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Abstract

DNA replication happens in all living organisms and assures that the genome is
accurately copied and maintained. The replisome is the molecular machine in cells that
replicates DNA, and this protein assembly includes DNA polymerases which directly
synthesize DNA by adding nucleotides. Although the bacterial replisome has been
studied extensively in vitro, single-molecule microscopy is now providing a new
perspective on the dynamics and architecture of replisome components in vivo. In this
thesis, | studied the architecture and dynamics of several highly conserved replisome
components in vivo in the model organism Bacillus subtilis. Photoactivated localization
microscopy (PALM) and single-molecule tracking enable us to localize and track every
single protein molecule with a resolution of 20 — 40 nm. | investigated the dynamics
during normal DNA replication of a number of replisomal proteins, including the
replicative DNA polymerases PolC and DnaE and the g-clamp loader DnaX. | then
extended these investigations to replication arrest by two different pathways: PolC
disruption by the damage-independent 6-hydroxy-phenylazo-uracil (HPUra) and cross-
linking with mitomycin C (MMC), a damaging agent. | quantified the real-time behavior
of different replisomal proteins during the DNA synthesis process. The results presented
in this thesis show that all of these replisomal proteins are highly dynamic and exchange

more rapidly than previously expected, and | characterized the molecular-scale

xii



distribution of each replisome component as well as responses to cellular mutations and
external stimuli with a combination of single-molecule tracking, time-lapse imaging, and
spatiotemporal image correlation spectroscopy. Finally, | developed a new approach to
characterize the stoichiometry of replisomal proteins by counting the photobleaching
steps with Bayesian statistics. Overall, these new insights into DNA replication indicate
that the activities of bacterial replisomal proteins may be regulated in cells by
coordinating and modulating the dynamics of protein recruitment, binding, and unbinding

at the site of DNA synthesis.
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Chapter 1: Introduction

1.1 Optical microscopy and bacteria

Since the invention of the microscope, it has been used as a powerful tool in many fields
of biology because of its ability to see small things that cannot be seen by the naked eye.
In microbiology, optical microscopy is widely used to resolve many aspects from
morphology to specific biochemical pathways. The low perturbation to the cells makes
the optical microscopes a powerful tool to study the physiology of bacteria in living cells,
and although many optical microscopes are not ideal for thick samples, the small size of
most bacteria (on the scale of a few micrometers) makes the optical microscopes
sufficient to study the behavior of bacteria at the single-cell level. Fluorescence
microscopy, specifically, has become an important tool due to its ability to observe
specific biomolecules in either fixed cells or live cells by tagging a fluorescent label
(chemical dyes or fluorescent proteins) to the molecule of interest. Therefore,
fluorescence microscopy can be used to study subcellular components with high
specificity. However, fluorescence microscopy still suffers from the low resolution
caused by the diffraction limit, making it difficult to study very small structures in

bacteria.



1.2 Single-molecule super-resolution microscopy

The resolution of the conventional optical microscopy is limited because the ~400 — 700
nm wavelength of visible light is finite. The intensity profile of a point emitter through
the microscope is described by the point spread function (PSF) (Figure 1.1A), which is an
Airy function in the (X, y) plane. The best resolution attainable can thus be described by

the equation below?:

A

4=5Na

(1.2)
where d is the minimal separation distance between two objects that still can be resolved,
/. 1s the emission wavelength of the fluorescent emitter, and NA is the numerical aperture
of the objective, which is related to the amount of light that can be collected by the
objective and is a property of the objective itself. The NA of the best available objectives
is about 1.4~1.5, which means that the minimal d from the conventional optical
microscopy is 200~300 nm. This limited resolution makes it impossible for conventional
microscopy to visualize extremely small cellular structures. One way to improve the
resolution is to decrease A by using a beam of accelerated electrons (with a nearly
negligible wavelength) instead of the visible light as a source of illumination, which is
the essence of the electron microscope. However, although different kinds of electron
microscopes have been widely used in physics, electron microscopy (EM) requires the
fixation of the sample, which can introduce artifacts and which make EM unsuitable to

probe live biological samples for cell biologists and microbiologists.



On the other hand, since the image of a single fluorescent emitter can be described by an
Airy function, if one can isolate one single-molecule emitter experimentally, a much
better resolution can be attained with an optical microscope by finding the peak of the
PSF. In practice, the Airy function can be well approximated by a two-dimensional

Gaussian function? (Figure 1.2B):

(x—x0)2+2(y—y0)2 (1.2)
f(x, v, A, axy) =lpgt+A-e 20xy

where Xo and yo are the coordinates of the Gaussian peak center and A is the signal
amplitude above the background intensity, Ing. The localization error is affected by many

factors and can be described by the following equation®:

aZ

2 —_—

Ax = js 17, Busth? 3)
N a’N?

where s, a, and b, respectively, denote the standard deviation of the PSF, the pixel size of

detector, and the background noise, and N denotes the number of photons collected.

Therefore, it is easy to obtain nanometer-scale resolution with moderate background

noise and a fluorescent probe with reasonably high quantum yield.



Figure 1.1 (A) The point spread function of a single-molecule emitter. (B) Using Gaussian-
function fitting to resolve the localization of the single-molecule below the diffraction limit*.

1.3 Fluorescent labeling in live bacteria

Since most subcellular components are not intrinsically fluorescent, to study the specific
biomolecules of interest in live bacteria cells with fluorescence microscopy, we must
attach a fluorescent label to the target biomolecules. Organic dyes have good quantum
yields and photostability, but they are not suitable for live-cell imaging because of the
difficulty of transporting and targeting these fluorescent probes into the cells. Fluorescent
proteins (FPs) can be genetically encoded and expressed easily, which makes them the

best candidates for live-cell imaging.



The key to beating the diffraction limit through Gaussian-function fitting
described above is to isolate single-molecule fluorescent emitters. In live bacterial cell
imaging, this isolation can be achieved by using photoactivatable FPs, which can be
stochastically activated optically with a second, co-aligned laser source®. Therefore, we
can activate, visualize, and localize only a sparse subset of the molecules until
photobleaching, and through many iterations of this photoactivation process, a refined
image with nanometer resolution can be resolved. An ideal photoactivatable fluorescent
protein candidate usually has high quantum yield, good photostability, and a longer
emission wavelength to avoid the cellular autofluorescence in the shorter wavelength
range®. The names and the properties of fluorescent proteins used in this thesis are shown

in Table 1.1.

Table 1.1 Properties of fluorescent proteins used in this study.
Values may vary depending on specific experimental conditions.

Tctivnti Tencita Py Switching
Fluorophore activation excitation emission Quantum Rate Slgna“ng
Yield Efficiency
(m)  (om)  (m) (ms?)
mCherry?® N/A 587 610 0.22 unknown unknown
PAmMCherry17 405 564 595 0.46 513107 3.6-80%
mCitrine® N/A 516 529 0.76 unknown unknown

The FPs, whether photoactivatable or not, must be genetically tagged to the

protein of interest. In most bacteria, the easiest way to achieve this labeling is to express



the protein-FP fusion ectopically, and the expression level can be controlled by an
inducible promoter if required. However, in this case, the cells will overexpress the
protein (i.e., produce more proteins than needed), such that some subset of these proteins
may display non-physiological behavior; this anomaly will bias the dynamics quantified,
especially at the single molecule level. To avoid such artifacts, it is better to express the
protein-FP fusion endogenously, such that all the protein molecules of interest are labeled
and representative. However, molecular cloning of endogenous expression is usually
more complicated than that of ectopic expression, and it is not always feasible. For
example, adding a fluorescence tag to an essential protein might affect its normal
function. An alternative method provides a compromise: knocking out the original gene
in the chromosome, and ectopically expressing the protein-FP fusion as a compensation.
In this case, the protein of interest cannot be essential (or else the knockdown step will
lead to cell death), and the ectopic expression level needs to be tuned to the same level as

in the wildtype strain.

Besides the considerations discussed above, a few other things should be noted when
using fluorescent proteins. Many fluorescent proteins tend to dimerize’, which is a
property that needs to be evaluated carefully when designing experiments as it can lead to
mislocalization artifacts. Also, it is possible that adding an FP tag to the protein of
interest will change the original structures of either or both proteins, which might lead to
the malfunction of the protein of interest, and/or change the intensity and photostability
(fluorescence yield) of the FP. It is necessary to make sure that the fluorescent tag will
not affect the function(s) of the protein. This functional consideration is not a problem in
this thesis, since all proteins being investigated are essential proteins. Last, when using

6



most photoactivatable fluorescent proteins as fluorescent labels, even if the protein-FP
fusion is endogenously expressed and multiple activation rounds are performed, some
subset of the whole population will not be photoactivated’ and thus will evade

characterization.

1.4 From single-molecule imaging to the characterization of dynamics

As discussed in the previous sections, single-molecule super-resolution microscopy can
be used to resolve biological superstructures, which is often performed in fixed cells so
that the structure being super-resoled remains static. In live-cell imaging, where proteins
are usually more dynamic, single-molecule super-resolution imaging can be used to

characterize the dynamics of these proteins of interest.

1.4.1 Diffusion analysis

Series of single-molecule localizations can generate single-molecule trajectories, which
can be further used to quantify the dynamics of the molecule. One important property is
the diffusion coefficient, D, which describes how fast the molecule moves. The D of a

molecule engaging in Brownian motion can be calculated with*°:

(r?(7)) = 2nD7 (1.4)

where (r2 (7)) denotes the mean squared displacement (MSD) of the molecule during a

given time interval 7, and n denotes the dimensionality of the motion.



The correlation described in Equation 1.4 is valid when the molecule’s diffusion
is Brownian. The molecules being characterized in this thesis usually undergo confined

motion, which can be described approximately with the following equation®**?:

2 —12DyT

(@)= (e ) (L5)

where Dy is the initial diffusion coefficient of the confined molecule and L is the size of

the confinement domain.

Proteins in live cells can have multiple binding partners, undergo non-specific
binding, and diffuse freely. Thus, these proteins often have different modes of motion
with different diffusion coefficients. To account for this heterogeneity, we analyze each
of the squared displacements and describe their distributions at various time lags using a
corresponding diffusion model. The cumulative probability distribution (CPD) of square
step sizes can incorporate multiple diffusion coefficient terms. For example, a two-term

CPD model for 2D diffusion can be described by**:

—r2 2

Pp(r3 1) =1—|a-eri® + (1 —a)-elz®) (1.6)

where (ri2 (r)) is the MSD for each subpopulation i = {1,2}, and o and (1 — ) account

for the relative abundance of each subpopulation.

Other models have been developed to study the heterogeneity of the diffusive
behavior. For example, the Hidden Markov model (HMM) can account for transitions

between different diffusion states of the molecule!*>, In HMM analysis, each step of the
8



molecule is described by its diffusion state, and such information is included in the
model, where the probability of observing a certain diffusion state can be calculated

generally by'é:

1

Pr(T|6; K) = LTy P(S) —— exp[— > Ax]E;} Ax;] (L.7)

2m|2g[2
where P(S) is the probability of a particular diffusion state, 6 denotes all the parameters
in the model, Ax is the lateral displacements, X is the covariance matrix describing the
amplitudes of the displacements, and m is the relative abundance of each subpopulation.
All the K possible diffusion states are summed to calculate the probability of a certain
state. Such an HMM analysis is incorporated into a Gaussian mixture model (GMM),
where the lateral displacements, Ax, in the same diffusion subpopulation follow a
multivariate normal distribution, and there are K diffusion coefficients in the model. This
HMM analysis can provide not only the diffusion coefficients of the different
subpopulations, but also the probabilities of the transitions between each different states,
which can be used to characterize the kinetics of the chemical reactions between

biomolecules with single-molecule microscopy in vivo.

Although not used in this thesis, in a single trajectory with different diffusion
states, it is sometimes valuable to find the change points where the diffusive behavior
starts to change. One method is to determine the parameters by the maximum likelihood
estimators and use the likelihood-ratio test to detect such change points, so that no kinetic

information is needed in the analysis®’.



Many models assume that the distribution of the molecule displacements is
normal. While this assumption is true in a perfect world, in experimental data, the
distribution is often skewed towards the left, making the shape of the distribution more
like log-normal. Two major causes of this effect are the limited temporal resolution of the
equipment and the confinement from the cell boundary. When a molecule hits the
boundary of the cell, it will bounce back, but usually the camera captures only the start
and the end points of the molecule, rather than capturing this whole process. Such long
step sizes will be underestimated in the calculation. Therefore, the stronger the
confinement and the faster the molecule, the more skewed the distribution will be. Also,
many single-particle tracking algorithms favor shorter step sizes over longer ones to
avoid ambiguity. Finally, many diffusion models are derived from physics, so when
applying the models to the bioimaging data in vivo, the assumptions made by the models

need to be carefully examined.

Single-particle tracking is difficult, especially in live-cell experiments when the
diffusion coefficient is very high (> 1 um?/s), due to the limitation of the temporal
resolution and the insufficient brightness of the molecule (the photons from a quickly
moving molecule will be spread out over multiple imaging pixels). As an alternative,
spatiotemporal image correlation spectroscopy (STICS)*®° can quantify the average
diffusion coefficient of the molecules without tracking, which is used in Chapter 3.
STICS computes the image correlation function of an entire fluorescence-imaging movie
instead of using localization and tracking information, so it can resolve the dynamics of
very fast diffusion that precludes fitting. Specifically, STICS computes the average of the
spatial cross-correlations of all pairs of images separated by some time lag z. This

10



correlation function is fit to a Gaussian function, and the long-axis variance of the
Gaussian fits is called the image-mean-squared displacement (iMSD), which increases
with time lag, z. The iIMSD vs. 7 is plotted (Fig. 2B), and fit to a model for square-

confined diffusion®!:

L

. 2 96 1
iMSD(7) = — (1 — — Zinodd 75 €XP [—(nL—”)ZDT]) +C (1.8)
where D is the diffusion coefficient, L is the confinement length, and C is a constant

offset.

The major drawback of STICS is that it can only calculate the average diffusion
coefficient of all the molecules and it is difficult to retrieve the heterogeneous diffusion
information if needed. Also, if the system has some very slow-moving or even immobile
molecules, STICS will underestimate the diffusion coefficient of the molecule.
Sometimes it is possible (for example, in Chapter 3) that the molecules are recruited to
and released from a specific place at a very fast exchange rate. If all the molecules are
illuminated, one will observe stationary foci, although the single molecules are very
dynamic. In this case, when using STICS analysis, it is crucial to photoactivate an
optimal number of molecules, so that on one hand, no foci can be observed, and on the
other hand, the number of molecules activated is enough to calculate an average diffusion

coefficient.
1.4.2 Dwell time analysis with time-lapse imaging

In live cells, some protein molecules will dwell at a specific position for a certain amount

of time, indicating binding events. Such dwelling behaviors sometimes last for a few
11



seconds or even longer, and it is not possible to capture using continuous laser
illumination and image acquisition, due to the limited photostability of the fluorescent
proteins. In this thesis, | use time-lapse imaging to capture long dwelling behaviors at
multiple timescales, and quantify the dwell time of the molecule to study the kinetics of
the binding events. Specifically, after the photoactivation of the fluorescent proteins,
every frame is captured with a 50-ms integration time (zint) followed by a time delay of 0
— 1.45 s (zdelay). This time-lapse enables us to capture dwelling events that last for even a
few seconds despite the finite (< 1 s) photobleaching lifetime of the fluorescent proteins.

The total time-lapse period (zu) is defined as the sum of zint and zgelay.

The distribution of the dwell times at each =y was plotted and fit to an exponential

decay function, f:

=T

f(1) = Ae"es (1.9)

where k. is the effective off-rate of the molecule. Two independent factors contribute
to this rate of apparent dissociation: the physical dissociation of the molecule, described

by the rate constant k, ¢, and the photobleaching of the fluorescent protein, described by

the rate constant k,°:

keprTe = kpTine + KopfTa (1.10)

We extract k, ¢ by fitting k¢t Vs. 74, to a linear function, in which the slope
corresponds to the real dissociation rate constant k, s¢. The dwell time (zawen) is the

reciprocal of k.
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1.5 DNA replication in bacteria

The contents of this section include the following reference:

Li, Y., Schroeder, J.W., Simmons, L.A. and Biteen, J.S., 2018. Visualizing bacterial
DNA replication and repair with molecular resolution. Current opinion in microbiology,
43, pp.38-45.

Understanding how genomes are accurately copied and maintained during the cell cycle
is of fundamental importance to all of biology. When cells fail to replicate their DNA
accurately, numerous disease states or even cell death can occur in multicellular
organisms, while in bacteria, DNA replication mistakes affect cell fitness and viability?.
Therefore, it is critical for cells to replicate their DNA accurately and efficiently. In all
cells, this process is accomplished by replisomes, which are multi-protein machines
containing all components necessary to duplicate genomic DNA?2, The architecture and
dynamics of the Escherichia coli bacterial replisome has been extensively characterized
(Figure 1.2a)%>2°, The E. coli replisome is the Pol 111 holoenzyme (HE), a molecular
machine composed of ten different proteins grouped into several functional
subassemblies?®. The Pol 111 core is the catalytic subassembly important for replication; it
has three subunits: «, which has DNA polymerase activity, ¢, which has exonuclease
activity, and 6, which is involved in proofreading?’-?°. The Pol 111* subassembly is the
core plus the protein 7 and the y complex, both involved in clamp loading %*3. Finally,
the Pol 111 HE is Pol I11* plus the g sliding clamp encoded by dnaN 323, The g clamp
enhances processivity and increases the DNA synthesis rate up to a thousand fold by

holding the DNA polymerase on the template strand to increase the number of

nucleotides synthesized per binding event *3, The multiprotein clamp loader complex is
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required to open and close the 8 clamps around DNA for loading and unloading during
replication . Apart from the Pol 111 HE, the DNA helicase (DnaB) is essential and
required for DNA replication %. The helicase is linked to Pol 11 HE through 7 . With
the help of the replication initiation proteins DnaA and DnaC, the E. coli replisome

assembles at oriC 3" and then tracks along DNA until the end of replication?*.

A replisome that exhibits a different mechanism is found in Bacillus subtilis, a
prototypical Gram-positive bacterium (Figure 1.2b). Rather than tracking along the DNA
strands, the B. subtilis replisome is relatively stationary during replication, and the
template DNA is pulled into the replisome for duplication 3. Unlike E. coli, the B.
subtilis replisome has two distinct replicative DNA polymerases: PolC and DnakE.
Reconstitution of the B. subtilis replisome in vitro has shown that PolC is responsible for
all leading strand synthesis and most of the lagging DNA strand synthesis, while DnakE is
used to extend the lagging strand RNA primer before handing off to PolC “°. The DNA
replication mechanism of B. subtilis is more reminiscent of DNA replication in
eukaryotic systems. For example in human lagging strand replication, polymerase Pol a

extends RNA primers before handing off to Pol ¢ 4142,
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Figure 1.2 Molecular architecture of the DNA replication fork. (a) The architecture of the E. coli
DNA replication fork. Reproduced from eLife 2017, 6:10.7554 43, Creative commons. (b) The
architecture of the B. subtilis DNA replication fork.

Biochemical methods and bulk fluorescence imaging have been used to understand
how cells maintain their genomic integrity 244%44-51 However, such methods generally
lose the heterogeneity of a system by averaging over all observations. Understanding all
the complex and highly dynamic aspects of DNA replication requires quantitative
biophysical tools, and molecular resolution is necessary to characterize the dynamics of
all subpopulations, to understand detailed kinetics, and to uncover intricate mechanisms
that are relevant in vivo. Single-molecule microscopy is a great solution to this problem
because it captures the different behaviors of every molecule 52 and provides nanometer-
scale resolution %3, even in living cells #. By using photoactivatable or photoswitchable
fluorescent labels, one can observe and image the fluorescence from individual single
emitters, and each isolated molecule image can be analyzed to obtain the nanometer-scale

locations and trajectory of that molecule 2554, Importantly, single-molecule microscopy
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can be easily applied in vivo in bacteria °>°’, making it now possible to visualize DNA

replication in real time in living bacterial cells.

1.6 Thesis outline

The limited previous in vivo studies of the B. subtilis replisome mainly suffer from the
poor resolution from the conventional microscopy techniques, and consequently, the
architecture of the replisome and the dynamics of each of the replisome components
remain unclear. In this thesis, | will use super-resolution microscopy to investigate the
architecture and dynamics of the replisome in live B. subtilis cells. Overall, we have
learned that although bulk fluorescence data show that the replisome is stationary in the

cell, the replisomal proteins are more dynamic than anticipated.

In Chapter 2, | use super-resolution imaging and single-molecule tracking to
analyze the localization and quantify the dynamics of a replicative DNA polymerase in B.
subtilis: PolC. To understand the mechanism of DNA replication more deeply, | use a
drug to arrest DNA synthesis, analyze, and compare the effect on the dynamics of PolC.
My findings show that the PolC is highly dynamic and undergoes fast exchanges, with

rates that correspond to the specific functions.

In Chapter 3, I will continue my study of the replisome by characterizing the
dynamics of three replisomal proteins, the two DNA polymerases PolC and DnaE, and a
S-clamp loader subunit DnaX, in live Bacillus subtilis cells. | have made the DnaX-
PAmMCherry (endogenous expressed) strain, and the dynamics and dwell times are
analyzed under three different conditions (untreated and treated by two DNA synthesis-

inhibiting drugs). My results suggest a possible coupling between PolC and DnaX in the
16



DNA replication process, and | uncovered an unexpected phenotype of DnaX: molecules

that dwell for a very long time at the replisome, under drug-induced DNA damage.

Apart from the dynamics of replisome components, the stoichiometry of each
replisome component is of great interest. However, we lack an objective method that can
estimate the stoichiometry without the bias introduced by subjective parameters. In
Chapter 4, | develop an approach that counts the bleaching steps of a cluster of
fluorescent molecules without using any subjective parameters or thresholds based on
Bayesian statistics. | apply this method to determine the stoichiometry of DnaX in live B.

subtilis cells.

Finally, in Chapter 5, | summarize the key findings of the previous chapters and
discuss the future research directions that will be essential for us to better and more fully
understand the architecture of the replisome and the mechanism of DNA replication in

live bacteria cells.
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Chapter 2: Single-molecule DNA polymerase (PolC) dynamics at a bacterial

replisome in live cells

The contents of this chapter were published in the following reference:

Liao, Yi, Yilai Li, Jeremy W. Schroeder, Lyle A. Simmons, and Julie S. Biteen. "Single-
molecule DNA polymerase dynamics at a bacterial replisome in live cells." Biophysical
journal 111, no. 12 (2016): 2562-2569.

This Chapter refers to a collaborative project. | contributed the data in Figure 2.1 and 2.5,
and assisted with data collection for Figure 2.3 and 2.4.

PolC is one of two essential replicative DNA polymerases found in the Gram-positive
bacterium Bacillus subtilis. The B. subtilis replisome is eukaryotic-like in that it relies on
more than one essential DNA polymerase catalytic subunit for chromosomal replication.
To quantitatively describe how the replicative DNA polymerase PolC functions in B.
subtilis, we applied photobleaching-assisted microscopy, three-dimensional super-
resolution imaging, and single-particle tracking to examine the in vivo behavior of PolC
at single-molecule resolution. We report the stoichiometry of PolC proteins within each
cell and within each replisome, we elucidate the diffusion characteristics of individual
PolC molecules, and we quantify the exchange dynamics for PolC engaged in lagging
strand synthesis. We show that PolC is highly dynamic: this polymerase is constantly
recruited to and released from a centrally located replisome, providing new insight into

the architecture and organization of the replisome in bacterial cells.
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2.1 Introduction

All cells must accurately duplicate and segregate their chromosomal DNA, and
failure to do so is a critical underlying cause of over 80 different human diseases and
genetic disorderst. Replisomes are multiprotein assemblies that are responsible for DNA
replication in cells>*. DNA polymerases are the essential replisome components that
synthesize new DNA molecules from nucleotides to create new DNA strands with high
fidelity®®. It is therefore appropriate that great efforts have been made to better
understand how DNA polymerases work both in vitro and in vivo. For example, the
stoichiometry and architecture of the replicative DNA polymerase holoenzyme (Pol 111)
have been well characterized in the model organism Escherichia coli’-°. Although E. coli
has served as a prototype for understanding DNA synthesis in vivo, and although some E.
coli DNA replication features are conserved across species, the replisomes of many other
bacterial species have distinct organizations and operate differently*®*2. In particular, the
replisome in the Gram-positive model bacterium Bacillus subtilis does not seem to
replicate DNA by actively tracking along DNA, in contrast to the E. coli replisome’!314,
Rather, the B. subtilis replisome has been shown to reside in a more restricted location
through which template DNA is pulled in and newly synthesized DNA is extruded®,
although the replicative DNA polymerase in B. subtilis has not been analyzed at single-
molecule resolution. In addition, B. subtilis utilizes two distinct types of essential DNA
polymerases, PolC and DnaE, for genome replication'®?, and B. subtilis uses two
helicase loaders®®. The use of two replicative polymerases and two helicase loaders in B.
subtilis differs from E. coli and is more similar to the mechanism found in eukaryotes.
Overall, the in vivo composition and architecture of the elongating replicative DNA
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polymerase in B. subtilis is poorly understood.

In vitro reconstitution of the B. subtilis replisome has demonstrated that PolC is
responsible for all leading strand synthesis as well as most lagging strand synthesis,
whereas the more error prone and much slower DNA replicase DnaE (25 nt/s for DnaE
compared to ~500 nt/s for PolC) plays a crucial role in initiating lagging strand
synthesis!®’. DnaE is important for extending the lagging strand RNA primer before
handing off to PolC, which completes replication of the Okazaki fragment°. The
synergistic relationship between two polymerases in the B. subtilis replisome resembles
the synergy found in eukaryotic replication. For example, in S. cerevisiae, two essential
replicases'®, Pol ¢ and Pol o, are respectively responsible for synthesizing the leading and
the lagging strands®2. In analogy with DnaE in B. subtilis, the eukaryotic polymerase
Pol a extends RNA primers for a short segment before handing off to Pol 6. Given these
observations, the less well-understood B. subtilis replisome appears more eukaryotic-like
than the E. coli replisome, and a deeper in vivo understanding of how DNA polymerase
recruitment and dynamics are performed in B. subtilis will provide valuable insight into
how bacteria and eukaryotic organisms use a two DNA polymerase system for
replication. Here, we apply photobleaching-assisted microscopy?®?*, three-dimensional
(3D) single-molecule super-resolution microscopy?®, and single-particle tracking?®? to
PolC in live B. subtilis cells to measure the stoichiometry, intracellular distribution, and
dynamics of the essential DNA polymerase required for the majority of leading and

lagging strand synthesis.
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2.2 Copy number of PolC within a cell and the stoichiometry of PolC at replisome

To investigate the copy number of PolC in live B. subtilis cells, we constructed B.
subtilis strains (YLOO1) natively expressing PolC fused to the red fluorescent protein
mCherry?® as the sole source of PolC. The PolC-mCherry fusion remained intact in the
cells as shown by the Western blot (Figure 2.1). Under identical imaging conditions, the
fluorescence intensity level in cells harboring PolC-mCherry was elevated compared to
the intensity in unlabeled wild type (wt) PY79 cells (Figure 2.2a-b). This elevated
fluorescence emission comes from all the PolC-mCherry molecules in the cytosol, and
the average number of PolC molecules per cell can be approximated by subtracting the
median background fluorescence of wt cells from the median fluorescence intensity of
labeled cells and then dividing the background-subtracted labeled cell fluorescence
intensity by the intensity of a single PolC-mCherry molecule. Our estimation from 136
cells indicates that on average 61 copies of PolC are present within each cell; this copy
number is slightly higher than the 40 copies of pol Il core enzymes quantified in E.

coli®®,
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Figure 2.1 Western blots of PolC in (wt) PY79 cells, PolC-mCherry in YLO0O01, and PolC-
PAmMCherry in JWS 213. Both PolC-mCherry and PolC-PAmCherry remain intact in the cells.

As expected for a spatially restricted replisome, and consistent with previous
studies?, PolC-mCherry forms distinct foci at the mid-cell position or near the quarter-cell
positions (Figure 2.2a). The PolC-mCherry foci likely represent the site(s) of active DNA
replication?. Photobleaching experiments and in vitro measurements of E. coli have found
that three copies of DnaE are positioned at each replication fork’3, while other in vitro
studies have found two copies®. It is therefore important to determine the stoichiometry of
the essential DNA polymerase PolC in B. subtilis. Performing photobleaching-assisted
microscopy on live cells with PolC-mCherry, we observe PolC-mCherry foci
photobleaching in real time (Figure 2.2c). To determine the stoichiometry of PolC at the
site of DNA replication, we divided the intensity of the detected state3! corresponding to
the highest copy number of PolC (Imax) by the intensity change corresponding to the
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smallest jump between two states (4/min). Compared to simply counting the number of
photobleaching steps, this method gives accurate stoichiometry information even when
multiple copies of molecules are photobleached within a single frame (Figure 2.2c, right
panel). The distribution of PolC-mCherry copy numbers (Figure 2.2d) indicates that 3—
or in the case where two sister replication forks spatially overlap, 6—copies of PolC are
present at each replication fork. If PolC were responsible in vivo for just leading strand
replication, we would have expected approximately one PolC molecule at each fork and
two at forks that spatially overlap. Our observation that three copies of PolC are present
at each fork is most supportive of the model that PolC is responsible for leading strand
replication and the majority of lagging strand replication in vivo. Taken together with our
estimation that about 61 total copies of PolC are present within each cell, these findings
pose an intriguing question: why do the cells express so many copies of PolC that do not

appear to be associated with the replisome?
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Figure 2.2 PolC stoichiometry within each cell and at each replisome. a) Representative
fluorescence image of wild type (wt) B. subtilis cells (upper) and cells with PolC-mCherry
(lower). PolC-mCherry foci are highlighted by yellow arrows. b) Distribution of initial total
cellular fluorescence intensity for wt cells (median = 1.43 % 10°) and cells labeled with PolC-
mCherry (median = 2.77 x10°). The difference in fluorescence indicates the total intensity of
mCherry in labeled cells. ¢) Representative background-subtracted intensity time traces (grey
lines) of two different PolC-mCherry foci undergoing photobleaching, where different intensity
states (black lines) are identified by maximum likelihood estimation. The left panel shows
typical, fairly uniform steps, whereas the right panel shows a scenario where multiple
photobleaching events occurred within a single frame. d) Distribution of PolC copy numbers at
each PolC-mCherry focus. The black line is a guide to the eye.

2.3 In vivo localization and diffusion of PolC

To visualize both replisome-associated and free cytosolic PolC, we replaced the
mCherry label on PolC with the photoactivatable red fluorescent protein PAmCherry®2,
The fusion remained intact in the cells as shown by the Western blot (Figure 2.1). This
fusion allows us to visualize the dynamics of individual PolC proteins at the single-
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molecule level by stochastically switching a small subset (1 — 3 molecules per cell) of the
many PolC-PAmCherry molecules into a fluorescent state at a time. To follow the motion
of single PolC molecules in these ~1 — 2 pm thick cells, we tracked each photoactivated
molecule with astigmatism-based 3D super-resolution microscopy to simultaneously
resolve the lateral (X, y) as well as the axial (z) position of single PolC molecules®. 3D
tracking allowed us to unambiguously resolve PolC motion and dwelling within the 3D

confines of a live bacterial cell.

Consistent with what was observed for PolC-mCherry (Figure 2.2a), we detect
PolC-PAmCherry enrichment near the mid-cell or quarter-cell positions (red arrows in
Figure 2.3a), whereas the rest diffuses throughout the cell more rapidly (Figure 2.3a).
Furthermore, using single-particle tracking, we unambiguously detect the PolC-
PAmCherry molecules in 3D, including occasional direct observations of a molecule
changing from a fast-diffusing mode to a slow dwelling motion (Figure 2.3a, inset).
Many PolC-PAmCherry molecules diffuse at a rate slower than 0.1 xm?/s (Figure 2.3b),
but none were strictly stationary, as all molecules have diffusion coefficients larger than
the apparent diffusion coefficient of truly stationary PolC-PAmCherry molecules (0.003
um?/s) measured in fixed cells. Referring to other DNA-binding proteins of comparable
sizes®34, the range of PolC-PAmMCherry diffusion coefficients indicates that the slower
moving PolC proteins are engaged in confined motion, and we interpret the slow moving

PolC-PAmMCherry as a subpopulation actively engaged in DNA replication.

Previously, we observed with fluorescence microscopy that two B. subtilis

replisome subunits, the processivity clamp protein DnaN and the clamp loader protein
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DnaX, both engage in subtle motions confined within a small domain of ~100 nm3; these
movements likely represent the dynamics of the B. subtilis replisome in general. Here,
defining consecutive steps with 3D displacements < 100 nm as dwelling, we next probe
where such dwelling events occur for PolC, whether the PolC dwelling positions are
consistent with the location of other replisomal subunits reported earlier, and how the
dwelling positions depend on cell growth rate. We found that in most cells of typical
lengths of 2 — 4 um, PolC predominantly dwelled at the quarter cell positions (Figure
2.3¢), consistent with diffraction-limited images of PolC, DnaX, and DnaN?%¢. Thus, the
slower moving PolC molecules appear to be interacting with the replication fork. In fast
growing B. subtilis cells, new rounds of genome replication can start before cell division
occurs, giving rise to 3 or even 4 replication forks per cell*®. In our experiment, we did
indeed observe that the spatial distribution of PolC dwelling events is more dispersed in
longer cells with lengths of 4 — 6 um (Figure 2.3c). For example, in longer cells, PolC
tends to dwell at the cell center in addition to at the quarter positions, indicating that PolC

molecules are actively engaged in DNA replication at multiple sites in fast growing cells.

Notably, the change from fast to slow motion for PolC at the replisome is similar
to the behavior we observed for the DNA mismatch repair protein MutS®. This
observation suggests that the replisome may function as a scaffolding “hub” through
which DNA polymerases and repair proteins are recruited to and released from active
sites of DNA replication. Such an exchange could represent a convenient mechanism for
the cell to place more confined scaffolding proteins to act as a recruitment hub to
coordinate the more dynamic proteins, important for completing other critical tasks

necessary for genome replication, maintenance and repair.
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We asked if PolC would persist through interactions with other replication
proteins in the absence of ongoing DNA replication. We hypothesized that rapid
replication fork arrest would not disperse PolC, and that PolC would continue to be
actively recruited to existing replisome regions, while new replisome complexes would
not be assembled in the absence of ongoing DNA synthesis. To test the effect of rapid
replication fork arrest on PolC localization and dynamics, we treated cells with the PolC-
specific inhibitor HPUra'%%’. HPUra immediately blocks DNA synthesis without
collapsing the replisome complex, as previously determined through bulk fluorescence
imaging®®. 3D super-resolution images of HPUra-treated cells show that PolC still forms
foci at the quarter-cell and mid-cell positions (Figure 2.3d), and the overall distribution of
PolC diffusion coefficients remains similar to that of untreated cells (Figure 2.3e).
However, the spatial distribution of dwelling events was affected by HPUra treatment:
whereas PolC still preferentially slows down at quarter-cell positions in cells of average
length, dwelling at other cellular positions, including the mid-cell, is much less frequent
in longer cells (Figure 2.3f). These HPUra experiments demonstrate that pausing DNA
replication will stop formation of new replisome complexes, but will not prevent PolC
from interacting with existing replisomes. Our results further suggest that PolC is

recruited only after the assembly of the replisome has begun.
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Figure 2.3 Diffusion and dwelling behavior of PolC-PAMCherry in live B. subtilis cells. a) 3D
super-resolution reconstruction image of PolC-PAmMCherry in untreated B. subtilis, overlaid on a
phase contrast image of the cells. The position of each localization is indicated by a single dot
with width corresponding to the average localization precision in the lateral plane (25 nm). The
axial (z) position is color-coded according to the color bar above. Red arrows indicate regions of
PolC enrichment in the cell. Inset: A representative, color-coded 3D single-molecule trajectory
illustrates a PolC-PAmCherry molecule making a transition from diffusing (bottom) to dwelling
(top). b) Distribution of PolC-PAmCherry diffusion coefficients, D, in untreated cells. The inset
zooms in on the 0 — 0.1 pm?/s region of the original histogram. Red dashed line: average apparent
diffusion coefficient (0.003 pm?/s) for stationary PolC-PAmCherry molecules measured in fixed
cells. ¢) Localization probabilities of dwelling events along the longitudinal cellular axis in
untreated cells. L: cell length, N: total number of dwelling events analyzed. Red arrow: the mid-
cell dwelling events that disappeared after HPUra treatment. d) 3D super-resolution
reconstruction image of PolC-PAmMCherry in HPUra-treated cells. ) Distribution of PolC-
PAmCherry diffusion coefficients, D, in HPUra-treated cells. f) Localization probabilities of
dwelling events in HPUra-treated cells. Scale bars = 1 pm.
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2.4 Dwell time of PolC at the replisome

Under normal conditions, in addition to interacting with various replisomal
subunits, PolC also interacts with DNA extensively as it replicates DNA. Thus, although
PolC undergoes dynamic exchange at the replisome regardless of ongoing DNA
replication, the extent to which PolC dwells at the replisome likely depends on whether it
is engaged in DNA synthesis. To test the relationship between PolC dwell times and
DNA synthesis, we quantified the dwell times for PolC during normal growth and

following HPUra treatment.

Due to the limited photostability of fluorescent proteins, continuous illumination
yields single-molecule PolC-PAmMCherry trajectories that last on average for only about
15 imaging frames (~750 ms) before PAmCherry undergoes irreversible photobleaching.
We therefore turn to time-lapse imaging to capture dwelling behavior of PolC-
PAmCherry molecules at multiple timescales®. In our time-lapse imaging mode, every
frame is still captured with a 50-ms image integration time (zint), but a time delay (zdelay)
of 0 — 1.45 s is introduced between each pair of consecutive frames. The time-lapse

period (z7L) is defined as the sum of zint and zqelay (Figure 2.4a).

To measure the time scale of PolC dwelling events, we model the interaction
between PolC and various replisomal subunits as a simple association/dissociation

reaction:

Kdiss_a
Replisome - PolC ol Replisome + PolC (1)
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This reaction has a forward reaction rate constant of Kaiss app. This apparent
dissociation rate of PolC is caused by PAmCherry photobleaching as well as PolC
dissociating from the replisome. The Kqiss_app Can be obtained by plotting the distribution
of PolC dwell times, zmeasured, fOr each of five time-lapse imaging experiments performed
with 7zt = 50 ms, 500 ms, 700 ms, 1 s, and 1.5 s, respectively (Figure 2.4b). As above,
two sequential localizations separated by < 100 nm in 3D are counted as one dwelling
event. In each case, Tmeasured = (N — 1) X 711, Where n is the number of sequential frames
where dwelling events occurred, and the distribution of zmeasured follows an exponential

decay function:

f= Aemi-s:prsd (2)

During imaging, two Poisson processes contribute to the observed apparent rate of
dissociation of PolC-PAMCherry: (i) photobleaching of PAmCherry with a rate constant
of Koleaching, and (ii) PolC dissociating from the replisome with a rate constant of Kaiss.
Photobleaching of PAmCherry occurs only when the laser illumination is on (i.e., only
during zint), while the physical dissociation of PolC from the replisome can occur anytime
during the time-lapse interval zr.. These two processes contribute independently to the
apparent dissociation, and respectively produce each of the two terms on the right hand

side of (40):

kdiss_app “TTL = kbleaching " Tint + Kdiss * TTL (3)

Equation (3) indicates that the relation between Kgiss app #rLand zris linear. The
average dwell time, zawen, of PoIC can thus be extracted by plotting Kaiss_app €L VS. 7TL
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(Figure 2.4b, inset): dividing the y-intercept of this equation by zin yields the
photobleaching rate constant Kpieaching = 42.1 +6.4 s, and the slope corresponds to the
real dissociation rate constant kaiss = 0.36 +0.09 s, which is the reciprocal of the PolC
dwell time constant zawen = 2.79 £0.47 s. It should be noted that zawen does not depend on
whether or how long PolC has been dwelling before PAmCherry was photoactivated, as
exponential distributions are by definition memoryless: the dwell time distribution
remains the same even if PolC-PAmCherry molecules have been bound to the replisome

for some amount of time before being photoactivated and imaged.

Because our measurements do not discriminate between PolC engaged in leading
or lagging strand synthesis, and because many more copies of PolC are required to
synthesize the lagging strands due to the shorter length of the Okazaki fragments, we
hypothesize that the majority of our measurements of PolC-PAmMCherry correspond to
PolC synthesizing the lagging strands. In B. subtilis, the speed of the replication fork is
about 500 nt/s (10, 38). With our measured dwell time close to 3 seconds, these data
correspond to a PolC molecule synthesizing ~1500 nucleotides each time it is recruited to
the replisome, which is consistent with the typical length of ~1-2 kbp for a single
Okazaki fragment on the lagging strand for B. subtilis (10). Unlike lagging strands that
are synthesized in short segments, the leading strands are synthesized more continuously
by a single PolC protein for an extended period of time. Therefore, the dwell time for
PolC engaged in leading strand synthesis is likely to be significantly longer than that of
PolC synthesizing the lagging strand, and we do indeed occasionally detect PolC copies
dwelling for much longer; we attribute these longer (up to ~5-10 s) dwell times to PolC
synthesizing the leading strand. If these measurements do in fact represent PolC engaged
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in leading strand synthesis, we would expect that 2,500-5,000 nucleotides are

incorporated during the longer dwell times that we observe.

To determine whether the PolC dwell time is affected by arresting DNA
replication, we calculated the PolC dwell time in the presence of HPUra, and we found
that zawen decreased to 0.97 £0.04 s (Figure 2.4c). Because no DNA replication takes
place after HPUra is added, the residual dwelling behavior of PolC likely results from
interactions between PolC and certain replisome proteins, such as the replication sliding
clamp DnaN, as well as from transient, nonspecific interactions between PolC and DNA,
and this decreased zqwen establishes a baseline for discriminating between replicating

PolC and these transient interactions.
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Figure 2.4 Dwell time analysis for PoIC-PAMCherry. a) Scheme for time-lapse imaging. Every
imaging frame is captured with a 50-ms integration time (solid rectangles), and a time delay
(dashed arrows) is introduced between each pair of consecutive frames. The time-lapse period
(zro) is the sum of the integration time and the time delay. b) Dwell time distributions for PolC-
PAmCherry in untreated cells. For clarity, the distributions are shown as stem plots, and the color
corresponds to zr_ as described in ‘a’. The solid lines are fits to the exponential decay in Equation
(2). Inset: linear fit (black line) of (Kaiss_app €7) VS. 77, from which the dissociation rate constant,
Kqiss, the photobleaching rate constant, Kpieaching and the dwell time constant, zawen are obtained
according to Equation (3). Errors bars are from 4 rounds of bootstrapping. c) Dwell time
distributions and analysis for PolC-PAmCherry in HPUra-treated cells.
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2.5 Conclusions

Here, we have applied photobleaching-assisted microscopy, 3D super-resolution
microscopy and single-particle tracking to quantify the copy number, localization and
dynamics of the essential DNA polymerase PolC in live B. subtilis cells. At the single-
molecule level, the behavior of PolC is highly dynamic. We show that PolC is constantly
recruited to and released from a centrally located replisome. Our results support the
model that during genome replication, the relatively confined replisome is assembled and
then functions as a central hub to coordinate the recruitment of PolC and other more
dynamic proteins to the site of active DNA replication. Our stoichiometric analysis of
PolC showing three and six copies in a focus supports in vitro models that PolC is
responsible for leading strand and the majority of lagging strand replication (10).
Furthermore, our imaging data and dwell time analysis suggests that PolC exchanges on a
rapid timescale, leading to the possibility that the seemingly large number of PolC
molecules in the cell is necessary to ensure that the probability of PolC recruitment to the
replisome via PolC-DnaN (S-clamp) interactions is sufficiently high. Therefore, a large
number of PolC molecules per cell would ensure that PolC is always positioned at the
assembled replisome to engage in lagging strand synthesis. Such a mechanism would

allow for efficient synthesis of each Okazaki fragment as PolC rapidly exchanges.
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2.6 Materials and methods

2.6.1 Microscopy

B. subtilis cells from a plate were inoculated in S7so minimal medium at ODeoo ~
0.1, followed by growth with shaking at 30 °C for ~3.5 hours to ODsgoo ~0.5 — 0.6. When
it was used, a final concentration of 162 M HPUra was added to the cell culture
immediately prior to imaging. Cells were deposited on pads of 1% agarose in S7so, each
of which was sandwiched between two coverslips. As discussed in our prior studies, B.
subtilis is highly susceptible to fluorescent impurities present on the coverslips and in the
growth medium*. The impurities produce single-molecule-like fluorescent signals that
largely resemble those from PAmCherry in both brightness and photostability. We
prevented such artifacts by cleaning the coverslips in an oxygen plasma (PE-50, Plasma
Etch Inc.) at 200 mTorr for at least 20 min and by using freshly prepared growth medium
and agarose pads each day to achieve nearly background-free imaging conditions (Figure

2.2a).

Following preparation, the sample was mounted on an Olympus 1X71 widefield
inverted microscope for imaging, with appropriate excitation, dichroic, and emission
filters (Semrock) placed along the light path to achieve optimal signal-to-noise.
Fluorescence emission was collected by a 1.40-NA 100> oil-immersion phase-contrast
objective and detected on a 512>612 pixel electron multiplying CCD detector
(Photometrics Evolve). Cells were still able to grow under the microscope, as shown in

the growth curve in Figure 2.5.
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Figure 2.5 Normalized cell length over time under the microscope at 30 degrees for 61 cells.
Black line shows the mean of the growth curves. When a cell divides, the growth curve stopped at
that time point.

In our photobleaching-assisted microscopy, the cells were illuminated by a 561-
nm laser (Coherent Sapphire 561-50) with a power density of 50 W/cm?, and images
were recorded at 30 ms/frame. In our 3D super-resolution imaging, a weak cylindrical
lens in the emission pathway between the microscope and the camera induced
astigmatism?®, such that the ellipticity of the microscope point spread function changed
based on the axial (z) position of the emitting molecule. To visualize only 1 — 3 copies of
PolC-PAmMCherry at a time, a 200-ms 405-nm laser (Coherent 405-100) pulse with power

density ~100 W/cm? was used to photoactivate PAmCherry, and PolC-PAmCherry
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molecules were subsequently imaged by a 561-nm laser with a power density of 400

W/cm? at 50 ms/frame.
2.6.2 Image processing

In both photobleaching-assisted microscopy and 3D super-resolution microscopy,
initial estimates for signal locations were made based on band-pass filtered images. For
photobleaching-assisted microscopy (Figure 2.2), the center pixel of each mCherry focus
was determined from the filtered image. In each raw data image, the average intensity of
all pixels within 3 pixels of this center pixel was measured. Background fluorescence
intensity for each cell in each imaging frame was determined from the average intensity
value of all other pixels within the cell not belonging to any mCherry focus. This average
background intensity of each cell was subtracted from the intensity of each mCherry
focus. The resulting background-corrected focus intensity was recorded over time to
monitor the photobleaching process for that mCherry focus and to generate the intensity

time traces as in Figure 2.2c.

In the case of 3D super-resolution microscopy (Figure 2.3), unfiltered images

were fit at the positions of the initial guesses with an asymmetric Gaussian function,

_|x-x0)? | -y0)?

Flpgtde lon

where Ipg, A, Xo, and Yo, respectively denote the background intensity, the amplitude of
emission, and the x- and y-center positions of the molecule. The widths of the signal in

the x-direction (o,) and the y-direction (a,) characterize the elliptical emission signal,
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and we pre-calibrated the relationship between (o, o)) and z-position using 0.1 zm

TetraSpeck™ beads and a PIFOC® piezo objective scanner. For each localization, we
then obtained the z-position of the molecule by finding the z value that minimizes the

difference between the measured (o, 0y) and (0x—_calibrations Ty—calibration)-

Table 2.1 Bacterial strains used in this study.

Strain Name Genotype Source
PY79 Wild type, SPB° Youngman P., Perkins, J.
B., and Losick, R. 1984.
Plasmid 12:1-9.
YLO001 polC-mCherry This work.
JWS213 polC-PAmCherry This work.
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Chapter 3: Single-molecule dynamics of three replisomal proteins in live bacteria

cells

The contents of this chapter will be included in the following reference:
Li, Yilai, Ziyuan Chen, Lindsay A. Matthews, Lyle A. Simmons, and Julie S. Biteen.

"The two DNA polymerases exchange dynamically during DNA replication and after
replication arrest." To be submitted.

The replisome is a multiprotein complex that replicates DNA in the cell. Using single-
molecule super-resolution imaging, we characterized the dynamics of three replisomal
proteins in live Bacillus subtilis cells: the two replicative DNA polymerases, PolC and
DnakE, and a -clamp loader subunit, DnaX. We quantified their mobility and dwell times
during normal replication and upon replication arrest by two different pathways. We
understand the mechanism of the highly dynamic and cooperative process of DNA
replication based on changes in the measured diffusion coefficients and dwell times.
These experiments reveal that the replisomal proteins are all highly dynamic and that the
exchange rate depends on whether replication is active or arrested. Our results also
suggest coupling between PolC and DnaX in the DNA replication process, and indicate

that DnaX might play a role in replication repair.
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3.1 Introduction

The replisome is composed of proteins that work together to replicate DNA; in bacteria,
this molecular machine includes the DNA polymerase(s), the p-clamp and the S-clamp

loader complex, the helicase, the primase, and the single-stranded DNA binding protein
(SSB)!. Overall, the bacterial replisome has been investigated at length both in vitro and

in vivol®,

In particular, the replisome of Bacillus subtilis, a model organism for Gram-
positive bacteria, has been studied extensively’>, Unlike the replisome in Gram-negative
bacteria such as Escherichia coli, the B. subtilis replisome is confined at a specific
position in the cell’, and the DNA templates are pulled into the replisome to be
replicated®®°, Moreover, the B. subtilis replisome requires two different DNA
polymerases, PolC and DnaE, for replication®, which resembles the mechanism of
eukaryotic replication''2, In vitro study of the B. subtilis replisome suggests that PolC is
responsible for all the leading strand synthesis and most of the lagging DNA strand
synthesis, whereas DnaE, an error-prone polymerase, extends the lagging strand RNA
primer before handing off to PolC*. However, the in vitro model of DNA replication is
incomplete, and studies in living bacteria are furthering our understanding these
processes. For instance, Seco et al. recently reported that DnaE might be involved in the
B. subtilis leading strand synthesis as well*®. Moreover, other replisomal proteins can
modulate the activity and fidelity of DnaE polymerase, suggesting that DnaE is capable

of replicating substantial amounts DNA in live B. subtilis cells',
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Despite a multitude of in vitro and in vivo studies of the B. subtilis replisome, the
architecture and dynamical interactions of the replisome components in live B. subtilis
cells remain unclear and the functions of some replisomal proteins in the normal DNA
replication process, for example Dnak, are still under debate. Recently, the development
of single-molecule imaging has provided a new tool to study DNA replication in living
cells with high sensitivity and spatial resolution*>*>18, In Chapter 2, we characterized the
stoichiometry and the dynamics of one of the major DNA polymerases, PolC, in live B.
subtilis cells®®. Still, the replisome proteins work cooperatively to replicate DNA. Thus,
more contextual information is needed to understand the whole picture of the DNA
replication in B. subtilis. Here, we use single-molecule microscopy and single-particle
tracking to determine the localization and dynamics of three replisomal proteins during
normal DNA replication: the PolC and DnaE replicative DNA polymerases and the DnaX
subunit of the g-clamp loader. Based on these measurements during normal DNA
replication, we elucidate the DNA replication mechanism by examining the localization
and dynamics of the replisomal proteins when the DNA replication is arrested via
different mechanisms: PolC disruption with 6-hydroxy-phenylazo-uracil (HPUra)**?° or
cross-linking with mitomycin C (MMC)?L. Overall, the subcellular positioning, motion,
and responses to DNA replication arrest indicate that the replisomal proteins exchange
dynamically during DNA replication and that these dynamics change when DNA

replication is arrested.
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3.2 Dynamical positioning of replisome proteins in live B. subtilis cells during

normal DNA replication

To study the localization and dynamics of the replisome proteins, we genetically
engineered fusions of the photoactivatable red fluorescent protein PAmCherry to the C-
terminal of PolC (JWS213), DnakE (LAM380.1), or DnaX (LYLO0O01) as the sole source of
these essential proteins at the native loci of the respective genes. The PolC-PAmCherry
strain also includes an ectopically expressed DnaX-mCitrine fusion under control of a
xylose promoter, as a marker of the replisome position®®. We stochastically
photoactivated 1 — 3 PAmCherry molecules per cell at a time, imaged this photoactivated
subset until all PAmCherry was photobleached, and then photoactivated a new subset.
Super-resolution images were constructed after 5 — 10 iterations of this photoactivation-
imaging-photobleaching cycle. For the PolC-PAmCherry strain, DnaX-mCitrine foci
were imaged before any photoactivation of PAmCherry. Consistent with earlier
findings®, DnaX-mCitrine forms clusters at the mid-cell or quarter-cell positions (Figure
3.1A). PolC-PAmMCherry molecules are enriched around the replisome area, although a
significant number of molecules are distributed distal to the replisome throughout the cell

(Figure 3.1A).

To measure the heterogeneous dynamics of PolC molecules, we further tracked
PolC-PAmMCherry molecules using single-particle tracking (Figure 3.1B). We
differentiated between two sorts of dynamical behaviors within the heterogeneous PolC
molecule motion by fitting the cumulative probability distribution (CPD) of the squared

step sizes to a diffusion model with two mobile terms, and we thus quantified the fast and
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slow diffusion coefficients of the two PolC subpopulations. By analyzing 1230 tracks, we
found (Figure 3.2, Figure 3.3A) that although about 73% PolC molecules move slowly in
the cells (average diffusion coefficient Dpoic-stow = 0.026 £0.005 um?/s), a significant
amount (27%) of PolC molecules diffuse much more rapidly, with an average diffusion
coefficient of Dpoic-fast = 0.5 0.2 um?/s. To understand how the motion varies with
position within the cell, we mapped the step sizes of PolC as a function of distance from
the replisome (Figure 3.4). We found that the step sizes of PolC decrease near the DnaX
foci, implying that the slowly diffusing PolC-PAmCherry molecules correspond to PolC
actively effecting replication in the replisome, whereas the fast population corresponds to

PolC searching along the DNA strands away from the replisome.
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Figure 3.1 Location and dynamics of PolC in representative live B. subtilis cells. (A)
Photoactivated localization microscopy (PALM) reconstructions of PolC-PAMCherry (magenta)
overlaid with DnaX-mCitrine clusters (green) in untreated cells. (B) Representative trajectories of
PolC-PAmMCherry in untreated cells. The trajectories are color-coded by step size to distinguish
the fastest motion (yellow) from the slowest motion (blue). (C) PALM reconstructions of PolC-
PAmCherry (magenta) and DnaX-mCitrine (green) in HPUra-treated cells. (D) Representative
step-size-coded trajectories of PolIC-PAmCherry in HPUra-treated cells (D). (E) PALM
reconstructions of PolC-PAMCherry (magenta) in MMC-treated cells. (F) PolC-PAmCherry
molecules were un-trackable in MMC-treated cells. Scale bar: 1 um.
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Figure 3.2 Fitting the cumulative probability distribution (CPD) of squared step sizes
separates the heterogeneous PolC dynamics into the constitutive fast motion and slow
motion. (A) — (B) CPD of squared displacements for each of the first three time lags, 7 =

{40, 120, 200 ms} for (A) PolC-PAmCherry in untreated cells and (B) PolC-PAmCherry in
HPUra-treated cells. These distributions are fit to our model (Eq. 2) for two mobile, diffusive
populations (grey lines) and the fit residuals are plotted below. (C) — (D) The mean squared
displacement (MSD) for each population (red: ‘fast” and orange: ‘slow’) is extracted from the fits
in (A) and (B) and plotted versus time lag, t, for the first seven time lags for (C) PolC-
PAmCherry in untreated cells and (D) PolC-PAmCherry in HPUra-treated cells. The MSD curves
were fit to a model for square-confined diffusion (Eg. 3). The initial slopes of the curves describe
the diffusion coefficients, Dpoicsiow and Dpoic-fast. The saturation level of the curves is related to the
confinement length, L, of the two populations.

DnakE, which is a smaller protein than PolC, is the other polymerase essential to
DNA replication in B. subtilis. We photoactivated 1 — 3 DnaE-PAmCherry molecules per
cell at a time and imaged under the microscope. Unlike PolC, DnaE does not show any

measurable heterogeneous dynamics. Rather, although DnaE-PAmMCherry molecules
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were photoactivated (Figure 3.5), no DnaE-PAmMCherry could be tracked at our imaging
rate of 50 ms/frame, and DnaE trajectories were not even measurable even upon imaging
at a faster rate of 20 ms/frame. This observation is consistent with extremely rapid
diffusion of these polymerase molecules, which means that DnaE molecules are freely
mobile in the cytoplasm most of the time, and the amount of time they must spend at the
replisome is far shorter than the imaging speed. This motion is not surprising, since DnaE
is responsible for extending the lagging strand DNA after the RNA primers! before
handing off to PolC, a process that should happen in less than 10 ms. To quantify the
dynamics of the un-trackable DnaE-PAmCherry, we applied the spatiotemporal image
correlation spectroscopy (STICS) algorithm to our data (Figure 3.3B); this analysis uses
image correlation instead of tracking information to calculate the average diffusion
coefficient in a cell. The DnaE-PAmCherry diffusion coefficient of Dpnaeavg = 1.9 £0.2

um?/s was calculated by STICS (Figure 3.3D).

Because DNA replication requires the cooperation of a number of proteins?, the
dynamics of all replication machinery proteins must be coordinated at the replisome. We
therefore also quantified the dynamics of the s-clamp loader component DnaX-
PAmCherry. We photoactivated 1 — 3 DnaX-PAmCherry molecules per cell at a time and
visualized the molecules in our microscope. Three types of DnaX-PAmCherry motions
are observed. The fast motion is too fast to be tracked (Dpnax-fast > 1 |UM?/s) even when
imaging with a fast rate of 20 ms/frame, and STICS could not be used to quantify this fast
diffusion coefficient since it cannot differentiate between the fast and slow dynamics.
The medium population, representing about 33% of the trackable molecules, has a
diffusion coefficient the same order of magnitude of Dpoic-fast (Donax-med = 0.2 £0.1
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m?/s), which corresponds to the DnaX molecules searching along the DNA strands. The
slow population demonstrates obvious dwelling, in which a single molecule was observed
to remain at a sub-diffraction-limited position for a significant amount of time (> 100
ms). To understand this dwelling, we quantified the dwell time of DnaX-PAmCherry.
Here, consecutive steps with displacements < 100 nm are considered to demonstrate
dwelling, since the radius of gyration, which describes subtle motions of DnaX foci and
thus the replisome, has been determined to be 84 +20 nm®®. Because the photobleaching
time of the PAmCherry tag occurs on the same seconds timescale as the DnaX dwell
times, we uncovered the true dwell time with time-lapse imaging (Methods). We
measured an average DnaX dwell time of zpnax-awell 2.63 +0.97 s (Figure 3.6A, 3.6B),
which is similar to previous reports of the PolC dwell time in B. subtilis®® (zpoic-dwell =
2.79 £0.41 s). These dwell times correspond to the time needed for the synthesis of
~1500 DNA nucleotides, which is within the typical length of a single Okazaki fragment

(~1 — 2 kbp) synthesized on the lagging strand in B. subtilis®.
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Figure 3.3 Quantification of the diffusion of PolC and DnaE in live B. subtilis cells. (A)
Diffusion coefficients and fractional contributions from CPD analysis. Left: Diffusion
coefficients, Dpoic-fast aNd Dpoicsiow, for the ‘fast” and ‘slow’ populations of PolC-PAMCherry in
untreated and HPUra-treated cells, respectively calculated from the MSD curves in Figure 3.2.
Error bars indicate 95% confidence interval. Right: Fraction of the ‘fast” and ‘slow’ populations
in the cells under both conditions. (B) The diffusion coefficient estimation of fast-moving
molecules by STICS. The STICS correlation function is computed and then fit to a Gaussian
function, G. The long-axis variances of the Gaussian fits to the correlation functions (iMSD) were
plotted as a function of time lag, z (dots), and this iMSD curve was fit to a model for square-
confined diffusion (Eg. 6) to obtain a single average diffusion coefficient measurement for each
cell. (C) Distribution of the average PolC diffusion coefficient measured in each of 88 different
MMC-treated cells estimated by STICS. (D) — (F) Distributions of the average DnaE diffusion
coefficients measured in (D) untreated, (E) HPUra-treated, and (F) MMC-treated cells estimated
by STICS.
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Figure 3.4 Measuring PolC dynamics as a function of subcellular positon. The mobility of
PolC increases as a function of separation distance from the replisome. Here, the PolC/replisome
separation distance is calculated between the beginning of the PolC step to the DnaX centroid in
untreated (top) and HPUra-treated (bottom) cells. Error bars: standard error on the mean (s.e.).
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Figure 3.5 Evidence of PAMCherry photoactivation based on the time evolution of the
single-cell intensity. Because PolC-PAmCherry or DnaE-PAmCherry diffusion was extremely
rapid, very few PAmCherry single molecules were localized and no PAmCherry molecules were
tracked in MMC-treated cells expressing PolC-PAmCherry or in cells expressing DnaE-
PAmCherry (all conditions). Thus, we verified that PAmCherry photoactivation was in fact
successful in these cells by measuring the mean cell intensity vs. time after 405-nm laser
photoactivation (arrows). The increased intensity after each photoactivation in these
representative data sets shows that PolC-PAmMCherry (top) and DnaE-PAmCherry (bottom) were
in fact successfully photoactivated. The cell intensity is calculated every 50 ms.

3.3 Dynamics of replisome proteins under replication arrest

To understand the mechanism that gives rise to these dynamics of motion and
exchange at the B. subtilis replisome, we treated the cells with 6-hydroxy-phenylazo-
uracil (HPUra), a drug that immediately arrests DNA synthesis by binding to the active

site of PolC. Previously, we have shown that HPUra treatment arrests DNA replication
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while still maintaining the replisome complex: DnaX-mCherry foci persist after HPUra
treatment®®. Here, we find that DNA replication arrest by HPUra does not arrest all

replisome protein dynamics.

After HPUra treatment, we imaged PolC-PAmCherry, reconstructed PALM
super-resolution images (Figure 3.1C), and tracked PolC-PAmCherry in living B. subtilis
cells (Figure 3.1D). HPUra treatment did not significantly change the PolC dynamics: the
motions are still separated into two distributions: fast and slow, and the CPD of the
squared step sizes is fit by nearly identical diffusion coefficients and population weights
(Figure 3.3A, Figure 3.4). Taking this unchanged motion in the context of our previous
reports that PolC has a shorter dwell time (faster exchange rate) after HPUra treatment??
implies that, after HPUra arrests replication, PolC can still bind to the replisome, but that
PolC is more likely to dissociate because it cannot add new nucleotides to the DNA
strain. Upon adding HPUra to arrest replication in B. subtilis cells expressing Dnak-
PAmCherry, the DnaE was still un-trackable by single-molecule localization methods.
We used STICS to measure a diffusion coefficient of 2.1 +0.3 pm?/s (Figure 3.3E). This
essentially unchanged diffusion coefficient indicates free diffusion of DnaE in the
cytoplasm, and indicates that replication arrest does not give rise to DnaE dwelling

behavior.

Upon HPUra treatment of B. subtilis cells expressing DnaX-PAmCherry, two
mobile DnaX populations were still observed. As in the untreated cells, the fast
population remains too fast for the diffusion coefficient to be measured, while the slow

population shows a dwelling behavior. However, after HPUra treatment, this dwelling
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behavior is changed: some DnaX molecules dwell for a very long time (zpnax-awell-1 > 8 S)
(Figure 3.6C); the full extent of these dwells is not quantifiable with our time-lapse
imaging because the typical length of a movie is 2 — 4 min and the longest practical time-
lapse interval is 5 s. Sample drift or even cell growth could happen for longer (> 5 min)
movie lengths, making the determination of dwelling events less certain. The average
dwell time of the rest of the slow-moving DnaX, calculated using only tracks that dwells
shorter than 8 seconds, IS pnax-awel-2 = 1.61 +0.10 s (Figure 3.6D), which is shorter than
the dwell time of DnaX in untreated cells and consistent with the increased PolC
exchange rate after HPUra treatment: like PolC, most of the DnaX is more rapidly

exchanged at the replisome upon replication arrest (zpoic-awen = 0.97 %0.10 s22).

Unlike PolC however, the observation of two different DnaX dwell times
indicates that DnaX has two different binding affinities in HPUra-treated cells: after
HPUra causes replication arrest, DnaX might bind at two different binding sites to carry
out two different functions. It is likely that the DnaX molecules with the 1.6 s dwell times
are still binding to the original sites in the replisome and exchanging faster in the same
manner as PolC. This accelerated exchange rate demonstrates that the DnaX and PolC
exchange dynamics are coupled at the replisome. On the other hand, the longer DnaX
dwell times are observed only after replication arrest and only for DnaX (not for either
polymerase). We therefore hypothesize that these long dwells are related to DNA repair:
upon replication arrest, some DnaX molecules are required to stabilize the replisome

structure and fix the damage.
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To further investigate the effect of stopping DNA synthesis, we treated the cells
with mitomycin C (MMC), a drug that also arrests DNA replication but via a different
mechanism. As opposed to HPUra, which arrests replication by binding to the PolC
active site, MMC arrests replication by inducing DNA crosslinks. It was previously
shown by bulk fluorescence imaging that MMC will not cause the disintegration of the
replisome?. Contrary to HPUra-induced replication arrest, MMC treatment leads to
PolC-PAmCherry molecules that are extremely fast-moving: the number of single PolC-
PAmCherry molecules that can be localized and fit is decreased (Figure 3.1E) and the
molecules are not trackable (Figure 3.1F). We therefore used STICS to quantify the
average diffusion coefficient of PolC, and measured to Dpoic.avg = 1.4 0.2 pm?/s (Figure
3.3C). This large diffusion coefficient is far greater than even the fastest PolC-
PAmMCherry diffusion coefficient in the untreated cells (Dpoic-fast = 0.5 0.2 pm?/s),
which indicates that, upon MMC treatment, PoIC-PAmCherry is mobile in the cytoplasm
and not strongly associated at the replisome. This effect of the MMC treatment shows
that MMC causes PolC to dissociate from the replisome. Moreover, in MMC-treated
cells, DnaE-PAmCherry still diffuses rapidly in the cytoplasm, with a diffusion
coefficient of Dpnag,avg = 2.0 0.2 um?/s (Figure 3.3F). This diffusion coefficient is
bigger than Droic,avg because PolC is bigger than Dnak in size. Therefore, neither of these
two DNA polymerases can associate with the replisome tightly after MMC induces DNA

cross-linking.

Finally, DnaX-PAmCherry in MMC-treated cells still exhibited three mobile
DnaX populations were still observed; one too fast to be tracked, Dpnax-med = 0.16 £0.06
pm?/s, and Dpnax-siow = 0.025 +0.006 m?/s. The exchange dynamics of DnaX-
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PAmCherry in MMC-treated cells were measured by single-molecule time-lapse tracking
and found to be similar to the dynamics of DnaX-PAmCherry in HPUra-treated cells. As
in the case of HPUra treatment, here we observed two different dwell time distributions
for the slow-moving DnaX. The first one was too long to measure with our time-lapse
imaging (zonax-aweni-1 > 8 S). The second dwell time was calculated by using only tracks
that dwells shorter than 8 seconds (pnax-aweil-2 = 3.12 #0.78 s) (Figure 3.6D), which is
similar to the DnaX dwell time in untreated cells. This correspondence between dwell
times before and after MMC treatment indicates that although MMC can cause PolC to
dissociate from the replisome, the DnaX binding site in the replisome still remains, and
the affinity of DnaX for this binding site is not changed by MMC treatment and the

ensuing cross-linking.
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Figure 3.6 Characterization of the DnaX-PAmCherry dwelling behavior in live B. subtilis cells.
(A) Dwell time distributions for DnaX-PAmCherry in untreated cells. The colors correspond to
the time-lapse period (zu), which is the sum of the integration time and the delay time. The
distributions were fit to an exponential decay function (Eq. (4)) to calculate kes. (Inset) Linear fit
(black line) of kef-zu Versus zy, from which the dissociation rate constant, Ko, the photobleaching
rate constant kp, and the dwell time constant, zawen, are obtained (Eqg. (5)). Errors bars are from
four rounds of bootstrapping. (B) Fraction of long tracks in HPUra- and MMC-treated DnaX-

PAmCherry cells. Each point shows the fraction of the tracks longer than the cutoff time when ty
= 1500 ms.
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Table 3.1 Summary of measured diffusion coefficients (in pm?/s) for PAmCherry-labeled
proteins in untreated B. subtilis cells and in cells treated with HPUra or MMC. The fast and slow
diffusion coefficients, Drst and Dsiow, respectively, are measured by single-molecule tracking and
CPD analysis based on Egs. (2) — (3). The average diffusion coefficients, Dayg, are measured by
STICS based on Eq. (6). For cases where two populations could be measured by CPD analysis,
the population fraction is indicated in parentheses. Error bars indicate 95% confidence interval
(CPD analysis) or standard error on the mean (s.e.) (STICS analysis).

Untreated

+HPUra

+MMC

PolC

DnaE

DnaX

Dpoic-fast = 0.5 £0.2 (27%)

Dpoic-siow = 0.026 0.005 (73%)
DDnaEyavg = 19 i02

DDnaX—fast >1

DDnaX-med = 02 101 (33%)

DDnaX-5|0W = 0026 iOOO7 (67%)

Droicfast = 0.3 0.2 (33%)

Dpolc-siow = 0.025 £0.005 (67%)
DDnaE,avg =2.1=x03

DDnaX—fast >1

DDnaX.med = 017 1002 (45%)

DDnaX-sloW = 0031 iOOO7 (55%)

Droic,avg = 1.4 0.2

Dona.avg = 2.0 x0.2

DDnaX—fast >1

DDnaX-med = 016 1006 (36%)

DDnaX-5|0W = 0025 i0006 (64%)

Table 3.2 Summary of measured dwell times for PAmCherry-labeled proteins in untreated B.
subtilis cells and in cells treated with HPUra or MMC. Error bars indicate 95% confidence

interval.
Untreated +HPUra +MMC
PolC “Tpolc-dwell = 2.79 £0.41 s “zpoic-awell = 0.97 £0.10's N/A
TDnax-dwell-1 > 8 S TDnax-dwell-1 > 8 S
DnaX Tonax-dwell =2.63 +£0.97 s

Tonax-dwell-2 = 1.61 £0.10 s

Tonax-dwell-2 = 3.12 +£0.78 s

*From ref. 2,
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3.4 Conclusions

Here, we have paired single-molecule super-resolution microscopy with complementary
data analysis techniques to characterize the dynamics of three replisomal proteins,
including the two essential DNA polymerases, in live B. subtilis cells. Our results show
that all three replisomal proteins undergo dynamic exchange: they are recruited to and
released from the replisome. The similar kinetics of PolC and DnaX during normal
replication imply a possible coupling between these two proteins in the DNA replication
process. On the other hand, DnaE undergoes very fast exchange, indicating that a single
DnakE protein only extends the lagging DNA strand for only a few ms after the RNA
primer. When HPUra, a drug that only binds to the active site of PolC, arrests DNA
replication, PolC and a portion of DnaX both have a faster exchange rate. Concurrently,
another population of DnaX molecules has a very long dwell time, meaning that a new
binding site with stronger affinity to the replisome is available for DnaX. When DNA
replication is arrested by the crosslinking introduced with MMC, all PolC molecules
dissociate from the replisome, but DnaX can still bind to the replisome, possibly to hold

the core structure of the replisome and help to fix the damage.

3.5 Materials and methods

3.5.1 Sample preparation and single-molecule imaging

Bacillus subtilis cells were grown at 30 T in S750 minimal medium with 1% arabinose
starting from ODegoo ~0.1. To minimize the background fluorescence and the fluorescent

impurities in B. subtilis, minimal medium was filtered with a 0.22 pm syringe filter ON
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the day of imaging. For PolC-PAmCherry experiments, 0.125% xylose was added to the
medium to induce the ectopically expressed DnaX-mCitrine. Cells were harvested upon
reaching the exponential phase (ODesoo ~0.55). When used, HPUra was added to the
culture immediately before imaging to a final concentration of 162 uM, or MMC was
added to the culture ~40 min before imaging to a final concentration of 200 ng/mL. A 2%
agarose in S7so pad was sandwiched between two coverslips, which had been cleaned in
an oxygen plasma (Plasma Etch PE50) for 20 minutes. 1 — 2 uL of cell culture was

pipetted onto the agarose pad and then used for imaging.

For single-molecule imaging, a wide-field inverted microscope was used. The
fluorescence emission was collected by a 1.40-N.A. 100> oil-immersion phase-contrast
objective and detected on a 512 x<512-pixel electron-multiplying charge-coupled device
detector camera (Photometrics Evolve, Princeton Instruments, Acton, MA) at frame rates
of 40 ms/frame for the PolC imaging and 50 ms/frame for the DnaE and DnaX imaging.
PAmCherry molecules were activated by a 200-ms exposure to a 405-nm laser with a
power density of ~100 W/cm? (Coherent 405-100) and imaged with a 561-nm laser with
a power density of ~200 W/cm? (Coherent Sapphire 561-50). For two-color experiments,
DnaX-mCitrine was imaged before PolC-PAmCherry with a 488-nm laser with a power

density of ~7 W/cm? (Coherent Sapphire 488-50).

3.5.2 Super-resolution imaging and single-molecule tracking

The precise localizations of single molecules were determined by fitting the point spread
function (PSF) of each single molecule to a 2D Gaussian function using home-built

MATLAB code®. We obtained the PALM super-resolution reconstruction images by
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plotting the localization of each fit convolved with a Gaussian blur with width equal to its

localization uncertainty.

Single-molecule tracking was performed by maximizing the likelihood that the
two subsequent localizations are the same molecule at different time points®. A merit

value, m, was assigned for every possible pairing:

m = e—aAde—ﬁ’AIe—yAt (1)

where Ad, Al, and At correspond respectively to the spatial separation, the intensity
difference, and the temporal separation between the two molecules, and «, 8, and y are

coefficients that specify how much penalty is given to each factor.

The sum of the likelihood was maximized for each set of consecutive frames. The
maximization was repeated until all frames were processed. Only tracks longer than 5

frames were saved for future analysis.
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Chapter 4: Determining the stoichiometry of replisome components with a Bayesian

mixture model

4.1 Introduction

The results in Chapters 2 and 3 indicate that super-resolution microscopy can achieve
great precision and dynamic information, but the stoichiometry of different proteins (the
copy numbers of each different types of proteins) in the architecture of the replisome in
vivo is still unknown and of great interest. The most common and straightforward way to
measure the protein number at the replisome is to label the protein of interest with a
fluorescent protein or dye, record the intensity of the focus over time (Figure 4.1), and
then determine the number of bleaching steps in the time trace. This photobleaching step
counting has been used to quantify the stoichiometry of a number of complexes!®. The
difficulty is that the photobleaching events are often buried under the high noise of these
intensity time traces (c.f. frames 50 — 300 in Figure 4.1). To overcome this limitation,
various methods have been developed to count the photobleaching steps of this time
series data®°. However, many contemporary methods for photobleaching event counting
suffer from problems of model selection bias®. Model comparison via maximizing
likelihood or penalized maximum likelihood, such as Akaike information criterion (AIC)

or Bayesian information criterion (BIC), have been applied to help with the model
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selection®19-1315 Although such methods can find the model that best explains the data
while remaining the least complex, we are unable to evaluate rigorously the confidence in
models relative to each other. Such methods also do not always yield physically
meaningful results from experimental data. Furthermore, subjective thresholds or
parameters are often used, making these algorithms sensitive to parameter changes. In
this Chapter, I introduce a method in which the model selection is purely based on the

properties of the fluorescent molecules rather than on any subjective numbers.
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Figure 4.1 Representative background-subtracted fluorescence intensity time trace showing
molecules bleaching at a focus. Inset: An example of a DnaX-mCherry focus (arrow) in a B.
subtilis cell. Scale bar: 1 pum.

4.2 Model

The noise of the intensity time traces mainly comes from the shot noise of the fluorescent

molecules themselves, which is associated with the particle nature of light. Shot noise is
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also called Poisson noise, and it can be modeled by a Poisson process: if we consider the
intensity observations (X,) from different states (k = 1, 2, ..., K) as random samples
drawn from different Gaussians distributions, the means and the variances of the
Gaussian distributions should be linear. k = 1 corresponds to the initial state where no
molecules are photobleached yet, k = 2 corresponds to the state after the first
photobleaching event(s) happens, and so on. We can then perform a cluster analysis of
our data, and the final goal is to choose the best model and to determine K, the number of

the photobleaching steps in the intensity time trace.

A schematic figure of the model when K = 3 is shown in Figure 4.2. The Z, are
latent variables that are related through a Markov process, which means that the
probability of each photobleaching step only depends on the state attained in the previous
step. In context of the photobleaching experiments, k = 1, 2, 3 each correspond to a
different state with a different number of “on” (fluorescing) molecules in the focus. In
state Z; = k, the X, are the observed random variables, which are the fluorescence
intensities that follows a normal distribution with mean y,, and variance . The

transition between each different state can be described by the transition matrix IT:

where 7t;; = p(Z4q = iZ: =) .

The model is fit in a Bayesian framework (which derives the posterior probability

as a consequence of a prior probability and a likelihood function derived from a statistical
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model for the observed data), where (u, o, 1) are random variables with prior

distributions described in the full model below:
Ziy1lZy = k ~ Categorical (my,.)
X|Zy = k ~N(ug, 0?), k=1.2,..,K

Priors:

M. ~ Dirichlet (a)
Uk ~ Uniform (min(X), max(X))
0% ~ Gamma (a, B)
In practice, a = 1, = f = 0.001. A high informative prior for u; is used because we

know that the means of the Gaussian clusters should be within the range of the intensity

data.

For k = K specifically (the final state when all molecules are photobleached), the

model is just a simple normal model with its conjugate prior:
X¢|Ze = K ~N(ug, o)
Priors:

px ~ N(to, Ug)

og? ~ Gamma (a, B)
In practice, py = 0,0¢ = 10000, = § = 0.001.
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Figure 4.2 A schematic figure showing the model when K = 3. In the Bayesian framework,
(ux, o, T1) are treated as random variables with prior distributions, which are not shown here.

Since it is easy to obtain the data for the final step (i.e., the fluorescence intensity
after photobleaching) experimentally, we use the final step data to obtain uy and o first,
and then include u and o7 as fixed values into the full model. All posterior distributions
can be simulated with Markov chain Monte Carlo (MCMC) methods using JAGS (Just

Another Gibbs Sampler)*®.
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Since the variances, 2, should be proportional to the means, |4 we should be able
to fit (uy, o) to a straight line. The goal is to determine the best K. The best model
should (1) fit the data very well, and (2) produce a set (uy, o) that is linear. For
requirement (1), the deviance information criteria (DIC) is used to evaluate the goodness-

of-fit, and for requirement (2), the adjusted R-square is used.

The deviance information criteria (DIC) is a popular Bayesian analog of AIC and

BICY. It is defined as:

DIC =D +pD

where D = E(—2 log(p(Y0)) is the posterior mean of the deviance, and pD is the

effective number of parameters.

The lower the DIC, the better the fit. However, DIC has been criticized to tend to
select over-fit models, because the observed data is used both in constructing the
posterior distribution and in the evaluation of the models. | therefore use the linear
relationship of (u,, o) to overcome this tendency. Overall, the best model should have a
low DIC and a high adjusted R-square. The DIC and the R-square for each different k are

scaled between 0 and 1, and the model is selected based on a self-defined score:

Score = scaled adjusted R square — scaled DIC

The model with the highest score is chosen.

In an approach that explicitly considers the possibility that multiple

photobleaching events can occur within a single imaging frame, the stoichiometry
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(number of molecules in a focus) is determined by dividing the intensity of the detected
state corresponding to the highest copy number of molecules by the intensity change

corresponding to the smallest jump between two states'®,

4.3 Data preparation

A representative imaging frame showing a fluorescent focus in a cell is show in the inset
of Figure 4.1. For each such frame of each movie, the center pixel of each focus was
determined from the filtered image, which was used to differentiate the fluorescence
molecules from the noise. In each raw data image, the average intensity of all pixels
within 3 pixels of this center pixel (i.e, a 7 <7 pixel box) was measured. In live-cell
imaging, the background fluorescence intensity mainly came from the cell
autofluorescence, which was not constant but rather photobleached over time. Though
more sophisticated background-subtraction algorithms can be incorporated with our
approach, here the approximate background intensity for each cell in each imaging frame
is determined from the average intensity value of all other pixels within the cell not
belonging to any focus, as in the determination of the stoichiometry of PolC in Chapter 2.
In this way, the average background intensity of each pixel in the cell was subtracted
from the intensity of each focus in that same cell. The resulting background-subtracted
focus intensity was recorded over time to monitor the photobleaching process for that

mCherry focus and to generate intensity time traces as in Figure 4.1.
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4.4 Data analysis and results

4.4.1 Simulation results

The Bayesian algorithm was first tested on simulated data. An example of the six-state
simulated time series is shown in Figure 4.3. Here the true means are u = (1, 2, 3,4, 6, 8),
and the true variances are 2 = (0.005, 0.055,0.105, 0.155, 0.255, 0.355). It is obvious
that the transition between different states is one-directional (the fluorescence intensity
can only transit to a state with a smaller u). The intensity decreases from 8 to 6 and 6 to 4
mimic two instances in which a pair of molecules bleaches at the same time, which often
happens at the beginning of the movie. The variances imitate the variances in the
experimental intensity time series collected in the following section. The true value of K
is 6 (corresponds to 6 photobleaching steps), and the true stoichiometry is 7 (6
photobleaching steps mean 5 photobleaching events, and there are two events where two

molecules photobleach at the same time, so overall there are 8 molecules in total).
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Fluorescence intensity (a.u.)

Figure 4.3 Simulated fluorescence intensity time trace from a six-state process. Inset: Plot of
scaled adjusted R-square (red), scaled DIC (blue), and score (equals to scaled adjusted R-square -
scaled DIC, black) at different values of K. The true K = 6. When K is lower than the true value,
we get good adjusted R-square (red) but bad DIC (blue), meaning that the model did not fit the
data well. On the other hand, when K is higher than the true value, we get good (low) DIC, but
poor adjusted R-square, indicating over-fitting.

The last 80 points were first used to estimate the base mean and variance. Starting
from K = 3, the data was then fit to the Bayesian model proposed above with 9000
iterations and 1000 burn-in. Three Markov chains were generated to fit the data, and the
chain with the lowest DIC was selected. The same procedure was then performed for K =
4,5, ...,9. The scaled adjusted R-squares, scaled DICs, and the scores for each K are
plotted in Figure 4.3 (inset). The adjusted R-squares are high when K is lower than the
true value, which is anticipated since the algorithm will combine two clusters as one.
When K is higher than the real value, the best model fits have poor adjusted R-squares,
because the algorithm will tend to separate the cluster with higher mean to two clusters,
but such separation will make the variance much smaller than the real value, thus

destroyed the linear relationship. On the other hand, the DICs decrease sharply until K =
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6, meaning that the goodness-of-fits are poor when K is lower than the real value. The
best K should have both high adjusted R-square and low DIC, which is easily identified

at K =6.

The MCMC trace plot of u and the plot of u vs. 62 when K = 6 are shown in
Figures 4.4 and 4.5. The u is very well estimated and the linear correlation between u vs.

o2 is obvious when K is true.
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Figure 4.4 MCMC trace plot of u when K = 6 (the true value). The sampled u values agree with
the true values in the simulation. p; was already estimated in the previous step, so it is not a
random variable here.
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Figure 4.5 Plot of the fit u vs. the fit 02 when K = 6 (the true value). The fit u and o2 have a
linear relationship, as set in the simulation.

For 50 simulated time traces (K = 6 and the stoichiometry is 7), the algorithm
successfully estimated the stoichiometry in 48 cases. It should be noted that in some
cases, the stoichiometry is still correct although the K is wrong (e.g., we found K = 5),
because as long as we correctly estimate the minimum intensity difference and the
maximum g, the stoichiometry (which is given by the ratio of maximum p/minimum

intensity difference) will be true.

4.4.2 Test on experimental data

The algorithm was then tested on real experimental data to determine the
stoichiometry of the Bacillus subtilis -clamp loader component DnaX at the replisome.
The intensity time trace of each replisomal focus in live cells was retrieved and
background-subtracted. Figure 4.6 shows an example of a background-subtracted time

trace of a DnaX-mCherry focus in live cells under constant illumination and undergoing
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photobleaching. We can see the photobleaching events, but it is difficult to know the
number of bleaching steps due to the low signal to noise ratio. Using the method
introduced above, the best model selected is when K = 5, and the stoichiometry
determined is that, in these cells that express DnaX-mCherry at the native DnaX

promoter as the sole source of DnaX, there are 8 DnaX copies at each B. subtilis

replisome.
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Figure 4.6 A representative background-subtracted fluorescence intensity time trace at a DnaX-
mCherry focus undergoing photobleaching. Horizontal lines show the p;, from the best model
selected. The stoichiometry is determined to be 8. Inset: Plot of scaled adjusted R-square (red),
scaled DIC (blue), and score (black) at different values of K from the real data estimation above.
The best model selected is when K = 5.

A total of 34 time traces were analyzed, and we determined a stoichiometry of 7 &

1 (standard error on the mean). More time traces need to be analyzed to plot the

distribution and a more accurate stoichiometry determination.
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4.5 Discussion and perspectives

In this chapter, | developed and introduced a new method of counting the photobleaching
steps using a Bayesian mixture model. This algorithm does not depend on subjective
thresholds or parameters, which were often used in other methods. The prior distributions
in the model are either flat or based on common knowledge, and the model selection is
based on the property of the fluorescent molecules, keeping the method as objective as
possible. This approach is widely applicable to many important problems in biophysics

and cell biology.

The stoichiometry is determined not simply by the bleaching step count, to
account for event(s) where more than one molecule photobleaches at the same time.
Therefore, even if K is mistakenly predicted, the true stoichiometry can still be obtained
if the minimum intensity difference and the mean of the first step (u,) are correct.
However, this is a double-edged sword, because in this case, a small change in the
minimum intensity difference might cause a drastic change in the final stoichiometry.
This sensitivity makes algorithm heavily reliant on the correct estimation of the minimum
intensity difference. To improve this caveat, fluorophores with better photostability can

be used in the photobleaching experiment.

The major problem of counting the photobleaching steps in bacteria cells is the
background autofluorescence intensity from the cells themselves, which can make the
intensity readout very inaccurate. The background-subtraction procedure used in this
chapter has some obvious problems. First, the average intensity of all other pixels in the

cell not belonging to any focus is not an accurate measurement of the autofluorescence
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background specifically at the location of the focus. For instance, the distribution of
fluorescent molecules, even outside of the foci, is not homogenous. For example, it is
known that when a molecule that can exchange at the replisome is near the replisome
focus, it will tend to slow down (as shown in Chapter 3). This heterogeneity will lead to
an underestimation of the background-subtracted intensity of the focus. Second, since the
background fluorescence intensity will also decrease over time, the variance of the
background intensity will decrease as well. By simply subtracting the average intensity

from the intensity of the foci, each state will have a higher variance than the real value.

One way to avoid these problems is to use SMALL-LABS (Single-Molecule
Accurate Localization by Local Background Subtraction)*®, which is a background-
subtraction method that accurately locates and measures the intensity of single molecules,
regardless of the shape or brightness of the background, based on temporal fluctuations in
the signal. We have previously proven that SMALL-LABS works very well in biological
imaging with high autofluorescence background (Figure 4.7). In general, accurate
estimation of the fluorescence intensities will greatly improve the performance of the

algorithm.
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Figure 4.7 The distribution of fluorescent protein brightness in the high-background conditions
(High BG; red) accurately reproduces the distribution measured in higher signal-to-noise
experiments (Low BG; white). Scale bar: 1 pm.

Since the stoichiometry does not include any information of dynamics, fixed cells
can be used in the experiment. This will simplify the model: unlike in living cells where
fluorescence can increase due to dynamic exchange of proteins at the replisome, the
Markov chain of different states in fixed cells will be strictly one-directional: once a
fluorescent molecule photobleaches, there is no mechanism for the fluorescence intensity
to increase again. By performing the experiment in fixed cells, using chemical dyes as the
fluorophore is also an option if the specificity of the labelling is ensured. Thus, brighter

fluorophores with better photostability can be used, so that better intensity time traces can

be retrieved.
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Chapter 5: Conclusions and perspectives

In this thesis, | applied super-resolution microscopy to investigate the stoichiometry and
the dynamics of the replisomal proteins in live B. subtilis cells. Various data analysis
models and algorithms were used to characterize the diffusion, kinetics, and the
stoichiometry under different conditions. The ability to visualize and quantify the motion
of single protein molecules in vivo allowed us to uncover the architecture and the
dynamics of the replisome in B. subtilis, which is inaccessible by conventional optical

microscopy and poorly understood before.

By analyzing single-molecule trajectories and applying STICS analysis to our
data, 1 have shown that the replisomal proteins undergo dynamic exchanges in the DNA
replication processt. While the factory model>—in which the replisomes are relatively
stationary and the DNA strands are pulled through the replisome—is true in B. subtilis, as
supported by the bulk fluorescence imaging data, the replisomal proteins including the
two polymerases are constantly recruited to and released from the replisomes in live cells.
Heterogeneous dynamics were characterized using the cumulative probability distribution
(CPD) model introduced in Chapter 1, revealing three different modes of motion: 1) the
molecule binds to the replisome and has a diffusion coefficient, D, around 0.02 zm?/s, for

example, the slow population of PolC in untreated and HPUra-treated cells; 2) the
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molecule searches along the DNA strands and has D ~ 0.5 um?/s, like the fast population
of PolC in untreated and HPUra treated cells; 3) the molecule diffuses freely in the
cytoplasm and has D > 1 um?/s, which cannot be quantified using single-particle tracking
methods. The different motions of the replisomal proteins suggest that DNA replication is
a very dynamic process, and although only a few molecules are needed at a time at the
replisome, a large number of proteins in the cell is necessary to ensure the efficiency of

replication due to the fast exchange rate of the replisomal proteins.

Besides the diffusion coefficients, dwell time analysis shed light on the kinetics of
the interaction between the replisomal proteins and the replisome. Both PolC and DnaE
have a dwell time of about 2.7 s, which is the time needed for the synthesis of an Okazaki
fragment®. The similar dynamics also indicates a possible coupling between these two
proteins. On the other hand, the fast diffusion of DnaE suggests that a single DnaE
molecule will only bind to the replisome for a very short time (< 20 ms) before being
released, meaning that DnaE is only responsible for the synthesis of a short DNA

segment at a time.

How the dynamics of the replisomal proteins change when the replication is
arrested is also of great interest. In this thesis, | arrested the DNA replication with two
different mechanisms, and characterized the corresponding protein dynamics. HPUra, a
drug that binds to the active site of PolC, did not change the diffusion coefficients and the
corresponding fractions of PolC, but caused a shorter dwell time. This response suggests
that the architecture of the replisome is not destroyed upon HPUra treatment, and that

PolC can still bind to the replisome. However, the binding affinity does change, resulting
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in a faster exchange rate. Similarly, a portion of DnaX molecules also had a shorter dwell
time in HPUra treated cells, supporting the previous hypothesis that the two proteins are
coupled in DNA replication. Surprisingly, another portion of DnaX molecules showed a
very long dwell time (> 8 s), indicating that there is another binding site with a very

strong affinity at the replisome available to DnaX in HPUTra treated cells.

The changes in dynamics were different when the cell was treated with mitomycin
C (MMC), a drug that causes DNA crosslinks and thus arrests replication. PolC became
no longer trackable in the MMC-treated cells; we not only lose the slow-moving
subpopulation of PolC that binds to the replisome, but we also lose the fast-moving
subpopulation that searches along the DNA strands. All PolC molecules were freely
diffusing in the cytoplasm with a diffusion coefficient of about 1.4 xm?/s. However, this
does not mean that MMC causes the collapse of the replisome structure. DnaX could still
bind to the replisome in MMC-treated cells. Like in HPUra-treated cells, DnaX in MMC
treated cells also has two subpopulations with two dwell times: one portion dwells for the
time similar to that in untreated cells (~ 3 seconds), and the other portion dwells for a
very long time at the replisome (> 8 seconds). The dynamics show that MMC did not
affect the whole architecture of the replisome, and the original binding site for DnaX still
remains with a similar affinity. Another binding site with a very strong affinity, possibly

related to the DNA repair process, is available to DnaX just like in HPUra-treated cells.

We also investigated the stoichiometry of the replisomal proteins in vivo. In
Chapter 2, the stoichiometry was determined by counting the photobleaching steps of the

protein foci in live B. subtilis. In Chapter 4, | developed a new algorithm, which applies
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Bayesian statistics to count the photobleaching steps with minimum arbitrary parameters
and subjective decisions. The algorithm proves to give reasonable results in both
simulated and experimental data. The results yield by this algorithm still have room for
improvement; future work will retrieve the true fluorescence intensity of the molecules

with a recently developed background subtraction methods called SMALL-LABS*.

DNA replication is a complicated process, and the replisome is a multi-protein
complex with an intricate organization. There still remain many questions that can be
answered with our powerful microscopy tools. For example, given the dynamics of
DnaX, the S-clamp loader, an obvious future plan is to characterize the dynamics of
DnaN, the S-clamp itself. Another interesting protein to look at is the single-stranded
DNA binding protein (SSB), which is involved in both DNA replication and DNA repair.
Additionally, protein-protein interactions can be observed and analyzed with two-color
imaging. On the other hand, the current data analysis tools can be improved as well to
augment our image processing. For example, non-parametric Bayesian statistics can be
applied to the diffusion model to quantify the diffusion coefficients more objectively
(free of experimenter’s bias)®, and with more information, including the probabilities of

the transitions between the diffusive modes.

Overall, with improvements to super-resolution microscopy and data analysis
methods, their applications in biomedical research is becoming broader. On one hand,
better imaging configurations and devices, brighter fluorescent labels, and versatile
labelling methods have made it possible to achieve high localization precisions with high

temporal resolutions in vivo. On the other hand, better statistical models and the
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development of data mining and machine learning will enable us to characterize, model,
and predict the behaviors of single-molecules and the interactions between molecules in a
profound and efficient way. All of this information will greatly improve our

understanding of many biological processes and pathways.
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