includes the OmpU and OmpT proteins. | detected
OmpU in a wildtype strain (Figure 3.6, lane 2) and in V. cholerae strains where ToxR was
produced (Figure 3.6, lanes 4 and 6). In the two-color strain where ToxR expression was

controlled with IPTG induction, I detected OmpU when IPTG was added (Figure 3.6, lanes 4
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and 6) and OmpT when IPTG was not added (Figure 3.6, lanes 3 and 5). For the AtoxR one-
color strain, there was no OmpU production independent of IPTG induction (Figure 3.6, lanes
6-8). These observations for OmpU and OmpT protein expressions suggest that ToxR-mCitrine
in the two-color strain is active, and ToxR-mCitrine expression is correlated with the regulation
of porins in cells. Since ToxR regulates porin production by targeting the DNA promoter in a
similar way as in the TcpP pathway, this result suggests that the location of ToxR labeling does

not hinder its ability to access DNA promoters in the toxin regulation pathway.
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Figure 3.6 Coomassie stain of cell lysates grown with and without arabinose and IPTG inducers.
ToxR regulates porin production in V. cholerae through OmpU and OmpT expression. High
ToxR expression results in OmpU production while low ToxR expression results in OmpT
production. Red boxes correspond to the OmpU protein bands while green boxes correspond to
the OmpT protein bands.
3.2.5 Live-cell single-molecule imaging reveals localizations of ToxR and TcpP in cells
Since | have already verified that ToxR-mCitrine and TcpP-PAmCherry were expressed
and active in the two-color strain, | determined next where these proteins are localized within
live V. cholerae cells. To determine localizations, the two-color strain was grown in toxin-
inducing conditions in minimal media with IPTG and arabinose for 4 h before the cells were
imaged on the microscope. The emission from each channel was collected separately using an

image splitter (Optosplit 11, Cairn Research). Because mCitrine is not photoactivatable—all
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copies of ToxR-mCitrine fluoresce at one time—this precludes single-molecule imaging.
Therefore, to separate ToxR-mCitrine molecules spatially, | bleached a small region of the
sample window with the 488-nm excitation laser for ~2-4 min; this allowed for single molecules
to be detected. One disadvantage from this bleaching method is that | may be missing
information from all ToxR-mCitrine copies in the cell. Though there is only one toxT promoter
where ToxR binds in the cell, localizations from all ToxR-mCitrine copies may reveal
mechanistic insight into toxT transcription activation, possibly through the positioning of ToxR
throughout the cell. In contrast, to visualize TcpP-PAmCherry, a photobleaching step was not
necessary. Instead, 200 ms pulses of 405-nm laser light stochastically activated a few copies of

the photoactivatable PAmCherry, and allowed for the imaging of low protein densities.

Figure 3.7 Imaging live V. cholerae cells with high resolution. (A) Diffraction limited image of
ToxR-mCitrine. Resolution can be improved by creating super-resolution reconstructions of (B)
ToxR-mCitrine and (C) TcpP-PAmCherry in live V. cholerae cells. Scale bars: 1 um.

From the movies, | determined the center positions of the punctate spots by fitting the
emission profile of each emitter to a 2D Gaussian, a computationally preferable approximation
for the real Airy function?!, to determine the coordinates for a super-resolution reconstruction of
ToxR-mCitrine (Figure 3.7B) and TcpP-PAmCherry (Figure 3.7C) in one bacterial cell. | only

used the first 500 imaging frames for these PALM reconstructions to show the localizations of
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these two protein fusions. These density maps show that ToxR-mCitrine and TcpP-PAmCherry
did not localize to a particular area—for instance to the poles of the cell—but rather diffused
about the whole cell (Figure 3.7B and C). These localization patterns negate a potential
consequence of labeling that causes protein fusions to be mislocalized at the poles due to
aggregation®. Future work would need to illuminate just the membrane of the cells—like an
evanescent field in total internal reflection microscopy—in order to access information regarding

co-localization of ToxR and TcpP, possibly with x,y, and z information.

3.2.6 Single-molecule trajectory analysis reveals dynamics in transcription regulation

| explored the dynamics of these membrane bound transcription activators by using a
tracking algorithm to follow the motion of single molecules in cells. From each trajectory, a
mean-squared displacement (MSD) can be determined for every time lag (z), where z is an
integer multiple of the imaging frame time, or 40 ms. Figure 3.8B shows the MSD curves from
individual tracks plotted for each protein (blue: ToxR-mCitrine, red: TcpP-PAmMCherry). A
diffusion coefficient, D, can be extracted from the slope of each curve in the plot. However, this
method of calculating D is only quantitative for homogenous motion and not easily interpreted.
By observing their localization patterns, I predict that ToxR and TcpP undergo multiple modes
of motion because ToxR and TcpP may not always be involved in activating toxT transcription at
all times. By using the MSD plot (Figure 3.8B) to extract average motion, | am precluding
interpretations that explain the behaviors of these proteins as they freely diffuse in the cell,

interact with each other, and/or interact in large complexes in a single trajectory.
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Figure 3.8 Single-molecule protein tracking in live cells. (A) All trajectories from all molecules
were overlaid on a phase-contrast image of induced live V. cholerae cells (blue: ToxR-mCitrine,
red: TcpP-PAmMCherry). Scale bar: 1 um. (B) Mean-squared displacement curves were plotted
from each individual trajectory in (A).

Dynamic information pertaining to molecules that explored various motions throughout
their trajectories was analyzed by cumulative probability distribution (CPD)*?*. Rather than
using individual tracks from each individual molecule, the CPD gives the probability that the
squared step-size is less than some given radius. A fit of the CPD to a model that groups the
motions into three terms—fast, medium and immobile—indicates that a fit with three terms is a
good estimate (based on the residuals) to explain the motions of ToxR-mCitrine (Figure 3.9A)
and TcpP-PAmCherry (Figure 3.9B). From these curves, | calculated the D values and
populations of each motion (Table 3.1) from Equation 3.3. Therefore, each D and its
corresponding weight indicate the probability that a molecule experiences that type of motion. |
observed that the fast TcpP-PAmCherry population diffused faster than the fastest ToxR-
mCitrine. However, by comparing the diffusion coefficients of the medium population of ToxR-
mCitrine and TcpP-PAmCherry, I uncover very similar D values. Moreover, the medium
population sizes of these two proteins were also very similar to Ds of membrane-mobility

fusions. Therefore, | speculate that this medium population may correspond to ToxR and TcpP

interactions with one another in the ToxR regulon. The D values obtained in these experiments
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for this two-color strain are very similar to membrane bound proteins observed in other
biological systems, which suggests that the tracking algorithm is capturing relevant dynamics for

membrane-localized proteins.

Table 3.1: Using a 3-term diffusion model (Eqg. 3.3) to fit to CPD (Fig. 8). Diffusion coefficients
and relative populations were extracted from CPD vs. zcurve.

Mobile (fast) Mobile (medium) Immobile

ToxR 0.164 % 0.009 um®%/s (29.1+ 0.8 %) 0.027 + 0.005 um?/s (44.6 + 0.5 %) (26.3 % 0.6 %)

TcpP  0.325 +0.004 pm?/s (23.6 £ 0.5 %)  0.031 + 0.003 um?/s (41.4 + 0.4 %) (35.0 + 0.6 %)
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Figure 3.9 Cumulative probability distributions (red, blue, and green correspond to 7= 40, 120,
and 200, respectively), fits to Eq. 3.3 (black), and residuals (lower) for (A) ToxR-mCitrine and

(B) TcpP-PAmMCherry. Time lags are indicated in the legend, and fit parameters can be found in
Table 1.
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3.3 Discussion

The mechanisms by which the ToxR regulon regulates CTX expression have been
elucidated by various groups based on molecular biology, biochemistry and genetic
experiments®'®192>?7 byt direct visualization of these events in vivo has yet to reported. Single-
molecule imaging has been very valuable to elucidate mechanisms in model bacteria®®—
Caulobacter crescentus, Escherichia coli and Bacillus subtilis—but there are few examples of
the application of this technique to study pathogenic bacteria'®. A complication that often arises
when imaging pathogens is the lack of methods development in the manipulation of their
genomes. Since fluorescence imaging relies heavily on the ability to fluorescently label
macromolecules in living cells, it is critical that cloning strategies are developed for these
pathogens to allow for imaging-based studies.

In this study, I used single-molecule imaging to study a pair of transcription regulators in
pathogenic V. cholerae. | provide evidence for the expression of stable fluorescent fusion
proteins in live cells and the retention of their native functions through in vitro experiments.
Though fluorescence labeling of ToxR and TcpP doubled the proteins sizes, the results from
immunoblot detection and Coomassie-stained protein gel data suggest that the activity was only
slightly altered, such that expression of downstream genes were still produced at slightly
dimished levels. Therefore, | conclude that the added bulkiness from the fluorescence labeling
does not cause major steric hindrance that would, otherwise, block essential interactions from
occurring. Because the two-color strain still produced both CTX and TcpA, | provide further
support for the useful application of this strain in fluorescence imaging to study the ToxR

regulon.
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Single-molecule imaging offers high spatial resolution and temporal resolution, and has
the ability to capture relevant interactions in vivo. Single-particle tracking of these proteins in
live cells provides a glimpse into the possible protein-protein and protein-DNA interactions of
the ToxR regulon. The D values | obtained for ToxR and TcpP suggest that these proteins are
localized in the membrane rather than in the cytoplasm, which is consistent with published
biochemical work characterizing ToxR and TcpP in the membrane fractions of cell separation
experiments”®. With imaging acquisition at 40 ms integration time, | may be capturing ToxR and
TcpP molecules that are interacting with themselves to form dimers, interacting with each other,
and/or interacting with the chromosome. The slowing down of these proteins may be due to
transient interactions with other membrane-associated proteins. Furthermore, the CPD of the
squared displacements for ToxR and TcpP show a significant overlap in D values. These
similarities suggest a relation between these two proteins, and may provide the first direct
evidence of ToxR and TcpP interactions in live V. cholerae cells.

Several models for the mechanism of ToxR—TcpP—toxT interaction have been proposed
by Goss et al®°. In the ‘hand-holding’ model, TcpP and ToxR interact directly while bound to the
toxT promoter. This mechanism is quite different from the ‘catch and release’ model, where
ToxR releases TcpP upon DNA binding. Another interesting model is the ‘promoter alteration’
model, in which the displacement of H-NS by ToxR bends or unwinds the DNA promoter to
permit TcpP to locate and bind to the toxT promoter. Finally, the ‘membrane recruitment’ model
is a mechanism in which ToxR brings the toxT promoter closer to the inner membrane where
both ToxR and TcpP have easier access to binding at the promoter. Based on the dynamics and
the localizations of ToxR and TcpP previously characterized in this chapter, the data support the

‘catch and release’ model. Because ToxR and TcpP moved with similar diffusion coefficients in
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the “medium population” and with different D values in the other populations, these
measurements support a model where ToxR and TcpP interact transiently and then move away
from each other. Since ToxR and TcpP did not always perfectly localize in the same locations in
the cell, this eliminates the possibility for the more permanent hand-holding mechanism. In order
to comment on the models involving the promoter, future work will involve the construction and

imaging of strains where the toxT promoter is altered or completely removed.

3.4 Conclusions

The ToxR Regulon, an inner-membrane-bound complex, regulates CTX and TCP gene
expression through ToxT. Four transcriptional regulators in the ToxR Regulon primarily regulate
the gene expression of toxT. In this chapter, | used single-molecule imaging to directly visualize
two of these activators, ToxR and TcpP, in live V. cholerae cells. Previous reports have
suggested that these two transcription regulators work in conjunction at the toxT operon to
activate transcription of toxT via their N-terminal domains in the cytoplasm®**!. Because the data
show that ToxR and TcpP diffused similarly in V. cholerae cells, | propose a mechanism where
ToxR and TcpP transiently interact with each other to participate in transcription activation.
Despite the increase in spatial resolution, I am unable pinpoint exactly where this interaction
may be occurring in the cell. Nevertheless, | speculate that this interaction happens in the
periplasm, where external stimuli can trigger cellular responses to turn on and off virulence gene
production®2. The functions of the periplasmic domains of ToxR and TcpP have yet to be
determined, but it is hypothesized that TcpP and ToxR interact in the periplasm during toxT
transcription due to their adjacent DNA-binding regions’®33. Future work involving site-

directed mutagenesis of ToxR and TcpP may reveal these critical interacting domains.
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Recently, Haas et al. proposed a variation of the ‘hand-holding model’, in which H-NS
protein blocks the toxT promoter until ToxR can remove these proteins, and then binds the toxT
promoter™®. By following the motion of TcpP-PAmMCherry in mutant strains, the authors
proposed a hypothesis in which ToxR recruits TcpP to the exposed toxT promoter to activate
toxT transcription. This unusual membrane-bound transcription mechanism of the ToxR regulon
is not only relevant in V. cholerae, but can be found in several other organisms. Investigating the
specific roles of bitopic membrane-bound transcription activators in the V. cholerae virulence
pathway will have general implications for similar mechanisms in other bacteria. This study
highlights a new perspective on membrane-bound transcription factors elucidated by single-

molecule imaging of pathogens.

3.5 Materials and Methods
3.5.1 Cell Growth and Sample Preparation

V. cholerae strains expressing TcpP-PAmCherry and ToxR-mCitrine fusions were first
grown on LB growth medium (10 g bactotryptone, 5 g yeast extract, and 5 g NaCl diluted to 1 L
water; Fisher) and agarose (LB Agar; Fisher) containing appropriate antibiotics (kanamycin: 50
pug/mL, ampicillin or carbenicillin: 100 pg/mL, and streptomycin: 50 ug/mL) at 37°C for
~ 16 - 18 h. A single colony was picked before growing in LB growth medium and antibiotics
for another ~ 16 - 18 h. The overnight cultures were diluted 1:25 into M9 minimal medium (200
mL M9 salts, 2 mL 1 M MgSO,, 20 mL 20 % v/v glycerol, and 100 uL CaCl, diluted to 1L;
Fisher), an amino acid mixture NRES (L- asparagine, L-(+)-arginine, L-glutamic acid and L-
serine to a final concentration of 25 mM), and appropriate antibiotics, and grown overnight at

30 °C with shaking. The cultures were diluted 1:25 for a second time in M9, NRES, and
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antibiotics, and grown at 30 °C for ~ 16 h. To activate the virulence pathway, cells were diluted
1:10 in M9, NRES, and antibiotics, and induced with L-(+)-arabinose (0.1 % v/v final
concentration) and Isopropyl B-D-1-thiogalactopyranoside (IPTG, 0.1 mM final concentration).
The cultures were grown at 30 °C for ~ 4 h. A 1 mL aliquot of cells was concentrated in a
centrifuge (Eppendorf 5430 R) for 30 s at 25 °C and 17500 rpm. The supernatant was removed,
and the pellet was washed with M9 two more times. Finally, the pellet was resuspended in 500
uL of M9 before a 2 pL aliquot was placed on a 2% agarose pad and inverted onto a larger cover
slip (35 X 50 mm). A second smaller cover slip (22 X 22 mm) was placed on top of the agarose

pad.

3.5.2 Detection of proteins by Western

Cultures of V. cholerae were grown under toxin-inducing conditions for 4 h with
arabinose and IPTG, 0.1 % v/v and 0.1 mM final concentrations, respectively. Toxin-inducing
conditions correspond to growth conditions in LB pH 6.5 at 30 °C in which maximal
downstream toxin proteins are produced. ODgqo equivalents of whole-cell lysates were prepared
in SDS-PAGE sample buffer before the samples were electrophoresed on a 15% polyacrylamide
gel with a 5% stacking gel, transferred to nitrocellulose, and blocked with 5% dried nonfat milk
in Tris-buffered saline containing 0.1% Tween 20 (TBS-T) for 2 h at room temperature. Next,
the blot was incubated overnight at 4°C with TcpP, ToxR, or TcpA polyclonal antisera. The
TcpA antibody was used at 1:10,000 dilution, the ToxR antibody at 1:1,000 dilution, and the
TcpP antibody at 1:500 dilution. All antibody dilutions were made in 5% milk—TBS-T. The blot
was then washed 3 x 15 min in TBS-T and incubated for 1 h at room temperature with goat anti-

rabbit IgG linked to alkaline phosphatase diluted 1:1000 in 5% milk—TBS-T. The blot was then
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washed 3 x 15 min with TBS-T. The chromogenic substrates for alkaline phosphatase, nitroblue
tetrazolium chloride (NBT) and 5-bromo-4-chloro-3-indolylphosphate p-toluidine salt (BCIP)

were added to develop the blot.

3.5.4 Detection of Cholera Toxin by ELISA (enzyme-linked immunosorbent assay)
Cultures of V. cholerae were grown under toxin-inducing conditions for 4 h with
arabinose and IPTG, 0.1 % v/v and 0.1 mM final concentrations, respectively. An equal volume
of the supernatants from each culture was added to 96-well plates coated with the cholera toxin

receptor, GM1. After a 2 h incubation at RT, the plates were washed three times with wash
solution composed of phosphate-buffered-saline (PBS; pH 7.4), 0.2% BSA, and 0.05% Tween
20. CTX antisera was added to each well and allowed to incubate for 2 h at RT. The plates were
washed three times with wash solution before goat anti-rabbit antibodies linked to alkaline
phosphatase were added. After a 2 h incubation at RT, the plates were washed again for three
times with the wash solution. P-nitrophenyl phosphate was then added, and absorptions were
taken at 420 nm. These values were converted to CTX concentration by normalizing the A4z
value to the absorption value generated by a known concentration of CTX present on the 96-well

plate. CTX expression values were normalized to the ODggo.

3.5.5 Strain Construction

A ToxR-mCitrine chimera protein was created by overlap extension polymerase chain
reaction (OE-PCR). toxR was PCR amplified with a HindllI restriction site from wildtype 0395,
while mcitrine was PCR amplified with a Xmal restriction site from a plasmid purchased from

Addgene. The ligation of toxR to mcitrine was done at a stable linker region near the inner
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membrane in the cytoplasm. The stop codon on mcitrine was removed to allow for continuous
transcription and translation of the fluorescent protein. Gel electrophoresis and DNA sequencing
verified the DNA fusion sequence. toxR was ligated into an isopropyl -D-1-
thiogalactopyranoside (IPTG)-inducible plasmid, pPMMBG66EH, at Hindlll and Xmal restriction
sites using DNA ligase. The ligated product was gel purified and electroporated into 0395 AtoxR
AtepP that already had TcpP-PAmMCherry on an arabinose-inducible plasmid, pBAD18-Kan. The
colonies were screened by PCR with primers flanking the ends of TcpP-PAmCherry and ToxR-

mCitrine. This two-color strain was verified by sequencing.

3.5.6 Microscopy and imaging parameters

mCitrine (excitation: 516 nm, emission: 529 nm) is compatible to use alongside
PAmCherry (excitation: 564 nm, emission: 595 nm) for two-color imaging with the optical setup
in my lab. In the setup, each laser beam was passed through an excitation filter (Semrock) and
then a quarter-wave plate (Tower optical) to become circularly polarized. Adjustable mirrors and
a periscope (CVI Melles Griot) directed the beams into a standard widefield inverted
epifluorescence microscope (Olympus 1X71) with a 100x 1.40 N.A. oil-immersion objective.
The laser beam was focused at the back aperture of the objective using a lens (Semrock) at the
back of the microscope. The emission and excitation light from the different lasers were
separated using a dual band pass filter (Figure 3.10). The emitted light was then passed through a
beam splitter before reaching an electron-multiplying charge-coupled device (EMCCD) detector
(Photometrics Evolve) that was connected to a computer. Fluorescence of mCitrine in the cells
was excited with 488-nm fluorescence excitation laser (Coherent Sapphire 488-50) at 7 W/cm?,

and imaged until all molecules were photobleached. Then, fluorescence of PAmCherry in the
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cells was activated using a 405-nm laser (Coherent Cube 405-100) at 200 ms pulses at 35-110
W/cm?, co-aligned with the 561-nm fluorescence excitation laser (Coherent Sapphire 560-50) at
120 W/cm?, and imaged for an additional 2 mins. Acquisitions at 40 ms integration time lasted
for a total of 4-5 min for each movie per each 256 x 256 pixel region. 10-15 movies were

collected from each sample before a new sample was made.
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Figure 3.10 This dual band pass filter is optimized for laser excitation utilizing a 488-nm laser
source for mCitrine and a 561-nm laser source for PAmCherry. This set provides high
brightness, low crosstalk, and a good signal-to-noise ratio (https://searchlight.semrock.com/).
3.5.7 Image processing and data analysis

Phase-contrast images of V. cholerae were segmented using a custom MATLAB script
before analysis can be done within the cell boundaries. Single molecules were localized in the
cells, and single-molecule trajectories were created based on a nearest-neighbor algorithm. From
each trajectory, the mean-squared displacement (MSD or (r2)) was determined for every time
lag (z), where 7 is an integer multiple of the imaging frame time, 40 ms. For Brownian motion,
the diffusion coefficient, D, is proportional to the slope of MSD versus z, as given by the
following equation:

(r?(7)) = 2nDt (3.1)
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where n denotes the imaging dimension®*. In my experimental setup, n = 2 because I did not
capture motion in the z-direction. However, this method of calculating D is an oversimplification
which may not take into account the heterogeneity along a single trajectory.

To describe heterogeneous motion, | analyzed diffusion based on the cumulative
probability distribution (CPD) of squared step sizes?*. Rather than obtaining one data point for
each z value, | get a distribution of values for each z. For homogenous two-dimensional

Brownian motion, the CPD of squared displacements for a given 7 is described by:

P(r2,1) =1—exp (_—rz) (3.2)

(r2+o2)
where o is the localization accuracy. To accommodate heterogeneous motion involving multiple
diffusion coefficients, additional populations were incorporated by additional exponential terms
in the expression. The three-term model for the CPD of squared displacements for a given 7 is

therefore described by:

P t)=1-—a-exp (_—rz) -p- exp( 1 ) —y-exp (;—r;) (3.3)

(r2+ao2) (r§+02)
where a and S describe the population weights of the two mobile terms,andy =1 — (a + B)

describes the population weight of the immobile term ((r2) = 0).
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Chapter 4: Toward In-vivo Imaging of the Gut Microbiome

The work presented in this chapter is an ongoing collaboration between the following authors:
Chanrith Siv, Hannah Chia, Shannon Wetzler, Matt Foley, Nicole Koropatkin, and Julie Biteen

Author Contributions:

Experimental design: CS, HC, SW, MF, NK and JB; Data collection: CS, HC, SW,
Data analysis: CS, HC, SW

The human gut microbiome influences human development, diseases, immunity, and health. For
decades, scientists have only studied pathogens to understand ways to eliminate them from our
systems. However, recent newfound awareness about how the microbiome is essential for human
life has led to an explosion in human microbiome research. In this chapter, | developed and
applied imaging modalities to probe cell-cell interactions in anaerobic co-cultures. With the aim
to address questions pertaining to resource sharing in a communal environment, | looked at
commensal growth of Bacteroides and Ruminococcus bacterial species. | also assessed several
means of introducing fluorescence into an aerobic imaging environment. The results presented in

this chapter provide a new methodology for studying the interactions happening inside the gut.

4.1 Introduction

The human gastrointestinal tract harbors nearly 100 trillion microbes that are collectively
known as the gut microbiota®. This microbial community is established shortly after birth and
evolves throughout the life of the individual®. The gut microbiota has a profound effect in both

health and disease®>. The health benefits of maintaining a healthy gut microbiota include the
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modulation of immune development™®, inhibition of pathogen colonization’, and bidirectional
communication between the gut and brain that triggers peristalsis and mucin production, and

immune functions®®. However, abnormalities in the microbiota composition—a dysbiotic state—

10-12 13,14

can lead to irritable bowel syndrome and inflammatory bowel disease™ ~“, colon cancer—",
antibiotic-associated colitis™, and systemic metabolic diseases like type 2 diabetes*® and
obesity’. A heterogeneous etiology of metabolic and gastrointestinal diseases has been
associated with the compositions of microbes, especially due to an increase in potentially
harmful bacteria. In this chapter, | extend the capabilities of live bacterial cell imaging to
understand this community, specifically the gut microbes responsible for metabolizing
carbohydrates not readily digested by human enzymes.

A Gram-negative anaerobic microbe, Bacteroides thetaiotaomicron is a major
endosymbiont of the human intestinal tract'®. This bacterium brings in and hydrolyzes non-
digestible polysaccharides found in complex material produced by plants, animals, fungi and
bacteria, such as the following: amylose, amylopectin, glycogen, and maltooligosaccharides™®.
The starch utilization system (Sus) of B. theta consists of cell-associated enzymes that are
responsible for hydrolyzing the polysaccharides into smaller fragments, which are then digestible
by the human host?®?®, Because large substrates cannot easily pass the bacterial cell membrane,
this Sus complex is stationed at the outer membrane where it uses different Sus proteins to bind,
cleave, and translocate these substrates?. Despite the difficulties of studying membrane proteins,
recent efforts in structural biology?® and single-molecule fluorescence imaging** have uncovered

structural insights into this large complex and the sequential dynamic characteristics of the Sus

proteins in the presence of different substrates, respectively. Though not all interactions and
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stoichiometry have been fully elucidated, protein structure determinations predict a model for

starch catabolism by B. theta Sus as shown in Figure 4.1.

Figure 4.1 Model for starch catabolism by the B. thetaiotaomicron Sus, which consists of eight
proteins (SuSABCDEFG) that promote starch binding, degradation, and translocation. This
figure was reprinted from Karunatilaka et al., mBio 2014,

Starch is a polymeric carbohydrate composed of glucose units joined by glycosidic
bonds, which range in the degree of branching, chain lengths connecting branch points, and
degree of polymerization. The microbiota has the capacity to degrade many starch
macrostructures through a glycoside hydrolase family 13%. B. theta digests many forms of
starch, but this bacterium cannot digest resistant starches (RS)%. RS are classified into four types
(RS1 through RS4) based on their structure and degree of resistance to enzymatic degradation
(Table 4.1). Since B. theta cannot degrade all starches, the gut microbiota harbors other species
that operate to establish an intricate synergy between the member cells that sustain community
living®”. Ruminococcus bromii is the keystone species for the degradation of resistant starch in
the human colon?. Recent evidence from co-cultures of R. bromii with B. theta and other
amylolytic bacteria suggests that R. bromii stimulates RS utilization so that other bacterial

species can grow in the same medium . R. bromii is a primary degrader of RS; the byproducts

107



from RS can be further utilized by other gut microbes®. Because RS fermentation confer health
benefits, such as reducing insulin resistance®, reversing infectious diarrhea®, and preventing
colorectal cancer®, there is an active area of research that evaluates the utility of RS as a
prebiotic®. However, previous research in this field have all been done in vitro, thus in this

chapter I use cellular imaging to understand these community interactions.

Table 4.1 Classification of resistant starches and food sources.

Type of Resistant Starch Description Examples
RS1 Physically inaccessible, Whole or partly milled grains and
non-digestible matrix seeds
RS2 Tightly packed, ungelatinized starch Raw potato starch, green bananas,
granules high-amylose cornstarch
RS3 Retrograded starch (i.e., non- Cooked and cooled potato, bread
granular starch-derived materials) and pudding
RS4 Chemically modified starch Etherized, esterified or cross-bonded

starches (processed foods)

Since most bacteria do not live in isolation on petri dishes, bacterial cell imaging from
monocultures alone may not provide the complete details of the biological processes happening
inside them. This study demonstrates the use of imaging techniques on a mixed community of
bacterial species. Single-cell superresolution imaging and tracking is used to study localizations
and dynamics of proteins inside one cell at a time to understand cellular processes specific to that
cell, but has yet to be applied to understand mechanisms that respond to interspecies or
intraspecies interactions. Moving away from experiments at the single-cell level, I determined
the conditions under which B. theta and R. bromii can grow in a commensal fashion and

visualize the growth of these two bacterial species under the microscope. Under the co-culture
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conditions used in this study, the results indicate that B. theta cannot digest the RS carbohydrates
(corn and potato starches) on its own; rather, in the absence of carbon sources that B. theta can
catabolize, B. theta uses the RS breakdown products supplied by R. bromii as its carbohydrate
source. These investigations also reveal that growth of a monolayer of a bacterial co-culture can
be established on a coverslip.

In addition, | address the challenges involved in performing fluorescence imaging in an
anaerobic environment. Fluorescence imaging is typically done at the benchtop. Thus, the
absence of oxygen when growing and imaging live anaerobic microbes severely limits the types
of fluorophores that can be used for labeling in these studies. For instance, fluorescent proteins,
which offer multiple advantages for live-cell imaging, require oxygen for the chromophore to
mature. Therefore, | instead labeled bacteria with alternative fluorescent proteins that use a flavin
cofactor instead of oxygen®*. Here, | present preliminary data on imaging a microbiome, and
discuss the challenges in developing a technique to probe the unique roles of bacterial species in

a mixed community.

4.2 Results and Discussion
4.2.1 Live-cell imaging of gut microbes

Cellular imaging provides a non-invasive, minimally perturbative means to examine live
cells. Because cellular imaging is typically done on a benchtop in an open environment, this
experimental setup precludes visualizing anaerobic bacteria. There are very few microscopy
studies of living anaerobic bacteria due to this limitation, but work in my lab has extended
cellular imaging to live cells of the obligate anaerobe B. theta®, one of the many human gut

microbes found in humans that are sensitive to the presence of oxygen. Here, | further extend
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live-cell imaging using the experimental setup | have developed in the lab to examine another
anaerobe, R. bromii.

B. theta becomes dormant when exposed to oxygen, but resumes growth and division
within 30 min to 1 h once bacterial cells are brought back into the anaerobic chamber to
equilibrate®. Therefore, this characteristic of B. theta makes preparing these bacterial cells on
coverslips for imaging at the bench possible, as long as any manipulations in air are followed by
an incubation time in the anaerobic chamber. However, R. bromii is more sensitive to oxygen
and thus cannot be prepared in a similar fashion. To mitigate these challenges, | developed a
different approach to prepare cells for imaging. As shown in Figure 4.2a, | sandwiched bacterial
cells in media between an agarose pad and a coverslip, and sealed all sides of the coverslip with
epoxy. The preparations of these slides were done inside the anaerobic chamber. The addition of
epoxy ensured that no atmospheric exchange can occur when the slides leave the anaerobic
chamber. This preparation method has enabled us to visualize live R. bromii under the
microscope. To continue growth on a coverslip, the sample was maintained at different
temperatures outside of the anaerobic chamber. R. bromii grew at room temperature but not as
efficiently as in 37 °C. However, R. bromii can be imaged for many days with this sample
preparation method (Figure 4.2b). Because bacterial cells initially expand radially—primarily in
plane—before a 3D architecture is established®®, this creates a single layer of bacteria that can be
imaged without a confocal or light-sheet microscope setup. Though I have not imaged bacterial
cells beyond 72 h, in theory the bacteria can continue to grow and divide as long as nutrients are

not depleted.
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(a) Epoxy\ Coverslips
Bacterial cells in mediazg , . ﬁAgarose

Figure 4.2 Imaging live anaerobic bacterial cells on a conventional benchtop microscope.

(a) Sample preparation for imaging anaerobes in oxygen-exposing environment. Bacterial cells
(~1-2 um in length) are not drawn to scale relative to the microscope coverslips (22 mm and 50
mm in lengths for top and bottom, respectively). Using this setup, (b) R. bromii sustained growth
on a coverslip over multiple days. Scale bars: 1 pm.

4.2.2 Growth of co-cultures in spent media

After developing a method to image R. bromii, I investigated optimal growth conditions
to study mixed bacterial species. Since the release of energy from RS in the human colon
depends on the presence of specialist primary degraders, like R. bromii, within the microbial
community®®, | explored how different starches in the media affect B. theta growth. In particular,
I used corn and potato starches in this study; these starches cannot be used as carbon sources for
growing B. theta alone. | hypothesized that if cross-feeding is present, B. theta may be able to
grow in a media containing RS by utilizing the metabolic byproducts of R. bromii.

To test this concept, I grew R. bromii in Ruminococcus (Rum) media with either corn
starch or potato starch for up to 3 days, ensuring that abundant amounts of metabolic byproducts
were maintained in the media. The R. bromii cultures were filtered through a 0.22 pum filter
under a vacuum to obtain spent Rum media that was free of bacterial cells and RS. | measured

the growth of B. theta, R. bromii, and a co-culture of the two anaerobes in different media
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conditions for 6 days (Figure 4.3). In minimal media that was free of sugar, there was no
bacterial growth. When maltose and glucose were added to the minimal media, there was growth
in the monoculture of B. theta and in the co-culture, but not in the monoculture of R. bromii. As
expected, these results support that R. bromii cannot utilize these simple sugar sources. | detected
similar trends for growth in Rum media alone and in Rum with glucose. Based on my hypothesis
of cross-feeding, B. theta should grow in the spent Rum media. Indeed, the results from the
bottom two growth curves in Figure 4.3 show that B. theta can grow in spent Rum.

However, several growth behaviors appeared on these growth curves that could not be
explained. For instance, there was a drop-off for all conditions in the growth curves starting at
~100 h, perhaps as the nutrient source was depleted. And yet, in several other conditions (Rum +
glucose, Rum + maltose), the co-culture sustained prolonged growth for a significant time after
the B. theta monoculture OD dropped to zero. Overall, since R. bromii takes three times as long
to reach similar steady-state levels as B. theta, it is possible that R. bromii densities were too low

to be detected, and thus this method of detecting growth of co-cultures needs to be optimized.
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Figure 4.3 Growth curves obtained from B. theta, R. bromii, and B. theta/R. bromii co-culture
inoculated in minimal media (MM), Rum media, and spent rum isolated from R. bromii grown
with corn starch (CS) or potato starch (PS). The samples denoted MM and Rum did not include
additional sugar, but instead was diluted with sterile water to make 1X media. The curves called
“Media” in each panel indicate the ODggo reading with no inoculated cells.
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4.2.3 ldentification of bacteria by sizes and shapes

To visualize and examine the gut microbiome using microscopy, | developed a more
faithful in vitro model of the bacterial communities constituting the gut microbiome. I grew
liquid co-cultures of B. theta and R. bromii, and through qualitative observations, I distinguished
the smaller, rounder R. bromii from the bigger, more elongated B. theta (Figure 4.4a vs. b).
There was growth for both bacteria in monocultures over the course of a 24-h period and in the
co-cultures. Though it was easy to distinguish these two bacteria in low growth densities based
on their cell morphologies, in higher bacterial densities there were ambiguities in determining
bacterial sizes (Figure 4.4c vs d). Since bacteria were at different stages of cell division, it was
hard to determine a dividing cell from one that was not dividing. Furthermore, there was more
growth of B. theta relative to R. bromii, which is not surprising since B. theta doubles more

quickly than R. bromii (Figure 4.3).

(a) =
= ]
P -~
T »

Figure 4.4 Growth of co-cultures on a coverslip. (a) A monoculture of R. bromii in Rum media.
(b) A monoculture of B. theta in minimal media. A co-culture of R. bromii and B. theta in spent
Rum media at (c) O h of growth and at (d) 24 h of growth. Scales bars: 2 um.

Additionally, there was occasional contamination in some of these co-cultures; | attribute
these species to cross-contamination from experiments in my collaborators’ labs. Though |

determined that wildtype B. theta was unable to use potato starch as a carbon source, | observed
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some bacterial growth of rod-shaped bacteria (Figure 4.5a). In the co-culture (Figure 4.5b),
there were growths of B. theta (green), R. bromii (purple), and an additional rod-shaped bacteria
(red). I suspect that this culture contamination may be from Bacillus spp due to the size and
shape. However, the sizes and shapes of this contaminant and B. theta were similar, and so there
was a risk for potential misidentification. It was therefore critical to use a more definitive

approach to characterizing bacterial species in mixed cultures.

Figure 4.5 Contamination of cultures grown in the anaerobic chamber. (a) Growth of wildtype

B. theta with potato starch. (b) A co-culture of B. theta (green) and R. bromii (purple) with
contamination by another bacterial species (red). Scale bars: 4um.

4.2.4 Selective labeling of B. theta for imaging of co-cultures

Due to the oxygen sensitivity of these anaerobic microbes, traditional fluorescent
proteins, such as GFP and mCherry, cannot be used in the experiments, as the aforementioned
proteins require oxygen in their biochemical reactions. Specifically, oxygen is needed by the
chromophore to oxidize the «,f bond of tyrosine 66 during the self-catalyzing process to cause
fluorescence®’. To overcome this limitation in obligate anaerobic bacteria, a novel class of
flavin-mononucleotide (FMN)-based fluorescent proteins (FbFPs) was developed by genetically
engineering the bacterial light, oxygen, and voltage (LOV) sensing proteins from photoreceptors
YtvA from Bacillus subtilis® and SB2 from Pseudomonas putida®. Therefore, I labeled the cells

with FbFPs to preserve the oxygen-limiting environment required for the co-culture of B. theta
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and R. bromii. FbFPs have been previously shown to be suitable fluorescent reporter proteins for
quantitative analysis of microbial processes in both the presence and absence of oxygen®**.
Therefore, 1 used an engineered version of the light, oxygen, and voltage (LOV) sensing protein
from Chlamydomonas reinhardtii*? (CreiLOV) that was codon optimized for B. theta

(BtCreiLOV).

Wildtype 60 (b)

Intensity (a. u.)
w
o

0 20 40 60
Time (s)

(c) pBAD18:BtcreilOV (d)

Intensity (a. u.)
w
o
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Figure 4.6 Fluorescence detection of BtCreiLOV in E. coli. Phase-contrast images were
acquired for (a) wildtype E. coli and (c) E. coli pPBAD18:BtcreiLOV. (b) Fluorescence intensity
traces were measured for one cell in (a), and similarly plotted for E. coli pPBAD18:BtcreiLOV
after arabinose-induction in (d). Scale bars: 1 um.

| investigated the fluorescent properties of FbFP with my microscope setup and imaging
conditions by observing the BtCreiLOV expression in E. coli. | cloned the BtcreiLOV gene into
E. coli under an arabinose-inducible promoter pBAD18. Here, | used arabinose induction at
0.1% final concentration (v/v) to ensure high expression of BtCreiLOV. | imaged E. coli

containing pBAD18:BtcreiLOV under both aerobic and anaerobic conditions, and detected no
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discernible difference in fluorescence among wildtype E. coli cells, arabinose non-induced
pBAD18:BtcreiLOV E. coli cells, and arabinose-induced pBAD18:BtcreiLOV E. coli cells. The
introduction of BtcreiLOV did not affect the phenotype of E. coli (Figure 4.6a vs. c¢). To
determine if the fluorescence of BtCreiLOV can be detected in E. coli under my imaging
conditions, | measured the fluorescence signal from E. coli cells nominally expressing
BtCreiLOV and compared the signal against the autofluorescence of non-transfected E. coli
illuminated with 488-nm laser light using the same excitation power (Figure 4.6b vs. d). By
comparing the fluorescence intensity traces over time, | observed that the fluorescence signal of
BtCreiLOV was not distinguishable from the background fluorescence in wildtype E. coli.
Though it had been reported in literature that fluorescence intensities from BtCreiLOV are
comparable to eGFP*', my data suggests otherwise. One difficulty here is that the blue color of
the BtCreiLOV protein coincides with the spectral region where cells exhibit autofluorescence,
due to the flavins that are naturally present in the cell. Though absorbance maximum of
BtCreiLOV is 440 nm, | selected a 488-nm excitation laser to avoid background
autofluorescence in this color region. Still, under the imaging conditions used in Figure 4.6,
there was no detectable fluorescence. However, there was a tradeoff with 488-nm excitation: the
cellular background will be decreased, but the fluorescence of the LOV protein will also
decrease since | am not optimally exciting the LOV proteins at the right wavelength. Therefore, |
speculate that the LOV protein fluorescence signals were overwhelmed by cellular
autofluorescence signals in this imaging setup.

| also examined the fluorescence of these E. coli cells with 440-nm excitation in a
different microscope setup (CFP filters; Olympus BX61 microscope using an Olympus 100x oil

immersion 1.45-numerical aperture (NA) total internal reflection fluorescence microscopy
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(TIRFM) objective lens), but again detected no difference between the wildtype and
pBAD18:BtcreiLOV E. coli cells, perhaps due to high cellular autofluorescence. In the future, it
may be necessary to excite the samples using 514-nm laser light where cellular autofluorescence

is minimized. However, since this longer wavelength is the peak of CreiLOV emission, some of

the signals will get filtered out in the measurements (Figure 4.7).
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Figure 4.7 Fluorescence excitation and emission spectra of purified CreiLOV and VafLOV from
Chlamydomonas reinhardtii and Vaucheria frigida, respectively. This figure was reprinted from

Mukherjee et al., ACS Syn. Bio. 2014*.

To investigate the feasibility of using an FbFP in B. theta, | acquired the BtcreiLOV gene
from the E. coli S17 strain by PCR and did conjugation with B. theta to facilitate homologous
recombination, putting the BtcreiLOV gene under the constitutive promoter usBT1311. Because
BtCreiLOV expression is constitutive, all cells should express the FbFP since expression level
here does not vary with cell cycle. The successful transfer of the gene into B. theta was verified
by PCR and sequencing. Additionally, I cloned two other variants of FbFP (Evoglow™) onto the
usBT1331 promoter. These FbFPs were codon optimized for B. theta (BtfbFP) and E. coli

(EcfbFP). From the movies acquired with my microscope setup and imaging conditions, I did not
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detect significant differences in fluorescence signals in wildtype B. theta from the three B. theta
strains expressing FbFPs (Figure 4.8). These results suggest that these flavin-based reporters are

not appropriate fluorescent proteins to label B. theta cells.
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Figure 4.8 Fluorescence detection of FbFPs in B. theta. Fluorescence intensity traces were
measured for (a) wildtype B. theta, (b) B. theta expressing codon-optimized CreiLOV, (c) B.
theta expressing codon-optimized Evoglow, and (d) B. theta expressing Evoglow optimized for
E. coli. These intensity traces were from single-cell measurements.

4.2.5 Selective labeling of R. bromii for imaging co-cultures

In addition to the selective labeling of B. theta, | used immunofluorescence to identify R.
bromii in a mixed culture. A culture of R. bromii was probed with antibodies against starch
degrading enzymes on R. bromii surface (either a4T, a9T, or «12T) before a second antibody
containing an organic dye was used for secondary labeling. To maintain anoxic conditions, all

antibody labeling done on living cells was performed in the anaerobic chamber. 488-nm laser
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light was used to detect fluorescence from antibody-labeled R. bromii. Though R. bromii does
exhibit background fluorescence at 488 nm, these signals were not as strong and could be
bleached quite rapidly. By imaging a co-culture containing labeled R. bromii and unlabeled B.
theta (Figure 4.9), | detected fluorescence in R. bromii and minimal specific interactions
between the anti-R. bromii antibodies and B. theta cells, which suggests the feasibility of this
antibody-labeling method to study the composition of a co-culture at a specific time point. Future
experiments will further optimize antibody labeling to minimize nonspecific binding and

eliminate free, unbounded dyes in the sample.

Figure 4.9 Direct imaging of R. bromii/B. theta co-culture by immunofluorescence microscopy.
A phase-contrast image (left) and a fluorescence image (right) of this co-culture grown in spent
Rum media.

4.3 Conclusions

In this chapter, | have shown that B. theta and R. bromii can grow in a commensal
fashion under growth conditions where R. bromii initially breaks down RS and releases
digestible starches. Before | can accurately measure growth of specific bacterial species in a
mixed culture, optimizations in the growth conditions to minimize contaminations and methods
development to grow co-cultures with similar starting densities for different bacterial species
need to be done. To determine which metabolic byproducts from RS are important for growth of

B. theta, future experiments will also need to include qualitative and quantitative measurements
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of the byproducts based on thin-layer chromatography, mass spectrometry, and high pressure
liquid chromatography. By characterizing byproducts, it may be possible to grow different sets
of bacterial species to differentiate the major degraders of certain starches from the minor
degraders in this microbial community. In addition to growth in a test tube, | have shown first
images of two live, anaerobic bacterial species grown on a coverslip and imaged using a
benchtop microscope. Because of similarity in shapes of these two bacterial species, phase-
contrast images were not enough to definitively distinguish these two bacteria. Nevertheless, this
preliminary single-cell imaging data suggests that it is possible to detect multiple species in co-
culture, and perhaps visualize cross-feeding interactions between B. theta and R. bromii.
Fluorescence markers may be useful to detect individual species in a mixed culture, but the
availability of probes for imaging in anaerobic conditions make this endeavor a bit challenging.
The complex network of the human gut microbiota is complicated, and therefore it is
important to increase the complexity of imaging samples to better understand the processes that
make biofilm development crucial to microbes. Biofilms are surface-attached multi-species
microbial communities that are up to 1000-fold less susceptible to antimicrobials and
antibiotics*. This reduced susceptibility is due to retarded antimicrobial penetration into the
biofilm, altered growth rates, intraspecies and interspecies metabolite and/or cell—cell signaling
interactions, and cross-species protection®*. Here, | describe several approaches to growing B.
theta/R. bromii biofilms (Table 4.2). The static nature of these systems inhibits continuous
supply of fresh medium and thus limit nutrients, and makes it hard to generate mature biofilms.
Still, method developments in continuous-flow and chemostat systems for the production of

mature biofilms will hopefully address these limitations®.
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Table 4.2 Different methods to grow a B. theta/R. bromii biofilm

Method Ease of Use  Possibility of Working
Cube of coverslips held together by epoxy  Extremely hard Possible
Cube of coverslips held together by Blu-Tack Hard Possible
Immersing coverslip in liquid culture Easy Unlikely
Growing B. theta between two coverslips Medium Possible

4.4 Methods
4.4.1 Bacterial growth
Monocultures of R. bromii were grown anaerobically at 37 °C in Ruminococcus (Rum)

media with corn or potato starches (1-2% wt/vol). See Rum media recipe below. After 2-3 days
of growth in Rum media, R. bromii cultures were spun down to pellet the starches and bacteria.
To make spent Rum media, which is a media containing breakdown product of R. bromii
digestion of resistant starches (RS), the supernatant from this separation step was sterilized with
a 0.22 um filter. This separation step removed R. bromii, as well as any unprocessed RS, from
the media, leaving behind only soluble byproducts as the only carbon source. Monocultures of B.
theta were similarly grown under anaerobic conditions at 37 °C in TYG media (see recipe
below) with glucose or maltose (0.5% wt/vol). After overnight growth to stationary phase in
TYG media, B. theta was subsequently back-diluted into minimal media with glucose or maltose.
Bacterial co-cultures were made from mixing different aliquots of the overnight cultures of R.
bromii in Rum media and B. theta in minimal media (MM) into spent Rum media, and grown
anaerobically for 1-3 days at 37 °C. Growth curves were obtained by taking optical density
measurements at 600 nm on a high-throughput plate reader. Media was deposited into 96-well
plates, and were allowed to equilibrate in anaerobic conditions before the addition of B. theta or
R. bromii (1:200 dilution), with triplicates of each bacteria/media combination. ODgg readings
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were taken every 10 minutes for six days. Growth curves were plotted and analyzed using

GraphPad Prism.

Recipes for the growth media used in this study
TYG (1x, 50 mL) “®

5 mL 10x Bacteriodes salts (KH2PQO4, (NH4),SO, and NaCl)
1 g TYG powder mix (HIMEDIA)

50 pL FeSO,4 with 10 mM HCI

50 pL 0.08% CacCl,

50 pL 0.1 M MgCl,

50 pL 1.9 mM Hematin with 0.2 M histidine
50 pL 1 mg/mL Vitamin K3

50 pL Vitamin B12

25 mg Cysteine

MM (2x, 50 mL)

10 mL 10x Bacteriodes salts (KH2PO4, (NH4)>SO,4 and NaCl)
100 pL FeSO,4 with 10 mM HCI

100 pL 0.08% CacCl,

100 pL 0.1 M MgCl,

100 pL 1.9 mM Hematin with 0.2 M histidine

100 pL 1 mg/mL Vitamin K3

100 pL Vitamin B12

100 mg Cysteine

100x vitamin mix

Dissolve 1 mg biotin, 1 mg cobalamin, 3 mg p-aminobenzoic acid, 5 mg folic acid, 15 mg
pyridoxamine, 5 mg thiamine, 5 mg riboflavin in 100 mL water. Solution is stored in the dark at
4 °C.
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Hematin/L-histidine

Dissolve 1.9 mM (1.2 mg/mL) hematin in 0.2 M L-histidine, pH 8.0. Hematin must be pre-

dissolved in 1 M NaOH and neutralized with equal volume of 1 M HCI before L-histidine is
added. Solution is stored in the dark at 4 °C.

Rum media (2%, 50 mL)

This recipe was modified from Ze et al., mBio 2015*".
5 mL K/Na salts (20x)

500 puL MgSO, (200x)

500 pL CaCl, (200x)

1 mL Vitamin mix (100x)

0.8 mL Hematin/L-histidine

0.25 g Yeast extract

0.4 g NaHCO;

0.1 g L-cysteine

0.09 g (NH4),S0O4

0.1 mg D-Pantothenoic acid hemicalcium salt
0.1 mg Nicotinamide

183 pL Acetic acid

67 pL Propionic acid

26.4 pL Isobutyric acid

10.8 pL Isovaleric acid

10.8 pL Valeric acid

0.05 mg Resazurin

To make media, add ingredients in the order as listed above. Adjust all volumes with
milliQ H,O to a final volume of 50 mL. Filter sterilize the media with 0.22 um filter and
equilibrate in the anaerobic chamber before use. TYG media will store for 2 days, MM media for
2 days, and Rum media will store for 5-7 days in the dark. MM was diluted with carbohydrate

sources to make 1X final solution. Rum media was adjusted to 1x by adding equal volumes of
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filter sterilized solutions of glucose or maltose, autoclaved solutions of corn or potato starch, or
filtered water mixed with ethanol sterilized corn or potato starch (final starch concentration of ~5

mg/mL).

4.4.2 Bacterial mating of E. coli and B. theta

Wildtype B.theta was grown at 37 °C under anaerobic conditions in TYG media. E.coli
S17 harboring the FbFP gene was grown in LB with ampicillin (final concentration 100 pg/mL).
The bacteria cultures were subsequently back-diluted and allowed to grow to mid-log phase
before they were spun down together. The mixed pellet was resuspended, plated on BHI/blood
plates with no antibiotics, and grown at 37 °C with shaking. The resulting bacterial film on top of
the plate was scraped off and resuspended. This mixture (slurry consistency) was plated on
BHI/blood plates containing gentamycin (200 pg/mL) and erythromycin (25 pg/mL) and grown
at 37 °C anaerobically. The resulting colonies were restreaked on BHI/blood plates with
gentamycin and erythromycin to eliminate background wild type B.theta. PCR was used to

verify the successful transfer of genes into B. theta.

4.4.3 Imaging live bacterial cells

For live-cell imaging of wildtype B. theta and R. bromii, small aliquots of bacterial cells
were deposited onto pads of 2% agarose in the same medium for imaging. The coverslip edges
were sealed with epoxy (Devcon) to maintain an oxygen-free environment. These cells were
imaged on an Olympus IX71 inverted fluorescence microscope equipped with a 1.40 numerical
aperture (NA), 100x oil immersion wide-field phase-contrast objective. To image B. theta
containing SusG labeled with photoactivatable mCherry (PAmCherry), the sample was activated

with a 405-nm laser (Coherent 405-100) and excited with a 561-nm laser (Coherent Sapphire
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561-50), and fluorescence emission intensities were detected by a Photometrics Evolve electron-
multiplying charge-coupled device (EMCCD) camera at 25 frames per second. Because
fluorescent proteins cannot mature in an anaerobic environment, B. theta cells containing
fluorescent proteins were brought outside of the anaerobic chamber and exposed to oxygen
(shaking) for 0.5-1 h, before being brought back to the chamber to equilibrate. B. theta goes

dormant in O, and recovers on the timescale of 0.5 -1 h.

4.4.3 Antibody labeling

To distinguish R. bromii from other bacteria grown in the same culture, we did antibody
labeling of R. bromii bacterial cells. A 1 mL culture of R. bromii in early or late stationary phase
was spun down, and the supernatant decanted. The pellet was resuspended in antibodies specific
to R. bromii surface proteins (acquired from Nicole Koropatkin) and incubated in the anaerobic
chamber for 30 min. After being washed twice with PBS, the cells were incubated in Alexa 488-
conjugated goat anti-rabbit 1gG secondary antibodies (Molecular Probes). Antibody-labeled cells
were washed 3X with PBS and resuspended in PBS for cellular imaging. A small aliquot of
bacterial cells was deposited onto pads of 2% agarose in for imaging. The coverslip edges were

sealed with epoxy before being transported out of the anaerobic chamber.
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Chapter 5: Final Conclusions and Perspectives

Portions of this chapter (written by CS) have been adapted from the following publication:

Lee, S.A.% Ponjavic, A.%; Siv, C. % Lee, S,F.; and Biteen, J.S. Nanoscopic Cellular Imaging:
Confinement Broadens Understanding. ACS Nano 2016, 10, 8143-8153.

SAuthors have contributed equally to this work.

The focus of this thesis was to apply high-resolution imaging methods to study non-model
bacterial systems. In order to elucidate biological processes in living bacteria with nanometer-
scale resolution, essential biological controls must be carried out to ensure that protein
localizations and dynamics in cells are examined in the least perturbed way possible. In this
chapter, I summarize my findings pertaining to single- and dual-color fluorescence imaging in
live V. cholerae cells. The results provided here support a more rigorous testing of controls that
the single-molecule fluorescence bacterial imaging field has overlooked. In addition to
visualizing a pathogen, | tested the feasibility of fluorescence imaging for investigating
anaerobes in a single-bacterial species culture and in a mixed-bacterial species culture, and
provided evidence for the first-imaging studies of a microbiome. Finally, I conclude this chapter
by highlighting some current methods development in the single-molecule fluorescence imaging
field to image samples with greater complexity in the hope of visualizing a biological process in

its most natural state.

132



5.1 Summary

In studying non-model bacteria like pathogens, I have witnessed the difficulty of labeling
biomolecules in living systems™™. Because single-molecule imaging requires native or controlled
expression of fused biomolecules, | have addressed the consequences of using different protein
expression systems on protein dynamics in live bacterial cells. | have shown that protein
dynamics are altered if expression levels are not controlled to reflect native expression levels.
However, if difficulties arise from genetic engineering that prevent endogenous expression of
functional protein fusions, single-molecule tracking is still a highly sensitive method to detect
subtle dynamic changes from changing growth conditions in ectopic-expressed systems. By
studying an endogenous TcpP fluorescent fusion in different growth conditions, | uncovered a
slow subpopulation that may be involved in interactions with other proteins and the DNA to
activate gene expression. This result gets us closer to determining the mechanism toxT
transcription activation®®. This slow subpopulation was not previously elucidated based on only
ectopic expression of a TcpP fluorescent fusion®. In addition, I identified that when fluorescent
protein fusions are expressed from a plasmid, dynamics are altered and result in subdiffusive
motion. This consequence of plasmid-expression systems may interfere or mask relevant
dynamics in the cell***2. Furthermore, | provided evidence that suggested that dynamics of TcpP
in V. cholerae were not consistent with TcpP dynamics in E. coli. These results have
implications for studying biological processes in a heterologous host**. In general, | have
shown that single-molecule imaging can be very useful for understanding bacterial behavior as
long as proper controls are performed to validate the findings. Overall, the work in Chapter 2
provides precautions for the single-molecule imaging community to minimize perturbations

when visualizing biological processes in real-time.
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Though it is possible to extract and infer relevant biological mechanisms like protein-
protein interactions from the dynamics of a single protein in different conditions and knockout
strains, the result is more convincing if protein-protein interactions can be directly probed with
nm-precision. FRET***® is a good measure for short range interactions between labeled
proteins—yproviding information on length scales between 1 and 10 nm depending on the
fluorophore—but FRET in live bacterial systems is difficult given the weak properties of
fluorescent proteins at FRET pairs. Therefore, two-color single particle tracking may be a useful
method to infer protein-protein interactions below the diffraction limit**?°. I set out to do just
that when | fused orthogonal fluorescent proteins to ToxR and TcpP in V. cholerae. | provided
evidence that the N-terminus of a protein is not always the most stable location to place a
fluorescent tag, and endogenous labeling of interacting pairs of proteins may not always result in
native interactions due to sterics caused by bulkiness of tags. Furthermore, I showed that
PAGFP# is not a good fluorophore for use in V. cholerae due to its poor properties in this
system. Though | have shown in Chapter 2 that endogenous expression of protein fusions is the
least perturbed method of expression in V. cholerae, nevertheless plasmid expression of protein
fusions may be the only feasible method when endogenous expression is not possible. By
tracking the dynamics of plasmid-expressed ToxR-mCitrine and TcpP-PAmMCherry, | verified the
capability of our imaging to detect simultaneous emission signals from these two biomolecules.
Though biochemical and genetic studies have revealed that there are ToxR and TcpP binding

sites on the toxT promoter>?2

, it is still not known what the mechanisms of these proteins are in
relation to the toxin pathway in V. cholerae. The data provided in Chapter 3 proved the
feasibility of simultaneous two-color fluorescence imaging in V. cholerae that may be further

exploited to determine the spatial co-locations and correlated dynamics of ToxR and TcpP.
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Because bacterial species do not live alone in the environment, in Chapter 4 | tested the
feasibility of fluorescence imaging within a microbiome. Because the human gut microbiome has
implications for health and disease?*?, | visualized anaerobic bacteria commonly found in the
human gut microbiome. Since anaerobes mostly reside in the gut, high-resolution methods like
single-molecule fluorescence imaging have not been readily applied to studying anaerobes®?’.
Fluorescent proteins have been very valuable in bacterial cell imaging for its ease of genetic
encoding, but fluorescent proteins require oxygen to properly fold and mature, and thus the use
of fluorescent proteins is precluded in live anaerobes. Though B. theta and R. bromii—two
bacteria that may exhibit cross-feeding mechanisms in the human gut microbiome?*—could be
distinguished under a phase-contrast microscope by their cell shapes and sizes in low cell
densities, this identification method was not applicable in high cell densities. Therefore, | aimed
to develop a fluorescence-based system to distinguish these bacteria species. Though the
literature has shown that the flavin-based fluorescent proteins (Fbfp) exhibit eGFP-like
properties in anaerobic imaging conditions in terms of fluorescence intensities?, 1 found that
these fluorophores exhibit low fluorescence that cannot be detected above intrinsic cellular
autofluorescence. | also found that codon-optimized versions of the Fbfp did not increase the
fluorescence intensities. Though we have yet to identify the best fluorophores for use in
anaerobic imaging of the human gut microbiome, I provided here the first experiments to grow
and image co-cultures of bacteria on a coverslip. These studies lay the groundwork for further
investigation of the composition and growth patterns in microbiomes. Once fluorophore
optimization for anaerobic imaging is achieved, it may be possible to probe the cross-feeding
mechanism important for understanding the mechanism of collaborative starch degradation

among species in the human gut microbiota.
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5.2 Outlook

Advances in single-molecule imaging have enabled us to understand biological events
one molecule at a time. The high sensitivity, specificity and spatial resolution of single-molecule
fluorescence tracking and super-resolution imaging allow us to visualize intracellular activity
that cannot be measured by conventional ensemble-averaged measurements, and thereby
elucidating tremendous knowledge about cellular processes. By capturing, measuring and
analyzing motion of single molecules in live systems, it is possible to uncover motion
heterogeneities that provide clues to identifying rare mechanisms. While imaging single
molecules in cells has been well optimized for mammalian cells, there is a growing increase in
improving imaging conditions and controls to study bacterial cells. The work demonstrated in
this thesis has allowed us to address some of those challenges associated with imaging bacteria.
Below, I outline some of the exciting opportunities and technologies that are coming online to
facilitate cellular imaging of more complex biological samples, such as biofilms, tissues, and in
organisms. In addition to measuring protein dynamics with single-molecule fluorescence
imaging and tracking, new labeling methods are now becoming available to detect DNA and
RNA in vivo>***%, Therefore, it may be possible in the near future to probe the entire ToxR
regulon, and visualize the whole process of virulence regulation from start to end. Furthermore,
methods to enhance spectroscopic properties of fluorescent emitters are now being used for live-

cell imaging®®

, which will ultimately allow us to detect single-molecules with nanometer
resolutions and track them for longer periods of time to better access their motion
heterogeneities. As | have shown in Chapter 4, a better signal-to-noise ratio is needed in order to

use fluorescence as a marker to distinguish anaerobes in a mixed culture.
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5.21 High-resolution imaging of thicker samples.

As microscopes become more complicated, more intricate sample geometries are
required. Light sheet microscopy, also referred to as single plane illumination microscopy, is a
gentle way of imaging thick samples and fast biological processes in vivo. Since light-sheet
microscopy can be adapted for our microscope setup with our existing cameras to get optical
sectioning without a confocal setup, this techniques makes it possible for us to study biofilm
compositions as well as interactions in the human gut microbiota with less photobleaching and
and minimal phototoxicity. Ultimately, leaving the surface has made it possible to study both live
and synthetic tissue at the single-molecule level; the combination of optical trapping®’ or 3D-
printed tissues® with off-surface optical sectioning provides a unique platform for investigating
interactions between cells. Application of these biophysical tools will lead to a wealth of

discoveries about how signaling works on an intercellular scale.

5.22 Probing macromolecular interactions to understand cause and effect more completely.

While most single-molecule work has focused on proteins, for which labeling schemes
are more well developed,® improving the level of subcellular complexity accessible to single-
molecule fluorescence (SMF) imaging requires the development of labeling and imaging
methods that simultaneously and directly visualize the complex interactions between DNA,
RNA, proteins, and lipids in live cells. The CRISPR/Cas9 system is now a near-ubiquitous tool
for genome editing in biology.*® Excitingly, fluorescent protein fusions to the endonuclease-
defective mutant dCas9 create an irreversibly bound probe capable of localizing a specific
chromosomal locus.®* Ongoing research will continue to improve the sgRNA specificity*“? and
will provide multiple dCas9 probes for multi-color imaging.®**® To visualize RNA, single-

molecule fluorescence in situ hybridization (SmFISH) targets mRNA transcripts with
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oligonucleotide fluorescent probes which is used to monitor transcriptional regulation.** Super-
resolution imaging based on SmFISH permits precise quantification of gene expression even in
bacteria,*® and can be extended for efficient multiplexing.®*4°4’

Another important frontier in bacterial super-resolution imaging is the ability to combine
chemical sensing with imaging,* thereby merging high spatial resolution and accurate chemical
specificity. pH- and force-sensing dyes can also be incorporated into single-molecule
experiments,* combining imaging with vibrational spectroscopy permits non-invasive chemical

identification,>®>!

and complementing non-destructive optical imaging with matrix-assisted laser
desorption ionization (MALDI) mass spectrometry imaging maps molecular distributions with
high specificity.> These technical capabilities now open up avenues for us to explore biological
processes with multiple variables simultaneously to see biology as a whole. In microbiology in

particular, it will be exciting to finally probe the complex communication among cells to

understand why individual bacteria join together to create bacterial communities.

5.2.3 Nanotechnology solutions to widen the scope of super-resolution imaging in mixed-
species bacterial cultures

Advances in nanotechnology and microfluidics®*>*

will continue to increase opportunities
for SMF imaging of bacterial cells through cell sorting. Recent advances in fluorescence
activated cell sorting (FACS) are improving bacterial cell sorting,>® which is vitally important for
studying heterogeneous cell populations. Microfluidic devices allow single cell manipulation and
analysis®® to enable multiple experiments on a single cell. In addition to sorting, microfluidics

have made physiologically relevant conditions much more accessible. For instance, gradient

hydrogels produced by a microfluidic mixing system enabled a study of hematopoietic stem cell
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differentiation as a function of niche cell concentration.>” As an alternative to chip-based
microfluidics, individual cells identified by optical microscopy can be selected, manipulated, and
sorted with a modified atomic force microscope with a microchanneled cantilever in fluidic force
microscopy.*®

Furthermore, though single-cell super-resolution experiments are common, bacterial cells
do not exist in isolation; rather it is becoming increasingly obvious that most bacteria function as
a part of a microbiome. | envision single-molecule imaging as a bridge for the gap between
community-level observations and nanoscale biophysics. On one hand, tools like optical
sectioning will find their place in studies of thick biofilms. On the other hand, 2D bacterial

biofilm models>*>®

will provide confinement in the axial direction while maintaining
intercellular connectivity. Alternatively, sample confinement can make single cells behave as if
they were in communities: for instance, volumetrically confined single Pseudomonas aeruginosa

cells will undergo auto-induced quorum sensing, in an effective community of one.®*
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Figure 5.1 Single-molecule imaging of microbial community members. (a) A microbiota is
grown in a culture flask, (b) an aliquot of the co-culture is flowed through a nanofluidic device
capable of separating and immobilizing bacteria by channel closing, and (c) labeled molecules
within individual cells are imaged in situ using SMF microscopy.
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| envision a simple apparatus for studying protein function at the single-molecule level in
single cells from a microbiome (Figure 5.1). This sample connects a microbial community co-
culture® to a nanofluidic sorting mechanism® that prepares the sample for imaging. A more
elaborate experiment might include tissue sectioning or imaging through mice® or rabbits® to
understand how a microbiota interacts with a host.®® Overall, with the use of microfluidics,
researchers can multiplex studies on individual cells in a variety of environments and with

different stimuli, and extend single-cell measurements to the regime of cellular communities.

5.3.4 The properties of plasmon-enhanced fluorescence applied to improving live-cell

imaging.

Finally, looking forward, plasmonics will allow a variety of spectroscopies to be
performed on the subcellular level to obtain dynamic chemical and structural information with
higher spatial resolutions. Plasmonic nanoparticle arrays, in particular, will improve the
resolution of fluorescence microscopy to the order of the size of the emitter and reduce
photobleaching for monitoring real-time protein dynamics.®” For instance, | envision combining
plasmonics and nanofluidics to produce a platform for confined, physiological, enhanced
imaging in bacteria (Figure 5.2). Overall, as technologies improve, all of the tools discussed here
can be combined to reach higher levels of understanding about fundamental, subcellular biology.
Through innovative combinations of confinement approaches, imaging modalities, and
nanotechnologies, it will be possible to finally close the mismatch between the spatial resolution
of light microscopy and the nanoscale world of cellular biophysics to enable a wealth of

discoveries.
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Figure 5.2 Single-cell analysis on a plasmonic substrate within a microfluidic channel will
permit active control of the cellular environment. Two intracellular fluorescent proteins (red and
green) couple to the plasmonic substrate for plasmon-enhanced two-color single-molecule
imaging. (Inset) Electric field enhancement above each plasmonic nanotriangle.

5.3.5 Concluding remarks

Single-molecule imaging in live bacteria is in an era beyond the novelty of the technique.
This method has the potential to answer many questions not previously addressed by bulk
techniques in microbiology. This method has already been successfully applied to understand
bacterial cytoskeleton, nucleoid organization and partitioning, transcription and translation in
model bacterial systems; it is now just starting to be rapidly applied to non-model bacterial
systems. The work presented in this thesis present some early applications of single-molecule
imaging in non-model bacterial systems. By capturing, measuring and analyzing the motion of
single molecules, it is now possible to directly probe essential biological processes. When
coupled with complementary in vitro biochemical assays and strategic manipulation of the
organism, single-molecule imaging opens the door to quantitative imaging-based research that

will ultimately reveal answers to unanswered, burning biomedical questions.
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Appendix

A.1 Super-resolution microscopy

Super-resolution methods circumvent the diffraction limit that restricts conventional light
microscopy to enable the investigation of biological questions within living cells at millisecond
and nanometer-scale resolution. The most significant advances in super-resolution imaging in the
last 20 or so years break the diffraction limit by physically reducing the size of the point spread
function (PSF), or by spatially separating single molecules through switching fluorophores on
and off over time. Structured lllumination Microscopy (SIM)* and Stimulated Emission
Depletion (STED)? are two methods to apply PSF modification for improved resolution
commonly used in biology. In SIM, a grid pattern is generated through interference of diffracted
light and superimposed on the specimen while capturing images. The grid pattern is then rotated
and shifted to generate image subsets. This patterned illumination method gains resolution by
accessing higher frequency information. In STED microscopy, a doughnut-shaped depletion
beam forces excited fluorophores to relax by saturated emission depletion. The red-shifted
stimulated emission can be filtered out spectrally or temporally. The doughnut-shaped depletion
beam effectively narrows the point-spread function of the excitation to increase lateral resolution
down to ~20 nanometers. Because fluorophores used in STED microscopy are organic dyes, this

imaging method has been infrequently applied to bacterial imaging®.
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The second class of super-resolution methods, which is used throughout this thesis,
achieves super-resolution information by imaging single molecules one at a time. Though there
are many single-molecule localization-based methods, biological imaging has relied heavily on a
group of approaches that achieve single-molecule detection through fluorophore photoswitching
and photoactivation—such as Photoactivated Localization Microscopy (PALM)*, Fluorescence
Photoactivation Localization Microscopy (FPALM), Stochastic Optical Reconstruction
Microscopy (STORM)®. Here | focus on a method that combines PALM with live-cell single-
particle tracking (sptPALM)’. The principle surrounding PALM rests on imaging isolated
photoactivatable fluorescent proteins by controllably activating and sampling sparse subsets of
these labels over time. To perform PALM in bacteria, a biomolecule of interest is labeled with a
fluorescent tag that has this photoswitching/photoactivating property?. This kind of fluorophore
begins in a “dark™ (hon-absorbing) state and can be switched to a fluorescent state using violet
(405-nm) laser light. The fluorescence is observed and molecules localized by separating the
emission of individual fluorophores in space and time. The position of a single molecule can be
localized with an accuracy of several nanometers (or better) if enough photons can be gathered.
SptPALM builds on the subsets of molecules photoactivated in PALM by tracking each single
molecule after activation. Thus, sptPALM can access information on heterogeneities in the

motions of individual proteins to provide insights into subcellular events.

A.1.1 The optical set-up
In order to detect fluorescence signals from a single-molecule emitter, the optical setup
has to be carefully designed to minimize background noise, such as reflected and scattered

source light. A schematic of a typical widefield single-molecule epifluorescence microscope set-
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up is depicted in Figure A.1. Each laser beam is initially passed through an excitation filter and
then a quarter-wave plate to become circularly polarized. A telescope widens the laser beam to
fill up the back aperture of a 100x 1.40 N.A. oil-immersion objective, and makes the illumination
area larger. Adjustable mirrors and a periscope (CVI Melles Griot) direct the laser beam into a
standard widefield inverted epifluorescence microscope (Olympus 1X71). The emitted light then
detected by an electron-multiplying charge-coupled device (EMCCD) detector (Photometrics
Evolve) that connects to a computer. Due to the Stokes shift, reflected or scattered laser lights
can be removed by a dichroic filter and a long-pass emission filter before detection by the
camera sensor. A 3x beam expander is placed between the microscope and the camera,
producing a pixel size of 49 nm/pixel (~20 pixels/pum) that is suitable for imaging single
molecules in bacterial cells.

Depending on the application, this optical set-up can be modified to meet specific needs
of the experiments. Because | used a photoactivatable fluorophore throughout my thesis, it was
necessary to alternate the incoming light between an activation beam (406-nm) and an excitation
beam (488-nm or 561-nm) to allow for photoactivation events before fluorophore excitation. For
two-color imaging, I inserted a beam splitter between the microscope and the 3x beam expander
to allow for simultaneous acquisition of signals of two distinct emission colors. Because this is a
custom-built free-standing optical setup, lasers always had to be aligned before each new

experiment.
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Figure A.1 Optical set-up for single-molecule fluorescence imaging. This figure is adapted and
modified from Tuson et al., Anal. Chem 2015°.
A.1.2 Fluorescent proteins

A wide variety of fluorescent proteins are now available for use in various biological
applications. Fluorescent proteins come in numerous colors (blue to far-red) and in different
oligomeric forms (monomer, dimer and tetramer). The green fluorescent protein GFP is naturally
a monomer™, but other fluorescent proteins such as DsRed and tdTomato have tendencies to
oligomerize at high concentrations™. The basic strategy for overcoming oligomerization artifacts
is to modify the fluorescent protein amino acid sequence to include residues that disrupt
intermolecular binding, but this has yet to be done for all fluorescent proteins. For the work in
Chapter 3, I used a monomeric mCitrine fluorophore . It is often recommended to use
monomeric forms of fluorescent proteins since fluorescent protein oligomerization may give rise

to mislocalization artifacts®®,
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PAmCherry™ is a photoactivatable fluorescent protein that | used throughout Chapters 2
and 3. PAmCherry, after activation with violet light (405 nm), absorbs yellow-green light
(excitation max = 564 nm) and emits red light (emission max = 595 nm). In contrast, a
photoswitchable fluorophore, like EYFP, can initially undergo bleaching and gets reactivated
upon excitation with violet laser light'. Because of their ability to undergo repeated cycles of
activation and reactivation, photoswitchable fluorescent proteins have found unique applications
in super-resolution measurements of subcellular structures.

Fluorescent protein tags allow highly specific labeling of the target by genetic encoding,
but this advantage must be weighed against the poor quantum yields (e.g. 0.46 for PAmCherry,
0.76 for mCitrine, and 0.79 for PAGFP)™ of these labels compared to organic dyes (e.g. 0.95 for
rhodamine 6 and 0.92 for Alexa Fluor 488)™°. Though PAGFP exhibits the highest quantum yield
out of the fluorophores used in this thesis, | have not been able to detect signals from this
fluorescent protein with our microscope setup, likely due to high cellular autofluorescence in the
color channel used to image PAGFP. Another factor to consider when choosing fluorophores is
how long the fluorescence remains emissive. | want excellent photo-stability for fluorophores in
order to obtain longer trajectories for the molecule. With mCitrine and PAmCherry probes, | can
get track lengths of more than 5s. One of the issues associated with photoactivatable FPs is that
only about 50% of the molecules can be photoactivated into a fluorescent state’’. However, this
problem did not affect us since | was not measuring low copy-number proteins. Another typical
problem encountered in fluorescence imaging that did not affect our experiments was the
maturation time of fluorescent proteins (~15-30 min) since | imaged fluorescent proteins after

allowing them to mature for 4 h or longer.
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A.1.3 Data analysis

After collecting single-molecule fluorescence movies, | used custom Matlab code written
in the lab to do data analysis. This analysis procedure utilizes a multi-stage post-processing
routine. First, a watershed algorithm is applied to segment cells in phase-contrast images. V.
cholerae cells were diluted so that overlapping areas between cells were minimized. All
subsequent analyses are only performed within the boundary defined by the cell segmentation
masks. Then, | applied an ad hoc threshold to remove all pixels with intensities comparable to
that of autofluorescence, and band-pass filtering was applied to exclude uncorrelated noise
signals and to retain correlated ones. Finally, shrinking removes pixels on the edge of objects
until only one pixel remains. By taking these peak pixels as a guess, | use a 2D asymmetric
Gaussian function to fit the raw intensity values within a box of 15x15 pixels (735 x 735 nm)
around each putative peak to obtain the sub-diffraction-limited coordinates of each fluorescent
molecule. Candidate molecules with amplitudes lower than the average cell intensity or with
center-position uncertainties larger than 300 nm are considered bad fits and excluded from
further analyses.

Single-molecule positions can be linked temporally to produce single-molecule
trajectories, but a number of factors affect the complexity of single-particle tracking. Though
approaches like the simple nearest-neighbor method have addressed challenges associated with
fluorophore blinking and molecules crossing, our single-molecule trajectories were constructed
using the Hungarian algorithm to globally and simultaneously optimize all possible pairings of
molecules between consecutive frames, rather than by sequentially pairing molecules based on
spatial proximity'®. A diffusion coefficient was calculated for each track based on the molecule’s

mean squared displacement (MSD) during each time lapse z. Assuming homogenous Brownian
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motion, D can be obtained from the slope of the MSD curve through the Einstein-Smoluchowski
relation in two-dimensional space ((x2?) = 4Dt), where T is the time tag. A schematic
representation of the procedures for calculating diffusion coefficients is given in Figure A.2.
Only tracks lasting for T > 5 or longer were analyzed; MSDs at higher values of = were averaged
over only a few overlapping displacements and were therefore more error-prone™®. Based on
literature values, FPs typically emit ~10° photons before photobleaching®. By taking into
account electron losses associated with the following—the collection cone of light (~50%),
band-pass filters (~75%), quantum yield of the EMCCD (~93%), and experimental noises—and
dividing by the photostability of fluorophore (~10-20 imaging frames), photon detection rate
equates to ~10° photons/frame for my optical setup. In the limit of low background noise, the

localization error for a given pixel size and PSF is estimated by this relation,

1

Jnumber of photons’

localization error ~

which results in ~30 nm for FPs. Other groups have pushed this localization error down to 10 nm
in live cells®>?2. This theoretical localization error is comparable to the ~50 nm localization error
I get from fitting the PSF. Based on localization precision from fitting and a 40 ms integration

time, the smallest D that can be attributed to real protein motion is 0.012 um?s from this

0.05 um?
4x0.04s

calculation ( ). However, by taking in account that D is a function of T and 7 = 5 in my

setup, from this calculation ( ) I get 0.003 um?/s. Based on an experiment done in

0.012 um?/s
5
fixed bacterial cells, the apparent motion of PAmCherry molecules was determined to also be

0.003 um?%s.2

In order to gain statistics for the distribution of diffusion coefficients, | performed

bootstrap error analysis in which trajectories of all movies were resampled with replacement 100

154



times, each generating a data set from which a distribution of diffusion coefficients are
calculated. The distribution of D is then fit by a two-term log-normal distribution function to
obtain the contributing weights of both populations and their associated diffusion coefficients
Dsiow and Dyast. The day-to-day variability in measuring Dsjow and Dy, for the bacterial strains in
different growth conditions is accounted by calculating the mean and variation from the
distributions of Dgjow and Drast. The variance in D and populations from day-to-day measurements
are reported for the errors in Chapter 2 instead of the smaller variance obtained from bootstrap

error analysis.
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Figure A.2 Schematic representation of the procedures for calculating MSD from a five-frame
movie. Only time lag of T = 1 (A) and T = 2 (B) is shown here, but 7 = 3 and 7 = 4 can be
calculated in a similar way to generate the points in (C). Using the Einstein-Smoluchowski
relation (MSD = 4Dt), a diffusion coefficient is obtained from the MSD vs. 7 plot.
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A.2 Other related experiments that are not reported in this thesis

A.2.1V. cholerae

By introducing PAmCherry to the end of the tcpP gene, | caused a shift in the open-
reading frame that inhibited the transcription of the tcpH gene. TcpH plays an accessory
role in stabilizing TcpP by preventing TcpP from being degraded. By making the TcpP-
PAmCherry protein fusion at the C-terminal end, this resulted in the protein becoming
hyper stabilized which prevented this protein fusion from proteolysis by regulate
intramembrane proteolysis (RIP)?. I have shown that RIP does not work on TcpP-
PAmCherry by overexpressing the tail-specific protease (Tsp) in this strain. Because
proteolytic activity by Tsp occurs in the periplasmic domain of TcpP, a fluorescent label
in this periplasmic region prevents residues TcpPA172 and TcpPI174%. By immunoblot
against TcpP antibodies, | did not detect the TcpP* fragment—the product of TcpP
proteolysis®.

To add back TcpH into the endogenous 0395 tcpP-pamcherry strain, | cloned in a
pBAD18:tcpH plasmid into this background (CS62). I showed by immunoblot against
TcpH antibody that | had successfully added back TcpH into the bacteria. When | imaged
this strain on the microscope, | found that TcpP-PAmCherry dynamics were increased
when TcpH is overexpressed. Though TcpH stabilizes TcpP interaction to the toxT
promoter in a wildtype strain?’, this fast TcpP-PAmCherry may be associated with TcpH
destabilizing the interaction of TcpP to the promoter due to sterics. Because the
mechanisms for TcpH have yet to be elucidated, it is unclear whether or not TcpH

interacts with just TcpP or also interacts with other elements of the ToxR regulon.
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Because C-terminal labeled TcpP-PAmCherry cannot be proteolyzed by RIP, I asked if
the locations of this fluorophore provided too much steric hindrance for Tsp to locate the
site-1 protease. Therefore, | obtained an internally tagged TcpP-Citrine construct (CS13)
from Eric Krukonis and tested this protein fusion stability by overexpressing Tsp in this
strain. | found that again Tsp was unable to degrade this fluorescently fused TcpP
independent of the labeling site. I did not proceed further with this strain as it would not
have allowed me to image proteolysis in real-time.

| also imaged a V. cholerae strain where | plasmid-expressed dCas9-mCitrine from an
IPTG-inducible promoter. Independent of whether or not | expressed single guide RNASs
that targeted the toxT promoter, | saw too much expression of dCas9-mCitrine to see any
noticeable foci formation at the promoter. Though I had made efforts to clone in dCas9-
mCitrine into an exogenous location on the chromosome, this has not yet proven to be a
success; part of the problem was related to the size of dCas9-mCitrine fragment. Because
| typically do homologous recombination into V. cholerae through a suicide vector
intermediate, the dcas9-mcitrine gene fragment is twice the size of the pKAS32 vector,
and so made cloning challenging.

To generate mutants in V. cholerae, I also used a helper plasmid pRK2013%® (CS85).
Though it seemed that the helper plasmid marginally increased the efficiency of getting
the suicide plasmid into V. cholerae, it did not increase the likelihood of knocking in or

knocking out genes.
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A.2.2 E. coli

| aimed to elucidate the relationship of Curli Csg proteins and lipoprotein biosynthesis

pathways in E. coli. Curli is a bacterial amyloid, thus it represents a unique model system

to study amyloid fiber formation, along with bacterial protein secretion and

macromolecular assembly. The major curli subunit protein CsgA is nucleated into a fiber

by CsgB. CsgE, F, and G facilitate secretion and assembly of CsgA into a fiber. Curli is

required during initial stages of biofilm development, most likely in attachment phase. |

have imaged a DH5a plasmid-expressed CsgE-PAmCherry strain and discovered that

CsgE localizes at the cellular membrane. Though | saw foci formation, it was unclear

whether this was due to overexpression or a relevant phenomenon.

A.3 Strain constructions

Throughout my graduate studies, | have constructed many mutants in various organisms. Table

A.1 lists all of the strains that | have both acquired and made in my study.

Table A.1 List of strains in CS-strain box. Strains in red were constructed during this thesis.

Strain  Description of strain Organism  Resistance
CS1  Vibrio cholerae 0395 (wild-type) V. cholerae Strep
CS2  DH5a pGEMT-Easy:toxR-mcitrine (linker region) insert E. coli Amp
CS3 0395 AtoxR AtcpP pBAD18:tcpP-pamcherry V. cholerae Strep, Kan
CS4  DH5a pMMBG66EH (Empty plasmid) E. coli Amp
CS5  AtoxR pMMB66EH:toxR-mcitrine, AtcpP pBAD18:tcpP- V. cholerae Strep, Kan, Amp
pamCherry

CS6  E. coli SM10 & pir E. coli Kan
CS7  E. coli Pirl (Invitrogen) E. coli none
CS8  pBAD18 (empty plasmid) E. coli Kan
CS9  SM10 pKAS32 E. coli Amp
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CS10
Cs11
CSs12
CS13
CS14
CS15
CS16
CS17
CS18
CSs19
CS20
CSs21
CS22
CS23
CS24
CS26
CS27
CS28
CS29
CS30
CSs31
CS32
CS34
CS35
CS37
CS39
CS41
CS42
CS44
CS45
CS46
CS48
CS49
CS50
CS51
CS52
CS53
CS54
CS55
CS57
CS58
CS59
CS60
CS61
CS62
CS68
CS69
CS70
CS76
CS78

SM10 pKAS32 (Tamayo)

DH5a pUCIDT:toxR-pagfp (linker region)
DH5a pUCIDT:tcpP-pamcherry
0395:tcpP-citrine #1 (Krukonis)
RY1+pSK:tcpPH-citrine #2 (Krukonis)
RY1+pSK:tcpPH-citrine #2 PREP4 (Krukonis)
DH50 pGEMT-Easy:toxR-pagfp (linker region)
DH50 pGEMT-Easy:tcpP-pamcherry

E. coli dam” dem’

SM10 pKAS32: toxR-pagfp (linker)

SM10 pKAS32:tcpP-pamcherry

SM10 pKAS32:tcpP-pamcherry

SM10 pKAS32:tcpP-pamcherry

SM10 pKAS32:tcpP-pamcherry

0395 AtoxR (parent RA25)

0395 AroxRS (parent RA26)

0395 AtcpP (parent RA67)

0395 AtcpH (RA1376)

0395 AroxS (parent EK 0656)

0395 AtcpP AtoxT (promoter) (parent EK1647)
SM10: pKAS32:AtoxR (parent 1647)

SM10: pKAS32: AtoxT (promoter) (parent EK1645)
0395:toxR-pagfp (chromosome)
0395:toxR-pagfp (chromosome) in CS-23
0395 AroxT (parent RA 1791)
0395:toxR-pagfp, tcpP-pamcherry (2 color)
DH5a pDB110:toxR-mcitrine (CTD fusion)
DH5a pBD110:toxR-mcitrine (CTD fusion)
DH5a pBD110:toxR-pagfp (CTD fusion)
SM10 pKAS32:toxR-mcitrine (CTD)

SM10 pKAS32:toxR-mcitrine (CTD)

SM10 pKAS32:toxR-pagfp

SM10 pKAS32:toxR-pagfp (CTD)

SM10 pKAS32:toxR-pagfp (CTD)
0395:tcpP-pamcherry, toxR-mcitrine (CTD)
0395:tcpP-pamcherry, toxR-mcitrine (CTD)
0395:tcpP-pamcherry, toxR-mcitrine (CTD)
0395:tcpP-pamcherry, toxR-mcitrine (CTD)
0395:tcpP-pamcherry, toxR-mcitrine (CTD)
SM10 pKAS32:toxR-pamcherry (internal)
SM10 pKAS32:toxR-pamcherry (internal)
SM10 pKAS32:toxR-pamcherry

SM10 pKAS32:toxR-pamcherry

DH5a pBAD18:tcpH

0395 pBAD18:tcpH in CS23

DH5a pBAD18:tcpH

DH5a pBAD18:tcpP

0395 pBAD18:tcpH in CS23

KSK 180 Ron Taylor 0395

KSK 1415 E. coli S17 pir pKAS154

E. coli
E. coli
E. coli
V. cholerae
V. cholerae
.coli
.coli
coli
coli
coli
coli
. coli
. coli
.coli
. cholerae
. cholerae
. cholerae
. cholerae
. cholerae
. cholerae
E. coli
E. coli
. cholerae
. cholerae
. cholerae
. cholerae
. coli
. coli
. coli
coli
coli
coli
.coli
. coli
. cholerae
. cholerae
. cholerae
. cholerae
. cholerae
E. coli
E. coli
E.
E.
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coli

coli

E. coli
V. cholerae

E. coli

E. coli
V. cholerae
V. cholerae

E. coli

Amp, Kan
Amp
Amp
Strep
Strep

Amp, Kan
Amp
Amp

Amp, Kan
Amp, Kan
Amp, Kan
Amp, Kan
Amp, Kan
Strep
Strep
Strep
Strep
Strep
Strep
Amp, Kan
Amp, Kan
Strep
Strep
Strep
Strep
Amp
Amp
Amp
Amp, Kan
Amp, Kan
Amp, Kan
Amp, Kan
Amp, Kan
Strep
Strep
Strep
Strep
Strep
Amp, Kan
Amp, Kan
Amp, Kan
Amp, Kan
Kan
Strep, Kan
Kan
Kan
Strep, Kan
Spec, Strep
Kan
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CS79
Cs81
CS82
CS83
CS84
CS85
CS120
CS121
CS122
CS123
CS124
CS125
CS126
CS127
CS128
CS129
CS130
CS131
CS132
CS133
CS134
CS135
CS136
CS137
CS138

pKAS 154 E. coli

KD515 pCVD442 EV

S17-1 pir

S17-1 pir pKAS32

S17-1 pir pKAS32

MB101 pRK 2013

BW25113 pBAD18:tcpP-pamcherry
BW25113 pBAD18:tcpP-pamcherry
DH50 pGEMT-Easy:tcpP

DH5a pBAD18:tcpP (no label)

DH5a pBAD18:tcpP (no label)

DH5a pBAD18:tcpP (no label)

DH5a pBAD18:tcpP (no label)

0395 pBAD18:tcpP (no label) in CS-23
0395 pBAD18:tcpP (no label) in CS-23
0395 pBAD18:tcpP (no label) in CS-23
DH5a pGEMT-Easy:tcpP-pamcherry
DH50 pGEMT-Easy:tcpP-pamcherry
DH50 pGEMT-Easy:tcpP-pamcherry
DH50 pGEMT-Easy:tcpP-pamcherry
MG1655 pMMBG66EH:tcpP-pamcherry
MG1655 pMMBG66EH:tcpP-pamcherry
MG1655 pMMBG66EH:tcpP-pamcherry
0395 AtcpP empty pMMBG66EH

0395 AtecpP pMMBG66EH:tcpP-pamcherry

.coli

. coli

coli

coli

coli

coli

coli

coli

coli

coli

. coli

. coli
E. coli

V. cholerae

V. cholerae

V. cholerae
E. coli

. coli

. coli

. coli

. coli

.coli
E. coli

V. cholerae

V. cholerae

M mmmmmmmmmmm
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Kan
Amp
Kan
Amp, Kan
Amp, Kan
Kan
Kan
Kan
Amp
Kan
Kan
Kan
Kan
Strep, Kan
Strep, Kan
Strep, Kan
Amp
Amp
Amp
Amp
Carb
Carb
Carb
Strep, Carb
Strep, Carb
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