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ABSTRACT

The bacterial Type Il Secretion System (T3SS) is a complex membrane spanning
molecular machine comprised of over 20 different proteins. The T3SS is employed by
pathogenic bacterial species to deliver effector proteins though a hollow needle-like
structure, providing the mechanism of eukaryotic host cell infection. While effector
proteins differ between species, the structural components of the T3SS remain largely
conserved, making the machinery an attractive drug target. However, how secretion
substrates are selected and transported by type 3 secretion remain unclear. Secretion
activity and substrate selectivity are thought to be controlled by a sub-complex of the
system located within the bacterial cytosol, called the sorting platform. Recent work has
suggested that a dynamic interaction network of cytosolic sorting platform proteins play a
role in effector protein secretion. To examine the diffusive behavior of sorting platform
proteins within the bacterial cytosol, I employed 3D single-molecule localization
microscopy on fluorescently labeled proteins in live Yersinia enterocolitica cells. To
extract prevalent diffusive states of sorting platform proteins from a large population of
single-molecule trajectories, | developed and thoroughly tested a diffusion analysis
framework. By observing the prevalent diffusive states of sorting platform proteins in a
variety of genetic backgrounds, we were able to construct a model on cytosolic sorting
platform complex formation, further supporting the hypothesis that secretion is regulated

through a dynamic interaction network of sorting platform proteins.
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1.1 Type 3 Secretion System

1.1.1 Overview

Bacteria have evolved a variety of specialized secretion systems to transport
proteins and other molecules from the bacterial cytoplasm to the outside environment, into
other bacteria, or into eukaryotic cells (1, 2). Secreted proteins play a role in a variety of
functions, including quorum sensing, cell adhesion, and pathogenicity (2). Some proteins
are transported out of the cell in a two-step process, first crossing the inner-membrane into
the periplasm by the Sec or Tat pathway, and then across the outer membrane by a second
secretion system, while others are transported outside of the cell directly from the
cytoplasm by a secretion system spanning both the inner and outer membranes. There are
at least nine secretion systems identified to date, referred to as the Type | through Type IX
secretion systems, which serve a variety of functions ranging from cell survival to host cell

infection (1).

The focus of this work is on the bacterial Type 11l Secretion System (T3SS), a dual
membrane spanning molecular machine comprised of over 20 different proteins used by
Gram-negative bacteria for flagellar biogenesis and for virulence (3, 4). The virulence-
associated T3SS, also called the injectisome, features a long hollow needle that protrudes
from the bacterial cell surface and ultimately anchors itself into the eukaryotic host cell
membrane (Fig. 1.1) (5-9). The T3SS is employed by several prominent Gram-negative
pathogens responsible for a variety of potentially fatal diseases, commonly involving

intestinal infection, including Salmonella, Yersinia, E. coli, Shigella, and Psuedomonas
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(10). The injectisome facilitates infection by delivering effector proteins from the bacterial
cytosol into a eukaryotic host cell via the hollow needle structure. Effector proteins are
species specific and serve a variety of functions, including re-arranging the host-cell actin
cytoskeleton, evasion of the host cell immune response, and invasion of the host cell by
the bacteria cell (8). While the effector proteins and their respective functions vary between
bacterial species, the structural proteins of the T3SS are highly conserved. The secretion
machinery is therefore an attractive drug target for combating infection, as well as potential
re-programming of the system for various biomedical applications (10, 11). However,
elucidating the functional mechanisms regarding delivery of effector proteins has been
challenging due to the complex nature of the system as well as its relatively small size,

leading to a deficiency in its structural characterization.

Injectisome structure

The injectisome can be broken into four distinct sub-complexes. The first is the
membrane spanning rings that extend through both bacterial membranes. Using the
commonly used universal nomenclature, the membrane rings are comprised of the proteins
SctC, SctD, and SctJ (12). The membrane rings provide a channel through the membranes
through which the rest of the machine can be built. The second is the inner membrane
embedded export apparatus, comprised of SctR, SctS, SctT, SctU, and SctV (12). As its
name suggests, the export apparatus is responsible for export of effector proteins through
the third sub-complex, the extracellular needle. This is a hollow, needle-like structure

approximately 60 nm in length that protrudes from the cell and includes a needle-tip
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complex necessary for host cell detection and pore formation in the host cell membrane
(13). The needle structure is primarily composed of SctF, but also includes the inner rod
protein Sctl, the hydrophilic translocase SctA, and the two hydrophobic translocases SctB
and SctE (12, 14). Finally, there is a cytosolic complex associated with the T3SS at the
inner-membrane interface, referred to as the sorting platform. As the nomenclature
suggests, this sub-complex is believed to be responsible for sorting and selection of effector
proteins for secretion. The sorting platform includes the five proteins SctK, SctL, SctN,

SctO, and SctQ.

Injectisome assembly and function

Expression and assembly of the injectisome is triggered by a temperature jump to
37°C experienced upon entry into mammalian hosts (5). However, the assembly of the
individual sub-complexes and the full injectisome are not completely understood — here, |
will give a brief summary of the major assembly steps. A likely starting point of T3SS
assembly is the construction of the export apparatus. It has been shown that the export
apparatus can form, and is functional, in the absence of the other T3SS components (15-
17). In the absence of the membrane spanning rings, the export apparatus can diffuse freely
in the inner membrane (16), suggesting that the next logical assembly step would be
insertion of the membrane rings around the export apparatus and subsequently embedding
the complex in the peptidoglycan layer and outer membrane. Nonetheless, several studies
have shown that the membrane ring complex also forms in the absence of the other T3SS

proteins (18-21). Finally, the sorting platform associates with the complex, which requires



Chapter 1: Introduction 5

the membrane rings and, to a lesser extent, the export apparatus (22, 23). The sorting

platform is required for the subsequent secretion of effector proteins.

A key feature of virulent T3SSs is that substrate selectivity follows a well-defined
temporal hierarchy of early, middle, and late effectors (8). First, early effectors (SctF) are
secreted through the system and built upon each other to construct the needle itself (24).
Once the needle has reached a certain length, selectivity is switched to middle effectors
(needle tip proteins and translocases). While the exact mechanisms of needle-length control
and substrate switching is not fully understood, several proteins have been implicated in
this process including the ruler protein SctP, the substrate switch protein SctU, and the
inner rod protein Sctl (14). Finally, there is a second switch to late effectors, or those
responsible for host cell disruption, produced by host cell contact (7, 25). Notably, the
switch to late effectors can be induced chemically by chelation of calcium in the Yersinia
T3SS (26, 27), which will be utilized in this work to observe the two states of the system
(i.e. secreting vs non-secreting). The switch arises after the translocases SctB and SctE
form a pore in the host cell membrane, producing a conformational change in the needle
which is transmitted to the base of the T3SS (28, 29). The gatekeeper protein SctW (25),
which also binds effector-chaperone complexes (30), is then released from the cytosolic

domain of the export apparatus, allowing secretion of late effectors.

Attempts to structurally characterize the intact injectisome have been stymied by
its complexity and relatively small size. The entire injectisome is ~30 nm across at its
widest point, therefore resolving the fine structure requires high resolution imaging

techniques. Fortunately, a large portion of the intact complex, including the membrane
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rings, the needle, and the export apparatus, can be purified and structurally characterized
by cryo-electron microscopy (cryo-EM) (31-34). However, the purification conditions are
too harsh to allow the sorting platform to remain intact, and therefore it was not possible
to perform the same in vitro characterization of the cytosolic complex. Recent
advancements in cryo-electron tomography (cryo-ET) technology, however, have
permitted in situ visualization of the fully-assembled injectisome in bacterial mini-cells,
which are small enough to be observed by cryo-ET (35-40). The sorting platform is the
focus of the work presented in this dissertation and is discussed in detail in the following

section.

1.1.2 Sorting Platform

A prominent model of T3SS functional regulation posits that selection of different
export substrates is enabled through coordinated interactions among the cytoplasmic
components of the injectisome (Fig. 1.1) (37, 41, 42). The cytosolic complex was termed
‘sorting platform” after a complex of SctQ, SctL, and SctK was shown to bind chaperone-
effector complexes in Salmonella in a temporal sequence consistent with the secretion
substrate hierarchy (41). Furthermore, interactions between SctQ, SctK, SctL, and SctN
are essential for type 3 secretion (4, 43-47) and for their mutual localization to the
injectisome (22, 48, 49). As mentioned in the previous section, the precise structure of the
sorting platform proteins SctK, SctQ, SctL, and the ATPase SctN within fully assembled
injectisomes has recently been determined by cryo-electron tomography (37-39). The 3D

tomogram averages reveal a cytoplasmic injectisome complex of hexametric symmetry,
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which is notably different from the continuous cytoplasmic ring (C-ring) structure observed
in flagellar T3SSs (50-52). SctQ is a homologue to the flagellar proteins FIiM and FIiN
which form the C-ring, which is essential for flagellar rotation. In contrast, in the virulence-
associated T3SS, SctQ localizes into six ‘pods’, but the functional role of such a pod
structure in the secretion mechanism is not yet understood (36-40). Interestingly, SctQ has
an internal translation start site, resulting in additional expression of the C-terminal
fragment SctQc, the homologue to FIiN (53, 54). Similar to their flagellar homologues FliM
and FliN,(55) SctQ and SctQ. form complexes in a ratio of 1:2 (54), but reports on the

requirement of SctQ. for T3SS functionality are conflicting (48, 54-57).

SctK associates with the inner membrane, and is the likely anchor to the T3SS for
each individual pod (38, 58). Each pod further connects to one of six spokes of a cradle-
like structure formed by SctL that holds in place the central hexameric ATPase SctN. SctL
has been shown to exist as a dimer, which regulates ATPase activity (59). SctN has been

shown to detach chaperones and unfold effectors prior to secretion (60).

In addition to the four main sorting platform proteins, SctO, also referred to as the
stalk protein, binds to the ATPase SctN (61) and has also been shown to bind to effector
protein chaperones (62). Little is known about the stalk protein, but its importance may be
limited as it is not required for assembly of the other sorting platform proteins (22, 23, 38).
In contrast, assembly of the remaining sorting platform proteins (SctQ, SctQc, SctL, SctK,
and SctN) requires their mutual presence (22, 23). In Salmonella however, some assembly
of the other sorting platform complexes was observed even in the absence of SctN and

SctQc, indicating the possibility of species-specific differences (38, 57). While the exact
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composition of the pods observed by cryo-ET is currently unknown, it is estimated that
each pod consists of a SctK:SctQ: SctQc:SctL:SctN complex with 1:4:8:2:1 stoichiometry

(23, 38, 49, 55).

The static in situ morphologies provided unprecedented insight into how SctK,
SctQ, SctL, and SctN are arranged relative to each other when bound to the injectisome.
However, recent studies have shown the sorting platform to be a highly dynamic structure,
with rapid exchange of individual subunits (48). Therefore in vivo imaging techniques are
required in order to probe beyond the static positioning of the sorting platform proteins and
obtain insight into its dynamic function, such as how they are assembled and associate with
the T3SS interface. More specifically, it is unknown whether the full sorting platform
associates with the injectisome as a pre-assembled complex, or whether pods or even single
proteins associate individually. We hypothesize that the sorting platform proteins
participate in a dynamic interaction network of spontaneously forming complexes in the
cytosol, where they may also interact with secretion substrates and their chaperones as a
component of secretion regulation. Identifying the cytosolic interactions that functionally
regulate type 3 secretion may guide future efforts in anti-virulence drug development. The
work described here focuses on the motion behavior of the sorting platform proteins probed
by super-resolution fluorescence imaging. The goal is to utilize single-molecule tracking
(SMT) to detect diffusive cytosolic complexes of sorting platform proteins, which may

play a vital role in the secretion process.
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1.2 Outline

The primary method utilized here for analysis of T3SS proteins is Single-Molecule
Localization Microscopy (SMLM), a super-resolution fluorescence imaging technique.
Briefly, SMLM provides a method for extracting the positions of individual target
molecules with a precision in the tens of nanometer range. By employing Single-Molecule
Tracking (SMT) with data collected by SMLM, the motion behavior of individual proteins
is visualized. This dissertation will detail the properties of SMLM and SMT in Chapter 2,
and how they were realized in this work by construction of a fluorescence microscope.
Chapter 3 describes data analysis for SMLM as well as a diffusion analysis framework |
developed for SMT. The results, Chapters 4-6, are presented in the order in which they
were published/completed, and focus on both the diffusion analysis framework itself, as
well as results obtained on T3SS proteins by application of the framework. Finally, the

overall significance and future direction of the work is described in Chapter 7.
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~70 nm

needle filament

outer membrane (OM)
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Fig. 1.1 The T3SS injectisome spans both the inner and outer bacterial membranes of
Gram-negative bacteria and features a long hollow needle that protrudes away from the
cell surface. The injectisome is used to transport effector proteins from the bacterial cytosol
into the cytosol of eukaryotic host cells. At the cytoplasmic interface of the fully assembled
injectisome, four interacting proteins (SctK,Q,L,N) are essential for the function of the
T3SS and together form a so-called sorting platform. SctL forms a cradle-like structure that
connects the hexameric ATPase SctN to each of the six pods, which contain multiple SctQ
(and likely SctQc) subunits (38). SctK is an auxiliary protein that resides between the SctQ

pods and the inner membrane ring of the injectisome. Figure adapted from Ref. (63).
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2.1 Super-Resolution Fluorescence Imaging
2.1.1 Single-Molecule Localization Microscopy

Fluorescence microscopy provides the means to observe molecules of interest in
their native environment, making it a powerful tool for live cell imaging. However,
fluorescence imaging techniques have traditionally been limited in their resolution by the
diffraction limit. In an imaging system, each individual fluorescent emitter produces a
point-spread-function (PSF) that is captured on a camera detector. Due to the effects of
diffraction, the width of the observed PSF is much larger than the emitter itself, therefore
emitters in close spatial proximity can have overlapping PSFs. In this case, it may be
difficult or impossible to pin-point the exact position of each individual emitter. This limit
was first described by Ernst Abbe in 1873 and is known as Abbe’s diffraction limit:

A

d= ———
2'n-sin@

2.1)

where d is the diameter of the PSF, 1 is the wavelength of the emitted light, n is the
refractive index of the medium the lens is in, and @ is the maximum half-angle of the cone
of light entering the lens. The numerical aperture (NA) is equal to n-sin 8 , simplifying

equation 2.1 to:

d= —— (2.2)
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Given commonly used wavelengths and NA values of modern fluorescence microscopes,
this translates to an experimental PSF diameter of ~250 nm. Therefore, it may be
impossible to extract desirable information about a biological structure of interest with

features smaller than this limit, as the resulting image would appear blurred.

To overcome the resolution limit for optical microscopy, several techniques
achieving ‘super-resolution” microscopy were conceived starting in 1994 and eventually
awarded the Nobel Prize in Chemistry in 2014 (64, 65). Stefan Hell developed Stimulated
Emission Depletion microscopy (STED) (64, 66, 67), while W.E. Moerner and Eric Betzig
independently developed single-molecule localization microscopy (65, 68, 69). Super-
resolution fluorescence microscopy can be categorized into two main approaches that rely
on different mechanisms for distinguishing molecules within the diffraction limit. The first
method relies on using engineered illumination patterns to selectively control and limit the
emission signal to a specified volume. It was first demonstrated with the development of
STED microscopy (66, 67). Typically, in STED experiments, the excitation beam is
focused in the center of a second ‘depletion’ beam that is structured as a donut shape. Due
to immediate stimulated emission from the excited fluorophores in the volume of the
depletion beam, only fluorophores located at the very center of the donut shaped beam can
emit fluorescence when excited by the excitation beam. A super-resolved image is achieved
by scanning the beams across the sample, similar to laser scanning confocal microscopy.
The principles of STED microscopy have been extended to other applications such as
reversible saturable optical linear fluorescence transitions microscopy (RESOLFT) (70).

Another widely-applied engineered illumination technique is Structured Illumination
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Microscopy (SIM) (71, 72), which relies on a series of phase-shifted line patterns to obtain
information at higher spatial frequencies that are not otherwise observable, thereby

resolving structures with better resolution than the diffraction limit.

The work described in this dissertation utilizes the second approach, which relies
on controlling the fluorescent emitter concentration in space and time. A mechanism
(photophysical, photochemical, or chemical, discussed further below) ensures that only a
small fraction of the fluorescent emitters are in a fluorescence ‘on’ state at any given time,
while the majority are in a fluorescence ‘off” state. In this way, the PSFs of the emitters are
sparse in space and time and will not overlap. Thus, the localizations of the individual
emitters can be extracted with a precision better than the optical diffraction limit. This
technique is termed Single-Molecule Localization Microscopy (SMLM). SMLM offers
precision in the tens of nanometer range with currently available fluorophores, greatly
improving upon the diffraction limited resolution of ~250 nm. If sufficient point
localizations are collected over time, a higher resolution image can be constructed to
distinguish components that would not be resolvable in the diffraction-limited case. The
precision of an individual localization, o, is predominantly determined by the number of
photons collected (i.e. more fluorescence photons provide higher localization precision)

(73):

e — (2.3)

where s is the standard deviation of the PSF and N is the number of photons collected above
background. The localization precision can also be experimentally estimated by calculating

the standard deviation of multiple localization measurements of the same stationary
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fluorescent emitter (74, 75). However, the overall resolution for a structure in a
reconstructed image also depends on the labeling density (i.e. insufficient labeling can
result in a ‘missing” portion of a structure). This spatial resolution is quantified by the

Nyquist criterion, given by:

ONyquist — m (2.4)

where p is the number of localizations per area/volume, and D is the dimensionality of the
measurement (76, 77). In addition to structural determination, SMLM has been utilized for
a variety of other quantitative measurements, including protein copy number counting (78),
stoichiometry estimation in protein complexes (79), and co-localization experiments (80-

82).

Several methods have been developed in recent years to achieve sparse emitter
concentrations. For example, in fluorescence photo-activated localization microscopy
(PALM), a photoactivatable fluorophore is utilized (83). These fluorophores require the
use of a low intensity activation beam in order to convert a small fraction of fluorophores
into a state capable of absorbing photons from a second excitation beam of longer
wavelength and emitting fluorescence photons thereafter. By activating only a small
portion of the emitter population, the fluorescing emitter concentration can be kept low.
Another method, STochastic Optical Reconstruction Microscopy (STORM) relies on an
activator-reporter fluorophore pair (74). The reporter is first switched into a dark state by
illuminating with a red laser, and can be recovered by illuminating with a wavelength that
will excite the activator. However, there is a strict requirement of close proximity (1-2 nm)

between the activator and reporter. Molecular state-switching is also applied in direct
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STORM (dSTORM), which utilizes organic dyes that exhibit photoswitching without the
need for an activator dye (84, 85). In yet another approach, Point Accumulation for Imaging
in Nanoscale Topography (PAINT), the fluorescent probe enters an ‘on’ state only after
integrating into a membrane. Certain fluorescent proteins, such as eYFP, undergo
photoinduced activation/blinking when illuminated with high intensity excitation light (68,

86).

2.1.2 Fluorescent labeling of target molecules

When designing an experiment for super-resolution fluorescence microscopy, it is
important to choose an appropriate labeling method and fluorophore for the application.
Fluorescent proteins and fluorescent dyes each provide several key advantages and
disadvantages. The most attractive feature of fluorescent proteins is their ability to be
genetically encoded and covalently linked to a target protein. Fluorescent protein
expression can be achieved in trans using expression plasmids, or through genetic
incorporation into the chromosomal DNA. Genetic encoding guarantees high specificity
and complete labeling of all target protein molecules. A disadvantage of fluorescent
proteins is their ~10 times lower fluorescence brightness compared to organic dyes. Since
the resolution of the measurement is proportional to the number of collected photons, as
given by Egn 2.3, a lower photon yield results in poorer localization precisions.
Additionally, fluorescent proteins are much larger than dyes (~25 kDa to <1 kDa
respectively), producing a higher potential for perturbing the system through steric effects.

While fluorescent dyes themselves are small, they still require an additional linker to label
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the target. For example, fluorescent dye-conjugated antibodies or antigen-binding
fragments (FAB) can be used to label a structure after chemical fixation and
permeabilization of the sample (87). Live-cell dye staining can be achieved with
genetically encoded tags such as the SNAP-, CLIP-, and Halo-tags (88-90). However,
chemical dye labeling may result in incomplete labeling of the target protein and/or high
background levels if excess dye is not sufficiently removed in one or several wash steps.
As is the case for fluorescent proteins, the relatively large size (~20-30 kDa) of SNAP-,

CLIP-, and Halo-tags may also be prohibitive depending on the application.

2.1.3 Emitter Localization by PSF Fitting

As mentioned previously, in order to achieve super-resolution levels of imaging,
the PSFs must not overlap. Several methods have been developed to extract the emitter
localizations from non-overlapping PSFs, the simplest of which includes simply finding
the centroid of the intensity profile of the PSF (73). A commonly utilized method involves
fitting the PSF to a two-dimensional Gaussian profile by a Least Squares (LS) estimation
(65, 91, 92). A more precise method has been developed that uses Maximum Likelihood
Estimation (MLE) of the position of a fluorophore (93). MLE is able to achieve the Cramér-
Rao Lower Bound (CRLB), the information theoretical limit of best precision, for the fitted
parameters, even for non-Gaussian noise distributions. While these methods have been
developed for non-overlapping emitters, other algorithms have been developed for fitting

of highly overlapping PSFs (94-97), which relax the experimental requirement of spatially



Chapter 2: Super-Resolution Fluorescence Imaging 18

separated emitters and allow for acquisition of more data points in a shorter amount of

time.

2.1.4 Optical Engineering of the PSF

Several methods developed using engineered PSFs exhibiting specific shapes to
allow for extraction of not only the X,y position, but also the z position. Two commonly
used examples of engineered PSFs include the astigmatic (75) and the double-helix (98,
99) PSFs. The astigmatic PSF is elliptically elongated in either the x or y direction,
depending on whether the emitter is located above or below the focal plane. The elliptical
extent and orientation provides information on the emitter’s z position. Different from the
astigmatic PSF, the double-helix PSF (DHPSF) exhibits two lobes. The midpoint between
the two lobes provides the x,y localization of the emitter. The two lobes rotate around the
mid-point as the emitter moves away from the focal plane, therefore the degree of rotation
provides the z position. In addition to these examples, there exists several other engineered
PSFs for 3D localization including the tetrapod (100), corkscrew (101), bisected-pupil
(102), and a side-lobe free self-bending PSF (103). The microscope used in this dissertation

employs the DHPSF.
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2.1.5 Phototoxicity and Photobleaching

A major advantage of fluorescence microscopy is the ability to image in live cells,
because the sample does not necessarily need to be fixed (chemical fixation, frozen, etc).
However, in live cell imaging, the phototoxic effects of high-intensity excitation light must
be considered. Damage induced by exposure to light can alter the physiology of the cell or
even cause cell death (104, 105). The major cause of phototoxic effects is the production
of reactive oxygen species (ROS), created after naturally occurring molecules within the
organism absorb visible light and subsequently react with oxygen. ROS can cause a variety
of issues, including damage to DNA, proteins, and lipids by oxidation. Additionally,
fluorophores utilized in fluorescence microscopy can also become oxidized and degraded
in a process known as photobleaching, which may also produce ROS. The effects of ROS
can be limited with addition of antioxidants such as ascorbic acid to the imaging media
(106, 107). Another way to reduce production of ROS is by limiting the amount of
excitation light illuminating the sample. For example, in Adaptive Light-Exposure
Microscopy, the excitation light is actively adjusted to focus only on areas of the cell where
there is observed fluorescence (108). In Total Internal Reflection Microscopy (TIRF), the
excitation laser is brought into the objective at a high angle, so that the laser is totally
internally reflected, producing an evanescent wave that only excites ~100 nm into the
sample volume. Not only does TIRF microscopy have the benefit of limiting phototoxic
effects, but can also increase image resolution by limiting emitter concentration (109).
Finally, light sheet fluorescence microscopy limits the excitation volume by illuminating

with a thin sheet of light that sections through the sample (110-117). For the work presented
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in this dissertation, we limited exposure of the samples to high-intensity excitation laser
for only a few minutes. We confirmed that living cells imaged under such conditions were

still able to divide on the coverslip (118).

2.1.6 Single-Molecule Tracking

In contrast to high resolution imaging methods that require fixed samples, such as
cryo-Electron Microscopy (cryo-EM), super-resolution fluorescence microscopy provides
the ability to observe target molecules in live cells. The ability to probe the positions and
motions of single molecules in living cells has made single-molecule localization and
tracking microscopy a powerful experimental tool to study the molecular basis of cellular
functions (65, 74, 83). Single-Molecule Localization Microscopy has the unique ability to
probe the motion behavior of individual molecules by combining their spatial and temporal
information to create a trajectory for each individual molecule. Information such as the
apparent diffusion coefficient or the molecular displacements between each time point can
be calculated for each detected single molecule. Single-molecule trajectories, if sampled in
sufficient numbers, provide the full distribution of molecular motion behavior in cells, and
statistical analyses of localization and trajectory data can been used to resolve the prevalent
diffusive states as well as their population fractions. A key benefit of tracking single
molecules is that individual trajectories can be sorted according to predefined (quality)
metrics, for example, to include only non-blinking molecules (119), or molecules localized
in specific subcellular regions of interest (120). These advantages are not shared by

ensemble-averaged measurements such as fluorescence recovery after photobleaching
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(FRAP) and fluorescence correlation spectroscopy (FCS) (121). In the simplest case it is
possible to distinguish stationary from mobile molecules. For example, DNA bound lac
repressors in search of their promoter region appear stationary at 10 ms frame rates and
can thus be clearly distinguished from unbound lac repressors which explore the entire E.
coli cell volume on the same timescale (122). Similarly, the E. coli chromosome-
partitioning protein MukB forms stationary clusters only when incorporated into the quasi-
static DNA-bound structural maintenance of chromosomes (SMC) complex (123). Single-
molecule tracking provides a tool for observing these different states directly, and
sophisticated analyses are not required to resolve them. However, other proteins, in
particular those involved in delocalized regulatory and signaling networks, may not exhibit
such stationary states. These proteins may instead form oligomeric complexes of varying
sizes that diffuse at measurably different rates (124-128). A major objective for single-
molecule tracking microscopy is therefore to resolve the different diffusive states that
manifest in the cytosol of living cells. Extracting this information, however, is difficult in
the presence of several diffusive states, and there are many factors that must be taken into
consideration. Such cases require an integrated approach in terms of data acquisition,

processing and analysis.

Several methods have been developed for extracting the diffusive states and their
relative population fractions from single-molecule tracking data (124, 128-135), but there
is no consensus in the field as to the most effective approach. As part of the work for this
dissertation research, a diffusion analysis framework was developed for extracting the

relevant information from short single-molecule trajectories. This approach relies on
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Monte Carlo simulations of single-molecule trajectories in the confined volume of a
bacterial cell to build a model for confined Brownian motion that is then fitted to match
experimental data. A full description of the framework, its applications, and its limitations

is found in Chapters 3 and 5.

2.2 Instrumentation

To perform 3D single-molecule localization microscopy, a custom-built
microscope was constructed. The microscope consists of excitation and emission pathways
for collection of signal from fluorescent emitters, as well as a phase contrast pathway for
collecting images of bacterial cell shapes. The following sections will explain the specific

details of each pathway.

A custom microscope is advantageous compared to a commercial instrument in
several key aspects. First, the up-front cost to build the instrument is significantly reduced
compared to purchasing a similar commercial instrument. Second, the costs in servicing
the instrument over time are reduced as well, as there is no requirement for external
maintenance providers. Members of the research group develop a deep working knowledge
of the instrument, so they can service it themselves and therefore avoid long waiting
periods for maintenance and alignment otherwise. Third, a custom instrument provides full
flexibility in terms of its design and use. For example, the microscope constructed for this
research has superior stability than commercial instruments, because the microscope
objective is fixed in place while the sample stage itself is scanned by an automated piezo-

electric stage. This is in contrast to commercial instruments, where the stage is fixed and
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the objective is placed on a height-adjustable objective turret. Such a configuration is more
prone to sample stage drift. Finally, home-written, customizable software provides the

ability to tailor the experimental data collection to specific experimental requirements.

2.2.1 Fluorescence Imaging

Fluorescence microscopy requires excitation of the sample with an emitter-specific
wavelength of light (given by the absorption spectrum), and the subsequent collection of
emitted light from the sample with a longer wavelength than the excitation light due to the
Stokes shift. Therefore, the fluorescence pathway of the microscope can be broken down
into the excitation and emission pathways. The microscope contains three lasers with
different wavelengths in the excitation pathway. A 514 nm laser (Coherent Genesis MX514
MTM) and a 561nm laser (Coherent Genesis MX561 MTM) is used for excitation of
fluorescent emitters, while a 405 nm laser (Coherent OBIS 405) is used to ‘activate’ photo-
activatable fluorescent emitters prior to excitation with the 561 nm laser. The configuration
described here was designed to perform optimally with the fluorescent proteins eYFP
(excitation with 514 nm laser) and PAmCherryl (activation with 405 nm laser and
subsequent excitation with 561 nm laser). Each laser begins in a separate excitation
pathway. The input laser beam is first expanded by a two lens telescope to create a
collimated laser beam with a larger size than the input. The beam then passes through a
wavelength-appropriate zero order quarter wave plate to circularly polarize the excitation

laser. Additionally, there is a band-pass filter in the 514 nm laser excitation pathway
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(Chroma ET510/10bp) to limit the excitation wavelength range. All excitation laser lines
are then combined into the same excitation pathway using a set of dichroic mirrors
(Chroma T470lpxr and Chroma T525Ipxr). Using additional mirrors, the excitation light is
directed towards another dichroic mirror (Chroma ZT405-440/514/561rpc-UF1) that
allows excitation light to be reflected into the microscope objective (UPLSAPO 60X
1.4 NA), which focuses the light onto the sample. The sample is mounted on a Xyz nano-
positioning stage (Mad City Labs), which can position the sample with nanometer
precision. A drop of immersion oil is placed between the objecting and the cover slip (VWR
#1.5, 22mmx22mm) that the sample is mounted on. The immersion oil has a higher
refractive index (1.515) compared to air (1) to better match the refractive index of the glass
cover slip holding the sample. The diffraction-limited resolution, r, is dependent on the
numerical aperture (NA) of the lens and is generally given by:

061-2
"TTNA

where / is the wavelength of light. Note that this is similar to Eqn. 2.2, with a different
multiplication factor (0.61 instead of 0.5), to account for physical limitations and properties

of the lenses. The NA is given by:

NA =n-sin@
where 6 is the maximum half-angle of the light that can pass through the lens and n, is the
index of refraction of the medium which the light passes through before reaching the
sample. Therefore, a higher refractive index produces a higher NA, resulting in higher

resolving power.

(3.5)

(3.6)
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After the sample is excited by the excitation laser, the resulting fluorescent signal
emitted by the fluorophores is collected by the objective lens, entering the emission
pathway after passing back through the dichroic mirror (Chroma ZT405-440/514/561rpc-
UF1). The emission signal passes through a series of filter sets including a 514 nm long-
pass filter (Semrock LP02-514RU-25, 561 nm notch filter (Semrock NF03-561E-25), and
a 700 nm short-pass filter (Chroma ET700SP-2P8). The 514 nm long-pass filter and 561
nm notch filter are used to limit the amount of scattered excitation light entering the
emission pathway from the 514 nm or 561 nm excitation lasers, respectively. The 700 nm
short pass filter is simply to limit any additional light outside of the range of the

fluorescence signal from entering the emission pathway.

All objective lenses used in this work are infinity corrected objective, meaning the
image plane is at infinity. Therefore a second lens, referred to as the tube lens, must be
placed into the optical path to obtain the image plane. Before the image is formed on the
camera detector, the signal is passed through two more lenses, in a configuration known as
a 4f system (Fig. 2.1). The 4f lenses are achromatic doublet lenses, which help limit effects
of chromatic and spherical aberration. The main advantage of inserting a 4f system here,
however, is the ability to access the Fourier (pupil) plane in between the two lenses. Here
this advantage is utilized by multiplying the Fourier transform of the image (the first lens
performs a Fourier transform of the image) by the Double-Helix Point-Spread-Function
(DHPSF) transfer function. This is achieved by placing an optics piece, the phase mask
(Double Helix LLC), in the Fourier plane of the 4f system (99, 136). The second lens

converts the Fourier transform of the image back into the real image. The image observed
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on the camera detector now exhibits the DHPSF instead of the normal Gaussian-like PSF.
As described at the beginning of Chapter 2, the DHPSF is advantageous as it allows for 3D
localization of a fluorescent emitter, compared to the normal PSF which allows for only
2D localization. An in-depth description of the DHPSF and a comparison to the

conventional PSF is given in Section 3.1.

Fluorescence is recorded on scientific Complimentary Metal-Oxide Semiconductor
(SCMOS) detectors (Hamamatsu ORCA-Flash 4.0 VV2). In the past, it was common practice
to use electron-multiplying charge coupled device (CCD) cameras for single-molecule
localization microscopy. However, in recent years sCMOS cameras have become
increasingly popular due to their quicker read times and larger fields-of-view (FOV) at

comparable noise levels and detection quantum efficiencies.

A dichroic beam-splitter (Chroma T560lpxr-uf3), placed in the emission pathway
after the first 4f lens, divides the emission pathway into a ‘red’ and ‘green’ pathway, each
with a dedicated camera detector. The microscope was designed in this way for quickly
switching between color channels or simultaneous dual-color imaging. An additional
561nm notch filter (Chroma ZET561NF) was inserted into the ‘red’ channel to block

scattered laser light.

2.2.2 Phase Contrast Imaging

In addition to images collected for fluorescence signal, a phase contrast image is

acquired for each FOV. Phase contrast microscopy has been widely used for decades, with
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Fritz Zernike first describing the method in 1934 (137). A major advantage of phase
contrast microscopy is that it permits imaging of structural properties of live cells and does
not require fluorescent labeling. For the work described in this thesis, phase contrast
microscopy is used to extract the bacterial cell outlines and positions of cells imaged with
fluorescence microscopy. The cell outlines are used in post-processing to assign each

single-molecule localization obtained from the fluorescence pathway to a specific cell.

A red light-emitting diode (LED) is used as an illumination source for the phase
contrast pathway, which sits upon an illumination tower above the inverted microscope
stage. After passing through a set of lenses, the illumination light is then passed through an
annulus ring, which produces a ring of light. A condenser lens then focuses the ring of light
onto the sample stage. As the light passes through the sample, light entering the area of the
biological sample can be scattered, while light passing through the surrounding area is
unaffected. Importantly, light scattered by the biological material will be phase shifted by
-90°, and will be scattered in all directions. The light then travels down through the
objective lens and the tube lens. Now, however, instead of travelling through the
fluorescence emission pathway, the light is reflecting into a separate pathway by utilizing
a “flip mirror’ that can be electronically raised to switch between fluorescence and phase
contrast imaging. The light then passes through another 4f system. In this case, an optics
piece known as the phase ring is placed in the Fourier plane between the two 4f lenses (Fig.
2.1). Here, light that has not been scattered by the sample will pass through the ring, and
be phase shifted by +90°, while most of the scattered light will not pass through the ring

and will not be phase shifted. The total phase shift of 180° will cause destructive
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interference between the background and scattered light. When viewed on the camera
detector (Aptina MT9P031), this will result in the sample appearing darker than the light

background.
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Figure 2.1. Optical diagram of microscope pathways. The excitation pathway (green)

directs the excitation laser into the objective lens. Light collected by the objective from the

sample is directed into the emission pathway (red). A motorized ‘flip-mirror’ is used to

switch between the fluorescence (red) and phase contrast (grey) pathways. The

fluorescence pathway is further split into a ‘red’ and ‘green’ fluorescence channel by a

dichroic mirror. The camera detectors, excitation lasers, LED, and ‘flip-mirror’ are

controlled remotely by computer.
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Data collected by the super-resolution fluorescence microscope, detailed in the
previous chapter, is in the form of raw images, which must pass through a series of data
processing and analysis techniques to extract meaningful information. As part of the work
for this dissertation, the author wrote a substantial amount of MATLAB code to perform
the analysis in this section. With the exception of the Easy-DHPSF code (138), which was
modified from a published work from the Moerner lab, these programs were written from
scratch by the author. In a first step, single-molecule localizations are found by analyzing
the fluorescence intensity signals on the raw images. Each localization has an x, y, z spatial
coordinate as well as a time stamp of detection. Once localizations are found they are
further analyzed to obtain additional information, such as their cellular distribution and the
movement of individual proteins. This chapter will detail the initial image processing steps
to obtain the localizations, as well as the subsequent analysis steps. The full experimental

workflow, including data collection, processing, and analysis is found in Ref. (118).

3.1 Point-Spread-Function Fitting

As described in Chapter 1, single-molecule localization microscopy requires the
extraction of point localizations from well separated point-spread-functions (PSFs). A
common approach for localization extraction is fitting of the PSF with a Gaussian model,
typically utilizing a Least Squares (LS) estimation. However, as detailed in Chapter 2, the
PSF for the microscope used in this work is altered to the Double-Helix Point-Spread-
Function (DHPSF), therefore simply fitting with a single Gaussian profile is not sufficient.

Instead, the DHPSF is fit with a double-Gaussian model, fitting each of the two lobes with
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a Gaussian shape. A MATLAB software package called Easy DHPSF was released by the
Moerner laboratory (138). The Easy_DHPSF code fits the DHPSF with a double-Gaussian
model using a LS estimator. The fitting relies on a calibration of the DHPSF behavior
obtained by scanning a bright fluorescent bead over a large (~2-3 um) axial range to create
a series of template images for different z positions. Potential DHPSF signals are found
within the full experimental image by performing a template matching step. Finally the
potential DHPSF signals are fit using the double-Gaussian model. In addition, fit
localizations are further filtered by certain quality metrics such as lobe distance, lobe
intensity ratio, lobe diameter, and photons collected. As the work on this software has
already been published elsewhere, | will not go into further detail here, but will focus on

the modifications we have implemented for processing our experimental data.

The first modification we made was incorporation of a Maximum Likelihood
Estimator (MLE) for the double-Gaussian fitting to extract the single-molecule
localizations. As stated in Chapter 1, MLE is able to achieve the Cramér-Rao Lower Bound
(CRLB), the theoretical limit of precision, for the fit parameters (93). As the name suggests,
the algorithm estimates the most likely value for the fit parameters, such as the width of
the Gaussian blob used to fit and the x,y positions of the emitter. LS, on the other hand,
finds the set of parameters that produces the least difference. Generally, MLE has been
shown to be a more robust estimator for fitting of single-molecule localizations than LS,
especially when modeling inaccuracies and noise levels are limited (139). In the application

here, the performance of MLE is enhanced since the appropriate noise and gain statistics
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for each individual pixel on the SCMOS detector are considered, as described in the

following sections. MLE is implemented as described in Ref. (140).

A second modification was an addition of a different background estimation
strategy. One of the key image processing steps is to subtract a background image from the
full image. The signal-to-noise ratio produced in SMLM is low (~2), therefore it is crucial
that the background image is estimated correctly. Sources of background intensity include
light from the illumination laser, as well as inherent cell auto-fluorescence. The initial
Easy DHPSF software utilized a wavelet background estimation. However, a problem that
may arise in fluorescence imaging of biological samples is the presence of persistent,
structured background, such as in the case of cellular auto-fluorescence. A wavelet
background estimation cannot accurately remove this type of background. Therefore, in
our version we have added the option to use a median background estimator instead (141).
As the name suggests, the median filter finds the median image for a rolling window of
100 frames surrounding the frame of interest. Single-molecules only produce signal for an
average of ~6 frames. Because they are not in a fluorescence state for the majority of the
100 frame window, single-molecule signals will not be filtered out when the background

is subtracted, but any persistent background will be.

The original Easy_DHPSF code was written for processing data collected with a
Charged-Couple Device (CCD) camera detector, and it implemented a method for handling
the camera gain. The gain is an amplitude ratio of the input electrons (photons are converted
to electrons at some probability, termed the Quantum Efficiency) to the output detector

value (i.e. a gain of 1.5 means that on average 1 electron produced a detector count value
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of 1.5). For a CCD detector there is only a single gain value for the entire camera. However,
scientific Complementary Metal-Oxide—Semiconductor (SCMOS) cameras were used for
the work presented here, due to their high reading rates and larger fields-of-view (140, 142,
143). For sSCMOS detectors, each pixel has its own unique value for the gain, which must
be carefully calibrated. Therefore we made modifications to the code to load in a calibration
file and use it to convert units of detector counts to photons. The gain for each pixel was

estimated as described in Ref. (140).

3.2 Localization Analysis

3.2.1 Single-Molecule Localization and Cell Registration

Single molecule localizations were assigned to individual cells based on the
corresponding phase contrast image. Cell outlines were generated based on the phase
contrast images using the open-source software OUFTI (144). The outlines are registered
to the fluorescence data by a two-step 2D affine transformation using the ‘cp2tform’
function in MATLAB. In the first step, five control point pairs were manually selected by
estimating the position of the cell poles based on single-molecule localization data and the
cell outlines generated by OUFTI. An initial transformation was generated, and cell
outlines containing less than 10 localizations were removed. The center of mass for all
remaining cell outlines and single-molecule localizations within them were then used to
generate a second, larger set of control point pairs to compute the final transformation

function. A large set of control points (N ~ 100 cells) ensures that cells with few
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localizations or cells positioned partly outside the field-of-view do not skew the
transformation. Only localizations that lie within the cell outlines were considered for

further analysis.

3.2.2 Spatial Analysis of Localizations

Radial distributions of single-molecule positions were created using a combination
of the cell outlines found with OUFT]I and the localizations themselves. The localizations
from the full FOV were separated and assigned to specific cells using the cell outlines from
OUFTI. The localizations from each cell were further assigned to sections along the long
axis of the cell. The central axis of each section was then found by projecting the
localizations onto a 2D plane and finding the centroid of the localizations. The localizations
were grouped into sections in this way to limit effects of cell curvature on the centroid of
the 2D projected localizations. The radial distances were then found by calculating the

distance of each 3D localization to the computed central axis.

3.3 Diffusion Analysis

Assigning a single molecule to a specific diffusive state is challenging, especially
for fast diffusing cytosolic species. The molecular displacements measured in single-
molecule tracking can be used to compute apparent diffusion coefficients for each detected

single molecule, b