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ABSTRACT

Protein—-DNA complexes are one of the principal bar-
riers the replisome encounters during replication.
One such barrier is the Tus—ter complex, which is
a direction dependent barrier for replication fork pro-
gression. The details concerning the dynamics of the
replisome when encountering these Tus-ter barri-
ers in the cell are poorly understood. By perform-
ing quantitative fluorescence microscopy with mi-
crofuidics, we investigate the effect on the replisome
when encountering these barriers in live Escherichia
coli cells. We make use of an E. coli variant that in-
cludes only an ectopic origin of replication that is
positioned such that one of the two replisomes en-
counters a Tus—terbarrier before the other replisome.
This enables us to single out the effect of encoun-
tering a Tus-ter roadblock on an individual repli-
some. We demonstrate that the replisome remains
stably bound after encountering a Tus—ter complex
from the non-permissive direction. Furthermore, the
replisome is only transiently blocked, and contin-
ues replication beyond the barrier. Additionally, we
demonstrate that these barriers affect sister chromo-
some segregation by visualizing specific chromoso-
mal loci in the presence and absence of the Tus pro-
tein. These observations demonstrate the resilience
of the replication fork to natural barriers and the sen-
sitivity of chromosome alignment to fork progres-
sion.

INTRODUCTION

All dividing cells must ensure the accurate and timely repli-
cation of their genome. The replication of DNA is an in-
tricate process undertaken by the ubiquitous multi-protein

complex known as the replisome (1-3). In Escherichia coli,
the two independent replisomes (4) assemble at a single ori-
gin of replication (oriC) and subsequently advance in op-
posite directions at equal rates to synthesize the 4.6 Mbp
genome, while the newly replicated DNA is sequentially
segregated (5-9) prior to cell division. During fork pro-
gression, the replisomes encounter a substantial number
of impediments preceding their fusion in the terminus re-
gion (10). Stalled replication forks are a potential source
of genome instability, and thus a risk of cell viability in
general (11). The major source of hindrance for a repli-
some during replication is believed to be protein—-DNA
complexes (12). A specific natural protein—-DNA complex
that is particularly involved in the termination of replica-
tion is the 36 kDa monomeric Tus protein bound to one
of the ~10 specific 23 bp DNA sequences (fer-sites) (13—
16). The majority of these fer sequences are spread across
the terminus region of the chromosome, spanning ~ 2 Mbp
across the two replichores (chromosome halves) (17) (Fig-
ure 1A). Replication forks are believed to be stalled when
approaching such a Tus—ter complex from one direction
(non-permissive side) but not from the other direction (per-
missive side) (18-22) (Figure 1B, top), creating a replication
fork barrier (RFB). The dominant mechanism of forming
such a RFB is thought to be the binding of a conserved G-
C(6) base pair residue (Figure 1B, left) to Tus. Lock forma-
tion is formed through the separation of the parental DNA
strand in the non-permissive direction by the replicative he-
licase (DnaB) until the conserved residue is free and sub-
sequently binds to the binding pocket of Tus (Figure 1B,
right) (23). Other lock formation mechanisms, for exam-
ple protein—Tus interactions, have also been proposed (24),
but seem unlikely to be the dominant mechanism (25). The
binding of Tus to a fer site is strongly dependent on ionic
strength (26). For example, Tus has a dissociation constant
of K4 ~ pM and a half-life of ¢, ~ 500min in 0.15M
potassium glutamate, while in 0.25 M potassium chloride

*To whom correspondence should be addressed. Tel: +31 15 2783219; Fax: +31 15 2781202; Email: n.h.dekker@tudelft.nl

fThese authors contributed equally to the paper as first authors.

© The Author(s) 2016. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact

journals.permissions@oup.com



Nucleic Acids Research, 2016, Vol. 44, No. 13 6263

A replisomes
CCW Fork ‘assemble~
’

~1 Mbp

CW Fork
N

B
Tus-ter complex
- - o>Pr<o - -
Fork progression Fork progression non-
permissive direction permissive direction
Ter-site DNA sequence

terA AATTAG TATGTTGTAACTAAAGT

terB  AATAA G TATGTTGTAACTAAAGT (ﬁln.forked
terC  ATATA Gl GATGTTGTAACTAATAT structure
terD  CATTA G TATGTTGTAACTAAATG

terE  TTAAA G TATGTTGTAACTAAGCA

terF  CCTTC G TATGTTGTAACGACGAT

terG  GTCAA@ GATGTTGTAACTAACCA

terH CGATC G TATGTTGTAACTATCTC c6)

terl AACAT G GAAGTTGTAACTAACCG

¥ R\ forked
[ structure

terJ  ACGCA G TAAGTTGTAACTAATGC

Figure 1. Investigating the Tus—zer replication block efficacy in an Escherichia coli strain with an ectopic origin. (A and B) The different E. coli chromosome
arrangements. The left (red) and right replichore (blue), together with their respective rer-sites (triangles) are shown. The dashed gray lines indicate the
directionality of the two independent replisome (yellow circles) movement. (A) The parental WT strain (oriC-dnaN-strain) which has roughly equal
genomic distance from oriC till the innermost fer-sites for both replisomes. (B) Polar-fork arrest by the Tus—zer complex. (top) A schematic representation
illustrating two replisomes approaching the permissive and non-permissive faces of a Tus—zer complex. The purple square represents the Tus protein. The
replisome approaching from the non-permissive side is believed to be blocked by the Tus—zer complex indicated here with a flat arrowhead. (left, right) The
dominant mechanism of polar fork arrest by a Tus—zer complex. (left) The DNA sequences of the different zer-sites. Here the conserved G is highlighted by
a light blue rectangle. (right) The crystal structures of a non-forked Tus-bound zer-site and a forked Tus-bound fer-site approached from the non-permissive
direction. Here the Tus protein is depicted in light gray. Images where generated using the Protein Data Bank (PDB) files, IECR and 2EWJ (23,66). DNA
molecules are represented in purple and brown, while the C(6) residue is highlighted in red. (C) The strain with an ectopic origin (oriZ-dnaN-strain) (38).
Here the origin of replication (oriZ) is positioned at 344 kb on the E. coli genetic map. The insertion position of a lacO operator array at 3908 kb (oril),
and a tetO operator array at 366 kb (R2) are indicated with a red and blue star respectively.

(KCl), it exhibits a K4 ~ nM and a ¢;,, ~ 2 min (27). In
physiological ionic strength (150 mM KCl), the half-life for
a Tus—ter locked complex was found to be #,, ~ 500 min
(23). The RFB system is conserved in Bacillus subtilis (28—
30), and has also been demonstrated to be capable of arti-
ficially pausing a replication fork in yeast and mammalian
cells (31,32).

The biological significance of the Tus—ter RFB and the
fate of a replisome when encountering such a barrier in live
cells remains poorly understood (21). The ‘replication fork
trap” (RFT) model suggests that the Tus—ter complexes act

as a safeguard, ensuring that forks can enter but not exit
the inner termination zone, thereby restraining fork fusion
to the zone roughly opposite the origin of replication (33).
However, it is not clear why this would be necessary. It might
assist fork fusion by ensuring that one of the two repli-
somes ‘waits’ for the other oppositely progressing replisome
to complete replication, or reduce the incidence of head-
on collisions between the replication and transcription ma-
chineries (10). It might also be related to the presence of
the specific locus important for segregation (dif), situated
between the innermost zer-sites (Figure 1A). The multiplic-
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ity of ter-sites on each of the two chromosome arms sug-
gests that a replication fork may, despite the strong DNA
binding of Tus, frequently overcome a non-permissive Tus—
ter roadblock. A bulk in vivo study of plasmid fork arrests
(34) suggests that the different zer-sites have distinct fork ar-
rest efficiencies, with the innermost sites (zerA-E) being the
most effective (20-35%). This is in line with an in vitro study
that demonstrated that Tus binds strongly to rer4-E and less
strongly to other ter-sites (35). It remains unclear what hap-
pens to a replisome when it encounters such a block. Given
the relatively low efficiencies of the RFBs and the in vitro
robustness of the replisome in head-on collisions (36,37), it
could be the case that the replisome remains intact after en-
countering a Tus—ter block, or rapidly restart and proceed
further with replication.

To gain insight into the response of a replisome as it en-
counters a Tus—ter roadblock under in vivo conditions, we
study single live E. coli cells that contain only an ectopic
origin (38) in either the presence or absence of Tus (Figure
1C). The oriZ position is such that the clockwise (CW) repli-
some encounters a non-permissive Tus—zer complex earlier
on in replication than the counterclockwise (CCW) repli-
some. The strain also includes a genomic rearrangement
of a highly transcribed region (rrnCABE operon cluster)
that alleviates head on replication-transcription conflicts
of the CCW replisome (39). Utilizing custom microfluidics
(40) to ensure healthy cell physiology in combination with
time-lapse wide-field fluorescence microscopy, we quantita-
tively investigate chromosomal replication and segregation
during successive cell cycles. We track the replisome by its
progression through its components DnaN (the B, sliding
clamp) and DnaQ (the e-subunit of DNA polymerase I11),
and specific chromosomal loci on the left (L) and right (R)
replichore arms of the chromosome (Figure 1C). This en-
ables us to investigate the effect of the Tus roadblock on
both replication and segregation. Our data indicate that
while the Tus—zer roadblock impedes replisome progression,
the replisome is sufficiently resilient (as assessed from the
DNA-bound DnaQ and DnaN molecules) to avoid com-
plete disassembly at the barrier, proceeding to overcome it
and finish the replication process in an overall time that only
exceeds that of cells with the native origin of replication
(oriC-dnaN) by 15%. The replication time in the absence of
Tus (oriZ-dnaN: ATus cells) is in excellent agreement with
that of oriC-dnaN cells, confirming that the Tus—zer com-
plex is indeed the barrier responsible for the increased repli-
cation time in oriZ-dnaN cells. We found that the genera-
tion time of all A7us mutants with an ectopic or native ori-
gin of replication exceeded that of oriC-dnaN cells. We in-
vestigated the effect of the Tus—zer block on the chromoso-
mal segregation organization, since this pattern is sensitive
to fork progression (41,42). The sister chromosome align-
ment (SCA) patterns after replication for the oriZ-dnaN
and oriZ-dnaN: ATus cells were found to differ: SCA pat-
terns changed from a predominant Left-Right-Left-Right
(LRLR) (oriZ-dnaN cells) configuration to a RLLR config-
uration (oriZ-dnaN: ATus cells). This suggests that the RFB
caused by the Tus—ter complex can influence the manner
in which the sister chromosomes are segregated and posi-
tioned following replication. Collectively, our results show
that the replisome is stable, or rapidly restarts after having

encountered a natural impediment in the cell. It does not
collapse completely but rather remains DNA-bound and
overcomes this barrier, possibly with assistance from other
proteins.

MATERIALS AND METHODS

The details regarding the experimental procedures can be
found in the Supplementary Data. Here we briefly highlight
the different strains and techniques used in this study.

Strains, strain construction and growth for microscopy

All endogenous chromosomal integration of the /lacO
and fetO arrays, and fusions of either YPet-DnaN, Lacl-
mCherry and TetR-mCerulean where constructed in pre-
vious work and described in detail (38). All chromosomal
deletions of the fus gene in the different strains were real-
ized by A-Red recombination and P1 phage transduction.

Cells used for microscopy were grown in M9-Gly sup-
plemented with the necessary nutrients until an OD~ 0.2
was reached. The cells were immobilized for imaging us-
ing a custom microfluidic system made from polydimethyl-
siloxane (40). Fresh growth medium was continuously in-
jected automatically into the device during an experiment
at 0.5ml/h via a syringe pump.

Microscopy and image analysis

All microscopy experiments where conducted on a com-
mercial Nikon Ti microscope with custom laser excitation.
YPet was imaged using a 515 nm (Cobolt Fandango) laser,
mCherry was imaged using a 561 nm (Cobolt Jive) laser and
mCerulean was imaged using a 457 nm (Cobolt Twist) laser.
The type of extended time-lapse microscopy that we con-
duct using microfluidics allows us to quantitatively compare
intensities since the rate of photobleaching is constant, and
hence a steady-state between bleaching and protein prod-
ucts is reached rapidly into the measurement (43). Image
acquisition was performed with an EMCCD (Andor) using
commercial Nikon NIS elements software. The whole mi-
croscope body, including sample, was kept at ~37 °C using
a temperature controller (Okolabs). Image analysis was per-
formed using ImageJ and custom written Matlab code.

RESULTS

Delineating the time when the CW replisome encounters a
Tus—ter complex from the non-permissive side

We utilize time-lapse fluorescence microscopy in combina-
tion with a custom-built microfluidic device (40) to track
the independent replisomes and chromosomal loci during
chromosomal replication. The individual replisomes are vi-
sualized via a functional YPet-DnaN chromosomal fusion
(38), and the left- and right replichore arms are imaged us-
ing a fluorescent-repressor-operator system (FROS) (44).
FROS enables one to image chromosomal loci by engineer-
ing binding sites at a defined location on the chromosome
to which specific proteins bind. If these proteins are fluores-
centely tagged, one then visualize that locus of the chromo-
some in the form of a focus. The lacO array (oril) is posi-



tioned on the left arm, 15 kb CCW from the former posi-
tion of oriC, and the tetO array (R2) is positioned on the
right arm, 21 kb CW of oriZ (38) (Figure 1C). Fusions of
LacIl-mCherry and TetR-mCerulean are expressed at low
levels to keep any perturbation to the generation and repli-
cation times (45) to a minimum (38,46,47). Kymographs of
sample individual cells illustrate the YPet-DnaN and oril-
mCherry movements during replication (Figure 2A and B,
left). The respective temporal montages of the individual
images are shown in the Supplementary Figure S1A and B.
We determine the positions of the respective foci for each
individual image of a time-lapse measurement by fitting a
1D-Gaussian function across the long axis to the profile
summed across the short axis of the bacterium (Supplemen-
tary Section 1.7.1). Figure 2A and B (center) depict sample
fluorescence images and their corresponding Gaussian fits.
The calculated positions per individual image are used to
track the YPet-DnaN and ori/-mCherry foci over a com-
plete replication cycle in each individual cell. We perform an
equivalent analysis to detect and track the R2-mCerulean
loci (Supplementary Figure S2).

The temporal information of ori/-mCherry enables us
to establish the moment during replication at which the
CW replisome encounters the Tus—zerC roadblock. This
is because the distances of oril from oriZ (~1050kbp)
and of terC from oriZ (~1100kbp) can be seen as equiv-
alent (~1 Mbp) (Figure 1C). We determine the time-point
at which the ori/-mCherry focus spatially doubles (Figure
2C). Since the two replisomes are believed to progress at
the same rate on average (v, ~ 550bp/s) (Supplemen-
tary Section 1.8), this time-point is indicative of when the
CW replisome encounters the Tus—zerC roadblock from the
non-permissive direction (Figure 2C, inset). The average
time following initiation required for the CCW replisome to
replicate oril is t,,;; = 26 £ 6 min (Error is + SD; n = 282;
Figure 2C). This measured time is in agreement with previ-
ous measurements (38), as well as with the expected value
(%oril, expected = 32min) calculated using the distance of oril
from oriZ and the average replication speed (vrep).

A replisome remains DNA-bound after encountering a Tus—
ter roadblock

Since it is conceivable that the replisome disassembles when
encountering a Tus—zer complex, we examine the dynamics
of the replisome in single cells from initiation till termina-
tion, with specific attention given to the time point when the
replisome reaches the Tus—terC roadblock. Initiation and
termination are taken as focus appearance and disappear-
ance. The DNA-bound YPet-DnaN foci are detected and
tracked during the whole replication process (Figure 3A,
left). The size of the markers in the average time-resolved
trace (Supplementary Section 1.7.2) presented is indicative
of the percentage of cells at that time point having either
a single focus (black dots) or two foci (black circles). The
majority of the cells exhibits a single focus at initiation and
just prior to termination, while during elongation cells dis-
play single and double foci at equal frequencies (Figure 3A,
right).

To rule out that the single focus observed in roughly 50%
of the cells during elongation results from the CW replisome

Nucleic Acids Research, 2016, Vol. 44, No. 13 6265

disassembly at the Tus—zerC site, we quantify and compare
the DNA-bound YPet-DnaN intensity under two condi-
tions. First, we compare the intensity of a single focus (light
green) to the sum of the intensity of two foci (dark green)
during replication (Figure 3B). We observe only a small dif-
ference between the means (<10 %), which suggests that
there is no change in the number of DNA-bound YPet-
DnaN molecules regardless of whether one or two foci are
detected. Thus, the differing number of foci detected does
not reflect replisome disassembly, but likely results from oc-
casional DNA conformational changes that result in suffi-
ciently close proximity (below the resolution limit imposed
by diffraction) of the two replisome to preclude their sepa-
rate identification.

Secondly, we establish whether the CW replisome is dis-
assembled after encountering the Tus—zer roadblock. This
is accomplished by comparing the intensity of DNA-bound
YPet-DnaN prior (gray) and post (red) doubling of the oril-
mCherry focus (as assessed by the appearance of a second
focus, Figure 3C). This comparison is performed by sum-
ming the intensities of all the frames prior or post oril-
mCherry focus doubling, respectively (similar results are
obtained when taking smaller numbers of frames into ac-
count, see Supplementary Table S1). We only detect slight
differences (<10 %). This implies that there is no significant
decrease in the number of DNA-bound YPet-DnaN before
and after the replisome has encountered the Tus—zerC re-
gion. This suggests that the replisome, as assessed from the
YPet-DnaN signal, remains DNA-bound after encounter-
ing a Tus—ter roadblock and is not directly disassembled.

Since the sliding clamp has been shown to accumulate on
the DNA (43), and is thus not necessarily always bound in
the immediate vicinity of the replication fork, we also stud-
ied the fate of a different replisome component that is active
at the fork: the e-subunit of DNA polymerase 111 (DnaQ-
YPet). We observed no obvious difference in the number
of DnaQ-YPet foci prior and post reaching the Tus—terC
roadblock, and only a minor difference (<6 %) in the num-
ber of DNA-bound DnaQ-YPet, as assessed by comparing
the foci intensities before and after the replisome has en-
countered the Tus—zerC region (Supplementary Figure S3).
These observations, together with the YPet-DnaN measure-
ments, are in-line with the replisome remaining bound (or
quickly restarting) after encountering the Tus—zer block.

A replisome is impeded by a Tus—ter complex, but not halted
indefinitely

We demonstrate that the replisome does not only remain
DNA bound, but is capable of progressing past the Tus—zer
block and continues replication. While the replisome does
not disassemble following the encounter with Tus—zerC, it
could potentially stall there without further replication; in
other words, it is plausible that the CCW replisome synthe-
sizes the remainder of the chromosome while the CW repli-
some is halted. To test whether the CW replisome can con-
tinue replication after having reached the Tus—zterC block,
we compare the replication and division times of oriZ-dnaN
cells to that of oriC-dnaN cells (Table 1). The oriC-dnaN
cells have a division time of iy oric—dnay = 85 £ 15 min, and
oriZ-dnaN cells have a t4iv.oriz—dnay = 97 £ 21 min (errors
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schematically that when oril-mCherry focus is reached it is indicative of the time point when the CW replisome reaches the Tus—zerC complex.

are + SD; Figure 3D, brown). These relatively long division
times result from the minimal growth medium (Supplemen-
tary Section 1.2) used in the experiments. Thus the division
time for oriZ-dnaN cells compared to that of oriC-dnaN
cells increases by ~13 %. The oriC-dnaN cells have a repli-
cation time of fep oric—dnany = 70 £ 7min (errors are £ SD;
Supplementary Figure S4A and B). The measured replica-
tion time in oriZ-dnaN cells 1S tep oriz—anany = 81 £ 15min
(mean + SD; Figure 3D). If the CW replisome was halted
indefinitely, one would expect the CCW replisome to copy
~1/4 more of the chromosome. This should cause the repli-
cation time in oriZ-dnaN cells to increase by a factor of 1.5,
thus to ~105 min, a value that notably exceeds the observed
increase of ~1.15x. Even though we cannot fully exclude

from our data that the CCW replisome might speed up dur-
ing replication due to an increased availability of deoxyri-
bonucleotide triphosphates (ANTPs) (48) by the stalling of
the CW fork, we deem this to not be the dominant fac-
tor, since it has recently been shown that the CW repli-
some can pass a Tus—zer barrier (39). This conclusion is sup-
ported by the observation that the number of DNA-bound
DnaQ-YPet molecules appears unchanged when the repli-
some encounters the Tus—ter barrier (Supplementary Fig-
ure S3). Thus, the marginal increase of the replication time
suggests that the CW fork is, at least in a large fraction of the
cases, capable of passing the Tus—zer C block. Given the wide
distribution of replication times in oriZ-dnaN cells (Figure
3D), it is possible that there was variation in the pausing
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division time S t4iy.oriz—dnan = 97 £ 21 min (Error is &+ SD).
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times of individual replisomes upon their encounter with
the Tus—Ter barriers. Bridging of such a barrier could well
be a stochastic process as opposed to a uniformly regulated
one.

Replisome progression is influenced by the absence of Tus in
oriZ-dnaN cells

To verify that the longer replication time observed in oriZ-
dnaN cells can be attributed to hampering of the CW repli-
some by the Tus—zter complex, we investigate the replisome
dynamics and replication time in oriZ-dnaN cells that do
not express Tus (oriZ-dnaN:ATus) (49) (Supplementary
Section 1.1.5). This strain is incapable of forming the Tus—
ter complex, and hence the replisome should be able to
progress unimpeded beyond the innermost terminus region.

Double foci are more frequently observed during elonga-
tion in oriZ-dnaN: ATus cells compared to oriZ-dnaN cells.
A sample trace (Figure 4A) and its corresponding tempo-
ral montage (Supplementary Figure SIC and D) illustrate
this effect that foci appear to overlap less frequently in oriZ-
dnaN: ATus cells compared to oriZ-dnaN cells. The average
time-resolved trace (Figure 4B, top) clearly shows that the
fraction of cells displaying a single focus during elongation
has decreased by a factor of ~2 (Figure 4B, bottom). This is
most likely due to the influence of the absence of the Tus—zer
roadblock on the replication-dependent chromosome dy-
namics and organization (41,42).

OriZ-dnaN: ATus cells exhibit very similar replication
times to oriC-dnaN cells. The replication time for oriZ-
dnaN:ATus cells 1S trep oriz—dnanatus = 68 £ 7Tmin  (Fig-
ure 4C), which is consistent with the above argument
that the longer replication time in oriZ-dnaN cells com-
pared to oriC-dnaN cells is due to the Tus—zer block.
The replication time of oriZ-dnaN:ATus cells is in close
similarity with the replication time for oriC-dnaN cells
(trep,oric—dnan = 70 = 7min) (Supplementary Figure S4B).
While the replication time for oriZ-dnaN: ATus cells is de-
creased compared to that of oriZ-dnaN cells where we found
trep,oriz—dnany ~ 81 min, the division time is slightly longer
tdiv.oriz—dnaN aTus = 109 £ 18 min (Figure 4C) compared to
ldiv,oriZ—dnaN ™~ 97 min.

To gain further insight into the effect on the replica-
tion and division times in the absence of Tus, we investi-
gated these times in oriC-dnaN cells that did not express
Tus (oriC-dnaN: ATus) (Supplementary Section 1.1.3; Fig-
ure S4). We observed a slight increase in both the divi-
sion time (Zdiv.oriC—dnaN:aTus = 96 & 19min) and the repli-
cation time (fep, oric—dnan:aTus = 80 & 11 min) compared to
oriC-dnaN cells where we found #cp oric—dnany ~ 70 min and
tdiv.oriC—dnan ~ 85 min (Supplementary Figure S4C). This
increase might be due to the more collision-prone fork fu-
sion in the absence of Tus. No visible difference was ob-
served in the replisome dynamics in terms of single or dou-
ble foci as function of replication time (Supplementary Fig-
ure S4D and E). The division- and replication times of the
four different strains have been summarized in Table 1.
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Figure 4. Removing the Tus—zer roadblock directly affects replication in
oriZ-dnaN:ATus cells. (A) A representative complete single replication cy-
cle in a single oriZ-dnaN: ATus cell. A single YPet-DnaN focus is indicated
with a solid black dot and two individual foci are indicated as circles. The
lines between data points are included to aid the reader. (B, top) An av-
erage time resolved trace of the two replisomes (YPet-DnaN) from indi-
vidual cells during complete replication cycles (r1¢epis = 152). Single DnaN-
YPet focus are represented as filled cicrcles and double DnaN-YPet foci
with open circles. The size of an individual element at each time point is
again representative of the percentage of cells having that particular foci
distribution. The traces have been aligned with respect to initiation and
termination and binned. (bottom) The percentage of cells that have a sin-
gle focus (light green line), double foci (dark green line) and no foci (black
line) as function of replication time. It is evident that the majority of the
cells have two foci for the largest part of the replication process. The trans-
parent red rectangle indicates the time when ori/-mCherry replicates, as
determined from the distribution in Figure 2C. The width of the rectangle
is £SD. (C) The distribution of the replication time (purple) and division
time (brown) of individual oriZ-dnaN:ATus cells. The average replication
time 1S trep,oriz—dnaN:aTus = 68 £ 7min, and the average division time is
ldiv,oriZ —dnaN:ATus = 109 + 18 min (Error is + SD).
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Table 1. The division- and replication times together with the respective D-periods for the different E. coli strains investigated

E. coli strain Division time (min)

Replication time (min)

D-period (min)

oriC-dnaN 85+ 15
oriC-dnaN: ATus 96 + 19
oriZ-dnaN 97 +£ 21
oriZ-dnaN: ATus 109 + 18

70+7 23+9
80+ 11 30£13
81+ 15 19+13
68 +7 31+10

The numbers specified indicate the mean £+ SD. Here the replication time is defined as the time interval between YPet-DnaN focus appearance and
disappearance. The D-period is defined as the time interval between YPet-DnaN focus disappearance and cell division. The true replication time and the
D-period are likely slightly shorter than the reported values, since termination occurs prior to the complete disappearance of a focus. 7-tests were performed
to compare the division- and replication times of the various strains to those of oriC-dnaN. In all the cases the null hypothesis, which states that samples
came from normal distributions with equal means was rejected (P < 0.05) except in the case of the replication time for oriZ-dnaN:ATus (P = 0.09).

The presence and absence of Tus influences the sister chromo-
some alignment pattern in oriZ-dnaN cells

To gain more insight into the discernibility of the individ-
ual replisomes during replication we investigate the chro-
mosome organization in oriZ-dnaN and oriZ-dnaN: ATus
cells. Utilizing the labeled chromosomal loci on the left
(oril-mCherry) and right (R2-mCerulean) replichores, we
visualize their movement during replication (Figure 5A and
B). It is evident from the time-resolved traces that the oril-
mCherry and R2-mCerulean loci segregate and move to op-
posite cell halves in both cases. The times when the oril-
mCherry focus and R2-mCerulean focus spatially double
are indicated. Since we did not observe a significant dif-
ference in the spatial doubling times of the respective loci
in the two strains, we grouped the oriZ-dnaN and oriZ-
dnaN:ATus data for better statistics. As stated previously,
the time measured for the spatial doubling of oril foci
(tyri1 = 26 £ 6min) is in excellent agreement with the ex-
pected value. In the case of R2, one would expect this region
to be replicated ~1 min after initiation given its position
and the average speed of a replisome, but we measure 7z, =
17 £ Smin (Erroris + SD, n = 167) (Supplementary Figure
S2B), in agreement with previous measurements (38). How-
ever, this discrepancy between the measured and expected
time when R2 separates, can be attributed to the region of
the chromosome that remains juxtaposed for ~10 min and
not yet segregated fully (4,50,51). The pattern at the end of
replication between the two strains appears to be different
(Figure 5A and B).

The SCA patterns formed illustrate a change in chromo-
some organization in the absence of Tus. Since the move-
ment or stagnation of the replication fork influences chro-
mosome segregation organization (42,52), we investigated
the resulting arrangement of the left (L) and right (R) repli-
chore loci after termination in both the oriZ-dnaN and
oriZ-dnaN: ATus cells (Figure 5C). The three segregation
patterns observed are LRRL (Figure 5C, left), RLLR (Fig-
ure 5C, center), and LRLR (Figure 5C, right). In a mi-
nority of the cells (<9 %), the loci of the LR replichore
arms spatially overlap (Supplementary Figure S5A), pre-
venting their proper classification. Such cells are discarded
from further analysis. The small number of cells displaying
a RLRL pattern (Supplementary Figure S5B) are grouped
with the LRLR (conform convention, since it is a symmet-
ric configuration (53)). The majority of the oriZ-dnaN cells
displayed a LRLR pattern, consistent with what has been
measured previously (38), while the predominant pattern in

oriZ-dnaN: ATus cells is RLLR. There is thus a switch in
the predominant SCA pattern in the absence of Tus. This
predominate RLLR pattern is already observed half way
through replication (Supplementary Figure S5C). The frac-
tion of oriZ-dnaN:ATus cells displaying RLLR is larger
when determined half way through replication compared to
at termination, while for oriZ-dnaN cells it is essentially un-
affected. Through some mechanism the cell is able to revert
back, but not fully, to the 'normal’ LRLR pattern.

Fork fusion in oriZ-dnaN cells most likely occurs close to zerF

The time point at which the CW replisome reaches terC and
the total replication time provide us with insight into the
genomic position where termination occurs in oriZ-dnaN
cells. Since we demonstrated that the CW replisome is not
likely disassembled at Tus—zerC, and that it likely continues
synthesis (39,54), albeit being slowed down, it is possible to
determine the most likely termination position using the av-
erage values for the replication termination time (~81 min),
the time when the CW encounters terC, and the replisome
speed. From the average time when the CW replisome en-
counters terC (~26min), one can calculate that there re-
main ~55 min for the two replisomes to copy the remainder
(~2300 kbp) of the genome (Figure 6A). The CCW repli-
some is not impeded as it synthesizes in the natural direction
and would thus progress on average for ~1800 kbp, assum-
ing a constant velocity of v ~ 550 bp/s. This implies that the
CW replisome is effectively hampered by the Tus—zer barri-
ers for ~30 min, and replicates ~500 kbp on average. From
this it follows that replication termination, i.e. fork fusion,
occurs close to zerF. However, the distribution of replication
times (Figure 3D) also indicates that there are events where
termination might occur between terB-terF (Figure 6B). To
illustrate this more quantitatively, we plot the distribution
of the time differences between the averaged temporal oc-
currence of oril spatial doubling and individual replication
termination events (Figure 6C). The proportion of cells that
terminates faster than ~55 min is more likely indicative of
ter B-ter F termination events, while the proportion of cells
that terminates after ~55 min is more likely associated with
terB/C termination events. These proportions are consis-
tent with zer B and ter C being strong roadblocks that reduce
the rate of CW replisome progression.

Since the CW replisome moves more slowly due to the
Tus—ter barriers, one might have expected unloading of slid-
ing clamps, resulting in a reduction of their number from the
steady-state equilibrium (43). This is not observed, implying
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Figure 5. Sister chromosome alignment (SCA) patterns are different for oriZ-dnaN and oriZ-dnaN: ATus cells. (A and B) Average time resolved traces of
the oril-mCherry (red) and R2-mCerulean (blue) loci. The blue and red rectangles indicates the time when the respective loci replicate as determined from
the distributions in Figure 2C and Supplementary Figure S2. The shaded white dots are when only a single focus was detected, which was in the minority
of cases. As with the previous figures, the size of the dots are representative of the percentage of cells having that particular foci distribution. The width of
the shaded region is the SD. (A) oriZ-dnaN-strain (nees = 71). (B) oriZ-dnaN: A Tus-strain (nees = 79). (C) Example SCA patterns of the left (L) and right
(R) replichores after replication. Here we plot the fitted spatial intensity distributions. (left) LRRL, (centre) RLLR and (right) RLRL. (Insets) Schematic
depiction of the different chromosomal loci patterns. (D) The distributions of the different SCA patterns for the oriZ-dnaN- and oriZ-dnaN: A Tus-cells
after replication. The predominant pattern for oriZ-dnaN (51 %) is the LRLR organization, while for oriZ-dnaN: A Tus cells this is the RLLR organization
(59 %). The differences observed in the SCA patterns of the two strains are judged to be significant as evaluated by a chi-square test, which yielded a x> =

5.79 with P = 0.055.

that the dynamics of the sliding clamps may be altered in the
terminus region in this strain, possibly due to the chromo-
some compaction of the highly prevalent MatP/matS site
specific system that organizes the terminus region (55).

DISCUSSION

To ensure the accurate inheritance of genetic material one
needs faithful completion of replication and chromosome
segregation. Our work provides insight into the replisome’s
robustness in vivo and into its ability to circumvent the nat-
ural Tus—zer replication barriers. We characterize the effect
of the Tus—ter complex on the stability and progression of
the replisome when it encounters the barrier from the non-
permissive side. Our data suggest that the CW replisome
(as assessed by studying YPet-DnaN and DnaQ-Ypet foci)
does not disassemble after having encountered the Tus—terC

complex from the non-permissive direction, but rather re-
mains stably bound to the DNA (or is rapidly reloaded).
This result is consistent with what has been observed in vitro
during a head-on collision of the E. coli replisome and an
RNA polymerase (RNAP) (36). We observed that the pro-
gression of the CW fork is impeded, but that it is capable
of overcoming this barrier, as deduced from the unaffected
numbers of DNA-bound YPet-DnaN and DnaQ-YPet be-
fore and after encountering the roadblock (Figure 3C), to-
gether with the fact that the overall replication time only
increased by 15% (Figure 3D). Our results are in agreement
with a recent study where it was shown, in their strain with
only an ectopic origin of replication (AoriC oriZ), that ter-
mination frequently occurs at terB, thus the CW replisome
crosses the Tus—zerC barrier (39).
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We demonstrate that the presence and absence of Tus af-
fects the replication- and cell generation-times in both oriC-
dnaN and oriZ-dnaN cells. For both oriZ-dnaN: ATus and
oriC-dnaN: ATus, an increase in the mean cell doubling time
was observed when compared to oriC-dnaN and oriZ-dnaN
cells respectively (~11 and ~12%, respectively). In both
cases this increase could result from processing events re-
quired to complete replication when the converging forks
fuse at sites other that Tus-bound fer sites. This hypothesis is
supported by our observation that there is an increase in the
D-period for these strains (Table 1). We note that the repli-
cation time for oriZ-dnaN:ATus was in very good agree-
ment with oriC-dnaN cells, strengthening the view that the
Tus—ter complexes caused the measured replication fork de-
lay in oriZ-dnaN cells. We observed a slightly longer replica-
tion time for oriC-dnaN: ATus cells compared to oriC-dnaN
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cells (~14 % increase). This observation of longer replica-
tion times in oriC-dnaN is in accordance with the RFT
model (21,34) that fork fusion and completion of replica-
tion is most effective at Tus-bound fer sites (56), rather
than at the dif-site as has been proposed by bioinformatics
analysis (57). The dif locus, located between ter4 and terC,
is where the XerCD recombinase decatenates newly repli-
cated sister chromosomes and resolves chromosome dimers
of nascent daughter chromosomes to allow successful chro-
mosome segregation (58). If fork fusion occurred at the dif-
site most frequently, the absence of Tus should have had
negligible effect on the replication and cell division. We pro-
pose that Tus—zer sites around the dif-site facilitate the local-
ization of the proteins necessary for proper dimer resolution
by ensuring that only one of the two replisomes replicate the
dif sequence, as postulated by Duggin et al. (21). Possibly,
fork fusion and attendant collision processes in the direct
vicinity of the dif-site might influence for example decate-
nation or dimer resolution, and hence increase the overall
duration of replication and cell division.

We observed a switch in the predominant SCA patterns
after replication when the rus gene was deleted from oriZ-
dnaN cells. The predominant SCA pattern in oriC-dnaN and
oriZ-dnaN cells has been shown to be LRLR (38). We in-
deed observed this pattern for oriZ-dnaN cells, while inter-
estingly the predominant pattern switched to RLLR in the
absence of Tus (oriZ-dnaN: ATus cells), an organization pat-
tern that is associated with fork stalling (42). One would
rather have anticipated that the proportion of cells display-
ing LRLR pattern should increase when Tus is absent from
the cells; since no replication fork stalling is occurring due
to Tus—ter complexes. Our different observation may imply
that the collision of the CW replisome with different pro-
teins after passing the dif-site plays a role in the final SCA
in oriZ-dnaN cells.

A future topic of study would be to investigate the mech-
anistic details by which the replication fork can progress be-
yond an RFB caused by the Tus—ter complex. The B, slid-
ing clamps have been shown to facilitate in bypassing of
replication barriers (59). This might be a strategy by which
the replisome bridges such an RFB when encountering the
Tus—ter complex from the permissive side. An Single-strand
DNA-binding protein (SSB) for example might facilitate re-
pair at these collisions (60) and in that way assist the repli-
some. It might be other non-replicative helicases that dis-
pose of these roadblocks (61). For example the E. coli heli-
case Il (UvrD)isa 3’ to 5 helicase that has been shown to be
able to remove Tus in vitro (62). It is plausible that it could
remove Tus from a zer site in vivo as well. The FtsK translo-
case involved in chromosome segregation (63,64) is another
potential candidate for Tus removal, though a recent single-
molecule in vitro study has shown that FtsK changes di-
rection when encountering Tus and does not seem to dis-
lodge it from the DNA (65). Independently of which pro-
teins assist the replisome in encountering a roadblock, our
work demonstrates that the replisome is robust in continu-
ing replication despite this hurdle.
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