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Cellular reproduction relies on DNA replication. Many bacteria, including Bacillus subtilis and
Escherichia coli, possess only a single circular chromosome which is replicated bi-directionally
from a single origin. It has remained controversial whether replication is achieved by mobile
protein complexes that translocate along the DNA like a track, or by a stationary “replication
factory” through which the DNA is pulled. In the first part of this thesis, we used time-lapse
imaging to observe and quantify the position of fluorescently-labeled processivity-clamp
(DnaN) complexes throughout the cell cycle. We find that the two replication forks maintain
diffraction limited separation during the majority of the cell cycle, suggesting a factory-like
model for replication. These data unify the models for replication across several domains of
life.

The canonical model of DNA replication describes a highly-processive and largely contin-
uous process by which the genome is duplicated. However, many simultaneously-occurring
processes compete with replication for the DNA substrate, potentially causing disruptions
that could decrease the timeliness of the replication process and leave DNA vulnerable to
mutations. In the second part of this thesis, we characterize the dynamics of the replisome in
individual cells using fluorescence microscopy with single-molecule sensitivity. We find that
the replisome is disassembled multiple times per cell cycle. Furthermore, this instability is

caused by transcription.
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Figure Number

1.1

1.2

1.3

1.4

1.5

LIST OF FIGURES

The crowded cellular environment. View of a small section of a E. coli
cell. The cell envelope is shown in green. The dense nucleoid is shown in
yellow. Many DNA-binding proteins coat the DNA. The remaining cytoplasmic
space (blues and purples) is filled mainly with ribosomes and proteins proteins.
In particular, the ribosomes (purple) can be seen translating mRNA (white
strands) to build the necessary proteins for cellular functions. Illustration by
David S. Goodsell, the Scripps Research Institute. . . . . . . ... ... ...

Bi-directional replication of a circular chromosome shown schemat-
ically. Two replisomes (blue dots) are assembled at the origin (oriC, vertical
line) and proceed to duplicate the chromosome bi-directionally towards the
terminus. (ter, cross). Red arrows indicate the direction of replication.

Increasingly detailed views of the replication fork. A) Partially-replicated
chromosome. Blue shading represents the replication fork, and blue dots rep-
resent the replisomes. Newly synthesized DNA is indicated by broken lines.
Green arrows show the direction of replication. B) Schematic of a single replica-
tion fork. The helicase (red) encircles the lagging strand template, unwinding
and separating the DNA. The leading- and lagging-strand polymerases (yellow)
simultaneously replicate both strands. DNA polymerase synthesizes 5-3’. The
leading strand may be replicated in the direction of fork progression (green
arrow), but the lagging strand is replicated discontinuously in reverse. Red line
segments represent RNA primers that initiate Okazaki fragments. C) Detailed
view of the replication fork showing major replisome components. . . . . . .

Head-on and co-directional replication-transcription conflicts. Top:
For genes transcribed from the lagging strand (gray) the replisome encounters
RNAP head-on. Bottom: For genes transcribed from the leading strand (black)
the replisome encounters RNAP co-directionally. . . . . . .. ... ... ...

Phase-contrast image of B. subtilis cells. Phase-contrast is a technique
for increasing contrast when observing a weakly absorbing specimen such as
bacterial cells. Cells appear dark against a light background. . . . . . . . ..
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1.6

2.1

2.2

2.3

3.1

Example excitation and emission spectrum. A commonly used flu-
orophore, enhanced green fluorescent protein, is efficiently excited with a
488 nm laser line. The emitted light (spectrum shown in green) is separable
from the excitation laser light due to its longer wavelength. . . . . . . . . ..

Eukaryotic and Bacterial replication factories. A) A Eukaryotic replica-
tion factory (gray) resulting from simultaneous activation of 5 origin sequences
(black dots). Replication complexes (blue) assemble and disassemble, but no
spatial migration is observed. Red arrows indicate the direction DNA is pulled
into the complex. Adapted from Ref. [80]. B) A bacterial replisome factory
would involve only two replication complexes working bi-directionally from
from a single origin. Red arrows indicate the direction DNA is pulled into the
complex. . . . ..

The factory and track models. A) Schematic diagrams for the factory and
track models. Most bacteria have a single circular chromosome (left), with a
single origin (red dot), positioned roughly opposite the terminus (green dot).
The left and right arms of the chromosome are colored pink and green, respec-
tively. In the factory model (center), DNA is pulled through the replisomes
(black dots) in the direction indicated by the red arrows. In the track model
(right), replisomes translocate along the template DNA. Red arrows indicate
the direction of replisome motion. B) The factory model is shown for the
chromosomal organizations of three model organisms. Decondensed DNA is
represented by lines. Note that the FE. coli chromosomal structure reflects
experimental observations in Ref. [96]. . . . . ... ... ..o

Replisome dynamics in B. subtilis and E. coli based on snapshot
imaging. Schematic diagram showing full replication cycles in three individual
example cells. Green spots represent diffraction-limited replisome foci, while
black dots indicate the inferred number of constituent replisomes. Gray vertical
lines indicate mid- and quarter-cell positions . . . . . . . ... ... ... ..

Cell growth. A-B: Typical length vs. time curves in F. coli and B. subtilis.
Cell growth rate does not slow down significantly over time indicating that
exposure to the laser is not damaging the cells. C: Distribution of doubling
times on microscope slide for F. coli and B. subtilis. D: Distribution of cell
lengths at birth (immediately following division of parent cell) and division. .
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3.2

3.2

3.3

3.4

3.5

Visualizing replication forks in individual cells through complete
cell cycles. A: Six representative examples of individual cells imaged at 5
minute intervals for DnaN-YPet in E. coli (left) DnaN-GFP in B. subtilis
(right). Cells are tracked for complete cell cycles although images were cropped
by up to a few frames to make the lengths consistent. Labeled red arrows point
to example features in the boxed image strip. Starting at the beginning of the
cell cycle, there is generally a single midcell focus representing both replication
forks. However, occasionally sister forks can be resolved separately (e.g. arrow
1) but co-localize before termination of replication (e.g. arrow t). For a period
of time, which varies cell to cell, no foci are observed until re-initiation on
the newly replicated sister chromosomes (e.g. arrow (re)-i), an event which
often happens before cell division. These new foci appearing at the quarter
cell positions are consistent with replication factories since . . . . . . . . ..

they can occasionally be resolved into sister replication forks (e.g. arrow 2).

See also Fig. 3.3 for additional full cell cycle images. B: Example single-cell
kymograph spanning multiple cell divisions for DnaN-YPet in E. coli. Cell

images are projected along the long axis of the cell and stacked in sequence.

White dashed lines indicate division events. Numbered red lines indicate
initiation, termination, and re-initiation, respectively. . . . . . . . . . . . ..

Additional cell towers. Additional example cell towers for both B. subtilis
and E. coli. . . . . . ..

Blocked initiation leads to loss of quarter cell foci. DnaN-YPet (in
E. coli) is imaged in both in wild type and cells containing the dnaC?2 allele at
37°C. Under these conditions, cells containing the mutant allele will be blocked
from initiating new rounds of replication. A) Example wild type cell towers
showing the the disappearance of the midcell focus may be followed appearance
of a pair of foci near the quarter-cell positions. B) Conditional probability
distribution (N = 4837 time points) shows localizations near the quarter cell
positions in the wild type near the end of the cell cycle. C) Example cell towers
for cells with blocked initiation do not show foci at the quarter-cell positions
after disappearance of the mid-cell focus. D) In cells blocked for initiation,
conditional probability no longer shows a significant number of localization at
the quarter-cell positions (N = 1758 time points). . . . . . . . . .. .. ...

Automatic focus identification using scoring. Example scored foci in
partial cell towers. Frame delay is five minutes. Scores are printed in red for
foci scoring high enough to be included in analysis. Foci scoring 3 or lower
(white) appeared randomly throughout the cell and were excluded. . . . . . .
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3.6

3.7

3.7

3.8

Focus localization pattern is similar in E. colt and B. subtilis. Proba-
bility of focus localization at a relative long axis position is shown as a function
of cell length (analysis for over 10,000 foci in each organism). Dashed red
line indicates mean length at re-initiation. A: DnaN-YPet in E. coli most
probably localizes midcell until re-initiation when foci appear at the quarter-
cell positions. Dashed white lines indicate mid- and quarter-cell positions. B:
DnaN-GFP in B. subtilis shows a similar localization pattern to DnaN-GFP
in E. coli (Panel A). . . . .. ...

Characterizing cellular and subcellular localization patterns in large
populations (at least 10,000 time points). A) Left: Typical cellular
localization patterns and their relative frequency of occurrence (in E. coli, see
Fig. 3.8 for corresponding B. subtilis data) are shown for all cells regardless of
length. Extremely rare localization patterns (4+ foci) are not shown. Right:
Relative frequency of the same typical cellular localization patterns as a
function of cell length (age). Dashed red line represents mean cell length both
at re-initiation and division. B) Multiple focus cellular localization patterns
are distinguishable automatically based on inter-focus separations. Scatter
plot shows relative focus separation as a function of cell length for multiple
focus cells. Two well resolved populations are observed. Pairs of foci whose
separation falls into the lower population are counted as individual members
of a sister fork pair, whereas all other foci are each inferred to represent a
co-localized replication fork pair. Dashed red line represents mean cell length
at re-initiation and division. Example . . . . . . . .. ..o

shown is for DnaN-YPet foci in E. coli. See also Fig. 3.8 for corresponding B.
subtilis data. C) Pie charts showing the fraction of sister replication fork pairs
that are co-localized (replisomes have diffraction-limited separation) versus
resolvable (each replisome appears as a member of a narrowly separated focus
pair). In both organisms, replication fork pairs remain co-localized roughly
80% of the time, consistent with a factory-like model. . . . . . . .. . .. ..

Supporting B. subtilis data. A) Relative frequencies of typical localization
patterns overall (left) and separated by cell length (right). Dashed red line
represents mean length at re-initiation B) Joint probability distribution for
interfocus separation is used to automatically distinguish between cellular
localization patterns. Dashed red line represents mean length at re-initiation.
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3.9

3.10

3.11

3.12

Process for distinguishing resolvable forks from pairs of factories in
cells with multiple foci. 1) All possible long axis separations are calculated
(black brackets). 2) Distribution of focus separation as a function of cell length
(dots) is fit with a two Gaussian-mixture model (dark blue contours) using
maximum likelihood. We note that the fit to the lower population is shifted
slightly due to the tail, however the populations separate visually correctly.
3) Using the Gaussian mixture model obtained in step 2, each focus pair is
classified as a member of the high (red) or low (blue) separation population. 4)
Focus pairs that are determined to be members of the low-separation population
(blue brackets) are classified as each representing an individual replisome. All
other foci are inferred to be a co-localized replisome pair. . . . . ... ...

Additional markers for the replisome show consistency with DnalN.
Pie charts showing the fraction of sister replication fork pairs that are co-
localized (replisomes have diffraction-limited separation) versus resolvable
(each replisome appears as a member of a narrowly separated focus pair) in
SSB-YPet (N = 6493 Cells), DnaQ-YPet (N = 2187 cells), and DnaX-GFP (N
= 10573 cells). Results are consistent with DnaN time-lapse imaging. See also
Fig. 3.11 for complete analysis. . . . . . . . .. .. .. ... ...

Snapshot analysis of several replisome proteins implies dynamics
consistent with observations in time-lapse imaging. A) Joint probabil-
ity distributions for interfocus separation are used to automatically distinguish
between cellular localization patterns in SSB-YPet (N = 6493 Cells), DnaQ-
YPet (N = 2187 cells), and DnaX-GFP (N = 10573 cells). B) Relative
frequencies of typical localization patterns. . . . . . . . . . .. .. ... ...

A schematic model for replication fork localization during complete
cell cycles. Both the kymograph and cell tower representations are shown.
Our model for replication fork localization is as follows: (i) The replication and
division cycles are generally out of sync, so that full replication cycles occur
across multiple division cycles. (ii) During replication, forks co-localize to a
diffraction-limited spot about 80% of the time, consistent with factory-like
behavior. (iii) When the forks are individually resolvable, separation is small
(< 0.33 cell lengths) and transient. (iv) Termination of replication is indicated
by disappearance of foci. (v) Re-initiation often occurs before cell division
near the quarter-cell positions. Because these foci occasionally split into pairs
of resolvable foci, they are consistent with factories containing two replication
forks. . . L
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4.1 Growth curves for DnaC-GFP. For growth curves, the optical density of
wild-type and dnaC-gfp strains growing in minimal arabinose medium at 30°C
were monitored for 5 hr. Linear regression to ODgyy readings were used to
determine doubling time. (A) The dnaC-gfp allele does not confer a detectable
growth defect in minimal medium. ODggg readings for a representative culture
of wild-type and dnaC-gfp cells. (B) Calculated doubling times and OD600
readings show a small growth defect for the dnaC-gfp strain relative to wild-type
in LBmedium. . . ... ... 65

4.2 Estimated stoichiometry distributions for core replisome proteins in
B. subtilis.(A) Photobleaching of DnaC-GFP in a replication factory. (B) A
typical intensity trace (blue) is shown for a DnaC-GFP focus. Stepwise transi-
tions are observed as the fluorescent protein bleaches. The intensity is filtered
using Change-Point analysis (red) which determines the intensity step-size
corresponding to the bleaching of single fluorophores (complete stoichiometry
calculation is demonstrated in Figure 4.3 and 4.4, and detailed in the materials
and methods section). The image mosaic above shows the time-averaged image 67

4.2 of the focus over each intensity level. (C) A schematic of the replication
factory consisting of either one or two assembled replisomes (black dots) in a
diffraction-limited spot (green). (D) Histogram of estimated factory DnaC-GFP
stoichiometry in B. subtilis. Error bars represent counting error. The observed
distribution is well fit by a two Gaussian model (solid blue), representing a
mixed population of single-helicase (6 DnaC molecules) and two-helicase (12
DnaC molecules) factories. (Analysis for N = 213 factories.) (E) Relative
abundance of factories with one and two helicases. (F) Estimated stoichiometry
distribution for PolC-YPet in B. subtilis shows two populations (N = 125).
Peak stoichiometries for each population (dashed blue) were determined by
maximum likelihood fitting with a two Gaussian model (solid blue) to be 2 and
4 copies. (Note: the distribution included a small fraction ( 5%) of factories
with stoichiometries greater than 10 copies which were removed for the purpose
of fitting.) (G) Relative abundance of factories with 2 and 4 copies of PolC-GFP. 68



4.3

4.4

4.5

Identification of foci and determination of raw focus intensity.(A) The
phase-contrast image of the cells was segmented to identify the cell boundaries
(orange) surrounding each cell mask (black). (B) The integrated raw focus
intensity (blue) and scaled background intensity (green) are plotted for a
bleaching experiment. The intensity trace is computed by subtracting the

background from the raw intensity. (C) The summed image is shown in yellow.

The outline of the cell mask is shown in blue. The intensity regions (red outline)
are determined by watersheding the summed intensity to divide the image
into local maxima. The focus positions (points) are determined by fitting a
Gaussian distribution in the intensity regions. (D) The raw focus intensity is

determined by summing the intensity in a mask centered on the locus position.

The background is computed by calculating the average intensity inside the
cell (blue outline) but outside the intensity region (red). . . .. .. ... ..

Stoichiometry calculation demonstrated for a DnaC-GFP focus. (A)
Intensity tracking of a DnaC-GFP focus in B. subtilis. A decaying exponential
(solid blue) is fit to the background subtracted raw intensities (blue points)
traced over a series of 120 fluorescence images. The value of the exponential
fit in the first frame is taken as the initial intensity of the DnaC-GFP complex
(see methods). (B) The raw intensities (solid blue) are filtered (mean value
in red) to reveal stepwise transitions. Summed fluorescence images of the
DnaC-GFP complex are shown corresponding to each level detected by the
filter in the image strip above the plot area. (C) The PPDD of the filtered
intensities (red) reveals peaks at integral multiples of the unitary intensity
step that would not be detectable in PPDD of the raw intensities (blue). (D)
The power spectrum is used to identify the location of the first order peak
in the PPDD which corresponds to the highest peak in the power spectrum
(dashed gray). The unitary intensity step determined by the power spectrum
corresponds to the spacing of the dashed gray lines in panels B and C.

Western blots for DnaC-GFP. Cells produce complete DnaC-GFP fusion
protein. Western blot analysis indicates that DnaC-GFP is fully synthesized,

and that potentially truncated DnaC proteins lacking GFP are not detected.

Individual lanes were normalized by total protein, and separate western blots
were probed with either (A) anti-DnaC polyclonal antibodies or (B) anti-GFP
polyclonal antibodies. . . . . . . . . . ... L
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4.6

4.7

4.8

4.8

Comparison of in vivo and in vitro step sizes for GFP. (A) Bleaching
traces for two different surface immobilized GFP proteins. Inserts show the
mean fluorescence images in the bleached and unbleached states. (B) Maximum
likelihood fits to unitary intensity step distributions for isolated GFP in witro.
(C) Example in vivo unitary step distribution for DnaC-GFP in B. subtilis
and its maximum likelihood fit. For all experimental conditions in B. subtilis,
unitary step distributions were peaked within 19% found in vitro value. . . .

Growth curves for PolC-YPet. For growth curves, the optical density of
wild type and polC-ypet strains growing in minimal arabinose medium at 30°C
were monitored for 5 hr. Linear regression to ODggy readings were used to
determine doubling time. (AB) No growth defect is observed for polC-ypet in
either minimal or LB growth medium. . . . .. ... ... ... ... ....

Helicase complex dynamics in B. subtilis captured by time-lapse
imaging. (A) Typical frame mosaics for dynamics of the helicase in three
conditions: Untreated (WT), rifampicin-treated (Rif) and rpoB* cells (see also
Fig. 4.9). (In this context, WT refers to cells carrying the dnaC-gfp allele but
not the rpoB* allele.) The helicase complexes in WT cells were observed to be
intermittent: assembling and disassembling on the timescale of minutes. The
helicase complexes in rifampicin-treated and rpoB* cells were observed to be
more persistent. The complexes were tracked by an automated algorithm (red,
detailed description in material and methods). (B) Distribution of helicase
complex lifetime in WT (gray, N = 327 complexes), rifampicin-treated (blue, N
= 183 complexes) and rpoB* (red, N = 165 complexes) cells. Data collection
is limited to 22 min. (C) Probability of helicase . . . . ... ... ... ...

survival as a function of helicase complex lifetime. Solid lines represent the
empirical survival curves. Dashed lines show fits determined by maximum
likelihood estimation. (D) Estimated number of disassembly events per 40
min of replication using the Poisson process model (see also Table 4.1). Error
bars were generated by simulating 100,000 distributions with the same rate
parameter and number of complexes as the observed distribution. Simulated
distributions were then fit, and the width of the rate parameter distribution
was used to quantify the error. . . . . . .. ..o
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4.9

4.10

4.11

Automatic tracking of helicase complexes using focus scoring. Under
normal growth conditions, a typical trajectory resulting from dynamics analysis
shows rapid appearance and disappearance of DnaC-GFP foci. Both rifampicin
treatment and a rpoB* mutation results in longer-lived foci. Image strips
to the left show raw images with dashed red lines indicating automatically
detected trajectories. Corresponding filtered images to the right additionally
show focus scores for all automatically detected foci. Scores printed in red
indicate that the focus is included in a trajectory. Low scoring foci not selected
for a trajectory are indicated in white. A detailed description of scoring and
automated focus tracking is included in the materials and methods section. .

Photobleaching minimally affects the complex lifetime experiments
in B. subtilis. (A) To isolate the effects of photobleaching, cells are imaged
with the same intensity and exposure as in the dynamics measurement, but
with no delay between frames. Red line indicates equivalent of the 12 frame
time course used in the dynamics measurement for B. subtilis. (B) Automated
tracking used for the dynamics measurement was applied to the bleaching
data. Survival curve (blue) shows the fraction of (N = 132) complexes that
were successfully tracked through a given number of frames. Survival curve for
dynamics experiment (gray) is shown for comparison. (C) 92% of complexes
were traceable for 12 frames. In contrast, only 9% of complexes survive the
duration of the dynamics experiment. . . . . . . .. .. . ... ... ... ..

Disruption of PriA leads to loss of DnaC-GFP foci. (A) Survival
assays show that the depletion of PriA is lethal on LB medium, but the control
strains (which contain either the sgRNA-priA or dcas9) survive under both
conditions. We find the same result using minimal arabinose medium. (B)
Sample snapshots showing the full PriA CRISPR strain, and the control (no
sgRNA), both after induction with 1% xylose for approximately two hours. (C)
Disruption of PriA results in a decrease in the number of cells with DnaC-GFP
foci from 43% in the control strain (N = 518 cells) to 13% in the CRISPR
strain (N = 413 cells). Error bars represent counting error. . . . . . . .. ..
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4.12

4.13

4.14

4.15

The effect of perturbations to transcription on stoichiometry distri-
butions. (A) Helicase complex stoichiometry under three conditions: Un-
treated (WT), rifampicin-treated (Rif) and rpoB* cells. Probability densities
are represented as Kernel Density Estimates (KDEs). In contrast to WT
(gray), in both rifampicin-treated (blue) and rpoB* (red) cells, a significant
fraction of single-helicase complexes (6 DnaC molecules) are lost with all ob-
servations being consistent with two-helicase complexes (12 DnaC molecules).
(N =70117) (B) Estimated PolC stoichiometry in untreated (gray), rifampicin-
treated (blue), and rpoB* (red) cells (N = 81125). The low stoichiometry
peak is no longer resolvable after rifampicin treatment or in the rpoB* mutant
background, implying increased stability of the polymerase. (Note: rifampicin
treatment also increased the exceedingly high fluorescence population which
was again removed for the purpose of fitting.) (C) The relative abundance
of helicase complex stoichiometries in cells with an ectopic inducible head-
on replication-transcription conflict (lacZ). An IPTG (induction)-dependent
increase in the single-helicase stoichiometry was observed, consistent with
the reduction in factory stoichiometry being conflict-induced. (N = 108174)
(D) Summary of stoichiometry for transcription-inhibition and ectopic-conflict
experiments. Estimates for the relative abundance of first and second order
stoichiometry sub-populations are determined by fitting the distributions of
estimated stoichiometries (Fig. 4.14, Table 4.2). . . . . . .. ... ... ...

Control for head-on conflict experiment. (A) The observed stoichiometry
of DnaC-GFP was not significantly altered by the addition of IPTG. Compare
to Figure 4.2D. (B) Addition of lacZ (transcription on) in the co-directional
orientation causes a small decrease to replisome stability. . . . . .. ... ..

Maximum likelihood fits to B. subtilis stoichiometry distributions.
The most likely two Gaussian model is selected varying the Gaussian means,
widths and peak intensities. Maximum likelihood models (blue) and comprising
Gaussians (dashed blue) are shown over histogram distributions. Error bars
represent counting error. Calculated maximum likelihood fit parameters are
summarized in Table 4.2 . . . . . . . ... oo

A schematic model illustrating the effects of perturbations to tran-
scription on replisome stability. A schematic model illustrating the effects
of perturbations to transcription on replisome stability. Amelioration of con-
flicts both by rifampicin or a rpoB* mutant increases the stability of the
replisome. Conversely, addition of a highly transcribed gene in the head-on
orientation decreases replisome stability. . . . . . . ... ... ... ... ..
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4.16

4.17

4.18

4.19

E. coli stoichiometry distributions shift similarly to those in B. sub-
tilis under transcription inhibition. Stoichiometry distributions are rep-
resented using kernel density estimation (N = 53178 factories). (A) Estimated
DnaB stoichiometry suggests that two hexameric helicases are present in most
replication factories in the absence of transcription (blue). However, under
normal conditions (gray) roughly half of factories consist of only a single
helicase. (B) Transcription-inhibition increases the number of factories having
higher DnaX stoichiometry. (C) Transcription-inhibition increases the number
of factories having higher DnaE stoichiometry. (D) Estimates for the relative
abundance of first and second order stoichiometry sub-populations are deter-
mined by fitting the distributions of estimated stoichiometries (Fig. 4.17 and
Table 4.3). . . . . .

Maximum likelihood fits to E. coli stoichiometry distributions. The
most likely two Gaussian model is selected varying the Gaussian means, widths
and peak intensities. Maximum likelihood models (blue) and comprising
Gaussians (dashed blue) are shown over histogram distributions. Error bars
represent counting error. Error bars represent counting error. Calculated
maximum likelihood fit parameters are summarized in Table 4.3. . . . . . . .

Comparison of in vivo and in vitro step sizes for YPet. (A) Bleaching
traces for two different surface immobilized YPet proteins. Inserts show the
mean fluorescence images in the bleached and unbleached states. (B) Maximum
likelihood fits to unitary intensity step distributions for isolated YPet in wvitro.
(C) Example in vivo unitary step distribution for DnaB-YPet in E. coli and
its maximum likelihood fit. For all experimental conditions in E. coli, unitary
step distributions were peaked within 18% found in vitro value. . . . . . ..

Photobleaching minimally affects the complex lifetime experiments
in E. coli. (A) To isolate the effects of photobleaching, cells are imaged with
the same intensity and exposure as in the dynamics measurement, but with
no delay between frames. Red line indicates equivalent of the 11 frame time
course used in the dynamics measurement. (B) Automated tracking used for
the dynamics measurement was applied to the bleaching data. Survival curve
(blue) shows the fraction of complexes that were successfully tracked through a
given number of frames (N = 214). Survival curve for the dynamics experiment
(gray) is shown for comparison (C) 86% of complexes were traceable for 11
frames. In the dynamics measurement, only 21% of complexes survive the
duration of the experiment. . . . . . . . .. . ... ... ... ... . ...
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4.20

4.20

4.21

4.21

Helicase complex dynamics in E. coli captured by time-lapse imag-
ing. (A) Typical frame mosaics for dynamics of the helicase in two conditions:
Untreated (WT), rifampicin-treated (Rif). The helicase complexes in WT
cells were observed to be intermittent: assembling and disassembling on the
timescale of minutes. The helicase complexes in rifampicin-treated cells were
observed to be more persistent. The complexes were tracked by an automated
algorithm (red). (B) Distribution of helicase complex lifetime in WT (gray, N =
217 complexes), rifampicin-treated (blue, N = 77 complexes). Data collection is
limited to 20 min. (C) Probability of helicase survival as a function of helicase
complex lifetime. Solid lines represent the empirical survival curves. Dashed
lines show fits determined by maximum likelihood estimation. (D) Estimated
number of disassembly events per cell cycle using the Poisson process model
(see also Table 4.4). Simulating 100,000 distributions with the same . . . . .

rate parameter and number of complexes as the observed distribution generated
error bars. Simulated distributions were then fit, and the width of the rate
parameter distribution was used to quantify the error. . . . . . . . ... . ..

Disruption of restart using temperature sensitive DnaC. (A) DnaB-
YPet imaged at 2 min intervals in strains with and without the dnaC2 allele at
37°C (non-permissive for the temperature sensitive strain). In the temperature
sensitive strain, either a complex is observed in the first frame (e. g. cells 13)
or the cell generally does not develop complexes during the time course (e. g.
cell 4). When a complex is observed, it most commonly disappears before the
end of the time course. Once disappearance has occurred (red arrows), no new
stable complexes are observed in the majority of cells (85%). In contrast, the
wild-type strain (e. g. cells 56) shows intermittent foci (as observed in the
dynamics experiments at 30°C), and complexes may be assembled later in the
time series. (B) Probability of observing a focus as a function of time in cells
where at least one trajectory . . . . . . .. ..o oL

is observed. DnaC is involved both in initiation of replication at the origin and
the rescue of stalled forks. The theoretical Null hypothesis curve (red) assumes
a continuous 40 min replication cycle imaged for a random 20 min window.
However, the probability of observing a focus in the dnaC2 allele (blue, N
= 72) decreases more quickly suggesting that the helicase is disassembled
prior to completion of replication. Additionally, in the wild-type strain, the
probability of observing a focus is roughly independent of time, indicating that
both disassembly and re-assembly events are present. . . . . . . . ... ...
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4.22

4.23

4.24

4.25

Thymidine incorporation assays determine the effect of transcrip-

tion on replication rate. (A) DNA replication rates increase upon transcription-

inhibition and in rpoB* strains. Thymidine incorporation assays were used to
measure the relative rates of DNA replication in WT and DnaC-GFP strains,
with (blue bars) and without (gray bars) perturbations to transcription by
rifampicin treatment (Rif) or rpoB* cells. Note that rpoB* strains are resistant
to rifampicin and therefore show no additional increase in replication rate after
rifampicin treatment. (B) DNA replication rates increase in cells grown in
minimal arabinose medium, relative to glucose, where transcription of rRNA
and other ribosomal protein genes is higher. . . . . . . .. ... ... ...

Stoichiometry calculation applied to simulated data. (A) Simulated
intensity data. A bleaching experiment was simulated to demonstrate the
performance of the CP Algorithm against the SED filter. The noise and trace
length were chosen to closely approximate the observed data. (B) Idealized
intensity traces. The data (blue dots) is identical to Panel A. True simulated
mean (Truth) is shown in blue. There is excellent agreement between the
truth (blue) and the CP idealization (red). The SED filtered trace is shown in
green. (C) Pairwise intensity difference probability distribution (PDPD). The
black dotted lines represent multiples of the true step-size 1 AU. (D) Power
spectrum of the PDPD. The largest peak in the power spectrum is selected as

the unitary step (red dotted). The true step-size is also shown (black dotted).

CP versus SED filters in unity step determination. The performance
of the CP versus the SED filter is measured by a histogram of the relative size
of the unitary step in simulated data. The CP idealization clearly results in a
sharper distribution about the true value (unity). . ... ... ... ... ..

Finding the initial intensity. We simulated two approaches for determining
the initial intensity of the trace: Exponential Fit and Highest-Level. The
probability of the estimated intensity is shown relative to the true initial
intensity. The Highest Level method is clearly biased from below relative to
the Exponential Fit method which is centered around the true value (unity).
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4.27

4.28

CP vs KV filtering algorithm. (A) Eight typical datasets (black dots)
are plotted with the true mean (blue) and idealizations using both the KV
(red) and CP (green) algorithms. The simulated data consisted of 10,000
Gaussian processes with unit variance simulated for 120 frames each. The over
segmentation generated by the KV algorithm is clearly visible in the (false)
transitions shown in the third, fourth, and fifth traces. No false steps were
observed in these eight traces using the CP algorithm. (B) The total number
of states for the 10,000 simulated datasets is shown for the true mean and the
CP and KV idealization. All datasets consisted of a single true level. The true
number of states (one) was found 95% of the time using the CP algorithm and
only 55% of the time using the KV algorithm. . . . .. ... .. ... ... ..

Change point detection efficiency. The efficiency of change-point detec-
tion was measured for fixed-lifetime and variable-lifetime (constant decay rate)
steps. In both cases the mean lifetime was equal to the inverse observed decay
rate (41 frames). For fixed-lifetime steps (blue), the detection efficiency is
essentially unity for relative step-size greater than two. (We define the relative
step size as the mean intensity difference divided by the standard deviation:
Apjo.) For variable-lifetime steps (red), the detection efficiency is reduced by
the existence of a small fraction of short-lived steps. . . . . . . . . .. .. ..

Performance of CP algorithm on simulated data. (A) Distribution of
estimated stoichiometry for simulated data with true stoichiometries from
414 proteins. (Integer stoichiometries between 3 and 15 were simulated. For
clarity only the distributions for even stoichiometries are plotted.) (B) Mean
estimated stoichiometry as a function of true stoichiometry. The estimated
stoichiometry slightly overestimates the true stoichiometry (by a fraction of a
protein). . . . . ..
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Chapter 1
INTRODUCTION

Perhaps the most iconic molecule of all time is deoxyribonucleic acid (DNA), the genetic
blueprint for all cellular organisms !. Instructions for all cellular processes are encoded by
the sequence of four nucleotides along the well-recognized helical structure. Ultimately, these
instructions must be duplicated and inherited by future generations.

Genome duplication is achieved by the coordinated action of multi-protein assemblies
known as replisomes [1, 2]. Cell viability critically relies on the ability of the replisome to
efficiently and accurately duplicate the genome, even in the hectic cellular environment where
a number of simultaneously-occurring processes compete for the DNA substrate and impede
the replisome [3-7]. Disruption of the replication process destabilizes the genome, leaving the
DNA vulnerable to mutations [8-10]. Detrimental mutations in our own cells are responsible
for many non-infectious diseases, such as cancers [9]. In pathogens, accumulation of mutations
can lead to antibiotic resistance [6]. Despite the biological relevance of replication, much
is unknown about the structure of the replisome, the replication mechanism, and how the
replisome navigates competing processes.

The essential protein constituents of the replisome are highly conserved across all domains
of life [2, 11]. Although an intact replisome has never been isolated from any organism, a
significant body of genetic and biochemical research has identified these essential proteins and
mapped the protein-protein interactions that combine them into a cohesive unit [12]. Func-
tional replisomes can even be reconstituted in vitro from individual protein subunits purified

from bacterial cells [13, 14]. Although these types of experiments have been instrumental in

'For some viruses, RNA, rather than DNA, serves as the genetic material



our understanding of replication, they hardly reproduce physiological conditions.

Until fairly recently, in vivo studies of replication have relied on ensemble methods.
However, the stochastic nature of biological processes results in a high degree of cell-to-cell
variation. Because of this heterogeneity, ensemble-averaged measurements mask the true
molecular-scale dynamics. For example, emerging evidence suggests that the speed of an
individual replisome varies significantly and stochastically during replication [15]. This
dynamic is not detectable by ensemble methods where the signal is inherently the average
replication speed and the contributions of individual replisomes are inseparable.

Recent developments in fluorescence microscopy provide sufficiently sensitive methods
to study biological processes at the level of individual cells, or even individual proteins [16].
These methods facilitate in vivo work, while avoiding the pitfalls of ensemble methods. The
two works presented in the subsequent chapters of this thesis [7, 17] rely on quantitative
fluorescence microscopy to visualize the sub-cellular localization and dynamics of replication

proteins in individual living cells as they duplicate the genome.
1.1 An Overview

The remainder of this chapter briefly introduces the tools used to study the replisome. In
short, I will discuss the essential biology of two bacterial model organisms, Bacillus subtilis
and FEscherichia coli. Following an introduction to the relevant biological concepts, I will
explain the significance of the problems investigated by the two published works [7, 17]
comprising the subsequent chapters of this thesis. A short description of the imaging-based
experimental techniques used in these studies concludes the chapter.

The first problem addressed by this thesis is sufficiently controversial to warrant a
full-chapter of introduction (Chapter 2). The question is simple: Is it the DNA or the
replisome that moves during replication? The answer is highly debated. Chapter 2 reviews
the conflicting reports, and speculates about why the data have been so difficult to interpret.
Briefly, previous studies have relied on the localization of the replisome on snap-shot images.

Without knowledge of how the replisome positioning changes in time, the interpretation of



these images is unclear. My own work on this topic (Chapter 3), which was the first to
visualize replisome positioning in time-lapse over complete cell cycles, strongly suggests that
the DNA is pulled through a stationary replisome.

Chapter 4 argues against the common assumption that replication is a continuous process
despite known obstacles. These obstacles include damage (double or single stranded breaks),
DNA binding proteins, and concurrent cellular processes that also require DNA as a substrate.
We find that the replisome disassembles multiple times per cell cycle. Furthermore, this
instability is transcription-induced. Inhibition of transcription restores the stability of the

replisome.
1.2 Bacterial model organisms

Experiments in this thesis were conducted in two bacterial model organisms: Bacillus subtilis
and Fscherichia coli. Due to the short doubling time, ease of genetic manipulations, and
relatively simple chromosome structure, it is in these organisms that replication is currently
best understood. Because replisome proteins are highly conserved [2, 11], the basic principles of
replication uncovered in bacterial cells potentially have broad applicability to other organisms,
including humans.

Both B. subtilis and E. coli are rod shaped bacteria, roughly two micrometers long and
one micrometer in diameter. A multi-layered cell envelope encloses each bacterium, defining
the cell boundary. The innermost layer of the cell envelope, the plasma membrane, surrounds
the cytoplasm and mediates the exchange of molecules with environment. The cytoplasm
itself is densely crowded, mainly with proteins that function to implement cellular processes.
Bacterial cells lack the membrane-bound nucleus found in their eukaryotic counterparts,
however, the chromosomal DNA localizes to a dense nucleoid region at the center of the
cell (Fig. 1.1). Although the DNA is embedded directly in the cytoplasm, most proteins are
unable to infiltrate the nucleoid region, and protein-DNA interactions usually occur at the
cytoplasm-nucleoid interface [18].

Cellular reproduction occurs by binary fission. Exponentially growing cells elongate



according to

L = Loexp (t/tg), (1.1)

where Lg is the length of the cell at birth, ¢ is the cell age, and ty is a constant that
characterizes the growth rate. During steady-state growth, cell division occurs when the

length has doubled after a time tp given by:

Provided appropriate growth conditions, B. subtilis and E. coli cells are able to double in as
little as 20 min. During this time, cells must double their biomass, replicate the chromosome,
and separate the two copies into opposite cell halves prior to septum formation. A more

detailed description of these processes follows in the next sections.
1.3 Central dogma

The central dogma of microbiology describes the flow of information during gene expression.
In short, the genetic information from a specific DNA sequence is transcribed into an RNA
message, and finally translated to build proteins [19]. Importantly, while some genes required
for cellular maintenance are constitutively expressed, most genes are expressed conditionally.
Regulation of a particular gene product may occur at any stage during the expression process.

The subsequent sections describe each stage of gene expression in detail.

1.53.1 DNA

Nucleotides are the building blocks of DNA. Each nucleotide consists of a sugar, a phosphate,
and one of four bases (adenine (A), thymine (T), cytosine (C), or guanine (G)). The sugar and
phosphate groups form a structural backbone to support the bases. Bases pair specifically, A
with T, and C with G. Double-stranded DNA is formed through hydrogen bonds between
the bases of two complementary nucleotide chains. DNA strands are inherently polar. An

exposed phosphate group defines the the 5" end while the 3’ end has only a hydroxyl group.



Figure 1.1: The crowded cellular environment. View of a small section of a E. cols
cell. The cell envelope is shown in green. The dense nucleoid is shown in yellow. Many
DNA-binding proteins coat the DNA. The remaining cytoplasmic space (blues and purples)
is filled mainly with ribosomes and proteins proteins. In particular, the ribosomes (purple)
can be seen translating mRNA (white strands) to build the necessary proteins for cellular

functions. Illustration by David S. Goodsell, the Scripps Research Institute.



The strands in duplex DNA have opposite polarity. In the current context, polarity will be

most important for orienting the DNA.

1.3.2  Transcription to RNA

Gene expression begins with transcription, the process of converting a particular DNA segment
into RNA. For genes encoding proteins, messenger RNA (mRNA) will temporarily store
a portable version of the DNA instructions for use in protein synthesis. RNA, like DNA,
encodes information as a sequence of bases (although RNA is single-stranded). However, T is

replaced with uracil (U) in the context of RNA.

RNA polymerase (RNAP) generates transcripts by reading one strand of the DNA duplex
(the template strand) and synthesizing a complementary RNA strand. Polymerization by
RNAP occurs exclusively in the 5-3" direction. Highly expressed genes may be transcribed by
several RNAP’s in tandem, thereby increasing the RNA output. One such highly-transcribed
region of the genome is the ribosomal DNA (rDNA). Transcripts generated from the rDNA
(rRNA) are the main constituent of ribosomes?, molecular machines that synthesize proteins,

and one of the most numerous structures in the cell.

1.3.8 Translation to Proteins

For genes encoding proteins, the final step in expression is translation. Ribosomes construct
proteins by assembling chains of amino acids as specified by the mRNA sequence. The mRNA
is translated three nucleotides at a time, each triplet specifying a specific amino acid. Specific
stop and start condons control which segments of the mRNA should be translated to form a

protein product.

2Unlike messenger RNA, rRNA is not translated to form a protein product, but rather integrated directly
into the structure of the ribosome.



1.4 DNA replication

Most bacteria have a single circular chromosome that is replicated bi-directionally from a
unique origin sequence (oriC'). Two replisomes initiate at the origin and work in opposite
directions, each duplicating one arm of the chromosome before disassembling at the terminus
(ter). This is shown schematically in Fig. 1.2. The B. subtilis and E. coli chromosomes are
roughly 4.2 and 4.6 Mbp in length, respectively [20, 21]. Chromosome duplication has been

3 in vivo [22], suggesting that the replisome is

reported to complete in as little as 40 min
able to synthesize at least 1,000 bp/s. The replisome itself requires at least 11-13 distinct
subunits to function, although the exact protein composition varies slightly between the
two organisms [14, 23-25]. A selected list of these proteins and their functions are given in

Table 1.1 (E. coli) and Table 1.2 (B. subtilis).

1.4.1 Structure of a replication fork

At the front of each replisome, a homohexameric helicase encircles one strand of the DNA
duplex, serving to unwind and separate the template DNA ahead of the replisome [26, 27].
This results in a Y-shaped structure known as a replication fork (Fig. 1.3A and B). Separated
template strands are quickly coated with single-stranded binding protein (SSB) to prevent
re-formation of the DNA duplex and protect from damaging nucleolytic assaults [28]. The
complementary strands to each of the separated templates are then synthesized simultaneously
by the action of DNA polymerase.

Notably, DNA synthesis occurs only in the 5’-3’ direction [19]. Due to the anti-parallel
nature of the template DNA, only one of the templates (leading strand) may be replicated in
the direction of replisome progression, while the other (lagging strand) must be replicated in

reverse (Fig. 1.3B). Lagging-strand synthesis is discontinuous [29], with replication occurring

31 noted earlier that cells are able to double in as little as 20 minutes. This is possible because cells may
initiate additional rounds of replication shortly after the origins have been copied. Cells are then born
with partially duplicated chromosomes such that replication is able to keep up with division. To avoid
the complication of multiple ongoing rounds of replication, the work here was done under slow growth
conditions.



Component Protein Composition Function
Helicase DnaB (6) Separate DNA
Primase DnaG (1) RNA primer synthesis
DnakE (1) DNA syntehsis
Primary Polymerase DnaQ (1) Proofreading exonuclease
HolE (1) Unknown
DnaX (3) Close -clamp
HolA (1) Open B-clamp
Clamp loader HolB (1) Structural element
HolC (1) Polymerase cycling
HolD (1) Structural element
B-clamp DnaN (2) Processivity clamp
Single-strand binding protein SSB (4) Protect ssDNA

Table 1.1: E. coli replisome components. Table lists core replisome components, and
their constituent proteins. The number in parenthesis is the per-complex stoichiometry. For

example, the helicase is composed of six identical DnaB proteins.



Component Protein Composition Function

Helicase DnaC (6) Separate DNA
Primase DnaG (1) RNA primer synthesis
Primary polymerase PolC (1) DNA synthesis,
proofreading exonuclease

Accessory polymerase DnakE (1) DNA synthesis

DnaX (3) Close -clamp
Clamp loader HolA (1) Open B-clamp

HolB (1) Structural element
B-clamp DnaN (2) Processivity clamp
Single-strand binding protein SSB (4) Protect ssDNA

Table 1.2: B. subtilis replisome components. Table lists core replisome components, and
their constituent proteins. The number in parenthesis is the per-complex stoichiometry. For
example, the helicase is composed of six identical DnaC proteins. Unlike E. coli, B. subtilis
encodes distinct lagging- and leading-strand polymerases. The lagging-strand polymerase

(DnaE) lacks proofreading capability and likely functions to begin Okazaki fragment replication

before PolC takes over.
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Figure 1.2: Bi-directional replication of a circular chromosome shown schemati-
cally. Two replisomes (blue dots) are assembled at the origin (oriC, vertical line) and proceed
to duplicate the chromosome bi-directionally towards the terminus. (ter, cross). Red arrows

indicate the direction of replication.

in short 1-2 kb segments [13], called Okazaki fragments. Replication of each segment is
initiated with syntheses of an RNA primer (by primase, which associates transiently with the
fork [30]), which is extended by DNA polymerase. Gaps between Okazaki fragments are later
sealed by ligase [27].

In E. coli the leading- and lagging-strands are replicated by identical polymerases, which
are composed of three protein subunits (a catalytic subunit, a proofreading exonuclease, and
a subunit of unknown function) [27, 31]. Recent characterization of the stoichiometry of
E. coli replisome components suggests that three polymerases associate with the replication
fork [24], presumably one for leading-strand replication, and two that alternately replicate
Okazaki fragments. B. subtilis, on the other hand, has two distinct polymerases [32, 33|, each
composed of a single subunit. One, DnaE, operates exclusively on the lagging strand [33],
while the other (PolC) both replicates the leading strand, and possibly alternates with DnaFE

for lagging-strand synthesis [14, 22, 34].
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Figure 1.3: Increasingly detailed views of the replication fork. A) Partially-replicated
chromosome. Blue shading represents the replication fork, and blue dots represent the
replisomes. Newly synthesized DNA is indicated by broken lines. Green arrows show
the direction of replication. B) Schematic of a single replication fork. The helicase (red)
encircles the lagging strand template, unwinding and separating the DNA. The leading- and
lagging-strand polymerases (yellow) simultaneously replicate both strands. DNA polymerase
synthesizes 5’-3’. The leading strand may be replicated in the direction of fork progression
(green arrow), but the lagging strand is replicated discontinuously in reverse. Red line
segments represent RNA primers that initiate Okazaki fragments. C) Detailed view of the

replication fork showing major replisome components.
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Unaccompanied DNA polymerase is poorly processive [27], generally incorporating less
than 10 bp before dissociating from the DNA. However, when linked to the DNA by the
B-clamp, the polymerase is able to replicate > 50 kb during a single binding event [12]. The
B-clamp is pried open and assembled around the DNA by the clamp-loader complex [12, 26].
In addition to continually associating with the leading-strand polymerase, the B-clamp is also
loaded at the beginning of each Okazaki fragment for lagging-strand synthesis. Although the
B-clamp accumulates behind the replication fork [35, 36], it is eventually removed (likely by
the clamp-loader) and recycled [37]. An additional function of the clamp loader is coupling
of the leading- and lagging-strand templates through its interactions with the helicase and

polymerases [14, 24, 38, 39] (Fig. 1.3C).

1.4.2  What moves during replication?

One could imagine two mechanisms for chromosome replication [40]: (i) The replisomes
translocate along the DNA, like a train on a track (Track Model) or (ii) after assembly at the
origin, the replisomes remain fixed in place while the DNA is pulled through (Factory Model).
In principle, some combination of these two is also possible. Although conceptually simple,
experimentally distinguishing between these options has proven quite difficult. A few decades
worth of conflicting reports argue for both models (see Chapter 2). The Factory Model is most
consistent with the author’s own data (see Chapter 3 or Ref. [17]), and therefore assumed
to be correct for the remainder of this thesis (note that Chapter 2 attempts to justify this

assumption).
1.5 Chromosome structure

When visualizing DNA replication, it is important to remember that the chromosome is
highly condensed in cells [18, 41, 42]. If the chromosome were a stretched out circle, the way
we draw it schematically, the circumference would be over 1 mm. Cramming the chromosome
into the roughly 1 pm-diameter compartment where it resides requires a significant amount of

condensation [18]. To achieve this, the DNA is negatively super-coiled (underwound), causing
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it to twist up on itself, and bent around numerous DNA-binding proteins that function to
structure the chromosome [43-45]. This chromosome structure must be both intricately
organized and fluid as cells must not only access specific genes for expression, but also

replicate the entire chromosome and segregate the copies to opposite sides of the cells prior

to division [18, 43, 44, 46].

1.6 Replication Conflicts

Replication forks must navigate a variety of obstacles as they progress through the chromosome.
Damaged DNA, DNA-binding proteins, secondary structures in the DNA itself, and encounters
with the transcription machinery all lead to replication conflicts [47-50]. Failure to resolve
conflicts compromises genome integrity, and may reduce fitness [51, 52]. The work here
focuses on replication-transcription conflicts in particular. In bacteria, the lack of spatial and
temporal separation between the replication and transcription processes inevitably leads to

clashes between the two machineries [3, 49, 50, 53].

1.6.1 Conflict orientation

Replication-transcription conflicts occur in two orientations: (i) head-on and (ii) co-directional
[4]. The determining factor is which strand of the DNA serves as a template for transcription.
Specifically, the replicative helicase encircles the lagging strand and processes DNA in the
5’-3" direction. Meanwhile, RNAP translocates along the template DNA strand in the 3’-5’
direction. Therefore, RNA polymerases transcribing the lagging strand will encounter the
replisome head-on (see Fig. 1.4, top). On-the-other hand, RNA polymerases transcribing
the leading strand are co-oriented with the replisome (see Fig. 1.4, bottom). Importantly,
transcription progresses at only 50-100 bp/s (compared to ~1000 bp/s for replication),
therefore the replisome will inevitably overtake RNAP [49].
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Figure 1.4: Head-on and co-directional replication-transcription conflicts. Top: For
genes transcribed from the lagging strand (gray) the replisome encounters RNAP head-on.
Bottom: For genes transcribed from the leading strand (black) the replisome encounters

RNAP co-directionally.
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1.6.2 Replisome disassembly as a result of conflicts

Head-on conflicts are more detrimental to the replication process than co-directional conflicts
[50, 51, 54-62]. Replication fork stalling has been reported to occur at the sites of head-on
conflicts, although the fate of the replisome itself during these stalling events has remained
unclear [4]. However, full or partial disassembly of the replisome is suggested by (i) the
essentiality of replication restart proteins [63, 64] and (ii) the accumulation of these restart
proteins at the genomic locations of head-on conflicts [3, 5].

By chance, one might expect to find roughly equal numbers of genes encoded on the
lagging and leading strands. This is not the case; bacterial genomes are organized so as to
minimize head-on conflicts [4, 20, 65]. In particular, the highly-transcribed rDNA genes are
encoded on the leading strand in virtually all bacteria, presumably as a mechanism for head-on
conflict avoidance [66-70]. Interestingly, inversion of the rDNA (so that it will be transcribed
in the head-on orientation) results in DNA damage and reduced fitness [50, 55-57].

Although less severe, co-directional conflicts are not without consequence. A co-directional
encounter with a single RNAP may not be sufficient to disrupt the replisome [71, 72]. However,
during rapid growth as many 50-100 RNAP’s may simultaneously transcribe each rDNA
operon to support increased levels of proteins synthesis. In fact, it has recently been reported
that replication-restart proteins associate with both head-on genes and highly-transcribed
co-orientated genes such as the rDNA [3].

The work presented in Chapter 4 explicitly observes replisome disassembly and reassembly
during replication-transcription conflicts. Surprisingly, we find that these disassembly events
occur many times per cell cycle. This is in contrast with the canonical view that replication

is a continuous process.

1.7 An introduction to microscopy

Much of the work here relies on phase-contrast microscopy to visualize cell morphology, and

fluorescence microscopy to localize and track replication proteins. During microscopy, cells
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Figure 1.5: Phase-contrast image of B. subtilis cells. Phase-contrast is a technique for
increasing contrast when observing a weakly absorbing specimen such as bacterial cells. Cells

appear dark against a light background.

are mounted on a transparent gel made from growth medium that is supported by a glass
slide. These conditions are sufficient to maintain exponential growth for several generations.
By combining the methods described in the subsequent sections, we are able visualize the

replication process in individual living cells as they elongate and divide.

1.7.1 Phase contrast microscopy

Because of their small size, bacterial cells are nearly transparent to incident light, and are
therefore poorly visible against the background using basic light microscopy. Phase-contrast
microscopy is a technique for enhancing contrast, first described in the 1930’s by Dutch
physicist Frits Zernike, who later won the Nobel prize for his invention [73]. Briefly, optical
manipulations ensure that the small amount of light scattered by the sample is out of phase
with undeviated light (in the image plane), causing cells to appear dark against a light
background (Fig. 1.5). Although this technique is instrumental in locating cell boundaries,

information about the cellular interior is unresolvable.
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Figure 1.6: Example excitation and emission spectrum. A commonly used fluorophore,
enhanced green fluorescent protein, is efficiently excited with a 488 nm laser line. The emitted
light (spectrum shown in green) is separable from the excitation laser light due to its longer

wavelength.

1.7.2  Fluorescence microscopy

Fluorescence microscopy is used to view and track specific molecules within a cell. In concept,
the target molecule is conjugated to a fluorophore, a compound that absorbs and quickly
re-emits light. The position of the target molecule is detected based on the emitted light
from the fluorophore. Importantly, fluorophores re-radiate at a longer wavelength than they
absorb, allowing the emitted light to be separated from the excitation light by selective filters
(Fig. 1.6). Photodamage or chemical reactions with environmental molecules will eventually
cause structural changes to the fluorophore that induce a permanent dark state. At this
point, the fluorophore is said to have become photobleached and can no longer be tracked.
Although generally undesirable, the work in Chapter 4 uses this effect to count the number

of proteins in a complex.
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1.7.8  Fluorescent fusions

Some fluorophores (fluorescent proteins) may be built from amino acids, and therefore
manufactured by bacterial cells, provided the appropriate DNA instructions. The gene
for the first fluorescent protein (green fluorescent protein, or GFP) was isolated from a
bioluminescent jellyfish, Aequorea victoria [74]. GFP derivatives have since been expressed in
many organisms, including bacterial cells.

Simply producing fluorescent protein isn’t sufficient for many applications, in fact, it is
often desirable to produce a genetic fusion between the target and fluorescent protein. In
short, the gene encoding the fluorescent protein is introduced adjacent to (or occasionally
in the middle of) the gene encoding the target proteins. Any intermediary translational
stop condons are removed, so that expression of the modified gene will produce a fusion
protein. The target protein (hopefully) retains its functionality but can be tracked using
the fluorescent label. A variety of spectrally-separable fluorescent proteins are now available
making it possible simultaneously image several target proteins [75]. The work here uses

genetically encoded fusions as the main labeling strategy.

1.7.4  Diffusion

Fluorescence from bound protein appears structured, whereas fluorescence from cytoplasmic
protein appear diffuse. The mechanism for this is as follows. Dynamics in the cytoplasm are
governed by thermal forces, resulting in diffusive motion of the constituent proteins. The

diffusion coefficient (D) for a spherical particle is given by the Stokes-Einstein relation,

kT
67y

(1.3)

and depends on the temperature (7'), radius of the particle (1), and the viscosity of the
surrounding medium (7). Boltzman’s constant is indicated by k. An estimate of the diffusion
constant for a standard globular protein in water is roughly 100 pm?/s [76]. By dimensional

analysis, the characteristic time (t) for a particle to travel a distance d is roughly:

t~d*/D (1.4)
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Taking the length of a typical bacterial cell as 2 pm, the typical time for a protein to diffuse
across the cell is approximately 40 ms. Typical exposure times for this work were in the
300-600 ms range, more than enough for the fluorescence due to cytoplasmic protein to blur
across the image.

In the context of this thesis, labeled replisome proteins that are bound to the DNA as
part of an active replication complex appear as foci. However, in the event of replisome
disassembly (either at termination or because of a conflict), the focus becomes diffuse. As a
side note, the cell produces many more copies of each replication protein than are included in
active replisomes at any given time. These delocalized proteins (an estimated 80-1300 copies,
depending on the protein [24]) diffuse around the cytoplasm, contributing to the background

fluorescence.

1.7.5 Diffraction limit

Although the sub-cellular locations of proteins may be visualized using fluorescence microscopy,
the physical properties of light fundamentally limit the achievable spatial resolution. Briefly,
light imaged through an aperture (such as an objective lens) is spread out due to diffraction
[77]. The point spread function (PSF) is defined as the diffraction pattern produced by a
point source when observed through an imaging system. The idealized PSF for a circular
aperture is an Airy disk, which is well approximated by a Gaussian. Closely-spaced point
sources in the sample plane will produce overlapping PSFs in the image plane, at some point
causing the two sources to appear as a single emitter. The diffraction limit describes the
minimum separation between two point sources such they can still be resolved in the image
plane. For a typical setup, this distance is roughly 250 nm. Although many techniques
for surpassing the diffraction limit have been reported [78], one cannot expect to resolve
structural details below this length scale using basic fluorescence microscopy.

The size of a replication protein is on the order of a few nanometers. Fluorescently-
labeled subunits within a single replisome will be diffraction limited and appear as a single

focus. Interestingly, we find in Chapter 3 that the separation of replisome pairs is below the
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diffraction limit during the majority of the replication cycle. Therefore, when visualizing

replication proteins, a single diffraction-limited focus generally represents two replisomes.
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Chapter 2

THE BACTERIAL REPLISOME HAS FACTORY-LIKE
LOCALIZATION

2.1 Abstract

DNA replication is essential to cellular proliferation. The cellular-scale organization of the
replication machinery (replisome) and the replicating chromosome has remained controversial.
Two competing models describe the replication process: In the track model, the replisomes
translocate along the DNA like a train on a track. Alternately, in the factory model, the
replisomes form a stationary complex through which the DNA is pulled. We summarize
the evidence for each model and discuss number of confounding aspects that complicate
interpretation of the data. We advocate a factory-like model for bacterial replication where
the replisomes form a relatively stationary and weakly-associated complex that can transiently

separate.

2.2 Introduction

The essential process of DNA replication underlies cellular proliferation. In all organisms,
multi-protein replication complexes assemble at specific DNA sequences (origins) and proceed
to replicate the genome by a semi-conservative process [79]. Although functional replication
complexes have been reconstituted in vitro from purified bacterial proteins [13, 14], many
interesting questions remain about the replication process and its regulation in the context of
the cell [17]. In particular, the in vivo cellular-scale organization of the replication machinery
(replisome) and the replicating chromosome has remained controversial in bacteria. Do
replisomes translocate along the DNA molecule, or is the DNA molecule pulled through the

replisomes? We refer to the first model as a track model, and the latter as a factory model.
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Figure 2.1: Eukaryotic and Bacterial replication factories. A) A Eukaryotic replication
factory (gray) resulting from simultaneous activation of 5 origin sequences (black dots).
Replication complexes (blue) assemble and disassemble, but no spatial migration is observed.
Red arrows indicate the direction DNA is pulled into the complex. Adapted from Ref. [80].
B) A bacterial replisome factory would involve only two replication complexes working bi-
directionally from from a single origin. Red arrows indicate the direction DNA is pulled into

the complex.

Cell-biology experiments have provided evidence for both models in the bacterial cell.

The factory model was first established in eukaryotic cells [81], where DNA synthesis
is localized to a number of puncta, called replication factories, distributed throughout the
nucleus [80, 82]. The number of puncta is much smaller than the number of origins, implying
that many replisomes co-localize to each factory. Each replication factory consists of roughly
five clustered and synchronously-activated origins [83, 84| (Fig. 2.1). Early evidence for

replication factories included the visualization of punctate foci formed by the co-localization
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of newly synthesized DNA with replication proteins by immunofluorescence [85]. More recent
imaging studies have demonstrated the spatiotemporal stability of replication factories in
living cells based on the sub-nuclear positioning of a fluorescent fusion of the processivity
clamp (PCNA), and have hypothesized the existence of a physical linker anchoring the factory
in the nucleus [86]. However, the analysis of replication in eukaryotic cells is confounded by
the large number of replication origins distributed throughout the genome, making it difficult

to study the dynamics of individual replisomes.

Bacterial DNA replication is comparatively simple: Most bacteria possess only a single
circular chromosome that is replicated bi-directionally from a single origin of replication. Two
replisomes initiate at the origin and process DNA in opposite directions, each replicating one
arm of the chromosome before meeting in the terminus region. Because replication proteins
are highly conserved across all organisms [11], sequence conservation might be expected to
result in a common organization of the replication process between bacteria and eukaryotes.

However, it has remained unclear whether factory-like organization is conserved in bacteria.

Although published evidence generally supports the factory model in the model organisms
Caulobacter crescentus [87] and Bacillus subtilis [7, 40, 88, 89], a number of recent reports
suggest prolonged separation of replication fork pairs Escherichia coli [90-93]. We have
recently published a comparative study of the organization of replication process in both
E. coli and B. subtilis [17] where we observed unexpected similarities between the organization
in these two highly-divergent species [7]. The study, which used fluorescence microscopy to
track replisome components over complete cell cycles, provided a natural explanation for
the contradictory reports: There are two different stages of the cell cycle that can result in
two optically-resolvable replication foci: (i) track-like organization consisting of individually
resolvable replisomes (ii) factory-like organization consisting unresolved replisome pairs at
the quarter cell position after replication re-initiation. As a result, analysis dependent
on counting the number of observed replication foci using single images cannot distinguish
between these two populations and therefore is not a reliable method for determining replisome

organization [7].
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2.3 Models for the organization of replication

To discuss the evidence for the competing models, it is necessary to describe these models
precisely. In all models, replisome pairs are coincident during and shortly after initiation.
Subsequently, in the track model, the replisomes translocate in opposite directions along
a (relatively) stationary DNA track, leading to sustained separation of replisome pairs as
they follow chromosomal structure (Fig. 2.2). Since the replisomes translocate along the
chromosome, the specific replisome localization predicted by the track model is dependent on
nucleoid structure. For example, in C. crescentus the chromosome is organized such that
oriC and ter are positioned at opposite cell poles [87] (see Fig. 2.2B), therefore the track
model would predict end-to-end displacement of the replisomes along the DNA molecule.
Due to the circular topology of the chromosome, replisome pairs may co-localize again at the
terminus, but this is not necessary. If one member of a replisome pair arrives in the terminus
region earlier, it may release the template DNA before other arrives.

In the factory model, DNA is pulled or spooled through the replication complex. From a
mechanistic perspective, this model may include a factor that anchors the replisomes to the
cell, or to one another, but it may not. Generically speaking, the sub-cellular localization of
the replisomes may change, as long as the movement is driven by chromosomal re-arangements
rather than motion of the replisomes along the DNA. One attractive feature of the factory
model is that it may facilitate the process of chromosome segregation. For instance, an
anchoring mechanism could prevent the newly replicated DNA from becoming concatenated.
Furthermore, extrusion of the newly replicated DNA towards opposite poles of the cell could

preventing mixing, further facilitating segregation [94, 95].

2.4 The visualization of replisome dynamics

The most direct approach to characterizing the cellular organization of the replication process
is by time-lapse imaging throughout the cell cycle. We have characterized the full-cell-cycle
dynamics of the replisome in both B. subtilis and E. coli cells [7]. The first challenge in these
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Figure 2.2: The factory and track models. A) Schematic diagrams for the factory and
track models. Most bacteria have a single circular chromosome (left), with a single origin
(red dot), positioned roughly opposite the terminus (green dot). The left and right arms of
the chromosome are colored pink and green, respectively. In the factory model (center), DNA
is pulled through the replisomes (black dots) in the direction indicated by the red arrows. In
the track model (right), replisomes translocate along the template DNA. Red arrows indicate
the direction of replisome motion. B) The factory model is shown for the chromosomal
organizations of three model organisms. Decondensed DNA is represented by lines. Note

that the E. coli chromosomal structure reflects experimental observations in Ref. [96].
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experiments is finding a replisome-associated protein with sufficiently high stoichiometry
to observe throughout the cell cycle. In both organisms we imaged a fluorescent fusion to
the processivity clamp (DnaN), expressed from the endogenous locus, as a proxy for the
replisome localization. These fusions do not lead to a detectable defect in replication or growth.
Furthermore, cells were propagated using a slow growth rate to avoid the complications of
multi-fork replication.

Contrary to previous reports, F. coli and B. subtilis showed virtually indistinguishable
replisome dynamics, summarized as follows: (i) A single midcell focus appears shortly before
or after the beginning of the cell cycle. Cells born with a focus initiated replication before
the beginning of the cell cycle. We infer that this single focus represents a pair of replisomes
that cannot be optically resolved. (ii) The mid-cell focus subsequently exhibits confined
random motion (as observed previously [97]), and is occasionally observed to reversibly
separate such that individual replisomes are optically resolvable. Importantly, the focus
separation is both small (a fifth of a cell length on average) and transient. (iii) The midcell
focus disappears before the end of the cell cycle. We infer that this replisome disassembly
corresponds to the termination of replication. (iv) In roughly 45% of cells, foci re-appear
at the quarter-cell positions. We infer that these quarter-cell foci result from re-initiation
of replication prior to cell division as they persist through cell division and are unable to
form in an initiation-deficient conditional mutant. Therefore these observed quarter-cell loci
represent replisome pairs. In agreement with one of the oldest studies of replisome localization
in B. subtilis [40], we find that replisome pair separation is diffraction-limited roughly 80% of
the time [7] (See Fig. 2.3).

Throughout the majority of the replication cycle, a factory-like organization is observed
in both B. subtilis and E. coli. Consistent with the factory model, replisome pairs operate
in close proximity for the majority (=~ 80%) of the replication cycle. Although the two
replisomes are usually not optically resolvable, they do not appear to be strongly associated
since transient separation events do occur. Although these transient separation events could

be consistent with the track model, this is unlikely the case because (i) this behavior is not
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Figure 2.3: Replisome dynamics in B. subtilis and E. coli based on snapshot
imaging. Schematic diagram showing full replication cycles in three individual example cells.
Green spots represent diffraction-limited replisome foci, while black dots indicate the inferred

number of constituent replisomes. Gray vertical lines indicate mid- and quarter-cell positions
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representative of the replication process as a whole and (ii) these separation events have been
previously reported in B. subtilis [89, 97] and are replication independent [89]. The structural
and functional significance of these transient separations is unclear.

Even the time-lapse approach to studying replisome organization suffers from a number
of potential shortcomings: Time-lapse imaging is especially challenging in the current context
due to the low stoichiometry of many replisome components [24] which severely limits the
number of images that can be captured before protein bleaching. We have therefore focused on
characterizing DnaN as a proxy for the localization, rather than characterizing each replisome
protein in time-lapse image analysis. Snap-shot images of other components are consistent
with our model, but the replisome has only been extensively visualized one component at a
time. Studies generally find self-consistency when using different markers for the replisome,
however, from existing data it is hard to exclude the possibility that replisome components
may not be co-localized throughout the replication process. Finally, fluorescent proteins are

known to form aggregates which could lead to anomalous protein localization [98, 99].
2.5 The interpretation of snap-shot images

Although the time-lapse data from DnaN seems to strongly support a stationary factory model,
there are reports supporting both the factory and track models in E. coli [7, 90-93, 100-103].
Many of these investigations have analyzed the organization of the replisome or the newly
replicated DNA (by fluorescence microscopy) using snap-shot imaging (i.e. single images). To
reconstruct replisome dynamics from the snap-shot data, asynchronous populations of cells
are analyzed by length, a proxy for cell age. Alternatively, a sub-culture of a synchronous
population can be fixed and visualized at many time points throughout the cell cycle [90].
Changes in the sub-cellular focus localization organization are analyzed relative to cell length.
In sufficiently slow growth conditions such that only a single ongoing round of replication is
expected, younger cells have a single focus while older cells often have pairs of foci localized
to the quarter-cell positions. Two narrowly separated foci are also reported to occur in

intermediate aged cells. In retrospect, it is clear that these data are consistent with both
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the factory and track model since this approach cannot differentiate replisome splitting from
re-initiation, as observed in the time-lapse data.

Snap-shot imaging studies have another shortcoming: Populations of genetically identical
cells have a wide distribution of cell cycle lengths, even under the same growth conditions
[104]. Furthermore, there is significant variation in cell length at birth and division. As a
result, it is impossible to use the cell length as a precise measure of cell age [105], further
complicating the snap shot analysis. Although it is more challenging to interpret, we have
demonstrated that the factory-like localization pattern can be inferred directly from snap-shot
data [7], providing additional support to the factory model from protein foci that are too

dim to track throughout the cell cycle.
2.6 A translocating factory model?

A number of more complicated models have been proposed for replisome localization. For
instance, in the translocating factory model, replisome pairs are localized to midcell for roughly
half the replication cycle, before abruptly transitioning to the quarter-cell positions where
they remain for the rest of the cell cycle [92, 106-108]. We note that studies citing results
consistent with the translocating factory model argue that quarter-cell foci represent single
replication forks, however our time-lapse imaging and experiments using the dnaC2 allele

strongly argue that these foci correspond to re-initiated pairs of replisomes [7].
2.7 Coupling or anchoring of the replisomes?

The observed transient separation of replisome pairs suggests that the forks are only weakly
associated. If an anchor between replication fork pairs existed, it would need to frequently
disassemble, or be of sufficient length to accommodate significant separations. Although it
has not been excluded that the replisomes are linked (to each other or the cell), emerging
evidence suggests that no functional dependency between the replisomes exists [91, 109]. In
B. subtilis and E. coli there is no evidence excluding the possibility that the replisomes are

anchored within the cell. However, in C. crescentus, this is clearly not the case since the
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location of the replication factory moves during the cell cycle [87].

2.8 Chromosome structure and the factory model

Recent studies of chromosome structure and dynamics also have important implications for
the organization of the replication process. We recently analyzed the cell-cycle of dynamics
loci from different regions of the E. coli chromosome [96]. The factory model makes two
closely-related predictions about the locus dynamics: (i) loci should move towards midcell
(replisome) before replication and (ii) loci should begin segregation from midcell (replisome).
In the track model, loci are stationary and then segregate from their pre-replication positions.
Both factory-model predictions (i) and (ii) are strongly supported by a statistical analysis of
locus trajectories from hundreds of cells. On-the-other-hand, the predicted locus translocation
is not obvious from the inspection of a single cell due to fluctuations in the nucleoid structure
[96]. Under rapid growth conditions, the structure of the newly replicated nucleoids also is

consistent with a centrally located factory complex [110].

Recent work on the mechanism of chromosome structure and segregation in B. subtilis
is also difficult to reconcile with the track model. It has been proposed that ring-shaped
assemblies of SMC are loaded at the origin and slide down the left and right arms of the
chromosome to ter, drawing the arms together [111]. After replication initiation, this model
would act to pull the replisomes together as a consequence of the close proximity between
chromosome arms. Since this mechanism of colocalizing the replisome is indirect, it could

give rise to the weak association observed in experiments visualizing the replisome.

Although C. crescentus replication is also factory-like, the replisome dynamics are altered
due to differences in nucleoid structure. Particularly, the origin of replication is proximal
to the pole, rather than mid-cell, at the start of replication [87]. The replication factory is
displaced towards mid-cell during replication, consistent with the motion being driven by the

buildup of newly-replicated DNA at the origin-proximal pole.
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2.9 Concluding Remarks

Although analysis of the replisome dynamics is complicated by differences in the chromosome
structure between organisms, almost all observations appear to be consistent with DNA loci
moving to, and splitting from, a pair of co-localized replisomes, as described by the replication
factory model. Although replisome pairs are typically co-localized to the diffraction limit
(250 nm), they appear to be weakly associated since they can transiently separate. We
propose that the conflicting reports on the structure are the result of the misinterpretation of
pairs of replisomes that re-initiate at the quarter cell position. The inconsistencies between
reports speaks to the generic importance of both performing time-lapse imaging and the
analysis of a large number of cells over complete cell cycles.

Although much has been learned about in vivo replisome structure, many important
questions remain. For instance, it is unclear whether there is any direct interaction between
replisomes when they appear co-localized to the diffraction limit. Super-resolution imaging
could provide interesting insights into this question. Furthermore, although it has long been
assumed that core replisome components remain stably-bound and co-localized throughout
the replication process, this model is being challenged experimentally [17, 34, 112, 113]. There
is great potential for future work to offer new and fundamental insights into the replication

process in the bacterial cell.
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Chapter 3

THE REPLISOMES REMAIN SPATIALLY PROXIMAL
THROUGHOUT THE CELL CYCLE IN BACTERIA

This chapter is a reproduction of Ref. [7]

3.1 Abstract

The positioning of the DNA replication machinery (replisome) has been the subject of several
studies. Two conflicting models for replisome localization have been proposed: In the Factory
Model, sister replisomes remain spatially co-localized as the replicating DNA is translocated
through a stationary replication factory. In the Track Model, sister replisomes translocate
independently along a stationary DNA track and the replisomes are spatially separated for
the majority of the cell cycle. Here, we used time-lapse imaging to observe and quantify the
position of fluorescently labeled processivity-clamp (DnaN) complexes throughout the cell
cycle in two highly-divergent bacterial model organisms: Bacillus subtilis and Escherichia
coli. Because DnaN is a core component of the replication machinery, its localization patterns
should be an appropriate proxy for replisome positioning in general. We present automated
statistical analysis of DnaN positioning in large populations, which is essential due to the high
degree of cell-to-cell variation. We find that both bacteria show remarkably similar DnaN
positioning, where any potential separation of the two replication forks remains below the
diffraction limit throughout the majority of the replication cycle. Additionally, the localization
pattern of several other core replisome components is consistent with that of DnaN. These
data altogether indicate that the two replication forks remain spatially co-localized and
mostly function in close proximity throughout the replication cycle. The conservation of the

observed localization patterns in these highly divergent species suggests that the subcellular
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positioning of the replisome is a functionally critical feature of DNA replication.
3.2 Author Summary

Cell proliferation depends on efficient replication of the genome. Bacteria typically have
a single origin of replication on a circular chromosome. After replication initiation, two
replisomes assemble at the origin and each copy one of the two arms of the chromosome
until they reach the terminus. There have been conflicting reports about the subcellular
positioning and putative co-localization of the two replication forks during this process. It
has remained controversial whether the two replisomes remain relatively close to each other
with the DNA being pulled through, or separate as they translocate along the DNA like a
track. Existing studies have relied heavily on snapshot images and these experiments cannot
unambiguously distinguish between these two models: i.e. two resolvable forks versus two
pairs of co-localized forks. The ability of replication to re-initiate before cell division in
bacterial cells further complicates the interpretation of these types of imaging studies. In
this paper, we use a combination of snapshot imaging, time-lapse imaging, and quantitative
analysis to measure the fraction of time forks are co-localized during each cell cycle. We
find that the forks are co-localized for the majority (80%) of the replication cycle in two
highly-divergent model organisms: B. subtilis and E. coli. Our observations are consistent
with proximal localization of the two forks, but also some transient separations of sister forks
during replication. The conserved behavior of sub-cellular positioning of the replisomes in

these two highly divergent species implies a potential functional relevance of this feature.
3.3 Introduction

Rapid and faithful replication of the chromosome is essential for the proliferation of all living
cells. Many bacteria possess a single circular chromosome. Replication is initiated at a single
origin and two multicomponent protein complexes (replisomes) replicate bidirectionally around
the chromosome, meeting at the terminus. Previous investigations of replisome localization

have advocated two distinct models: In the Factory Model, the replication machineries at
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sister forks remain relatively stationary and spatially proximal forming a factory through
which the replicating DNA is pulled [40, 87, 88, 96, 102, 103]. Alternatively, in the Track
Model, the replication machineries translocate along a stationary DNA track, resulting in
significant separations of the forks as replication progresses to sequences genomically distal
from the origin of replication (oriC'), but re-localize as the forks converge at the terminus
(90, 91].

Although previous fluorescence microscopy studies have already reported on replisome
localization, a significant weakness of these studies is that the statistical analysis relied heavily
on still images (snapshot data). As we will describe in this paper, without direct knowledge
of the replication dynamics, it is difficult to differentiate between two pairs of co-localized
replisomes that form as the result of re-initiation of replication and spatially-separated sister
replisomes. In fact, both structures are observed in both FE. coli and B. subtilis. Furthermore,
the lengths of the replication and division cycles are highly variable in individual cells [104],
creating the need for large-scale automated analysis which produces consistent results between
time-lapse and snapshot data.

Our method of analysis is based on the localization of the beta-clamp (DnaN) in both
E. coli and B. subtilis. DnaN is a particularly informative proxy for the replisome complex
because it is localized to the replisome [114] at sufficiently high copy-number that its position
can be observed clearly throughout the cell cycle without significant photobleaching of the
fluorescent label. Using time-lapse data, we tracked the progress of the replisome in individual
cells over multiple cell cycles. Under slow growth conditions, the initiation and termination
of replication can be observed explicitly by the assembly and disassembly of the DnaN foci.

Analysis of the time-lapse data reveals a significant confounding feature in the analysis of
snapshot images. For most of the cycle, sister replication forks maintain a sufficiently small
separation such that the two foci cannot be resolved, but two sister forks are transiently
resolvable in some cells, consistent with previous reports [89, 97]. Irrespective of whether
forks are co-localized or spatially resolved, they typically remain localized around midcell.

This story is complicated by the phenomenon of re-initiation of replication before the end of
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the cell cycle [103]. Even under slow growth conditions, re-initiation pre-division is observed
in some cells. This uncoupling between the replication and division cycles leads to the
appearance of DnaN foci localized to the quarter-cell positions. Although this phenomenon is
clearly observable in the time-lapse analysis, these foci can easily be misinterpreted as sister
replication forks in snapshot analysis. However, careful statistical analysis of the snap-shot
data clearly resolves two distinct subpopulations (resolved-sisters and colocolized replisome
pairs). Our analysis of snapshot images produces results consistent with the replisome
dynamics observed in time-lapse imaging, and can be applied to lower stoichiometry replisome
components, for which we find similar results. Therefore the analysis of both time-lapse and
snapshot images supports a model for replisome positioning in E. coli and B. subtilis where
the sister replisomes localize with diffraction-limited separation for the majority of the cell

cycle.

3.4 Results

3.4.1 Time-lapse imaging of the replisome reveals proximal positioning

Replisome positioning was observed using time-lapse fluorescence microscopy by imaging
fluorescent fusions to DnaN in both E. coli and B. subtilis. Cells were elongating exponentially
with a doubling time of roughly 3 hours (Fig. 3.1), and multiple complete cell cycles were
tracked under these relatively slow growth conditions. It is widely accepted that the DnaN
focus is localized to the replisome [114] and a good proxy for replication since: the beta-clamp
is essential for replication, the focus is observed with midcell positioning (consistent with
other replisome components), and the timing of assembly and disassembly is consistent with
the known duration of replication.

A qualitative summary of the observed dynamics (see Fig. 3.2A) is as follows: In the
absence of replication, there is no DnaN focus whereas actively replicating cells generally
have between zero and four DnaN foci. DnaN foci tend to be localized either to midcell or

the quarter-cell positions, as has been reported previously [114, 115] and is consistent with
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the localization of other replisome components. There is typically no focus or one focus at
the midcell position. The typical temporal history of the position of a DnaN focus under slow
growth conditions is concisely summarized by the kymograph in Panel B of Fig. 3.2: A focus
appears. The position of the focus executes confined random motion. In some cells, the focus
fissions into two dim foci which then fuse to re-form a single focus (of the initial intensity).
The focus is then observed to disassemble. Typically there is a short period between the
disappearance of the focus at midcell and either the roughly synchronous appearance of
new foci at the quarter cell positions or cell division. DnaN foci were not observed to be
intermittent: Once DnaN foci assembled they did not disappear and re-appear at the same
cellular location.

It is important to note the following qualifications about the number of DnaN foci: When
the separation of foci are below the diffraction limit of our system (< 250 nm), only one focus
will be resolved. Even when forks transiently separate enough to be resolvable, they remain
well within the quarter cell positions: The average separation (when two foci are observed) is

0.2 cell lengths versus 0.45 cell lengths for foci near the quarter-cell positions.

3.4.2  Quarter cell foci are re-initiated replisome pairs

Single DnaN foci positioned at midcell are seen to fission and fuse (e.g. Fig. 3.2A, arrow
1). These midcell-positioned foci are always seen to disappear before cell division. On-the-
other-hand, foci observed at the quarter-cell positions can persist through a cell division,
consistent with these foci representing re-initiation of replication. If instead these foci were
separated pairs of sister forks, they would be expected to co-localize at the terminus and
disassemble before the end of the cell cycle. Therefore qualitative analysis of the kymographs
strongly supports a model where quarter-cell-localized foci each include pairs of re-initiated
sister replisomes. In fact, these quarter-cell foci are also seen to fission and fuse, occasionally
allowing resolution of the individual sister replisomes (e.g. Fig. 3.2A, arrow 2).

To further test this model, we tracked DnaN foci in E. coli cells blocked for restart via

a temperature sensitive version of the helicase loader protein, DnaC (dnaC2 allele) [91].
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Figure 3.2: Visualizing replication forks in individual cells through complete cell
cycles. A: Six representative examples of individual cells imaged at 5 minute intervals
for DnaN-YPet in E. coli (left) DnaN-GFP in B. subtilis (right). Cells are tracked for
complete cell cycles although images were cropped by up to a few frames to make the lengths
consistent. Labeled red arrows point to example features in the boxed image strip. Starting
at the beginning of the cell cycle, there is generally a single midcell focus representing both
replication forks. However, occasionally sister forks can be resolved separately (e.g. arrow
1) but co-localize before termination of replication (e.g. arrow t). For a period of time,
which varies cell to cell, no foci are observed until re-initiation on the newly replicated sister
chromosomes (e.g. arrow (re)-i), an event which often happens before cell division. These

new foci appearing at the quarter cell positions are consistent with replication factories since
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they can occasionally be resolved into sister replication forks (e.g. arrow 2). See also Fig. 3.3
for additional full cell cycle images. B: Example single-cell kymograph spanning multiple cell
divisions for DnaN-YPet in E. coli. Cell images are projected along the long axis of the cell
and stacked in sequence. White dashed lines indicate division events. Numbered red lines

indicate initiation, termination, and re-initiation, respectively.

Under the non-permissive conditions for the temperature sensitive mutant, the wild type
cells were able to form quarter-cell-localized foci, however, the cells blocked for initiation
were not (compare Fig. 3.4 panels A and C). To extend this analysis to many cells, we
show conditional probability distributions of focus position given cell length in both the wild
type and dnaC2 mutants. The absence of localizations near the quarter-cell positions is
clearly seen by comparison of Fig. 3.4, panels B and D. These data support our model that

quarter-cell foci represent re-initiated replication fork pairs.

3.4.3 Replication and division timing is asynchronous

In the event that re-initiation of the sister chromosomes happens before cell division (about
45% of the time under our conditions), we can only observe complete replication cycles if
we analyze overlapping cell cycles. We visualize entire replication cycles using kymographs,
where we project the cell images onto the long axis of the cell, and align the projections
in sequence (See Fig. 3.2, Panel B). This representation confirms that for the majority of
the replication cycle, the sister forks remain near mid-cell and usually cannot be resolved
separately.

Since the timing of division is inferred from the analysis of the phase-contrast image of the
cell, some of the observed asynchrony could be accounted for by a failure to correctly segment
the septum. However two lines of evidence refute this hypothesis: (i) Our previous work

analyzing the cell-cycle dependent localization of FtsZ suggests that the timing of division
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Figure 3.4: Blocked initiation leads to loss of quarter cell foci. DnaN-YPet (in E. coli)
is imaged in both in wild type and cells containing the dnaC2 allele at 37°C. Under these
conditions, cells containing the mutant allele will be blocked from initiating new rounds
of replication. A) Example wild type cell towers showing the the disappearance of the
midcell focus may be followed appearance of a pair of foci near the quarter-cell positions.
B) Conditional probability distribution (N = 4837 time points) shows localizations near
the quarter cell positions in the wild type near the end of the cell cycle. C) Example cell
towers for cells with blocked initiation do not show foci at the quarter-cell positions after
disappearance of the mid-cell focus. D) In cells blocked for initiation, conditional probability
no longer shows a significant number of localization at the quarter-cell positions (N = 1758

time points).



42

is determined to a precision better than +10% of the cell cycle in E. coli [116]. (ii) In this
study, we never observed the midcell DnaN focus persist through cell division, consistent

with accurate determination of cell division.

3.4.4  Proximal replisome positioning is observed in snapshot analysis

Due to significant cell-to-cell variation, it is essential to present statistical evidence for the
classification of each focus as an individual replisome or co-localized replisome pair. We apply
a fully automated analysis to characterize localization patterns for over 10,000 time points
(detailed description included in the materials and methods section). For this analysis, foci
are identified in the fluorescence image (Fig. 3.5) and precisely located within the cell. It
is important to note that there was no hand selection of data. The dataset consists of all
cells observed that were elongating and segmented without errors and therefore contains no
investigator-based cell-selection bias.

We first investigate the focus positioning relative to cell length. In this analysis, cell
length was used as a proxy for cell age because of B. subtilis chaining which makes detection
of septum formation in phase images difficult. Cell length provided a consistent and reliable
proxy for cell age in our analyses across both species and cell-length based analysis can be
applied in snapshot analysis where the cell age is unknown. The conditional probability
density of focus position given cell length is shown in Fig. 3.6.

The Factory Model predicts that foci are localized at midcell throughout the replication
cycle and that re-initiation occurs at the quarter cell positions (if it occurs). In terms of the
conditional probability, this model would predict a density blob at midcell which persists
from early until late in the cell cycle. A second pair of blobs are expected to form at the
quarter-cell positions corresponding to re-initiation in some cells. This second pair of blobs is
expected to persist into the next cell cycle, each ending up in a new cell without the other.
In contrast, in the Track Model, a blob is expected to begin the cell cycle at midcell, before
splitting into two blobs (if the separation is high enough) before merging into a single blob

again at midcell. The conditional probability data alone favor a factory-like model, but do
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cell and were excluded.



44

>

Long axis position

E. coli .

2.5 3 3.5
Long axis length (um)

98]

Long axis position

B. subtilis

2 2.5 3 3.I5
Long axis length (um)

Figure 3.6: Focus localization pattern is similar in E. coli and B. subtilis. Proba-
bility of focus localization at a relative long axis position is shown as a function of cell length
(analysis for over 10,000 foci in each organism). Dashed red line indicates mean length at
re-initiation. A: DnaN-YPet in E. coli most probably localizes midcell until re-initiation when
foci appear at the quarter-cell positions. Dashed white lines indicate mid- and quarter-cell
positions. B: DnaN-GFP in B. subtilis shows a similar localization pattern to DnaN-GFP in
E. coli (Panel A).
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not exclude the possibility of a Track Model, provided the separation of the forks remains
very small as the replisomes translocate along the DNA.

Further analysis is informed by the typical cellular focus localization patterns shown in
Fig. 3.7A. The relative frequencies of these localization patterns were quantified both overall,
and by cell length. We find that short/young cells are generally observed to have a single
focus. As the cells grow, the probability of observing two foci monotonically increases. In
the Track Model, we expect the total number of two-foci cells to grow significantly and then
shrink as the forks first diverge from the origin and then reconverge at the terminus. This
trend is not observed. Furthermore, before cells grow to a length where two foci is most
probable, there is an increase in the probability of zero-foci cells, consistent with the Factory
Model where two-foci cells have re-initiated but inconsistent with the Track Model where
cells should transition from one to two foci without foci disassembling. Again, a Factory-like
Model best summarizes the observed data.

To automatically distinguish between the observed cellular localization patterns, it is
essential to make a distinction between co-localized replication fork pairs and resolvable
sister replication forks. Motivated by the qualitative observation that resolved sister forks
rarely separate more than 0.2 cell lengths, we examine the joint probability distribution
between focus separation (relative to cell length) and cell length shown in Fig. 3.7, Panel B.
The joint distribution reveals that the population consists of two distinct sub-populations:
In short/young cells, resolved foci are on average 0.2 cell-lengths in separation whereas in
long/old cells, resolved foci are typically 0.45 cell-lengths in separation, consistent with
quarter-cell positioning. The subpopulation model facilitates the identification of resolvable
sister replication fork pairs. All pairs of foci whose separation is consistent with the lower-
separation population are counted as resolvable sister replication forks, whereas all other foci
(including foci in single-focus cells) are inferred to represent a pair of co-localized replication
forks (See Fig. 3.9 and the associated methods section for more detail).

Considering cells of all lengths, we find that replication forks co-localize about 82% of the

time for DnaN in E. coli (Fig. 3.7C). Statistical analysis was performed similarly in B. subtilis,



46

Cellular localization patterns (%)

mC_ ) BHC)) 80F

10% 58% N
g\"/60-
(2]
OGO BGEC D 2,
15% 1% @)

2 2.5 3 I 3.5 4 4.5
Long axis length (um)

Sister replisome pairs (%)

¢ .'.‘ ...'
% B ee
) ol
Sy tert By Colocalized
[ .

21%

[0 ee

o ta Gl . 79%
R IS LA o Resolvable

B. subtilis

5 25 8 35
Long axis length (um)
Figure 3.7: Characterizing cellular and subcellular localization patterns in large
populations (at least 10,000 time points). A) Left: Typical cellular localization patterns
and their relative frequency of occurrence (in E. coli, see Fig. 3.8 for corresponding B. subtilis
data) are shown for all cells regardless of length. Extremely rare localization patterns (4+ foci)
are not shown. Right: Relative frequency of the same typical cellular localization patterns as a
function of cell length (age). Dashed red line represents mean cell length both at re-initiation
and division. B) Multiple focus cellular localization patterns are distinguishable automatically
based on inter-focus separations. Scatter plot shows relative focus separation as a function
of cell length for multiple focus cells. Two well resolved populations are observed. Pairs of
foci whose separation falls into the lower population are counted as individual members of a
sister fork pair, whereas all other foci are each inferred to represent a co-localized replication

fork pair. Dashed red line represents mean cell length at re-initiation and division. Example
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shown is for DnaN-YPet foci in E. coli. See also Fig. 3.8 for corresponding B. subtilis data. C)
Pie charts showing the fraction of sister replication fork pairs that are co-localized (replisomes
have diffraction-limited separation) versus resolvable (each replisome appears as a member of
a narrowly separated focus pair). In both organisms, replication fork pairs remain co-localized

roughly 80% of the time, consistent with a factory-like model.

but because B. subtilis has a tendency to chain, division events are not always observable, at
least not at the time of their occurrence. Since the division is not detected, more long cells
that have re-initiated are observed. The exaggerated size of the high-separation population
(Fig. 3.8) relative to the corresponding E. coli data is consistent with this known artifact.
We also find that there is a longer time between termination of replication and re-initiation
of replication on the sister chromosomes (D phase/G1 and G2 phase), increasing the fraction
of zero focus cells. Strikingly, we find that the forks co-localize with 79% probability, roughly
the same as observed in E. coli (Fig. 3.7C).

We applied the same statistical analysis used to quantify DnaN dynamics to snapshot
images of three independent markers for the replisome (Fig. 3.10 and Fig. 3.11). Although
DnaN is the only replisome component present at sufficiently high copy number to be imaged
throughout entire cell cycles, the analysis we developed can be used to infer the dynamics of
lower stoichiometry proteins based on snapshot images. We use SSB (single-stranded binding
protein) and Dna( (PolIll subunit) in E. coli and DnaX (clamp loader) in B. subtilis as
additional markers for the replisome. We again find that separated foci can be classified into
two populations, one representing separated sister replisomes, and the other representing
pairs of co-localized forks (Fig. 3.11, panel A). We count the number of foci in each cell
(Fig. 3.11, panel B) and classify each focus as an individual replisome or replisome pair. It is
important to note that the number of zero-focus cells is not particularly meaningful in this

context as it depends on the growth rate of individual cells, and in particular, non-replicating
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Figure 3.9: Process for distinguishing resolvable forks from pairs of factories in
cells with multiple foci. 1) All possible long axis separations are calculated (black brackets).
2) Distribution of focus separation as a function of cell length (dots) is fit with a two Gaussian-
mixture model (dark blue contours) using maximum likelihood. We note that the fit to the
lower population is shifted slightly due to the tail, however the populations separate visually
correctly. 3) Using the Gaussian mixture model obtained in step 2, each focus pair is classified
as a member of the high (red) or low (blue) separation population. 4) Focus pairs that are
determined to be members of the low-separation population (blue brackets) are classified as
each representing an individual replisome. All other foci are inferred to be a co-localized

replisome pair.
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Figure 3.10: Additional markers for the replisome show consistency with DnalN.
Pie charts showing the fraction of sister replication fork pairs that are co-localized (replisomes
have diffraction-limited separation) versus resolvable (each replisome appears as a member of
a narrowly separated focus pair) in SSB-YPet (N = 6493 Cells), DnaQ-YPet (N = 2187 cells),
and DnaX-GFP (N = 10573 cells). Results are consistent with DnaN time-lapse imaging.

See also Fig. 3.11 for complete analysis.

cells cannot be excluded based on snapshot images. We find that sister replisomes co-localize

with 74-85% probability (Fig. 3.10), consistent with our observations based on DnaN.
3.5 Discussion

3.5.1 Sister replisomes have proximal positioning

Both time-lapse and snapshot analysis strongly support a model where the two replication
forks remain proximal throughout the cell cycle. At the beginning of the replication cycle,
we always observe a single focus. We associate this event with co-localization of the forks at
or near oriC. After initiation, the replisomes remain well within the quarter cell positions,
usually co-localizing, but separating enough to be individually resolvable approximately 20%
of the time. The observed midcell positioning of the replisome is consistent with previous
reports from our lab suggesting that chromosomal loci in F. coli are localized near midcell

immediately prior to duplicating [96]. Together this study and the aforementioned previous
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report suggest movement of the DNA through a relatively stationary replisome.

The occasional separation of sister replisomes suggests that, while the Factory Model
correctly predicts the cellular-scale positioning of forks in both E. coli and B. subtilis, some
elements traditionally associated with the Track Model are also correct in the sense that
the sister forks need not be continuously co-localized. However, this must be qualified by
noting that the vast majority of sister replisomes do appear to be co-localized by conventional
fluorescence microscopy, and it is unlikely that this would be the case if the replisome
translocating along the DNA were the complete model. Under our conditions, at least 80%
of observed foci are in fact pairs rather than individual replisomes. This quantitative picture
will be essential in interpreting short-time scale experiments which do not capture the cell
cycle dynamics.

Our data strongly support a factory-like model, but do not address whether there is indeed
a “factory.” In the strictest definition of a factory, sister replisomes are coupled by a physical
linker. While we do not exclude the possibility of a physical linker, such a linker would
need to allow the replisomes to occasionally uncouple, or be sufficiently long to account for
the observed separation events. The physical mechanism by which sister replisomes remain

spatially proximal is an intriguing problem for future studies.

3.5.2  Two types of focus separation and dynamics

We see two distinct types of separation and dynamics. In the first class of separation, the
relative distance between the foci is under a third of the cell length, and is about a fifth
of the cell length on average. Foci with these small separations always merge. In contrast,
if re-initiation precedes division, we observe half-cell-length focus separation. In addition
to having a larger separation, these foci are never observed to merge and ultimately end
up in different cells. Furthermore, widely-separated foci are unable to form in conditional
mutants where replication restart is prevented. This localization behavior indicates that the
half-cell-length foci we observe pre-division are new pairs rather than individual replisomes.

These observations are summarized schematically in the model cell tower and kymograph
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shown in Fig. 3.12.

3.5.8  Replisome positioning dynamics are conserved in Gram-positive and Gram-negative

bacteria

Factory-like models where the replisomes remain relatively confined (but are not necessar-
ily constantly co-localized or physically coupled) have been previously suggested in both
B. subtilis [34, 40, 88, 89] and C. crescentus [87], while the Track Model was formulated
based predominantly on data from E. coli [91, 104]. The reason for the existence of the
outlying model in E. coli was often attributed to differences between the species. However,
our comparison of replisome dynamics in E. coli and B. subtilis suggests that the conflicting
models likely originated from differences in analysis and interpretation of data rather than
species-specific replisome dynamics. The evidence presented here unifies the models for DNA

replication in all three of these bacterial organisms.

In every stage of our analysis, the replisome positioning data reveals striking similarities
between FE. coli and B. subtilis. Gram-negative and Gram-positive bacteria are highly
divergent. Although the basic principles of replication are conserved, many differences exist
between FE. coli and B. subtilis replication, including regulation, the leading and lagging
strand polymerases, and the loading of the replicative helicase. The data presented here reveal
that replisome positioning is one of the conserved features, suggesting that there may be
fundamental mechanistic reasons for precise subcellular localization of this complex. Future
studies should reveal the mechanism by which the two forks remain proximal throughout the
replication cycle and identify the underlying reasons (if any) for this conserved localization

pattern.



54

Cell Tower Kymograph

(]
E.
l_
c
o
§
©
e
a
[J]
oc

Division Time

¢ Single Replication # Diffraction Limited
Fork Spot

Figure 3.12: A schematic model for replication fork localization during complete
cell cycles. Both the kymograph and cell tower representations are shown. Our model for
replication fork localization is as follows: (i) The replication and division cycles are generally
out of sync, so that full replication cycles occur across multiple division cycles. (ii) During
replication, forks co-localize to a diffraction-limited spot about 80% of the time, consistent
with factory-like behavior. (iii) When the forks are individually resolvable, separation is
small (< 0.33 cell lengths) and transient. (iv) Termination of replication is indicated by
disappearance of foci. (v) Re-initiation often occurs before cell division near the quarter-cell
positions. Because these foci occasionally split into pairs of resolvable foci, they are consistent

with factories containing two replication forks.



95

Table 3.1: Strain List.

Strain No. | Genotype Species Reference

PAW914 ypet-dnaN E. coli [24]
PAWS885 dnaN-gfp B. subtilis | [114]
PAW542 dnaC2 thrA::Tn10 | E. coli [91]
PAW1181 dnaC2 ypet-dnaN E. coli This study
PAWS843 ssb-ypet E. coli [24]
PAW913 dna@-ypet E. coli [24]

B.

PAW884 dnaX-gfp subtilis | [114]

3.6 DMaterials and Methods

3.6.1 Strain construction and growth

See Table 3.1 for strain list. PAW1181 was produced by P1 transduction of the mutation
from PAW542 into PAW914. Cells were cultured overnight at 30°C in minimal medium with
shaking. Prior to imaging, cells were set back to ODggp 0.1 and allowed to grow to ODggg 0.3.
To ensure sufficiently slow growth that initiation would happen only once per-division cycle,
we use minimal medium supplemented with only the essential nutrients. For E. coli, cells were
cultured in M9-minimal medium (1X M9 salts, 2 mM MgSO,, 0.1 mM CaClsy, 0.2% Glycerol,
100 pg/ml each Arginine, Histidine, Leucine, Threonine and Proline and 10 pg/ml thiamine
hydrochloride). B. subtilis was cultured in Minimal Arabinose Medium (1x Spitzizens salts
(3 mM (NHy4)2SOy, 17 mM KyHPO,, 8 mM KHyPOy, 1.2 mM NazCgH507, 0.16 mM MgSOy-
(TH,0), pH 7.0), 1x metals (2 mM MgCly, 0.7 mM CaCly, 0.05 mM MnCly, 1 pM ZnCly, 5 pM
FeCly, 1 pg/ml thymine-HCI), 1% arabinose, 0.1% glutamic acid, 0.04 mg/ml phenylalanine,
0.04 mg/ml tryptophan, and as needed 0.12 mg/ml threonine).
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3.6.2  Microscopy slide preparation

For imaging, we gently heat the appropriate growth medium with 2% by-weight low melt
agarose (Fisher: 16520050). The agarose mixture is then molded into a thin rectangular strip
(2mm X 4 mm x 0.05 mm) and allowed to dry. One micro-liter of ODgy 0.3 liquid culture
is spotted centrally on the pad. Once the spot has dried, a cover glass is placed over the
pad and sealed around the edges with VaLP (1:1:1 Vaseline, Lanolin, and paraffin mixture).
This leaves a small channel of air around the pad, particularly important for the growth of

B. subtilis.

3.6.3  Microscope configuration

Imaging was performed on our lab-built inverted fluorescence microscope. Cells were imaged
through a Nikon CFI Plan Apo VC 100x 1.4 NA objective. A retractable external phase plate
(Ti-C CLWD Ph3 Annulus Module) was inserted into the light path during phase-contrast
imaging but removed for fluorescence imaging to avoid decreased signal due to the neutral
density annulus on the phase plate.

For fluorescence imaging, we excite GFP and YPet proteins using a Coherent Sapphire
50 mW 488 nm or 150 mW 514 nm CW laser (see Table 3.2). The beam diameter is expanded,
providing uniform illumination over the field of view. An Acousto-Optic Tunable Filter
(AOTF, AA Opto-Electronic AOTFnC-400.650) controls the laser excitation intensity. Images
were collected on an iXon Ultra 897 512x512 pixel EMCCD camera. The microscope system
is controlled by Micro-Manager.

Table 3.2: Microscope Settings.

Protein | Laser Power (mw) | Exposure (ms)
GFP 1.1 600
YPet 0.93 600
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3.6.4 Imaging

Cells are imaged at about 25°C in both phase contrast (to determine cell boundaries) and
fluorescence (to measure replisome position) at five minute intervals. The built-in software
autofocus is used to ensure focus at each time point. Laser intensity is maintained as low as
possible to avoid bleaching the fluorescent protein and damaging the cells. We are generally
able to image cells for about four hours before photobleaching becomes too significant to
reliably track the forks. For lower stoichiometry replisome components, snapshot imaging was
used where one phase-contrast and one fluorescence image was taken at each field of view.
Non-permissive conditions for the temperature sensitive initiation mutant were achieved
using an objective heater (Bioptechs, 38°C set point). Cells were placed on the heated
objective about 10 minutes prior to the start of imaging. Imaging continued with frames at
5 minute intervals for several hours, long enough to capture the beginnings of subsequent

replication cycles in wild-type cells.

3.6.5 Characterizing cell elongation during microscopy

Using the cell boundaries determined from segmentation of the phase image, we track the
long-axis length over time. Fig. 3.1A and B show typical length vs. time curves for E. coli
and B. subtilis. Importantly, the cells were elongating exponentially (curves appear linear on
a log scale) and the growth rate (slope) appears constant over time, indicating cell growth
was not affected by prolonged exposure to the laser. We determine the doubling time for

each cell by least squares fitting of the length vs. time curve with an exponential of the form:
L = Lyexp (t/to) (3.1)

Where the parameter ¢, was allowed to vary and Lg represents the length of the cell immediately

following division. The doubling time was taken as:
tD = to log (2) (32)

The distribution of cell doubling times for individual cells is shown Fig. 3.1C.
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3.6.6 Image processing

Cells were imaged in both phase-contrast and fluorescence at five minute intervals. Higher
time resolution led to significant photobleaching and/or slowed cell elongation. Imaging
continued sufficiently long to capture at least one full cell cycle, about 3.5-4 hours. For
snapshot imaging, only one phase-contrast and fluorescence image were taken at each field of

view. The process used to analyze the phase and fluorescence images is outlined below.

Cell segmentation from phase images

At each time point, we capture a phase-contrast image for the purpose of segmentation,
the process of analytically identifying cell boundaries. Using our labs previously described
custom segmentation tool [117, 118] (avalible at http://mtshasta.phys.washington.edu/
website/ssodownload.php), superSegger, we generate cell masks in each frame for further
analysis and track cells frame-to-frame for entire cell cycles. In order to ensure complete cell
cycles in individual cells, we must observe two division events. Cells are tracked starting
from their birth (division of the parent cell) until division. The lengths of cells at birth and
division are highly variable, and the distributions are shown in Fig. 3.1. We note that the
distribution for B. subtilis is artificially shifted towards longer lengths because chaining often

prevents visual identification of a septum until significantly later than the cell division event.

Locating foci in fluorescence images

To manage xy drift, each phase image was aligned against the previous frame. The corrected
alignment of each phase image (and corresponding fluorescence image) was retained for further
analysis. Foci are then identified in each fluorescence image by the process described below.
A one-pixel-radius Gaussian blur is applied to each frame, after which we apply a watershed
process to the conjugate image to identify regions around each intensity maximum. Regions
external to the cell masks are excluded from further analysis. Regions internal to the cell
masks will be called intensity regions. In order to precisely locate foci within each intensity

region, we form a 3 pixel radius circular region at the location of the maximum-intensity
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pixel. Within the circular region, we model the intensity profile as a Gaussian distribution

with the following form:
— 1 — — \2
Ga () = Iyexp (— 55 (T — %o)”) + Lo (3.3)

Here, the parameter I, defines the Gaussian peak amplitude and I0 represents the background
intensity. The calculated focus position is and the parameter b characterizes the focus width.

The focus position obtained from the Gaussian fit is used for all localization calculations.
In addition, quantifying focus intensity is important for avoiding false detection events. As
a measure of focus intensity, we sum the intensity in a three-pixel-radius disk centered at
the focus location obtained from the Gaussian fit. The background intensity (/) is defined
as the minimum pixel value within the circular disk multiplied by the area of the disk. The

standard deviation of intensity (§7 respectively) is taken over the entire cell mask.
Focus scoring

The statistical significance of a focus is measured by its score o. The integrated background
subtracted intensity (/,) inside a three-pixel-radius region is computed. The score is defined
as:

o=1,/6IVA (3.4)

Where A is the area of the circular region over which the intensity was integrated. The factor
6Iv/A is the expected standard deviation in the integrated intensity over the integration
area, assuming the noise at each pixel is uncorrelated. Foci scoring 4 or higher were retained.
Lower-scoring foci localized randomly throughout the cell and were consistent with stochastic

fluctuation in the intensity (Fig. 3.5).
Data selection

Data processing was completely automated, with no selection by the investigator. Cells were

selected for analysis based on the following three criteria:

e No segmentation errors
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e Cells were growing exponentially with a doubling time between 1.5 and 4.5 hours.

e The cell length at birth was between 1-4 pm.

The second criterion did not apply to snapshot images where the doubling time could not be
calculated, and the last criterion was included mainly to prevent the analysis of long chains
of B. subtilis cells. Additionally, each experiment was repeated on at least two separate

occasions, and data was pooled for multiple experiments.

3.6.7 Statistical analysis of focus localization

Calculation of focus separation

All possible unique distances between the foci in each cell were calculated, and the long-axis
components were retained. Relative separation is the long-axis component of the separation
between foci divided by the long-axis length of the cell. Visualization of relative focus
separation as a function of cell length resulted in two roughly Gaussian populations. We
interpret the low separation population (Py) with transiently separated sister replication
forks. The higher-separation population (Pp) is less straight-forward to interpret since these
separations may be between pairs of re-initiated factories, a re-initiated factory and a member
of a resolvable fork pair, or members of resolvable fork pairs on opposite sides of the cell.
Additionally, this higher-separation population is exaggerated in B. subtilis since chaining
often prevents visualization of the septum. We fit a two-Gaussian mixture model to the
observed distribution of separations using a maximum likelihood process where the Gaussian

means, variances, and mixing fractions were allowed to vary.

Calculating probability of a replication factory

All cells with a single focus are interpreted to have a co-localized replisome pair. For multiple-
focus cells, we identify resolvable sister replisomes by identifying pairs of foci whose separation
is most probably associated with P;, (as determined by the posterior probability distribution

resulting from the Gaussian mixture model). For each cell, we then define the number of
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co-localized replisome pairs as the total number of foci minus twice the number of resolvable

replisomes. This process is illustrated in Fig. 3.9.
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Chapter 4

THE REPLISOME DISASSEMBLES MULTIPLE TIMES PER
CELL CYCLE

This chapter is a reproduction of Ref. [17]
4.1 Introduction

The rapid and faithful replication of the genome is essential to cell proliferation. Although
the replisome, the cellular machinery responsible for DNA replication, has been extensively
studied both in vitro and in vivo [119], fundamental questions remain about the dynamics and
stability of the replication complex in the context of the living cell, where replication is one
of a number of essential cellular processes competing for the genetic material as a template.
This competition results in replication conflicts, the stalling or pausing of the replication
process in the face of obstacles, including transcription and tightly-bound DNA-binding
proteins [3, 4, 49, 53, 54, 56, 120-124]. Genetic evidence from bacterial studies suggests
these replication conflicts can routinely necessitate a replication-restart process at highly-
transcribed regions and genes transcribed in the opposite orientation to replication [3, 5, 125].
However, whether the replisome disassembles in response to conflicts, the rapidity of the
restart process, and the frequency of such events per cell cycle are unknown [122, 126-129].
The current estimates for the number of replication restart events per cell cycle vary greatly,
with numbers ranging from one per cell cycle to one in seven generations [26, 63, 130, 131].
However, estimates of less than one event per cell cycle are in conflict with the essentiality
of the restart protein PriA in (Bacillus subtilis essentiality is demonstrated in rapid growth
[132]), and the synthetic lethality of PriB and PriC proteins in Escherichia coli (PriA mutants
as well as PriB PriC double mutants are largely unviable [127, 133, 134]). These observations

are consistent with a more frequent requirement for replisome reactivation after conflicts
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[127, 132, 134] and provide indirect evidence against the canonical model that replication is

continuous n vivo.

Our previous investigations using chromatin immunoprecipitation (ChIP) of replication
restart proteins determined the chromosomal locations of conflicts in very large ensembles
of cells (in the population average) [3, 5]. However, due to population averaging over
cells in various stages of the replication conflict and restart process, ChIP experiments
are poor reporters of potential conflict-induced changes to the structure of the replisome
complex, the frequency of conflicts in a single cell, and the rapidity of the replication restart
process. Therefore understanding the fundamental character of DNA replication and conflicts
necessitates a single-cell approach in which conflicts can be observed and quantitatively
characterized one event at a time. The molecular-scale stoichiometry of the replisome further
necessitates experiments with single-molecule sensitivity to detect any potential changes to

replisome structure.

We visualized the replication process in single cells by in vivo Single-Molecule Fluorescence
Microscopy (SMFM). We characterized the stoichiometry and lifetimes of the replicative
helicase complexes (and other replication proteins) in growing B. subtilis and E. coli cells.
These measurements revealed that a significant percentage of cells only have a single helicase
complex and that many of the complexes are short-lived. These results are consistent with
pervasive disassembly of replisomes. We find that transcription inhibition both increases the
lifetimes and stoichiometry of several core replisome components, suggesting that endogenous
replication-transcription conflicts frequently lead to disassembly of replisomes, potentially
every cell cycle. The replication-conflict induced disassembly model suggests that conflicts
may limit the rate of replication. Consistent with this model, we find that the inhibition of
transcription, and the amelioration of conflicts, increases the replication rate as measured by

thymidine incorporation assays.
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4.2 Results

4.2.1 Replicative helicase and DNA polymerase stoichiometries are consistent with a single
active complex in a large population of cells

To probe replisome stoichiometry in single cells with single-molecule sensitivity, we employ
SMFEM. In short, the discrete transitions in fluorophore intensity due to bleaching can be
detected and analyzed to deduce the stoichiometry of localized fluorophores with single-
molecule resolution. The quantitative characterization of the molecular stoichiometry of the
replisome in living E. coli cells was recently realized by SMFM [24], and this SMFM analysis
has been applied in many other contexts (e.g.[135] and [136]). However, SMFM has not
been exploited to determine the impact of conflicts on the replisome, the continuity of the

replication process, or frequency of disruptions to the replisome within living cells.

We analyzed replisome stoichiometry of the replicative helicase DnaC in B. subtilis.
DnaC was chosen due to its essential role in the replication process, extensive biochemical
characterization, its relatively large and well-accepted stoichiometry in the replisome, and
because it is the first replisome protein reloaded onto the DNA during PriA-dependent
replication restart [122, 137]. The replicative helicase is responsible for facilitating replication
by unzipping the two strands of DNA ahead of the replication forks. In vitro biochemical
studies, including X-ray crystallography, reveal that the helicase forms a homo-hexameric
ring encircling the lagging strand of the DNA template [138-140]. In vivo measurements
of stoichiometry in E. coli further support this model in the context of the living cell [24].
For our studies, we used a DnaC-GFP fusion (Fig. 4.1), which was expressed from its
endogenous promoter, at its endogenous locus. The fusion protein localized to midcell in a
replication-dependent manner, consistent with association with the replisome [40]. Under our
experimental conditions (minimal arabinose medium), the growth rate (and the replication
ratesee below) of the DnaC-GFP strain was indistinguishable from that in wild-type cells
(During rapid growth in Luria-Bertani medium, DnaC-GFP strain has a minor growth defect

[Fig. 4.1A and B]).
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Figure 4.1: Growth curves for DnaC-GFP. For growth curves, the optical density of
wild-type and dnaC-gfp strains growing in minimal arabinose medium at 30°C were monitored
for 5 hr. Linear regression to ODggy readings were used to determine doubling time. (A)
The dnaC-gfp allele does not confer a detectable growth defect in minimal medium. ODggq
readings for a representative culture of wild-type and dnaC-gfp cells. (B) Calculated doubling
times and OD600 readings show a small growth defect for the dnaC-gfp strain relative to
wild-type in LB medium.
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To measure the in vivo stoichiometry of the replisome proteins, we performed SMFM
bleaching analysis (Fig. 4.2A and B, and Fig. 4.3 and 4.4). Most bacteria have a circular
chromosome and a single origin of replication. After initiation, DNA replication progresses
bi-directionally around the chromosome, with two active replisomes in each cell. The two
forks in B. subtilis often localize to a single replication factory [40](Fig. 4.2A). The small
fraction of cells ( 16%) having focus localization inconsistent with a replication factory were
excluded from analysis. It is expected that in cells where the replication forks are co-localized,
two replicative helicase complexes, and therefore 12 molecules of DnaC, will be localized to
the factory (Fig. 4.2C). However, stoichiometry analysis of DnaC at the replication factory
in cells undergoing active replication reveals that just under half the cells (41%) have a
factory with only 6 DnaC proteins, corresponding to a single helicase complex (Fig. 4.2D
and E). The rest of the population (59%) has 12 DnaC proteins, corresponding to two
active helicases. Note that incomplete protein labeling cannot account for the low helicase
stoichiometry since two sub-populations with an integer multiple of fundamental hexameric
stoichiometry are observed, as has also been previously reported in E. coli [24]. Western-blot
analyses further confirm that >98% of DnaC protein in the cell is indeed labeled with GFP
(Fig. 4.5). The incorrect determination of the bleaching step size also cannot account for these
observations since results can be reproduced by using an in vitro measure of the fluorophore
step size (Fig. 4.6). These results are consistent with a model where elongating replisomes

are frequently disrupted and disassembled.

Additionally, we analyzed the stoichiometry of PolC-YPet, a fluorescent fusion to the
leading strand polymerase in B. subtilis. Even in rapid growth, the PolC-YPet fusion confers
no growth defect relative to wild type cells (Fig. 4.7). We again find that the stoichiometry
distribution for co-localized replication forks consists of two sub-populations, with the second
( 4 copies) centered at roughly twice the stoichiometry of the first ( 2 copies) (Fig. 4.2F).
Importantly, these sub-populations were similarly proportioned to those observed for DnaC,
with roughly 47% of factories having stoichiometries consistent with localization of PolC to

only a single replication fork (Fig. 4.2G). This implied disassembly of the DNA polymerase, in
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Figure 4.2: Estimated stoichiometry distributions for core replisome proteins in B.
subtilis.(A) Photobleaching of DnaC-GFP in a replication factory. (B) A typical intensity

trace (blue) is shown for a DnaC-GFP focus.
fluorescent protein bleaches.

Stepwise transitions are observed as the
The intensity is filtered using Change-Point analysis (red)

which determines the intensity step-size corresponding to the bleaching of single fluorophores
(complete stoichiometry calculation is demonstrated in Figure 4.3 and 4.4, and detailed in
the materials and methods section). The image mosaic above shows the time-averaged image
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of the focus over each intensity level. (C) A schematic of the replication factory consisting of
either one or two assembled replisomes (black dots) in a diffraction-limited spot (green). (D)
Histogram of estimated factory DnaC-GFP stoichiometry in B. subtilis. Error bars represent
counting error. The observed distribution is well fit by a two Gaussian model (solid blue),
representing a mixed population of single-helicase (6 DnaC molecules) and two-helicase (12
DnaC molecules) factories. (Analysis for N = 213 factories.) (E) Relative abundance of
factories with one and two helicases. (F) Estimated stoichiometry distribution for PolC-YPet
in B. subtilis shows two populations (N = 125). Peak stoichiometries for each population
(dashed blue) were determined by maximum likelihood fitting with a two Gaussian model
(solid blue) to be 2 and 4 copies. (Note: the distribution included a small fraction ( 5%) of
factories with stoichiometries greater than 10 copies which were removed for the purpose of
fitting.) (G) Relative abundance of factories with 2 and 4 copies of PolC-GFP.

addition to the replicative helicase, further suggests that the replisome is frequently disrupted.

4.2.2  Replicative helicase complexes are short-lived

To test the frequent-disruption model, we measured the lifetimes (replisome dynamics) of
replicative helicase complexes. This model predicts that any given replisome complex is
shorter lived than the time required to traverse each arm of the chromosome. We visualized
the helicase complexes over twenty-two minutes to estimate their lifetimes. In the replisome
dynamics measurements, cells were imaged at two-minute intervals such that the helicase
complexes can be tracked (Fig. 4.8A, left image strip; Fig. 4.9) over the twenty-two minute
time frame without significant bleaching (Fig. 4.10). Disassembly events correspond to the
cooperative loss of all fluorophores simultaneously. Although photobleaching affects our
measurement only minimally over the course of the experiment, it would not be possible
to visualize the replisome at this frame rate for the entire cell cycle (Fig. 4.10). Using the
complex lifetimes observed during these short time courses, we estimate the disassembly rate,
predicting that roughly five disassembly events occur during each cell cycle.

We found that the majority of foci are short lived with a mean lifetime of roughly 8 min.
The observed distribution of lifetimes (Fig. 4.8B) appears roughly exponential, suggesting that

the occurrence of disassembly events in individual cells may be approximated as a Poisson
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Figure 4.3: Identification of foci and determination of raw focus intensity.(A) The
phase-contrast image of the cells was segmented to identify the cell boundaries (orange)
surrounding each cell mask (black). (B) The integrated raw focus intensity (blue) and scaled
background intensity (green) are plotted for a bleaching experiment. The intensity trace is
computed by subtracting the background from the raw intensity. (C) The summed image is
shown in yellow. The outline of the cell mask is shown in blue. The intensity regions (red
outline) are determined by watersheding the summed intensity to divide the image into local
maxima. The focus positions (points) are determined by fitting a Gaussian distribution in
the intensity regions. (D) The raw focus intensity is determined by summing the intensity
in a mask centered on the locus position. The background is computed by calculating the
average intensity inside the cell (blue outline) but outside the intensity region (red).
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Figure 4.4: Stoichiometry calculation demonstrated for a DnaC-GFP focus. (A)
Intensity tracking of a DnaC-GFP focus in B. subtilis. A decaying exponential (solid blue)
is fit to the background subtracted raw intensities (blue points) traced over a series of 120
fluorescence images. The value of the exponential fit in the first frame is taken as the initial
intensity of the DnaC-GFP complex (see methods). (B) The raw intensities (solid blue) are
filtered (mean value in red) to reveal stepwise transitions. Summed fluorescence images of
the DnaC-GFP complex are shown corresponding to each level detected by the filter in the
image strip above the plot area. (C) The PPDD of the filtered intensities (red) reveals peaks
at integral multiples of the unitary intensity step that would not be detectable in PPDD of
the raw intensities (blue). (D) The power spectrum is used to identify the location of the
first order peak in the PPDD which corresponds to the highest peak in the power spectrum
(dashed gray). The unitary intensity step determined by the power spectrum corresponds to
the spacing of the dashed gray lines in panels B and C.
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Figure 4.5: Western blots for DnaC-GFP. Cells produce complete DnaC-GFP fusion
protein. Western blot analysis indicates that DnaC-GFP is fully synthesized, and that
potentially truncated DnaC proteins lacking GFP are not detected. Individual lanes were
normalized by total protein, and separate western blots were probed with either (A) anti-DnaC
polyclonal antibodies or (B) anti-GFP polyclonal antibodies.

T (min) | Noor | Nost | Tonin (min) | 7 (min) | & (min™) | Tege (min) | Ne
Wild-Type | 22 206 |31 |4 104 012 8.3 18
Rif-Treated | 22 86 97 4 12.9 0.03 29.2 14
rpoB* 22 93 72 4 12.5 0.04 22.4 1.8

Table 4.1: Parameters used in B. subtilis complex lifetime calculation. The param-
eters summarized above are defined as follows: 7' is the duration of the experiment, N, is
the number of complexes interpreted to disassemble before the end of the experiment, N >r
is the number of complexes surviving the length of the experiment, 7,,;, is the minimum
observable complex lifetime, 7 is the empirical mean of the N, observable lifetimes, k is
the calculated disassembly rate, T.q. is the calculated mean lifetime (i.e. 1/ l;;), and N, is the
calculated number of conflicts per 40 min of replication.
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Figure 4.6: Comparison of in vivo and in vitro step sizes for GFP. (A) Bleaching
traces for two different surface immobilized GFP proteins. Inserts show the mean fluorescence
images in the bleached and unbleached states. (B) Maximum likelihood fits to unitary
intensity step distributions for isolated GFP in vitro. (C) Example in vivo unitary step
distribution for DnaC-GFP in B. subtilis and its maximum likelihood fit. For all experimental
conditions in B. subtilis, unitary step distributions were peaked within 19% found in vitro
value.
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Figure 4.7: Growth curves for PolC-YPet. For growth curves, the optical density of wild
type and polC-ypet strains growing in minimal arabinose medium at 30°C were monitored for
5 hr. Linear regression to ODggy readings were used to determine doubling time. (AB) No
growth defect is observed for polC-ypet in either minimal or LB growth medium.

process, providing a method for roughly estimating the number disassembly events per cell
cycle. (For simplicity, we will ignore the distinction between focus loss and fork disassembly.
We present a more complicated model, that treats the number of forks per focus explicitly
(Appendix A), but this model depends on a number of untested assumptions.) Figure 4.8C
shows the model (dashed gray) and empirical (solid gray) survival curves for the helicase
complex as a function of lifetime, where the model survival curve was fit using by maximum
likelihood estimation. Multiplying the calculated rate of conflicts by the accepted 40 min
long replication cycle predicts five conflicts per cell cycle (Fig. 4.8D). It is important to note
that this estimate has significant systematic uncertainty since it depends on the length of the
replication cycle (which depends on growth conditions [141] as well as the assumption made
in the modeling (see Supplementary file 1). A summary of the calculated parameters for the
dynamics experiment is included in Table 4.1. Disassembly of the replisome on the time scale

of single replication cycle is consistent with the instability inferred from the analysis of the
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Figure 4.8: Helicase complex dynamics in B. subtilis captured by time-lapse imag-
ing. (A) Typical frame mosaics for dynamics of the helicase in three conditions: Untreated
(WT), rifampicin-treated (Rif) and rpoB* cells (see also Fig. 4.9). (In this context, WT refers
to cells carrying the dnaC-gfp allele but not the rpoB* allele.) The helicase complexes in
WT cells were observed to be intermittent: assembling and disassembling on the timescale
of minutes. The helicase complexes in rifampicin-treated and rpoB* cells were observed to
be more persistent. The complexes were tracked by an automated algorithm (red, detailed
description in material and methods). (B) Distribution of helicase complex lifetime in WT
(gray, N = 327 complexes), rifampicin-treated (blue, N = 183 complexes) and rpoB* (red, N
= 165 complexes) cells. Data collection is limited to 22 min. (C) Probability of helicase
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survival as a function of helicase complex lifetime. Solid lines represent the empirical survival
curves. Dashed lines show fits determined by maximum likelihood estimation. (D) Estimated
number of disassembly events per 40 min of replication using the Poisson process model
(see also Table 4.1). Error bars were generated by simulating 100,000 distributions with
the same rate parameter and number of complexes as the observed distribution. Simulated
distributions were then fit, and the width of the rate parameter distribution was used to
quantify the error.

estimated factory stoichiometry. Furthermore, the inferred frequency of disassembly events is
significantly higher than expected from the continuous replication model.

The frequent disassembly model further predicts that disrupting the restart protein PriA
would prevent replisome reassembly, leaving disassembled replisomes in the majority of cells
during a single cell cycle. To test this, we depleted PriA using CRISPR interference and
visualized the number of cells with DnaC-GFP foci using snapshot imaging. Consistent
with the frequent disassembly hypothesis, after inducing PriA depletion in liquid culture for
roughly one doubling time, only 13% of cells had foci compared with the roughly 43% of cells
with foci in the precursor strain to the PriA CRISPR, which lacks the sgRNA (Fig. 4.11).

4.2.8  Transcription inhibition increases the lifetimes of DnaC complexes

The results described support a model in which replication is discontinuous, with pervasive
replisome disassembly and assembly dynamics. Our lab and others have shown that tran-
scription, especially at the highly-transcribed rDNA or head-on genes (those transcribed
in the opposite orientation relative to replication), results in potentially severe replication-
transcription conflicts [3, 55, 142, 143]. Our previous work measuring chromosomal regions
where replication conflicts were most prevalent suggested that transcription is the main
obstacle to replication [3]. Therefore, if transcription-induced conflicts were the principal
mechanism responsible for replisome disassembly, we would predict that inhibition of tran-
scription would result in a significant increase in replisome stability, either as assayed by

stoichiometry or direct characterization of complex stability. To test this hypothesis, we
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DnaC-GFP DnaC-GFP + Rif  DnaC-GFP rpoB*

Figure 4.9: Automatic tracking of helicase complexes using focus scoring. Under
normal growth conditions, a typical trajectory resulting from dynamics analysis shows rapid
appearance and disappearance of DnaC-GFP foci. Both rifampicin treatment and a rpoB*
mutation results in longer-lived foci. Image strips to the left show raw images with dashed
red lines indicating automatically detected trajectories. Corresponding filtered images to
the right additionally show focus scores for all automatically detected foci. Scores printed
in red indicate that the focus is included in a trajectory. Low scoring foci not selected for
a trajectory are indicated in white. A detailed description of scoring and automated focus
tracking is included in the materials and methods section.
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Figure 4.10: Photobleaching minimally affects the complex lifetime experiments
in B. subtilis. (A) To isolate the effects of photobleaching, cells are imaged with the same
intensity and exposure as in the dynamics measurement, but with no delay between frames.
Red line indicates equivalent of the 12 frame time course used in the dynamics measurement
for B. subtilis. (B) Automated tracking used for the dynamics measurement was applied to
the bleaching data. Survival curve (blue) shows the fraction of (N = 132) complexes that
were successfully tracked through a given number of frames. Survival curve for dynamics
experiment (gray) is shown for comparison. (C) 92% of complexes were traceable for 12
frames. In contrast, only 9% of complexes survive the duration of the dynamics experiment.
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Figure 4.11: Disruption of PriA leads to loss of DnaC-GFP foci. (A) Survival assays
show that the depletion of PriA is lethal on LB medium, but the control strains (which
contain either the sgRNA-priA or dcas9) survive under both conditions. We find the same
result using minimal arabinose medium. (B) Sample snapshots showing the full PriA CRISPR
strain, and the control (no sgRNA), both after induction with 1% xylose for approximately
two hours. (C) Disruption of PriA results in a decrease in the number of cells with DnaC-GFP
foci from 43% in the control strain (N = 518 cells) to 13% in the CRISPR strain (N = 413
cells). Error bars represent counting error.
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perturbed transcription by (i) the treatment of cells with rifampicin (Rif), an antibiotic that
directly inhibits transcription initiation [144, 145] and (ii) rpoB* mutants which destabilize
RNA Polymerase-DNA association and/or rDNA expression [146-148]. It has been previously
shown that rpoB* mutations reduce severity of conflicts significantly [56, 70, 120]. Here, we
observed that rifampicin treatment dramatically increases the lifetime of helicase complexes.
For instance, the number of complexes that persisted longer than 20 min increased from 9%
in untreated cells to 53% in rifampicin treated cells and the calculated number of conflicts
per cell cycle decreased by a factor of four (Fig. 4.8D; Table 4.1). We also isolated and
examined an rpoB* mutant strain and found results consistent with those obtained from
rifampicin-treated cells (Fig. 4.8). This second transcription perturbation ensures that the
observed increase in replisome stability is not an artifact of rifampicin treatment. In general,
the increased stability of the helicase complex is consistent with the increased stability of the

replisome.

4.2.4  More cells have helicase and DNA polymerase stoichiometries consistent with two
active replisome complexes upon transcription inhibition

To provide additional support for the transcription-dependence of the observed instability,
we measured the stoichiometry of the helicase complexes in cells post transcription inhibition.
An increase in replisome stability would predict an increase in the ratio of cells with two
helicase complexes (12 DnaC molecules) relative to the number of cells with one helicase
complex (6 DnaC molecules). Figure 4.12A shows the distribution of protein stoichiometry at
the factory in cells with transcription inhibited by rifampicin. The data are clearly consistent
with the majority of cells having two active replisomes. There was a significant increase in
the percentage of cells containing two stable helicase complexes relative to cells containing
one helicase complex in the rpoB* mutant backgrounds as well (Fig. 4.12A and D, Table 4.2).
A similar shift towards the higher order stoichiometry is observed for PolC after transcription
inhibition by rifampicin (Fig. 4.12B and D). Increased stability of the polymerase was also
observed in the rpoB* mutant background. These results strongly support the model that
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N | py, p2 (copies) | Fp (error)
DnaC-GFP 213 | 6.2, 11.2 11 (9.0)%
DnaC-GFP + Rif | 69 | N/A, 12.1 0 (14)%
DnaC-GFP rpoB* 60 | N/A, 11.1 0 (10.0)%
DnaC-GFP lacZ off | 108 | 6.6, 11.5 65 (5.6)%
DnaC-GFP lacZ on | 174 | 6.0, 10.9 88 (3.2)%
DnaC-GFP CD lacZ | 185 | 5.8, 10.2 59 (9)%
DnaC-GFP + IPTG | 216 | 6.3, 11.2 54 (1%
PolC-Y Pet 125 | 2.2, 4.9 a7 (13)%
PolC-YPet + Rif | 117 | N/A, 4.4 0 (14)%
PolC-YPet rpoB* 81 | N/A, 4.7 0 (9%)

Table 4.2: Maximum likelihood fit parameters for B. subtilis count distributions.

the frequent dissociation of the replicative helicase complex during each cell cycle results

from replication-transcription conflicts.

4.2.5 A severe head-on conflict disassembles helicase complexes

Our data imply that replication-transcription conflicts increase the instability of replisome
complexes. To test this model, we introduced an IPTG inducible lacZ gene (P spanimy)-lacZ)
onto the chromosome in the head-on orientation (strain lacZ). We hypothesized that the
induction of this ectopic conflict would further destabilize the replisome, leading to a reduction
in the fraction of cells containing two intact helicase complexes relative to the control cells.
As predicted, analysis of the single-molecule stoichiometry of DnaC in cells experiencing
the additional severe engineered conflict (after addition of IPTG to induce lacZ expression)
decreases the number of cells containing two intact helicase complexes (Fig. 4.12C and D;
>80% of cells contain only 6 rather than 12 molecules of DnaC in the factory), demonstrating
that replication-transcription conflicts indeed lead to the disassembly of the replicative helicase
complexes. We note that insertion of the lacZ gene in the co-directional orientation leads to
a small, but detectable decrease in the number of cells with two assembled helicase complexes

under induced conditions (Fig. 4.13). This is consistent with previous reports from our
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Figure 4.12: The effect of perturbations to transcription on stoichiometry distri-
butions. (A) Helicase complex stoichiometry under three conditions: Untreated (WT),
rifampicin-treated (Rif) and rpoB* cells. Probability densities are represented as Kernel
Density Estimates (KDEs). In contrast to WT (gray), in both rifampicin-treated (blue) and
rpoB* (red) cells, a significant fraction of single-helicase complexes (6 DnaC molecules) are
lost with all observations being consistent with two-helicase complexes (12 DnaC molecules).
(N = 70117) (B) Estimated PolC stoichiometry in untreated (gray), rifampicin-treated (blue),
and rpoB* (red) cells (N = 81125). The low stoichiometry peak is no longer resolvable after
rifampicin treatment or in the rpoB* mutant background, implying increased stability of the
polymerase. (Note: rifampicin treatment also increased the exceedingly high fluorescence
population which was again removed for the purpose of fitting.) (C) The relative abundance
of helicase complex stoichiometries in cells with an ectopic inducible head-on replication-
transcription conflict (lacZ). An IPTG (induction)-dependent increase in the single-helicase
stoichiometry was observed, consistent with the reduction in factory stoichiometry being
conflict-induced. (N = 108174) (D) Summary of stoichiometry for transcription-inhibition
and ectopic-conflict experiments. Estimates for the relative abundance of first and second
order stoichiometry sub-populations are determined by fitting the distributions of estimated
stoichiometries (Fig. 4.14, Table 4.2).



82

A 20 B 25
A15 | R 20 c"\‘:
< X 15} JBIES
— 10} = 1)

5 / Il 5| /,x‘:

O A ‘-—‘*l . | \ O __—:’ | J e i

0 5 10 15 20 0 5 10 15 20
DnaC-GFP + IPTG (mol.) DnaC-GFP CD JlacZon

Figure 4.13: Control for head-on conflict experiment. (A) The observed stoichiometry
of DnaC-GFP was not significantly altered by the addition of IPTG. Compare to Figure 4.2D.
(B) Addition of lacZ (transcription on) in the co-directional orientation causes a small decrease
to replisome stability.

lab showing that highly-transcribed co-directional genes can lead to conflicts as assayed by
ChIP-qPCR experiments [5]. Control experiments showed that the addition of IPTG to cells
without the lacZ construct did not cause a significant shift in the stoichiometry distribution
(Fig. 4.13). These results (summarized in Fig. 4.12D, see also Fig. 4.14) altogether reveal
that the inferred instability and disassembly of the helicase complexes, and potentially the

replisome, is transcription-dependent. This is illustrated schematically in Figure 4.15.

4.2.6  E. coli replisome stoichiometry and dynamics corroborate transcription-dependent
istability

Given the universality of conflicts, we hypothesized that other bacteria, outside of B. subtilis,
should experience this phenomenon. We therefore investigated the stoichiometry and lifetimes
of three different replisome proteins in a second bacterial model organism, FE. coli. The
replisome localization patterns are similar in E. coli and B. subtilis, where both replication
forks typically co-localize to a single diffraction limited focus [7, 100, 149].

We measured stoichiometries of three different FE. coli replication proteins in the replisome
complexes: the replicative helicase (DnaB), clamp loader (DnaX), and DNA polymerase
(DnaE), both before and after transcription inhibition with rifampicin. For the E. coli

experiments, the fluorescent fusions were constructed with distinct linkers to the fluorescent
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Figure 4.14: Maximum likelihood fits to B. subtilis stoichiometry distributions.
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maximum likelihood fit parameters are summarized in Table 4.2
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Figure 4.15: A schematic model illustrating the effects of perturbations to tran-
scription on replisome stability. A schematic model illustrating the effects of perturba-
tions to transcription on replisome stability. Amelioration of conflicts both by rifampicin or
a rpoB* mutant increases the stability of the replisome. Conversely, addition of a highly
transcribed gene in the head-on orientation decreases replisome stability.

-----
........
--------------



84

N | py, po (copies) | Fp (error)
DnaB-YPet 146 | 6.6, 11.6 59 (15)%
DnaB-YPet + Rif | 53 | N/A, 12.1 0 (13)%
DnaX-YPet 125 | 2.8, 5.8 53 (13)%
DnaX-YPet + Rif | 154 | 2.8, 5.7 106 071)%
DnaB-Y Pet 178 | 2.8, 5.8 16 (15)%
DnaE-YPet 1 Rif | 144 | 2.8, 5.6 0.8 (9.3)%

Table 4.3: Maximum likelihood fit parameters for E. coli count distributions.

protein (YPet) [24]. As observed previously, there are 6, 3, and 3 molecules of DnaB,
DnaX, and DnakE respectively in a significant proportion of the localized replisome foci in
growing cells, corresponding to single a replisome complex (Fig. 4.16). However, as predicted,
rifampicin treatment results in the low stoichiometry population shifting towards the higher
stoichiometry peak in the majority of these replisome foci (Fig. 4.16D; Table 4.3; Fig. 4.17).
This suggests that there are indeed two co-localized replication forks in the observed foci in
E. coli, but that one replisome is often at least partially dissociated from the DNA due to

replication-transcription conflicts.

Our replisome-stoichiometry measurements in F. coli predict that there is pervasive
disassembly of replisomes in this species as well and therefore these protein complexes should
also have short lifetimes. Because there are only 3 molecules of DnaE or DnaX, lifetimes
of the localization of these components to the replisome foci cannot be reliably measured
due to bleaching of a significant fraction of the fluorophores. However, because of the higher
number of DnaB molecules in each complex, the helicase lifetimes can be measured over a
twenty-minute time series without bleaching significantly affecting the results (Fig. 4.19). The
E. coli helicase complex lifetime measurements show that the majority of DnaB complexes are
indeed short lived with a mean lifetime of about 9 min (Fig. 4.20). Furthermore, treatment
with rifampicin extends the lifetime of these complexes, increasing the number of complexes
that persist for 20 min (or longer) from 21% to 46% and the predicted number of conflicts
per (40 min) replication cycle decreases from roughly 4 to 2 (Figure 5D; Table 4.4).



85

A 14 B
12 C_WT . 20 C—_WT ]
g CWT+Rif Py CWT+Rif
S0 - S
& 451
£ 8f Z
3 6} 3 10
2 :
& 4l a sl
2t
O " i i O i L L i
0 5 10 15 20 0 2 4 6 8 10
DnaB-YPet (molecules) DnaX-YPet (molecules)
C E
100 ——= — —
L | © 1 1s ©
(= - c c
gol | & | a
| T ! © ©
2 60f Al '|'
il 2l
o VT i J_
[ | @ N w
20} | & il 8 g
| | & = =
R Lot i1 e
0 2 4 6 8 10 12 OO OO O,> O,> OO O,>
DnaE-YPet (molecules) KT S S S
o % %

Figure 4.16: E. coli stoichiometry distributions shift similarly to those in B. sub-
tilis under transcription inhibition. Stoichiometry distributions are represented using
kernel density estimation (N = 53178 factories). (A) Estimated DnaB stoichiometry suggests
that two hexameric helicases are present in most replication factories in the absence of
transcription (blue). However, under normal conditions (gray) roughly half of factories consist
of only a single helicase. (B) Transcription-inhibition increases the number of factories having
higher DnaX stoichiometry. (C) Transcription-inhibition increases the number of factories
having higher DnaE stoichiometry. (D) Estimates for the relative abundance of first and
second order stoichiometry sub-populations are determined by fitting the distributions of
estimated stoichiometries (Fig. 4.17 and Table 4.3).
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Figure 4.17: Maximum likelihood fits to E. coli stoichiometry distributions. The
most likely two Gaussian model is selected varying the Gaussian means, widths and peak
intensities. Maximum likelihood models (blue) and comprising Gaussians (dashed blue) are
shown over histogram distributions. Error bars represent counting error. Error bars represent
counting error. Calculated maximum likelihood fit parameters are summarized in Table 4.3.

T (min) | Noor | Nost | Tonin (min) | 7 (min) | & (min™) | Tege (min) | Ne
Wild-Type | 20 171 46 4 9.1 0.12 9.4 4.2
Rif-Treated | 20 42 35 4 12.3 0.05 21.6 1.8

Table 4.4: Parameters used in E. coli complex lifetime calculation. The parameters
summarized above are defined as follows: T is the duration of the experiment, N, is the
number of complexes interpreted to disassemble before the end of the experiment, N, is the
number of complexes surviving the length of the experiment, 7,,;, is the minimum observable
complex lifetime, 7 is the empirical mean of the N, observable lifetimes, k is the calculated
disassembly rate, T.q. is the calculated mean lifetime (i.e. 1/ k ), and N¢ is the calculated
number of conflicts per 40 min of replication.
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Figure 4.18: Comparison of in vivo and in vitro step sizes for YPet. (A) Bleaching
traces for two different surface immobilized YPet proteins. Inserts show the mean fluorescence
images in the bleached and unbleached states. (B) Maximum likelihood fits to unitary
intensity step distributions for isolated YPet in vitro. (C) Example in vivo unitary step
distribution for DnaB-YPet in F. coli and its maximum likelihood fit. For all experimental
conditions in E. coli, unitary step distributions were peaked within 18% found in vitro value.
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Figure 4.19: Photobleaching minimally affects the complex lifetime experiments
in E. coli. (A) To isolate the effects of photobleaching, cells are imaged with the same
intensity and exposure as in the dynamics measurement, but with no delay between frames.
Red line indicates equivalent of the 11 frame time course used in the dynamics measurement.
(B) Automated tracking used for the dynamics measurement was applied to the bleaching
data. Survival curve (blue) shows the fraction of complexes that were successfully tracked
through a given number of frames (N = 214). Survival curve for the dynamics experiment
(gray) is shown for comparison (C) 86% of complexes were traceable for 11 frames. In the
dynamics measurement, only 21% of complexes survive the duration of the experiment.



89

A 50 . . . . . ; —A—
Lk 40 40 | —
ESeED o v

2 | SR S g
£ | e i £
| cames® S
o m“ &
o m“ >
S m
s | A T
opew® °
\ m“
1 1 1 1 1 1 1 N_
WT Rif 4 6 8 10 12 14 16 18 20
Lifetime (min)
C 100 ,~:~~ T T T T T T T D 5
S 8, I
& E
s o 84l
S 2w
2 © 0
- =0 ]
o @G 2
2 Y l
@ el
2 S
£ 2
0 : : : : : : : 0
4 6 8 10 12 14 16 18 20 WT Rif

Lifetime (min)

Figure 4.20: Helicase complex dynamics in E. coli captured by time-lapse imaging.
(A) Typical frame mosaics for dynamics of the helicase in two conditions: Untreated (WT),
rifampicin-treated (Rif). The helicase complexes in WT cells were observed to be intermittent:
assembling and disassembling on the timescale of minutes. The helicase complexes in
rifampicin-treated cells were observed to be more persistent. The complexes were tracked by
an automated algorithm (red). (B) Distribution of helicase complex lifetime in WT (gray, N
= 217 complexes), rifampicin-treated (blue, N = 77 complexes). Data collection is limited to
20 min. (C) Probability of helicase survival as a function of helicase complex lifetime. Solid
lines represent the empirical survival curves. Dashed lines show fits determined by maximum
likelihood estimation. (D) Estimated number of disassembly events per cell cycle using the
Poisson process model (see also Table 4.4). Simulating 100,000 distributions with the same
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rate parameter and number of complexes as the observed distribution generated error bars.
Simulated distributions were then fit, and the width of the rate parameter distribution was
used to quantify the error.

We further show that disruption of the restart process leads to permanent disappearance
of the helicase complex. DnaC is required for the loading of the replicative helicase (DnaB),
and is recruited to rescue stalled replication forks [134]. Here, we disrupted the restart
process using a temperature-sensitive version of the helicase loader protein (dnaC?2 allele)
[91]. We visualized DnaB-YPet in the dnaC2 mutant under non-permissive conditions (37°C)
using the same technique as in the dynamics experiments (Fig. 4.21A). Helicase complexes
observed in the first frame disassembled before the end of the time course in 86% of cases.
Furthermore, new complexes rarely developed (15% of the time). To further quantitate this
data, we calculate the probability of observing a focus as a function of time in cells that
have at least one focus. In the strains containing the dnaC2 allele, this probability decreases
throughout the time series, consistent with failure to restart (Fig. 4.21B). This observed loss
of foci is too rapid to be explained by replication termination (see Fig. 4.21B, null hypothesis).
In contrast, the probability of observing a focus in the wild type strain (at 37C) does not
depend strongly on time, indicating that the replisome is in steady state due to its ability to
restart. These data are consistent with reports suggesting that dnaCts alleles are ineffective
for synchronization because replication does not proceed to completion [130, 150]. Overall,
these findings are consistent with both our observations in B. subtilis and our interpretations
of the results of the F. coli stoichiometry measurements, suggesting that F. coli cells also

experience pervasive replisome instability due to transcription.

4.2.7  Transcription inhibition increases the rate of replication

To test the replisome-instability model, we measured replication rates in vivo by radioactive
thymidine incorporation assays in B. subtilis, in both wild-type (without DnaC-GFP) and
DnaC-GFP strains. It takes roughly 40 min to replicate 4.2 and 4.6 Mb of DNA in B. subtilis
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Figure 4.21: Disruption of restart using temperature sensitive DnaC. (A) DnaB-
YPet imaged at 2 min intervals in strains with and without the dnaC?2 allele at 37°C
(non-permissive for the temperature sensitive strain). In the temperature sensitive strain,
either a complex is observed in the first frame (e. g. cells 13) or the cell generally does
not develop complexes during the time course (e. g. cell 4). When a complex is observed,
it most commonly disappears before the end of the time course. Once disappearance has
occurred (red arrows), no new stable complexes are observed in the majority of cells (85%).
In contrast, the wild-type strain (e. g. cells 56) shows intermittent foci (as observed in the
dynamics experiments at 30°C), and complexes may be assembled later in the time series. (B)
Probability of observing a focus as a function of time in cells where at least one trajectory
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is observed. DnaC is involved both in initiation of replication at the origin and the rescue
of stalled forks. The theoretical Null hypothesis curve (red) assumes a continuous 40 min
replication cycle imaged for a random 20 min window. However, the probability of observing
a focus in the dnaC?2 allele (blue, N = 72) decreases more quickly suggesting that the helicase
is disassembled prior to completion of replication. Additionally, in the wild-type strain,
the probability of observing a focus is roughly independent of time, indicating that both
disassembly and re-assembly events are present.

and E. coli, respectively; at the 500 bp/s - 1 kb/s measurements from in vitro and in vivo
experiments [151], which assume replisome stability during a replication cycle. However,
our observation of frequent conflicts (during which the replisome stalls) predicts that the
in vivo rates should increase if conflicts are reduced. To test the prediction of our model,
we measured the rate of thymidine incorporation with and without rifampicin treatment, as
well as in the rpoB* strains - two different conditions where we observed the stabilization
of the replisome. As predicted, both transcription perturbations (rifampicin and rpoB*)
increase the replication rate: Thymidine incorporation rates in rifampicin-treated cells are
roughly 60 - 65% higher than that measured for untreated cells (Fig. 4.22A). The consistency
of the incorporation rate in the rpoB* strain with rifampicin treatment suggests that the
observed increase in rates is probably not an artifact of changes in nucleotide uptake in
rifampicin-treated cells [152]. This interpretation is also supported by the insensitivity of
rpoB* strains to rifampicin treatment with regards to thymidine incorporation rates. In
addition, measurements of the thymidine incorporation rates in DnaC-GFP cells provide
further evidence that DnaC-GFP is functional during slow growth: We did not detect any
difference in thymidine incorporation rates between the wild-type and the DnaC-GFP strain
under these conditions (Fig. 4.22A). These results provide further evidence that the rate of
replication is severely inhibited by transcription in wild-type cells.

The observed transcription-induced replication conflicts should be at least partially due
to the ribosomal RNA and protein genes. We previously showed that replication restart

proteins preferentially associate with these regions during fast growth [3]. Although somewhat
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Figure 4.22: Thymidine incorporation assays determine the effect of transcription
on replication rate. (A) DNA replication rates increase upon transcription-inhibition and
in 7poB* strains. Thymidine incorporation assays were used to measure the relative rates of
DNA replication in WT and DnaC-GFP strains, with (blue bars) and without (gray bars)
perturbations to transcription by rifampicin treatment (Rif) or rpoB* cells. Note that rpoB*
strains are resistant to rifampicin and therefore show no additional increase in replication
rate after rifampicin treatment. (B) DNA replication rates increase in cells grown in minimal
arabinose medium, relative to glucose, where transcription of rRNA and other ribosomal
protein genes is higher.
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counterintuitive, our model predicts that replication rates should be slower during fast growth
due to conflicts with transcription. To test this prediction, we measured replication-rates in
slow and fast growth conditions. Despite the faster growth rate of B. subtilis on minimal
glucose versus arabinose medium, we observe significantly higher thymidine incorporation
rates in arabinose compared to glucose, where ribosomal RNA and protein genes are much

more highly expressed and are a major source of conflicts (Fig. 4.22B, and [153]).
4.3 Discussion

The basic principles underlying the mechanism of genome replication are thought to be well
established, especially in bacteria. Yet, a great part of this work has relied on a combination
of in wvitro reconstitution, from which potentially essential cellular factors and/or processes
are absent, or in vivo ensemble measurements which are sensitive only to ensemble-averaged
cellular behavior. Based primarily on these results and the absence of significant evidence to
the contrary, DNA replication was thought to be largely a continuous process that initiates at
the origin and moves processively to the terminus. However, there is a contradiction to this
widely-accepted model: Our laboratory and others have demonstrated that the replication
process can be disrupted from a number of concurrent processes including transcription. The
resulting replication conflicts have dire consequences in the absence of rapid and efficient
replication restart. If transcription is both an obstacle to the replisome and active throughout
the cell cycle, how can the replication process be continuous? If conflicts can occur, what
is their frequency? And if these events are frequent, what are the consequences for the
replication machinery?

Using in vivo single-molecule fluorescence microscopy techniques in combination with
a genetic and cell-biology toolkit developed for studying replication conflicts, we measured
the stoichiometry and lifetimes of replication complexes in single cells with single-molecule
resolution. The results of the replicative helicase complex stoichiometry experiments could
be explained by a number of models. It is conceivable that the replisome traverses one of

the two arms of chromosome much more rapidly than the other, reaching the terminus and
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disassembling much earlier than the second replisome complex. However, genomic DNA
analyses have already demonstrated that in growing cells, the copy number of the two arms
are roughly equal, implying that the average rate of replisome movement on the two arms
is about the same [50]. Another model for the low observed replisome stoichiometry is
the observation of individual forks, as has previously been reported in E. coli. But, our
own quantitative characterization of replisome localization reveals factory-like (co-localized)
replisome positioning for 80% of the cell cycle in both E. coli and B. subtilis, which cannot
account for the low observed stoichiometry in our own experiments [7] or previous work [24].
The data presented here is most consistent with the model that elongating replisomes are
frequently disrupted (roughly 50% of the time) and disassembled during a single replication
cycle.

The direct visualization of the replisome with SMFM in two different bacterial species
strongly suggests that the replisome is frequently destabilized by transcription. The obser-
vation that these inferred disassembly events are transcription-dependent not only suggests
that these events correspond to replication-transcription conflicts previously observed via
biochemical means, but also that vast majority of replication conflicts are the result of
transcription.

Our findings suggest that replicating cells often possess only a single active replisome
complex. Together, the stoichiometry and dynamics of the replicative helicase and polymerase
complexes as well as the replication rate measurements suggest that the replisome is subject
to pervasive disassembly and reassembly events. These observations provide a potential
explanation for the essentiality of replication restart proteins at least under growth conditions
where rDNA and ribosomal protein genes are relatively highly expressed and PriA is essential.

Due to the low intensity of single fluorescent molecules, both the stoichiometry and
dynamics experiments are technically challenging. In addition, the bacteria themselves are
potentially subject to photo damage at the intensities required to resolve single molecules,
and this photo damage itself affects cellular processes and replication in particular. Therefore,

it is essential to consider these measurements in the context of additional corroboratory
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biochemical and genetic evidence. The essentiality of restart proteins and the measurement
of the replication rates provide independent lines of evidence for the pervasive disassembly

model.

We propose that the number of replication-transcription conflicts is significantly greater
than previously suggested: far from being rare, we infer from the data presented here that
conflicts are generic and occur multiple times per cell cycle. If so, then these encounters
frequently compromise the integrity of the replisome, leading to discontinuity in the process of
DNA replication. These observations therefore present a new model for the canonical states
of DNA replication, arguing against the well-accepted model that the process of replication is

highly continuous in vivo.

4.4 DMaterials and Methods

4.4.1  Growth curves

Cell cultures were grown for 16 hours in minimal arabinose (or LB) medium supplemented
with threonine and tryptophan until cells reached log phase growth. Cells were then diluted

back to an ODggg of 0.1 and monitored at 25 min intervals.

4.4.2  Western blots

B. subtilis cells harboring the dnaC-gfp allele as well as the isogenic wild-type were grown
to an ODggo of 0.3 and then harvested. Total protein was prepared in SDS loading buffer,
and the same volume was loaded on each of the lanes shown. Western blots were probed
in Odyssey blocking buffer (Li-Cor P/N 92740100) with either rabbit anti-DnaC polyclonal
antibodies (1:5000 dilution), or rabbit anti-GFP polyclonal antibodies (1:7500 dilution). Blots
were then probed with Li-Cor secondary anti-rabbit IR800 antibody at 1:15000 dilution.

Blots were scanned and quantified on a Li-Cor Odyssey.
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4.4.8  Strain list and strain construction

All strains used in this study are listed in Table 4.5. The strain containing the IPTG-
inducible lacZ (P spankmy)-lacZ) construct (HM1316), was built by transformation of the
plasmid (pHM149) encoding thrC::P gpankmy)-lacZ into strain HM262. The polC-ypet strain
(HM604) was constructed by transforming pHM93 (3¢ polC-LEGSG-ypet A206K) into wild-
type JH642 B. subtilis cells. rpoB* mutants were isolated by plating 3 ml of saturated
B. subtilis cells harboring dnaC-gfp, or E. coli cells harboring dnaB-ypet, on LB+40.3 ng/ml
rifampicin plates. Revertant colonies were isolated and their rpoB gene was sequenced.
Rifampicin revertant strains having mutations within rpoB were considered rpoB* strains.
We examined mutants harboring the H482Y mutation which is in cluster 1 of the rpoB
gene. The strains containing this mutation do not display growth defects on LB or LB
supplemented with rifampicin, as was also previously reported [147]. HM2475 (PriA CRISPR
precursor) was constructed by transforming the plasmid pHM273 into HM262 to incorporate
the sgRNA at amyFE. The full PriA CRISPR resulted from transformation of gDNA from
HM1500 into HM2475. Additional control strain HM2387 containing only dcas9 resulted
from transformation of gDNA from HM1500 into HM1. The E. coli strain containing the
dnaC?2 allele was constructed by P1 transduction of dnaB-ypet from HM1391 into PAW542.

4.4.4  Localization of replisome components

We ensure that fluorescent foci localize near midcell during active replication, consistent with
localization to the replication factory. Stationary phase cells harboring replisome fusions do
not have foci indicating that replication is required for localization and that the observed foci

are not a result of protein aggregates.

4.4.5 Cell preparation for microscopy

The following protocol was used to prepare cells for microscopy: (i) Cultures were grown
overnight in a shaking incubator at 30°C. (ii) E. coli was cultured in M9-minimal media (1X

M9 salts, 2 mM MgSOy, 0.1 mM CaCly, 0.2% Glycerol, 100 pg/ml each Arginine, Histidine,



Strain # | Genotype Species Reference
HM1 trpC2 pheAl; wild-type B. subtilis | [154]
HM262 dnaC-gfp-spec B. subtilis | [40]
HM1312 | dnaC-gfp rpoB (H482Y) B. subtilis | This study
HM1316 | dnaC-gfp-spec thrC::P gunimy)-lacZ::erm B. subtilis | This study
HM604 polC-ypet-erm B. subtilis | This study
HM1275 | polC-ypet rpoB (H482Y) B. subtilis | This study
HM1500 | lacA::Py-dcas9-erm B. subtilis | [155]
HM2387 | HM1 lacA::Py-dcas9-erm B. subtilis | This study
HM2475 | dnaC-gfp-spec amyE::P yey-sgRNA-priA-cat | B. subtilis | This study
HM24s6 | PaC-alp-spec amyE:Pu-sgRNA-prid-cat | b= 0| s sendy
lacA::P 4-dcas9-mls

HAMI318 | wild-type (AB1157) E. coli [156]
HM1319 | dnaB-ypet-kan E. coli [24]
PAWO12 | dnaX-ypet-kan E. coli [91]
PAWO09 | dnaFE-ypet-kan E. coli [91]
PAWS542 | dnaC2 thrA::tnl0-tet E. coli [91]
PAW1182 | dnaB-ypet-km dnaC2 thrA::tnl0-tet E. coli This study

Table 4.5: Strains used in this study.
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Leucine, Threonine and Proline and 10 pg/ml Thiamine hydrochloride). (iii) B. subtilis was
cultured in minimal arabinose media (1x Spitzizens salts (3 mM (NH4)2SOy4, 17 mM KyHPOy,
8 mM KHyPOy, 1.2 mM NagCgH;07, 0.16 mM MgSO,4-(7H20), pH 7.0), 1x metals (2 mM
MgCly, 0.7 mM CaCl,,. 05 mM MnCly, 1 uM ZnCly, 5 uM FeCly, 1 pg/ml thymine-HCI1) 1%
arabinose, 0.1% glutamic acid, 0.04 mg/ml phenylalanine, 0.04 mg/ml tryptophan, and as
needed 0.12 mg/ml tryptophan.) (iv) Overnight cultures at an ODgg of 0.3-0.9 were diluted
back to an ODgyo of 0.2 and incubated again for about 2 hr until they reached approximately
ODggo 0.4. (v) Cells were then concentrated by a factor of 10 immediately before imaging by
centrifugation. (vi) 1 pL of concentrated cell culture was spotted on a thin 2% (by weight)
low-melt agarose pad (invitrogen UltraPure LMP Agarose, Cat. no. 16520050). (vii) The
sample was sealed on the slide under a glass cover slip using VaLP (a 1:1:1 Vaseline, lanolin,
and paraffin mixture.) (viii) For rifampicin treatment, a final concentration of 100 pg/mL
was added to both the agarose pad and the liquid culture immediately prior to imaging. (ix)

Cells were imaged at 30°C.

4.4.6  Microscope configuration

Imaging was performed on a custom-built inverted fluorescence microscope. To avoid light
loss at the phase plate, cells were imaged through a Nikon CFI Plan Apo VC 100 1.4 NA
objective. An external phase plate (Ti-C CLWD Ph3 Annulus Module) was inserted into the
beam path during phase-contrast imaging and retracted for fluorescence imaging to avoiding
decreased signal due to the neutral density annulus on the phase plate. The microscope focus
was controlled by an IR-autofocus system. In short, an infrared beam was reflected off the
coverslip-media interface and the back reflection is detected by a position-sensitive detector
(PSD). The displacement was then processed using a PID feedback system to control the
z-height of the piezo stage.

Fluorophores were excited by laser illumination. A Coherent Sapphire 50 mW 488 nm or
150 mW 514 nm CW laser is used to excite GFP and YPet, respectively. We expand the

beam diameter to provide even illumination over the field of view. The excitation intensity
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Laser power at objective | Exposure time | Med. background 1st frame
(mW) (ms) (electrons/pixel)
Bleaching (GFP) | 1.3 300 87
Bleaching (YPet) | 0.4 300 21.4
Lifetime (GFP) 1.1 600 76
Lifetime(YPet) 0.1 600 4.5

Table 4.6: Microscopy parameters.

is controlled via an Acousto-Optic Tunable Filters (AOTF, AA Opto-Electronic AOTFnC-
400.650). Images were collected on an iXon Ultra 897 512 512 pixel EMCCD camera. The

microscope system is controlled by Micro-Manager.

4.4.7 Imaging protocol for bleaching analysis

A single phase contrast image is followed by a stack of 300 ms fluorescence images (settings
summarized in Table 4.22). Fluorescence images are continued until all foci become photo-
bleached (~120 frames). The imaging time is sufficiently fast that photodamage to the cells
is not an issue. Because YPet is brighter, and the 514 nm laser tends to excite lower cellular
background intensities (see methods for calculation of background), we were able to image at

lower laser power.

4.4.8 Bleaching analysis

The method for determining the in vivo stoichiometry of fluorescent-fusion proteins in active
replisomes is outlined below. Our protocol is based-upon the method described recently by

Reyes-Lamothe et al. [24] with a number of modifications described in detail below.

4.4.9 Segmentation of the cells from the phase-contrast image

Cells are initially imaged in phase contrast for the purpose of segmentation, the compu-
tational process of determining cell boundaries from an image (Fig. 4.3A). Imaging for

bleaching analysis is sufficiently fast (36 s) that the cells do not grow appreciably during
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the process, allowing only a single phase image to be collected at the beginning of data
acquisition. We then used the Wiggins Labs custom segmentation tool (superSegger) on
the phase image to generate cell masks for analysis [117]. The Wiggins Lab’s custom im-
age processing software (superSegger) and documentation is available at the following link:

http://mtshasta.phys.washington.edu/website/SuperSegger.php

4.4.10  Location and scoring of foci in the summed image

Firstly, to remove xy sample drift, all fluorescence images in the stack are aligned against the
first. This corrected alignment is retained for the rest of analysis. Analysis of cell fluorescence
begins by computing the summed image, which constitutes of summing the intensity values
over all frames in the image stack and then applying a one pixel radius Gaussian blur. We
then watershed the conjugate of the summed image to generate sub-regions around each
intensity maximum (Fig. 4.3). Taking the union of these regions with the cell masks excludes
regions external to the cells from analysis. These sub-regions will be called intensity regions.
The intensity profile in each intensity region is modeled by a Gaussian distribution:

_ ?0)2

e + Go, (4.1)

G () = Ggexp [—(

where, the peak amplitude Gaussian intensity is defined by parameter G and the parameter
G defines the background intensity. The focus position is parameterized by 74 and the focus
width by parameter b. Within each intensity region, a three pixel radius circular region is
centered on the position of the maximum-intensity pixel. The Gaussian intensity model is
then fit inside the union of each intensity region and the corresponding circular region. The
resulting focus position from the fit (:E_g) is then retained throughout the analysis.

Once the fit has been performed in each region in the cell, these foci are excised from the
cell image using a mask radius of 3 pixels. We compute the per-pixel mean and standard
deviation of the intensity (Ip and §I, respectively) in the remaining cell area. We define the
background-subtracted intensity:

Al =1—Ip. (4.2)
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In general, we found that the background-subtracted intensity had better statistical properties

than the Gaussian fit parameters.

4.4.11 Focus scores

The focus score o is a measure of the statistical significance of a focus. The integrated
background-subtracted intensity I4 in a region (radius three pixels and area Ay = 7r?) is
computed. We define the score:

L4

o= S (4.3)

where the factor of v/A,; in the denominator accounts for extended area A,; over which the
intensity is integrated. The intensity noise at each pixel is assumed to be uncorrelated and
therefore the expected standard deviation in the integrated intensity in area Ay is 61/ Ay

All foci scoring two or smaller tended to be located randomly throughout the cell,
inconsistent with localization to the replication factory. We therefor retain foci with scores

greater than two for further analysis.

4.4.12  Determination of the focus and background intensities in individual frames

Returning to the stack of fluorescence images, we compute the raw focus intensity (Ig) in each
frame by summing the intensity within a disk (radius three pixels) centered on the position
of the focus (x_g, determined in the previous step). The per-pixel background intensity was
again computed by excising each locus (using a mask radius three pixels) and then computing
the mean intensity over the remaining cell area (/5). We define the focus intensity (Ir) as
the difference between the raw focus intensity and the total background intensity within the

area of the 3-pixel-radius mask (Ay):
Ip=Ip— Aylp (4.4)

This background subtraction method is illustrated for a focus in Figure 4.4, Panel B. The
intensity, I, is interpreted as the intensity of the fluorophores at the focus for each frame

and plotted to form bleaching traces.
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4.4.18  Analysis of bleaching traces

A key step in the determination of the single-molecule protein stoichiometry is the determina-
tion of the fluorescence intensity of a single fluorescent molecule, which M. Leake has called
the unitary step [135]. Two independent methods were used to determine this fluorescence
intensity: (i) The intensity of GFP and YPet molecules were measured in vitro and (ii) the
fluorophore intensity was inferred for each complex in vivo from the analysis of the bleaching
curves [135].

In both cases, the intensity must be inferred from a noisy intensity trace. The method for

trace analysis of Leake et al. [24, 135] was:

1. Compute the smoothed intensity trace I'(t)

2. Compute the Pairwise Probability Density Distribution (PPDD) of I'(t)

3. Compute the Power Spectrum of the PPDD

4. Infer the unitary intensity step (AI) from the power spectrum

5. Fit the intensity trace to an exponential to determine the initial intensity I

6. The inferred stoichiometry is n = Iy/01
4.4.14  Smoothing the intensity trace

Because the raw intensity data has too large a variance to directly detect steps by analysis
of the pairwise differences, Leake et al. applied an Edge-Preserving Chung-Kennedy (SED)
Filter to smooth the intensity data [157]. Instead, we use a parameter-free change-point (CP)
analysis to idealize the bleaching curves [158]. The analysis of simulated intensity traces
(Fig. 4.23) with similar statistical properties to the observed data illustrates our method
for calculating stoichiometry, and the performance of our CP idealization compared to the
SED filter. We provide a more detailed discussion of the comparison of the CP method to

competing methods in the following sections.
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Figure 4.23: Stoichiometry calculation applied to simulated data. (A) Simulated
intensity data. A bleaching experiment was simulated to demonstrate the performance of
the CP Algorithm against the SED filter. The noise and trace length were chosen to closely
approximate the observed data. (B) Idealized intensity traces. The data (blue dots) is
identical to Panel A. True simulated mean (Truth) is shown in blue. There is excellent
agreement between the truth (blue) and the CP idealization (red). The SED filtered trace is
shown in green. (C) Pairwise intensity difference probability distribution (PDPD). The black
dotted lines represent multiples of the true step-size 1 AU. (D) Power spectrum of the PDPD.
The largest peak in the power spectrum is selected as the unitary step (red dotted). The true
step-size is also shown (black dotted).
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4.4.15  Pairwise distribution

Figure 4.23C shows the PPDD for the raw simulated data (blue), CP idealization (red) and
SED filtered data (green). The black dotted lines are placed at integral multiples of the true
step size (1 AU). Note that the peak widths in the CP idealization are computed from the
Fisher Information [158]. The first peak in the pairwise distribution of the CP idealization is
centered around the true value (1 AU), showing excellent agreement between the calculated

and the true step sizes.

4.4.16  Power spectrum

Figure 4.23D shows the Power Spectrum of the PPDD. Again, the CP idealization shows
a stronger enrichment in power at the true intensity step-size (1 AU). Note that the power
spectrum is not an FFT, but rather a continuous representation of the Fourier transform of

discrete data that is commonly applied in this context (e.g. [159]).

4.4.17 Determination of the unitary step

Leake et al. report that they select the first peak (with respect to increasing intensity) in
power spectrum that is four standard deviations above the noise [135]. Clearly this method
is ad hoc since lower noise would resolve higher harmonics of the unitary step, as are easily
visible in the power spectrum for the CP idealization. Instead, we selected the largest peak
in the power spectrum, as illustrated by the dotted red line (Fig. 4.23D). This approach
resulted in the reliable determination of the unitary step in simulations. We show a histogram
estimating unitary step size (relative to the true step size) in Figure 4.24. In our simulations,
the Leake et al. method (using the SED filter) resulted in a greater number of failures to
correctly identify the unitary step. Most worrying of all, the SED filter lead to a fairly
frequent identification of the unitary step as roughly twice the true unitary step, leading to

anomalous counts of complexes with half the true stoichiometry.
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Figure 4.24: CP versus SED filters in unity step determination. The performance of
the CP versus the SED filter is measured by a histogram of the relative size of the unitary
step in simulated data. The CP idealization clearly results in a sharper distribution about
the true value (unity).

4.4.18 Determination of the initial focus intensity

Because the probability of a fluorescent protein bleaching is proportional to the number of
unbleached proteins, we expect the raw intensities follow a decaying exponential profile. To
determine the initial focus intensity (Ip), we fit the background subtracted raw intensities to

a model of the form:
I (t) = Ipexp (—t/ty), (4.5)

optimizing both Iy and the characteristic bleaching time (¢,). We found that this method
was more reliable than simply taking I, as the highest level of the filter based on simulated
intensity traces (see Fig. 4.25). Although the highest level is less noisy than the exponential
fit, we find highest level to be biased from below.

The mechanism for the bias generation for the highest-level method is as follows: The
initial decay in intensity is too rapid to resolve all bleaching steps at high stoichiometry and
therefore bleaching steps are merged at the beginning of the bleaching process. As a result

the highest-level method typically averages over the first few true levels in the bleaching
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Figure 4.25: Finding the initial intensity. We simulated two approaches for determining
the initial intensity of the trace: Exponential Fit and Highest-Level. The probability of the
estimated intensity is shown relative to the true initial intensity. The Highest Level method
is clearly biased from below relative to the Exponential Fit method which is centered around
the true value (unity).

process. We note that, in general, both the highest-level and exponential fitting techniques

produced acceptable results.

4.4.19  Data selection

After automatic processing, all traces are refereed by hand. We remove cells where:

1. There were segmentation errors.
2. Replisome foci have strong ellipticity (ellipticity >1.2).
3. The unitary intensity step size was not within a factor of 2.5 of the in vitro value.

4. Unitary peaks in the PPDD and its power spectrum not >10% larger than competing

peaks.
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5. Exponential fit to determine the initial intensity is >30% from the initial intensity

measurement.

6. Focus localization was inconsistent with a replication factory.

While applying these data-selection rules had no qualitative effect on our results and conclu-
sions, the selection rules did remove data points that were clearly aberrant from the analysis.

All datasets were repeated on at least two occasions, with similar results.

4.4.20  Analysis of final count distributions

We divide the initial focus intensity by the unitary step size for a large number of cells,
obtaining final count distributions for each strain. Many of these distributions were bi-modal.
We fit all count distributions using a two-Gaussian mixture model where the Gaussian widths,
means ({1, p2) and peak amplitudes were optimized. To avoid binning the data, we use a
maximum likelihood process to determine the best-fit parameters. The fractional population
of factories in the low and high stoichiometry populations (Fj, and Fj) is proportional to
the area of the model Gaussians peaked near the appropriate values. See Figure 4.14 and
Figure 4.17 for maximum likelihood fits to all stoichiometry distributions not shown in the
main figures. The fit parameters are represented graphically in main Figures 4.12D and 4.20D,
and numerically in Table 4.2 and Table 4.3 for B. subtilis and E. coli, respectively. Note that
the error in Fy and F, was calculated by simulating 10,000 stoichiometry distributions with
the same statistical properties as the corresponding empirical distribution. The width of the

distribution of Fy, (or Fj) based on the simulated distributions was taken as the error.

4.4.21 Kernel density estimates

For plotting the probability densities for protein stoichiometry, we used a Kernel Density
Estimate (KDE) in order to avoid binning the data (e.g. [24]). A Gaussian kernel was used,
and the optimal bandwidth was selected by minimization of the asymptotic mean integrated

squared error.
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4.4.22  Discussion of filtering algorithms

Because the raw intensity data has too large a variance to directly detect steps by analysis
of the pairwise differences, Leake et al. applied an Edge-Preserving Chung-Kennedy (SED)
Filter to smooth the intensity data [157], this approach appeared to have two important
shortcomings: (i) The filter had what we considered poor performance under many scenarios
(described below) and (ii) the filter uses two ad hoc filtering parameters which must be
optimized. In our hands, the results of the SED filter were not particularly robust to parameter

choice.

To eliminate the need to specify ad hoc parameters for the data analysis, we attempted
to apply an objective parameter-free step-detection algorithm developed by Kalafut and
Visscher (KV) [160]. The KV filter uses a Change-Point Algorithm for determining steps in
a signal. The KV filter, as described, has two important shortcomings with respect to the
current application: (i) The signal is assumed to have constant variance for all states (false)
and (ii) the statistical test for step determination uses the Bayes Information Criterion (BIC),
which we have recently demonstrated does not result in optimal performance [158], resulting

in either over or underfitting depending on the application.

We describe the adaptation of Change-Point Methods to biophysical applications elsewhere
[158]. In short, our CP algorithm is parameter free. The performance of the CP Algorithm
and the SED filter applied to simulated intensity data is shown in Figure 4.23A shows the raw
(unfiltered) data. Panel B shows the truth (blue, true mean intensity simulated), the simulated
data (blue dots), CP idealization (red) and the SED filter (green). The performance of the
CP Algorithm correctly determines the position of all steps except one and is qualitatively

superior to the performance of the SED filter.

Note that in general the step determination at high intensity is imprecise due to the
large variance (612 o< I). For higher intensities than those shown in the simulation, the CP
algorithm cannot reliably determine the steps, although the CP idealization represents an

optimal guess [158]. One might worry that these imprecisely-determined high-intensity steps
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could result in a significant degradation in the pairwise distribution function, but there are
two natural mechanisms for the suppression of their contribution: (i) The short duration
of these steps in frames and the large std both result in a small Fisher Information. (ii)
Furthermore the weighting in the PPDD is proportional to the lifetime of the step. Therefore
these short steps have a much weaker role in determining the single-fluorophore intensity

than the long-lived and less noisy steps at the end of the bleaching trace [158].

4.4.23 The KV versus CP filter

We discovered that the KV filter does not apply a statistical test with suitable frequentist
statistical performance to evaluate the existence of new intensity levels. To compare the
performance of the KV and CP filters, we simulated intensity data with no transitions. For
simplicity, we used a Gaussian process with unit variance for 120 frames for 10,000 independent
simulated datasets. We then idealized this data using both the KV and CP filters. See
Figure 4.26 for the analysis of 10 typical simulated traces and their idealization using both the
KV and CP filters. The KV algorithm has a Type I error (finding at least one false transition)
45% of the time! (See the bar plot of algorithm performance in Figure 4.26B) This result
implies that data analysis is performed with a 55% confidence level in a Neyman-Pearson
Hypothesis Test. Such a small confidence level is clearly unacceptable from a canonical
frequentist perspective. In contrast, the Type I error rate for the CP filter is 5%, corresponding
to a 95% confidence level. (Although the above simulation describes a scenario under which
the KV filter leads to significant over-fitting, in other circumstances, the KV filter can result

in significant under-fitting and therefore should not be used for quantitative applications.)

4.4.24  Simulation: Step detection efficiency using the CP filter as a function of step size

There are a number of important factors that influence the resolution of the CP filter.
The ability of the CP algorithm to resolve steps depends principally on the lifetime of the
states and the step size between states. To estimate the resolution of the CP filter in step

determination, we first simulated transitions from one to zero flours (the final bleaching step)
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Figure 4.26: CP vs KV filtering algorithm. (A) Eight typical datasets (black dots) are
plotted with the true mean (blue) and idealizations using both the KV (red) and CP (green)
algorithms. The simulated data consisted of 10,000 Gaussian processes with unit variance
simulated for 120 frames each. The over segmentation generated by the KV algorithm is
clearly visible in the (false) transitions shown in the third, fourth, and fifth traces. No false
steps were observed in these eight traces using the CP algorithm. (B) The total number
of states for the 10,000 simulated datasets is shown for the true mean and the CP and KV
idealization. All datasets consisted of a single true level. The true number of states (one)
was found 95% of the time using the CP algorithm and only 55% of the time using the KV
algorithm.
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Figure 4.27: Change point detection efficiency. The efficiency of change-point detection
was measured for fixed-lifetime and variable-lifetime (constant decay rate) steps. In both cases
the mean lifetime was equal to the inverse observed decay rate (41 frames). For fixed-lifetime
steps (blue), the detection efficiency is essentially unity for relative step-size greater than two.
(We define the relative step size as the mean intensity difference divided by the standard
deviation: Au/o.) For variable-lifetime steps (red), the detection efficiency is reduced by the
existence of a small fraction of short-lived steps.

using a constant lifetime equal to the inverse observed intensity decay rate (¢, = 41 frames).
The Fixed-Lifetime curve in Figure 4.27 shows the detection efficiency for the bleaching
step as a function of step size. In our experiments, the step-size to the standard deviation
ratio (Ap/o) is between 2 and 3. Under these conditions, the step detection efficiency is
essentially unity. Of course, the last bleaching step has a distribution of lifetimes, rather than
a fixed lifetime equal to the mean lifetime. Next we simulated photobleaching events with
variable lifetimes (i.e. stochastic lifetimes with a bleaching rate of &k = 1/41 frames). The
variable-lifetime curve shows the detection efficiency for the bleaching step as a function of
step size. Unlike the fixed-lifetime curve, the variable-lifetime curve never reaches unity due
to the existence of a small subset of events that are not long enough to resolve. In spite of
the inability to resolve very short-lived states, the detection efficiency is still roughly 90% in

the simulation at the observed signal to noise ratio (Au/o =~ 2.5).
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Figure 4.28: Performance of CP algorithm on simulated data. (A) Distribution of
estimated stoichiometry for simulated data with true stoichiometries from 414 proteins.
(Integer stoichiometries between 3 and 15 were simulated. For clarity only the distributions
for even stoichiometries are plotted.) (B) Mean estimated stoichiometry as a function of true
stoichiometry. The estimated stoichiometry slightly overestimates the true stoichiometry (by
a fraction of a protein).

4.4.25  Simulation: Data generated by different protein stoichiometries

To test the overall consistency of the analysis approach, we simulated intensity traces using
the observed ratio of step size to standard deviation (Ap/o ~ 2.5 and assuming linear
scaling of the variance with intensity) and state lifetime (k = 1/41 frames™") for different
stoichiometries between 3 and 15 proteins. The distribution of estimated stoichiometries for
selected simulated stoichiometries is shown in Figure 4.28 A. The mean estimated stoichiometry
as a function of the true stoichiometry is shown in Figure 4.28B. Our simulated analysis
results in a very small (<0.5) bias in the mean estimated stoichiometry and a mono-modal
distribution of stoichiometry around the true value. The widths of the distributions are

roughly consistent with those observed in experiment.

4.4.26  Imaging protocol for replication-complex lifetime

Cells are imaged at two-minute intervals, taking both a phase and fluorescence image at each

time point. For lifetime measurements, where the foci must be tracked over a longer time scale,
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bleaching is undesirable. In order to minimize both bleaching and possible photodamage to
the cells (as indicated by abnormally slowed elongation), we find a longer (600 ms) exposure
at lower laser intensity to be optimal. Imaging may continue for about 20 min before focus
visibility is significantly impaired by photobleaching, and we note that cells were elongating

exponentially regardless of laser use (data not shown).

4.4.27  Analysis of replisome-complex lifetime

Replisome foci were observed to undergo step-like transitions between on and off states. We
attempted to use the same analysis used for the bleaching experiments. But, this analysis is
designed around the assumption that the replisome undergoes minimal motion. Over the 20
min timescale, the replisome can undergo significant movement and therefore we needed to
find an alternative approach.

The phase contrast image for each time point is segmented to determine cell boundaries.
For analysis of the fluorescence images, we used a locus-tracking engine that we have described
previously to track and quantify loci [117]. In short, foci are detected and fit to a Gaussian
point-spread function in each frame. Up to four foci are identified per cell. Each focus is
assigned a score (as described in the section titled 'Focus scores’ above). The larger the score
the more confidence the algorithm has identified a true focus (versus a stochastic fluctuation
is fluorescence intensity). Trajectories of replication complexes are then constructed by
grouping foci based on the following rules: (i) No foci in the trajectory may score lower than
3. (ii) A focus cannot move more than 350 nm between frames. (iii) The mean of all scores in
the trajectory must be a minimum of 4. (iv) At least one focus in the trajectory must score
five or higher. (v) Trajectories may continue through a single frame with no (or score < 3)
focus provided that all of the above conditions are still met. (vi) Trajectories must last more
than three frames. (vii) Included foci must show localization consistent with the replisome.

We have experimented with various rules for grouping foci, but the above best reproduced
trajectories qualitatively consistent with the raw images. Foci scoring three or lower appeared

randomly throughout the cell, inconsistent with protein bound to the replication factory.
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Higher cutoffs were found to lead to gaps in the locus trajectories that lasted for a single frame,
consistent with stochastic fluctuations in intensity. We have also required that trajectories last
a minimum of three frames. Shorter-lived events are consistent with events observed in cells
without active replication, and therefore we believe that these events are also predominantly
the result of stochastic fluctuations in fluorescence intensity. Note that, regardless of our
choice of grouping, trajectories were always longer lived (on average) for rifampicin treatment
and the rpoB* mutation.

For a disassembly event, foci must disappear for more than two minutes to be counted as
disassembly events. (i.e. we require the off state to last for more than one frame to remove
most intensity-fluctuation induced false negative events.) A typical trajectory corresponds
to a cell containing a focus track with foci scores 3-7 transitioning to a cell with no foci or
low-scoring foci (< 2) appearing in inconsistent locations in the cell from frame to frame,
consistent with false positive focus identification due to photon shot noise (see Figure 4.9 for

examples of scored trajectories).

4.4.28 Controlling for bleaching in replisome-complex lifetime experiments

To exclude the possibility that disappearance events are due to photobleaching, we image
the cells with the same settings as in the replisome-complex lifetime experiment, but remove
the delay between frames. Under these conditions the cells will be dosed with the same
amount of light, but over the shortened time scale we would expect bleaching to occur before
disassembly due to a conflict. The results confirm that minimal bleaching occurs over the
time course. The algorithm successfully tracks 92% and 86% of complexes for the duration of

the lifetime experiments in B. subtilis and E. coli, respectively.

4.4.29  Estimation of conflict number based on replisome complex lifetime

Modeling replisome disassembly events as a Poisson process, the distribution of focus lifetimes

was fit using an exponential distribution. The likelihood for the focus lifetime is:

p(7|k) = kexp (—k (T — Tiin)) (4.6)
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where k is the disassembly rate, 7,,;, is the shortest observable lifetime (in our case, 4 min
since we disregard events lasting less than three consecutive frames). Since some foci persist
throughout the experiment, duration 7', we must also compute the survival probability. The

survival probability is (one minus the cumulative probability):
Pr{r <t} =1—=P(t|k) = exp (—=k (t — Tinin)) (4.7)

The disassembly rate k£ was estimated using Mazimum Likelihood Estimation. The sum of
the log-likelihood for the observed lifetimes is:
> logZ (milk) = Y logp (k) + D log (1~ P(T|k)) (4.8)
i 7i<T 7>T
Note that the sum in the first term is taken only over the observable lifetimes while the
second term accounts for long-lived states. Maximizing the likelihood leads to the following

expression for the maximum likelihood estimate of k:
l% = N’T<T/ [N7'<T (77— - Tmin) + NTZT (T - Tmm)] ; (49)

where N, >7 is the number of lifetimes that were at least the duration of the experiment and
N, .1 is the number of observed lifetimes and 7T is their empirical mean. A summary of the

parameters used in the replisome-complex lifetime is provided in Table 4.1 (B. subtilis) and

Table 4.4 (E. coli).

4.4.30  Protocol for temperature-sensitive DnaC' experiment

Cells were prepared for microscopy as described above, and imaged under non-permissive
conditions using an objective heater (Bioptechs). Imaging started roughly 10 min after
cells were placed on the heated objective. Trajectories were generated using the algorithm
developed to measure complex lifetime, and foci included in these trajectories counted towards
the probability of observing a focus as a function of time. The theoretical 'null-hypothesis’
curve is generated by assuming a random segment of continuous (no disassemblies due to
conflicts) 40 min replication cycle is visualized for 10 frames at 2 min intervals. We include

all possible outcomes where a focus is visible in the first frame.
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4.4.31 Protocol for PriA CRISPR experiment

Due to the leakiness of the CRISPR system, PriA is already depleted three-fold before
induction [155], and we note that the strain grew unusually slowly in minimal arabinose
(however, the precursor strain without the sgRNA grew normally). The CRISPR system
was fully induced by the addition of 1% xylose in liquid culture roughly 2 hr before imaging
to allow the remaining PriA to be diluted out. DnaC-GFP foci were then identified from
snapshot images (one phase contrast and one fluorescence image at each field of view). The
number of cells with foci was quantified using the following rules: (i) the focus must score
three or higher, (ii) the elipticity of the focus must be smaller than 1.2, and (iii) the focus
localization must be consistent with the replisome. Because of the leakiness of the CRISPR,
we compare to the number of foci in the precursor strain (does not contain sgRNA), also
with the addition of 1% xylose. Time-lase microscopy was not productive because the PriA

CRISPR strain formed few DnaC-GFP foci even without induction.

4.4.32  Protein purification

Purified GFP was gifted to us by the Asbury Lab at the University of Washington. For
purification of YPet, DH5aFE. coli cells were transformed with the plasmid ROD49 carrying an
arabinose-inducible his-tagged mYPet with the monomeric A206K mutation. (This plasmid
was the gift of R. Reyes-Lamothe.) The expression was induced at an optical density (OD600)
of 0.1 with 0.2% L-arabinose for 1 hr at 37C. Cells resuspended in 20 mM HEPES pH 7.5,
0.5 M NaCl, 25 mM imidazole were lysed by sonication. Lysate was cleared by centrifugation
for 1 hr at 18,000 x g, and proteins were purified by fast protein liquid chromatography
(KTA System, GE Healthcare) using a metal-chelating affinity column (HisTrap HP, GE
Healthcare). YPet-containing fractions eluted at high imidazole concentrations were identified
by absorbance at 280 nm and confirmed using a microplate photometer to verify the correct

excitation and emission spectra.
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4.4.33  Preparation and imaging of surface immobilized protein

For imaging, we dilute purified protein in PBS to the point where individual molecules are
visible during fluorescence microscopy. We fill a 10 pL flow cell (constructed by sticking
a KOH cleaned coverslip to a base slide with two strips of two sided tape) with the PBS-
fluorescent protein solution and allow it to sit upside down for 10 min, binding the proteins
to the coverslip. The channel is then rinsed with 400 pL of PBS to clear any remaining

fluorescent protein from the background.

We image and the isolated protein using the same settings as the in vivo bleaching
experiments, and analysis proceeds as for live cell bleaching experiments (the only difference
being that we do not take a phase contrast image and intensity regions are identified from
the fluorescent images alone). See Figure 4.6A and Figure 4.18A for example isolated protein
bleaching traces. We arrive at the unitary intensity step distribution for known single
fluorophores. As a consistency check, we confirm that the in vivo unitary intensity step
distributions for all strains are highly similar to those found in vitro. We find agreement of
the peak values for in vivo and in vitro distributions to within 19% for GFP and 18% for

Y Pet.

4.4.34  Thymaidine incorporation assays

Exponentially growing cells raised in minimal MOPS medium [152] supplemented with either
1% arabinose or glucose, at 30°C, were split at ODggg 0.2 into equal 1.2 ml cultures. Cells
continued to grow until they reached ODgog 0.3, at which point 30 pg/ml rifampicin was added
to one of the cultures for 2 min. Next, 38 pCi *H-thymidine (Perkin Elmer 70-90 Ci/mMol)
was added to both cultures, and timepoints were taken at 2 min intervals by pipetting 200
1 of cells into 3 ml of ice-cold 10% TCA. Samples were collected on glass microfiber filters
(GE Healtthcare #1825025), and washed 3x with 5% TCA prior to detection on a liquid

scintillation counter.
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Chapter 5
CONCLUDING REMARKS

Over the last ten years or so, experimental methods have become sufficiently advanced to
study living cells at the level of individual molecules. These new technologies are allowing us
to uncover previously overlooked features of biological processes. In this chapter, I summarize
the main findings of the work presented in this thesis, and discusses yet unanswered questions

which could be the focus of future work.
5.1 Summary of findings

In most bacteria, including B. subtilis and E. coli, two replisomes assemble at a single origin
and work bi-directionally to duplicate the chromosome. During this time, the two replisomes
are closely spaced (generally < 250 nm) and form a relatively stationary complex through
which the DNA is pulled [7]. However, if you look inside diffraction-limited complex, one of
the replisomes is often disassembled. Furthermore, if you watch the replication complex over
time, disassociation from the DNA is observed multiple times every single replication cycle.
Transcription inhibition restores stability of the replication complex. Therefore the replisome
is frequently disrupted by pervasive replication-transcription conflicts [17].

Altogether, these findings represent a significant deviation from the textbook model of
DNA replication. Until recently, replication was assumed to highly processive and continuous,
with both replisomes remaining stably bound from initiation to termination. My own work
as well as a number of other recent reports have used single-molecule techniques to reveal a
much more dynamic picture of the replication process. Many core replisome components have
been shown to turn over on the time scale of seconds [34, 112, 113]. My own work suggests
collapse of the entire replisome many times per replication cycle [17]. These findings together

suggest a need to revise the canonical model of replication.



121

5.2 Future studies

5.2.1 Replisome localization

Although the work here shows that replisome pairs operate in close proximity throughout
the cell cycle, it is unknown how this localization is maintained. The occasional transient
separation of replisome pairs implies that they are only weakly coupled and held together by
a non-specific interaction. Future work may use high-throughput imaging-based screening
techniques to visualize replisome localization in a library of conditional mutants. This would
identify factors that directly or indirectly affect replisome structure.

Another loose end is that is that we have assumed that single replication focus represents a
co-localized replisome pair. Future work will visualize the structure of the replication factory
beyond the diffraction-limited focus, potentially resolving the two replisome separately. This
is achievable by existing super-resolution techniques. Single-molecule localization based
reconstruction could provide deeper structural insight into the spacing between the replisomes
in a replication factory.

Most studies of the replisome, including the ones here, were based on imaging of the
replisome one component at a time. An intriguing possibility is that replisome components
are not continually co-localized throughout the cell cycle. Two-color imaging of the replisome

could provide deeper insight into replisome structure in living cells.

5.2.2  Replisome dynamics

We have shown here that the replisome undergoes multiple rounds of disassembly and restart
every cell cycle. The replication-restart pathway is fairly well understood, however, precisely
how the replisome is disassembled remains unknown. It is possible that cellular machinery is
needed to remove at least some of the replisome components from the DNA. A possible way
to investigate this would be to study the disassembly of replisomes at an engineered barrier
(e.g. an array of tightly bound repressor proteins). By simultaneous visualization of two

fluorescently-labeled replisome components at a time, it would be possible to determine if
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replisome disassembly at a barrier is ordered (i.e. occurs the same way every time). This would
imply a specific mechanism for replisome disassembly rather than spontaneous disassociation

from the DNA.
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Appendix A

INDEPENDENT-FORK MODEL

In our analysis of the focus dynamics, we have not distinguished between one and two
fork replisomes and interpreted the measured rate of focus loss as the rate of single fork
disassembly to generate a crude estimate of the number of conflicts per cell cycle. We will
call this qualitative model the cooperative-fork model since it implicitly postulates that a
conflict at a single fork results is loss of the replication complex at both forks. While this
model is clearly a useful qualitative device for making a crude estimate of the number of
conflicts per cell cycle, it is inconsistent with the stoichiometry data which demonstrates
that replisomes frequently have a stoichiometry consistent with a single fork. We now briefly
explore a more self-consistent model which distinguishes between one and two-fork complexes.
We will assume that the replication forks move and act independently and assume that the

conflict-generation and replication restart are both Poisson processes with a constant rate:

active k# stalled, (A.1)
E+

for a single fork. Since the forks in this model act independently, we will call this model
the independent-fork model. This more complicated model changes none of the qualitative

insights from the cooperative fork model.

A.1 Model and rates.

Since our experiments are sensitive only to the number of assembled fork complexes, we

define the states in terms of the number of complexes in the focus: 0, 1, or 2. The rate
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equation describing the number of two, one and zero active complexes is therefore:

Ny —2k_ k. 0 N,
Nl - 2k_ —k+ —k_ 2k+ N1 ’ (A2)
No 0 k_ —2k, No

where the factors of two in the rate equation account for the fact that either of the two forks
can disassemble. We analyze the linear model in the canonical way: we find the eigenvalues

and vectors.

A.2 Steady-state solution.

In the current context, we only care about the steady-state solution with eigenvalue zero:
Wi = (K /R 2k /k 1), (A.3)
which determines the ratios between two and one fork replisomes is steady state:
R = Ny(00)/Ni(00) = ki /2k_. (A4)

where the factor of two in the denominator is the result of the ability of either fork to
transition to the stalled state. R is fit from the stoichiometry measurements and is therefore
observable.

The second observable is the lifetime of a focus which is measured in the replisome

dynamics experiments. As we demonstrate in the next section, the average lifetime is:

Ak? +5k_ky + k2
%2 (2 +ky)

as a function of the independent-fork model rates k1. We will discuss the effective rate of

=

(A.5)

focus loss ke = 7' An intuitive limit for ko is the large k., where the effective rate of
focus loss is: )
kogt =2 Qki (A.6)
+
The rate has a squared dependence on k£_ and inverse dependence on k since two successive
conflict transitions are required without restart to lose a focus. This limit is not relevant in

the current context since k_ ~ k.
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A.3 Technical details: The first-passage-time calculation.

To analyze the lifetime, we will solve the first passage time problem using the canonical
method: We make the zero-focus state absorbing, preventing transitions from 0 to 1 forks.

The average lifetime for system is defined:

EE /Oidot t p1_>0(t), (A?)

where p1_,o(t) is the probability density of transitions from the one-fork to the zero fork state.

Number conservation implies:

P1o(t) = ——( 11 > halt) : (A.8)

where P; is the probability of occupancy for the i fork state. To perform this calculation, we

project onto the No-N7 plane:

ok ky
K, = . (A.9)
o —ky —k_

We integrate Eqn. A.7 by parts. We then use the solution to the matrix linear differential

equation for the probabilities, given the initial conditions:

= exp [K.t] . (A.10)

%:/Oﬁt (1 1 )exp K.1] JP:ES; , (A.11)
[ =(0)
_ _( 11 )K ro | (A.12)

The inverse rate matrix K_! can be computed using the well-known closed-form expression

for a 2-by-2 matrix inverse. We initialize the system in a steady-state mix of two and one
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fork states (Eqn. A.4):

Py(0) I ki (A.13)
Py(0) 2k + ke \ 2k
The average lifetime is therefore:
_ 4k* +5k_k, + K2
7 AR OR-Ry (A.14)

22 (2k_ + ki)

which is measured in the replisome dynamics experiments.
Aside: Note that the independent-fork model does not appreciably affect the lifetime
distribution function (Eqn. A.8) for R ~ 1 relative to the cooperative model and therefore a

new maximum likelihood fit need not be performed.

A.4 The underlying rates: Estimating the independent-fork model parame-
ters.

R is fit from the stoichiometry measurements and is therefore observable. We estimate the
ratio is

R=144+04 (A.15)

from the focus stoichiometry measurements. We estimate the effective focus loss rate keg:
Ketr = 0.12 4 0.01 min™ !, (A.16)

from the replisome dynamics experiments.
Even though the ratio of one to zero fork replisomes cannot be directly measured, since
non-replicating cells anomalously increase the number of zero-fork cells, we can still estimate

this quantity in the model:
Rig = Ni(00)/Ny(o0) =2k /k_ = 4R, (A.17)
which can be expressed in terms of the observable ratio R. We therefore expect:

Rip =58+ 1.6, (A.18)
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The probability of a conflict in a single fork is

k_
P, = 2o = g = 0.26 £ 0.05. (A.19)

We now explicitly estimate the conflict and restart rates from the independent-fork model.

The conflict rate per fork is:

1+ 2R+ R?
k_ = keg—=2—— =0.33 +0. in~! A2
ff D) 0.33 £ 0.09 min™ ", (A.20)
and the restart rate per stalled fork is:
ki =2k R=0.9540.71 min~". (A.21)

We now estimate the number of conflicts per cell cycle. Assuming a replication time of T', we

would expect:
k_k,

Tk ky

conflicts per fork per round of replication. Our naive estimate for the cooperative model is:

N.=k_ (1—P)T (A.22)

N(/: = keffT. (A23)

The following table summarizes the conflict number predictions:

Replication Independent conflict Cooperative conflict

time: T’ number: N, number: N/
40 min 9.5 £0.8 48 £ 04
80 min 19.5 £ 1.6 9.7 £ 0.8
120 min 287 £ 24 145 £ 1.2

From the visualization of DnaN throughout the cell cycle, we estimate that the replication

time under these growth conditions is 80-100 minutes (unpublished).
A.5 Discussion.

It is important to note that both the cooperative and independent-fork models make a number

of simplifying assumptions. For instance, these models do not include the known position of
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conflicts at the rDNA and other loci. In the model, we treat the generation of conflicts as a
Poisson process with a constant rate. The existence of these sequence-specific hot spots could
act to over-estimate the rate of conflicts if these forks undergo multiple rounds of abortive
restart. Our dynamics experiments also do not detect short-lived conflicts that are resolved
quickly. The independent-fork model also assumes that there is no interaction between the
forks. Our data suggest that the forks are frequently co-localized, which is consistent with a

role for functional coupling between forks.
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