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ABSTRACT

The coexistence of DNA replication and transcription
during S-phase requires their tight coordination to
prevent harmful conflicts. While extensive research
revealed important mechanisms for minimizing these
conflicts and their consequences, little is known re-
garding how the replication and transcription ma-
chinery are coordinated in real-time. Here, we devel-
oped a live-cell imaging approach for the real-time
monitoring of replisome progression and transcrip-
tion dynamics during a transcription-replication en-
counter. We found a wave of partial transcriptional
repression ahead of the moving replication fork,
which may contribute to efficient fork progression
through the transcribed gene. Real-time detection
of conflicts revealed their negative impact on both
processes, leading to fork stalling or slowdown as
well as lower transcription levels during gene repli-
cation, with different trade-offs observed in defined
subpopulations of cells. Our real-time measurements
of transcription-replication encounters demonstrate
how these processes can proceed simultaneously
while maintaining genomic stability, and how con-
flicts can arise when coordination is impaired.

INTRODUCTION

DNA contains the genetic information of the cell that must
be preserved and replicated during cell growth and division.
During DNA replication, cells need to maintain and pro-
mote additional cellular processes, including cell cycle pro-
gression and energy production, through the expression of
hundreds of genes (1,2). Consequently, cells carefully co-
ordinate replication fork progression and transcription dy-
namics during genome duplication to prevent conflicts be-

tween the replication and transcription machinery. Nev-
ertheless, harmful conflicts can take place during S-phase
leading to replisome stalling, DNA damage and genomic
instability (3-6). These transcription-replication conflicts
(TRCs) can occur when the replisome moves in the same or
in the opposite direction of RNA polymerases (RNAPs), re-
ferred to as codirectional (CoD) or head-on (HO) collision
orientations, respectively, where the latter is considered as
more detrimental (7-9).

In the past decades, extensive research revealed a vari-
ety of mechanisms for minimizing TRCs in different organ-
isms including bacteria, yeast and mammalian cells (3-5).
These mechanisms can act directly to prevent collision of
the moving replisome with RNAP or indirectly by over-
coming different transcription-associated obstacles hinder-
ing replisome progression. Specific mechanisms that reduce
TRC levels in cells include RNAP eviction during DNA
replication, relaxation of topological stress accumulated
between the moving replisome and RNAPs and elimina-
tion of R-loops formed by the hybridization of the tran-
scribed RNAs with the DNA template. Accordingly, mu-
tations in key proteins including RNAPII (10), topoiso-
merases (Topl/2) (11,12), Sen] DNA:RNA helicase (13—
15) and RNaseH (16-18) lead to increased levels of harm-
ful TRCs and genomic instability. Some of these mutations
were shown to be associated with different pathological
conditions including cancer development and neurodegen-
erative diseases (3,6).

While many studies investigated the consequences of
TRCs on genomic stability (3-5), little is known regard-
ing the mechanism of coordination between replisome pro-
gression and transcriptional activity to prevent and re-
solve TRCs and how mutations that increase TRC levels
alter such coordination. Specifically, it is unknown how
replisome progression influences gene transcription prior,
during and following replication of the transcribed gene.
Whereas TRC events that lead to genomic instability are
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usually rare (8,10), it is not clear whether transcription-
replication encounters commonly affect replisome progres-
sion and transcription dynamics, particularly when forks
traverse highly transcribed regions. Finally, little is known
regarding potential trade-offs between replisome progres-
sion rates and transcription levels during TRCs, and how
they might relate to heterogeneity in cellular behavior.

Here, we have developed and utilized a live-cell mi-
croscopy approach for the real-time monitoring of both
replication and transcription at the same locus during a
transcription-replication encounter in single Saccharomyces
cerevisiae cells. The approach enables high-resolution mea-
surements of replisome progression rates and transcription
levels while the replisome progresses through the inducible
GALI0 gene. Using this approach, we found that GALI0
transcription is partially repressed ahead of the moving
replisome, and replisome progression through the gene is
not hindered by transcription. However, in the presence
of excessive RNAPII accumulation on chromatin, we de-
tected abundant conflicts leading to fork stalling or slow-
down and transcriptional repression. Examination of topoi-
somerase I deficient cells showed a trade-off between repli-
cation and transcription, highlighting the detrimental effect
of topological stress on the coordination between these pro-
cesses. Overall, these results reveal tight coordination be-
tween replication and transcription that is dependent on
proper eviction of RNA polymerase from actively tran-
scribed genes and prevention of topological stress.

MATERIALS AND METHODS
Strain generation

Strains for replisome tracking and GALI0 transcription
monitoring were generated on the background of W1588,
which is identical to W303 but with a wild-type copy
of RadS5, MATa S. cerevisiae strain, expressing Lacl-
HaloTag, tetR-tdTomato and PCP-Envy fusion proteins in
the nucleus. LacOx256 and TetOx224 arrays are located
at chrlV:332960 and chriV:352560 respectively, adjacent to
ARS413. The GALI10 gene cassette, labeled with 14xPP7 re-
peats between its 404 bp promoter and its ORF and flanked
by CUT60 terminator sequences, was inserted between the
two arrays, either at c¢hrlV:336186 (origin-proximal with a
mid-array distance of 34 kb) or in chrlV:352533 (origin-
distal with a mid-array distance of 35.7 kb), in either CoD
or HO orientation relative to the progression of a replisome
emanating from ARS473. In the case of PP7-GALI0 con-
struct insertion at the URA3 locus, the location of integra-
tion was chrV:116167. All PP7-GALI0 integrations were
performed using a markerless CRISPR-Cas9 approach, by
targeting natM X or hphMX antibiotic cassettes with spe-
cific gRNAs (19). Strain for the examination of DSB be-
tween the lacO and tetO arrays was generated by the intro-
duction of a fragment from AphMX antibiotic cassette be-
tween the arrays followed by the integration of live Cas9 and
gRNA targeting the iphMX sequence into the URA3 lo-
cus using an integrative plasmid. The rpb1-1 mutant strains
harboring the G4622A mutation (10) were generated with
CRISPR-Cas9, using a gRNA which targets the RPBI gene
close to the mutated region (gRNA sequence: AGTTGGA-
GAAAAGCCTGGTG) and DNA donor containing the

mutation, with 75 bp homology to the genome on each
side of the targeted region. Mutant rpbl-1 strain was vali-
dated by polymerase chain reaction (PCR), Sanger sequenc-
ing and sensitivity to methyl methanesulfonate (MMS). To
generate the topl A strains, the TOPI gene was replaced by
nat M X antibiotic cassette. SMCI-AID strains were gener-
ated by integrating a PCR cassette containing the degron
sequence followed by 6xFLAG-Tag, iphM X antibiotic cas-
sette and the Oryza sativa TIR1 gene at the 3’ end of the
SMCI1 gene (20). All replacements and integrations were
validated by PCR.

SiR-Halo dye synthesis

The synthesis of 2-(2-((6-chlorohexyl)oxy)ethoxy)ethana
mine (compound 1) reactive group for the covalent
labeling of the Halo protein tag was performed in
three steps, as previously described (21). Briefly, the
amine group of 2-(2-aminoethoxy)ethanol was protected
by a Boc protecting group to generate the tert-butyl
(2-(2-hydroxyethoxy)ethyl)carbamate. Next, the hydroxy
group of the tert-butyl (2-(2-hydroxyethoxy)ethyl)carba
mate was reacted with 6-chloro-1-iodohexane to gener-
ate the tert-butyl (2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)
carbamate. Finally, Boc deprotection to generate com-
pound 1 was performed in a mixture of dichloromethane
(DCM)/trifluoroacetic acid (TFA) followed by purification.
The synthesis of the SiR-Halo-dye was performed by react-
ing the SiR-carboxyl (Spirochrome) with compound 1 un-
der basic conditions followed by reverse phase HPLC purifi-
cation, as previously described (22). All synthesis steps were
verified by NMR and mass spectroscopy analysis for SiR-
Halo-dye. Stock solutions of SiR-Halo-dye were prepared
by diluting the dye to a final concentration of 400 M in
DMSO.

Microscopy

Yeast cells were grown overnight in synthetic complete (SC)
medium containing 2% raffinose (RAF) at 30°C. Yeast cul-
tures were diluted at ODgyp = 0.2 and SiR-HALO dye was
added to a final concentration of 400 nM. One hour follow-
ing SiR-HALO dye addition, 10 pg/ml a-factor was added
to arrest the cells in G1 phase, and the cultures were in-
cubated for two additional hours. Cells were then immo-
bilized on microscopy slide chambers (Ibidi) coated with
2 mg/ml concanavalin A and washed thoroughly from a-
factor and SiR-HALO dye with warm SC medium contain-
ing 2% RAF prior to microscopy experiments. For the in-
duction of PP7-GALI0 transcription, 2% galactose (GAL)
was added to the culture media 2 h before and during the mi-
croscope experiment. For hydroxyurea (HU) experiments,
yeast cultures were incubated with 10 mM HU 1 h before
and during the imaging. For cells with SMCI-AID, 1 mM
of indole-3-acetic acid (IAA) was added to cells 1 h before
and during the experiment. Live-cell imaging of the cells
was performed on an AxioObserver inverted wide-field mi-
croscope (Zeiss) with a Colibri 7 LED light source, at 1 min
intervals for 4 h at 30°C, using a x63 oil objective (NA = 1.4)
in 3D (8 z-sections 0.8 wm apart). Lacl-Halo-SiR and TetR-
tdTomato were excited with 650 and 561 nm illumination,
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respectively. PCP-Envy was excited with 488 nm illumina-
tion.

Single-molecule FISH

smFISH experiments were performed as described previ-
ously (23,24). Briefly, yeast cultures were grown in SC 2%
RAF until ODgy = 0.3. Then, 2% GAL was added in the
culture media and they were synchronized at G1 using 10
wg/ml a-factor for 2 h and until ODgyy ~0.5. Next, cells
were washed twice and resuspended with SC 2% RAF + 2%
GAL followed by incubation for 35 min in order to enrich
the population of cells in S phase. Subsequently, cells were
fixed with paraformaldehyde (PFA), washed with Buffer A
(1.2 M sorbitol and 100 mM potassium phosphate buffer
pH 7.5), permeabilized with lyticase and washed with Buffer
A. Cells were then immobilized on coverslips coated with
poly-L-lysine and permeabilized with ethanol overnight.
The coverslips were hybridized for 4 h with buffer con-
taining four PP7 probes labeled with Cy5 (IDT). Finally,
cells were washed with Washing Buffer (2xSSC and 10%
formamide). Coverslips were mounted on glass microscope
slides with anti-fading mounting media containing DAPI.
CyS5 and DAPI were excited with 650 and 353 nm led illumi-
nation, respectively. Fixed cells were imaged on an AxioOb-
server inverted wide-field microscope (Zeiss), with Colibri 7
LED source. Transcription spots were identified using cus-
tom made Python software by fitting to a Gaussian mask
including background subtraction as previously described
in detail (24). The cell and nuclear borders were defined with
Cell Profiler (25). Transcription sites were identified and
normalized to the median fluorescent intensity of RNAs in
the cytoplasm. Violin plots were plotted using the Seaborn
package in Python.

Western blot analysis

For the detection of Smcl-AID-6xFLAG by western blot,
50 ml of yeast cells were grown until late-exponential phase.
Smcl depletion was induced by the addition of 1 mM of
indole-3-acetic acid (IAA) for 1 h before harvest. Cells were
centrifuged and pellets were frozen at —80°C overnight.
Next, cell pellets were thawed and incubated in 1 ml of 0.2
M NaOH for 5 min, followed by boiling at 95°C for 5 min in
50 pl of Laemmli Buffer including 10% B-mercaptoethanol.
Lysates were centrifuged for 2 min and 10 wl of the su-
pernatants were loaded and run on a 10% SDS-PAGE
gel. Separated protein bands were transferred to a PVDF
membrane followed by blocking with PBST + 10% skim
milk for 1 h. The membrane was washed with PBST once
for 5 min, and was incubated with a primary mouse anti-
FLAG antibody conjugated with HRP enzyme (1:1000) in
PBST + 10% skim milk for 1 h. The membrane was washed
three times with PBST and Smcl-AID-6xFLAG was de-
tected with the EZ-ECL Chemiluminescence detection kit
(Biological Industries) according to the manufacturer’s pro-
tocol. Detection of Pgkl bands was performed with a pri-
mary mouse anti-Pgk1 antibody (1:5000) and a secondary
goat-anti-mouse antibody (1:10 000) conjugated with
HRP.
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Rad52 foci analysis

Rad52 was labeled at the C terminus with Envy by using
a flexible linker, after deleting PCP-Envy from the original
strains. Cell cultures were grown overnight in 2% RAF until
log-phase. Then, cells were diluted in ODgyo = 0.15 and were
incubated for two additional hours. In induced experiments,
2% GAL was added in the media. Cells were transferred
inside microscope slides and were imaged on an AxioOb-
server inverted wide-field microscope (Zeiss), with Colibri
7 LED source. Rad52-Envy and TetR-tdTomato were ex-
cited with 488 and 561 nm illumination, respectively. At
least 280 cells were analyzed for each strain in triplicates
and scored for the presence of one or more Rad52 foci. The
percentage of cells with Rad52 foci was estimated by divid-
ing the number of cells exhibiting one or more Rad52 foci
by the total amount of cells at S-G2 phase. Colocalizing foci
were defined as Rad52 foci which overlapped with the TetR-
tdTomato foci.

HU drop assay analysis

Overnight yeast cultures were diluted at ODgypp = 0.2 in YP
RAF 2% and were grown for three additional hours. Cell
solutions were diluted to ODgyy = 0.3 and 4 .l were trans-
ferred in agar plates containing 2% RAF in the presence or
absence of 2% GAL, with or without 100 mM HU, in 10-
fold serial dilutions. Plates were photographed after 48 or
72 h.

RNA extraction, cDNA synthesis and quantitative RT-PCR

Yeast cells were grown to ODggp = 1 and 5 ml were harvested
and centrifuged for 5 min. For the induction of PP7-GAL10,
cells were incubated with 2% GAL for 2 h. Total RNA was
isolated with the RNeasy Kit (QIAGEN) according to the
manufacturer’s protocol. Purified RNA samples were incu-
bated with DNase for the removal of DNA. cDNA was syn-
thesized with the Superscript IV First-Strand Synthesis Sys-
tem according to the protocol, with poly-dT primers. Quan-
tification of PP7-GAL10 and flanking genome transcription
levels with or without galactose was conducted with quan-
titative RT-PCR using the PowerSYBR Green PCR Master
Mix (Thermo) according to the manufacturer’s protocol.
Reactions were conducted with 3.3 ng of cDNA template
in triplicates for each combination of strain/set of primers.
Actin (ACT1) gene was used as internal control using pre-
viously described primers (26). The sequences of primers
used for qRT-PCR are shown in Supplementary Table S2.
PP7-GAL10 FRW primer was designed to bind a unique
sequence between the 14xPP7 repeats and the GALI0 ORF
so that only the cDNA of PP7-GALI0 construct will be
detected with the combination of PP7-GAL10 FRW and
GALI10orf REV primers pair.

Quantification and statistical analysis

Time-lapse measurements were collected with ZEN 3.0 and
analyzed using a custom-made computational pipeline de-
veloped specifically for the analysis of replication rates
and transcription dynamics during replisome progression
by our group. Our MATLAB-based pipeline identifies,

2202 UoIe\ 10 Uo 1sanB Aq €5Z12G9/eY L Z/7/0G/9191HE Ieu/wWoo"dno-oiwapede//:sdny Wwolj papeojumoq



2146 Nucleic Acids Research, 2022, Vol. 50, No. 4

tracks and quantifies the Lacl-Halo-SiR, TetR-tdTomato
and PCP-Envy dots in each cell. Proper identification of
the PCP-Envy dot that corresponds to the transcription site
is validated by ensuring colocalization with the Lacl-Halo-
SiR and TetR-tdTomato dots, and the PCP-Envy back-
ground signal is subtracted to quantify transcription site
intensity. Quantification results for multiple cells in each
strain are averaged, while normalizing the time axis for each
individual cell according to its replication rate, such that
the average transcriptional intensity is calculated relative to
the location of the replisome along the chromosome. Statis-
tical analysis of replication time data and single-cell tran-
scription intensities was performed using Monte Carlo re-
sampling with 1 000 000 iterations (27). Pearson correla-
tion plots were plotted, and their statistical significance was
tested, using MATLAB. Swarm plots were plotted using the
Seaborn package in Python.

In SMCI-AID strains, cells with sister-chromatid co-
hesion loss after replication were identified by the sep-
aration of the two copies of Lacl-Halo-SiR and tetR-
tdTomato dots. Subsequently, these cells were tracked af-
ter the sister-chromatid separation and the number of tran-
scription bursts (0, 1 or 2) was manually determined at each
time point.

RESULTS

Simultaneous monitoring of replisome progression and tran-
scription dynamics at an inducible TRC

Our approach for monitoring an inducible conflict between
a single replisome traveling in a known direction and a
strongly transcribed gene is based on a combination of pre-
viously described systems for measuring replisome progres-
sion (27-29) and transcription dynamics (23,30) using live-
cell imaging (Figure 1A,B).

Replication is monitored in real-time using arrays of
bacterial operator sequences (lacO and tetO), bound by
the cognate repressor fused to a fluorescent protein (lacl-
HaloTag labeled with Si-Rhodamine-halo dye (lacI-Halo-
SiR) and tetR-tdTomato, respectively), which allow visu-
alization of specific chromosomal loci as fluorescent dots
(Figure 1C). The timing at which each of these arrays is
replicated can be monitored, as array duplication leads to
recruitment of additional fluorescently labeled repressor
proteins, resulting in an increase in fluorescent dot inten-
sities (Figure 1B) (27). The lacO and tetO arrays were inte-
grated ~30 kb apart, within a single replicon, adjacent to
an early-firing origin of replication. By measuring the time
difference between duplication of the two arrays (AT, Fig-
ure 1B), the rate of replisome progression along the repli-
con can be calculated, and any significant replication fork
stalling or slowdown that occurs between the arrays can be
detected (27).

To generate a robust transcriptional obstacle in the path
of the replisome, we integrated the GALI0 gene, under the
control of a short proximal GALI0 promoter (31) between
the lacO and tetO arrays (Figure 1A). This promoter facili-
tates strong unidirectional transcription of the GAL10 gene
in the presence of galactose (31). The gene was integrated
in both orientations relative to the direction of replisome

progression, promoting either CoD or HO collisions. In or-
der to monitor GALI0 transcription in real-time, 14 repeats
of the PP7 stem-loop sequence were introduced within the
5'-UTR of GALI10. Upon PP7-GALI10 transcription, these
sequences form stem-loops within the nascent transcript,
which are bound by the PP7 bacteriophage coat protein
fused to the GFP Envy fluorescent protein (32) (PCP-Envy,
Figure 1A). The presence of multiple PP7 loops in GAL10
RNA at the transcription site allows visualization of this site
as a fluorescent dot (Figure 1C). Quantifying the intensity
of this dot over time provides a direct measure of transcrip-
tional activity of the GALI0 gene (30).

During live-cell imaging of cells containing these con-
structs in either CoD or HO orientation, a single bright
PCP-Envy dot was observed in each cell during transcrip-
tion bursts (Supplementary Movies S1-4) upon GALI0 in-
duction. This dot colocalized with the lacl-Halo-SiR and
tetR-tdTomato dots (Figure 1C and Supplementary Figure
S1A), confirming that it corresponds to nascent RNAs at
the transcription site. All three fluorescent dots were quanti-
fied over time in yeast cells that were released into S-phase in
the presence of galactose, and the relative fluorescent inten-
sities were averaged across a cohort of cells. Assuming that
an individual replisome progresses at a roughly constant
rate, the replisome’s position along the replicon at any point
in time can be estimated, using the duplication of the two ar-
rays as reference points (Figure 1B). However, as replisome
progression rates differ between cells, we first normalized
the time axis of each individual cell according to the dupli-
cation times of the arrays, and then normalized and aver-
aged dot intensities across cells. This aligns replisome posi-
tion along the replicon in all cells and allows a population-
level examination of transcription dynamics during repli-
some progression (see below).

Replisome progression during transcription-replication en-
counters

To examine whether replisome progression is affected by
conflicts with an actively transcribing gene, we measured
the time required to replicate the span between the mid-
points of the lacO and tetO arrays in individual cells, in the
presence or absence of GALI0 transcription. Surprisingly,
despite the high potential for conflict due to the strength
of the GAL10 promoter, we found no significant difference
in the median replication time between induced and unin-
duced conditions, in both CoD and HO orientations (Fig-
ure 2A). This does not depend on the specific location of
the transcribed gene, as similar results were seen when the
GALIQ cassette was moved to a more origin proximal lo-
cation, ~17 kb away (Figure 2B), or even to the unrelated
URA3 locus (Supplementary Figure S1B,C). These find-
ings demonstrate that replisome progression is robust in
the face of transcription in either CoD or HO orientation
and highlight the efficient coordination between the replica-
tion and transcription machinery that prevents detrimental
TRC:s.

Since TRCs can lead to genomic instability, we examined
whether GALI0 induction in our strains causes increased
sensitivity to hydroxyurea (HU), which may indicate the
presence of DNA damage (Supplementary Figure S2). We
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Figure 1. Real-time monitoring of replisome progression and transcription dynamics at the same locus in single live cells. (A and B) Schematic illustration
of the experimental system. Replisome progression is monitored using two bacterial operator arrays, 256x/acO and 224xtet O, integrated downstream of an
active and isolated origin of replication (4 RS413) and labeled by Lacl-Halo-SiR and TetR-tdTomato. For simplicity, only replisome progression toward the
arrays is shown. During DNA replication, duplication of the operator arrays leads to the recruitment of additional fluorescently labeled repressors, resulting
in an increase in fluorescence intensity (B, top left). The difference between the midpoint increases in fluorescence due to lacO and tetO array duplication
(AT) is an indicator of the time required to replicate the mid-array distance. Transcription is monitored using GALI0 containing 14xPP7 repeats at the
5" UTR, integrated between the two arrays (only HO orientation is shown here (A)). Binding of PCP-Envy to PP7-GALI0 transcripts allows the live-cell
detection of transcription bursts during DNA replication and cell cycle progression (B, top right). Real-time monitoring of replisome progression and
transcription dynamics is enabled by the simultaneous measurements of replication and transcription fluorescent signals (B, bottom). (C) Representative
cell with labeled /acO and tetO arrays visible as LacI-Halo-SiR and TetR-tdTomato dots. Transcription bursts are visible as PCP-Envy dots that colocalize
with the labeled arrays; scale bar is 2 pm.

found no change in HU sensitivity (Supplementary Figure GALIO0 transcription dynamics using live cell imaging in the
S2A), consistent with the absence of fork stalling. Further- above strains during replisome progression and duplication
more, while our system can detect double strand breaks of GALI10 (Figure 3A). In cells containing GALI0 in a CoD
(DSB) between the lacO and tetO arrays (Supplementary orientation, alignment of transcription intensities with the
Figure S3), we did not observe DSBs in any of the induced timings of lacO and tetO array replication revealed three

cells, nor did we detect an increase in the number of Rad52 distinct phases with differing GALI0 transcription levels
foci, a marker for DSB repair (33), upon GALI0 induc- (L1-L3, Figure 3B and Supplementary Figure S4). During

tion (Supplementary Figure S2B). These results suggest that replisome progression, transcription levels decrease signif-
TRC-induced fork stalling that is sufficiently severe to cre- icantly between the L1 and L2 phases and recover at L3.
ate DSBs is a relatively rare occurrence. The transition to the lower transcription level seen at L2

begins in early S-phase, just as the first array is being repli-
cated, and the recovery to L3 occurs rapidly, just after the
GALI0 gene has been replicated (Figure 3B). This indicates
that transcription is not only repressed during replication of
To examine how the robustness of replisome progression the transcribed gene, but repression starts long before the
relates to the level of transcriptional activity, we measured replisome reaches the actual gene.

Dynamics of GAL 10 transcription prior, during and following
gene replication
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Figure 2. Replication fork progression measured in the presence or absence of GALI0 transcription. (A) Top: Schematic representation of DNA replica-
tion from ARS413 (blue) through GALI0 (green) located at an origin-distal location, in CoD and HO orientations relative to fork progression. Bottom:
Replication times in origin-distal CoD (blue) and HO (orange) cells, in either the absence (uninduced, 97 cells for CoD and 100 cells for HO) or presence
(induced, 92 cells for CoD and 98 cells for HO) of GAL10 transcription. (B) Same as (A) but for GAL10 located at an origin-proximal location in either
the absence (uninduced, 101 cells for CoD and 94 cells for HO) or presence (induced, 105 cells for CoD and 95 cells for HO) of GAL10 transcription.

To identify the timing of transcription repression and re-
covery relative to GALI0 replication, we fitted sigmoidal
functions to the averaged transcription profiles and calcu-
lated the midpoint of each phase transition (Figure 3B).
Assuming a constant replisome progression rate, the differ-
ence between the timing of transcriptional repression (L1 to
L2 transition) and GALI0 replication can be translated to
a distance of ~27 kb in the CoD cells, meaning that GAL10
transcription is repressed when the replisome is ~27 kb up-
stream from GALI0 (Table 1). In contrast, the distance be-
tween GALI0 and the transcription recovery midpoint (L2
to L3 transition) is only ~4 kb downstream from GALI0,
indicating fast recovery of GALI10 transcription following
gene replication.

To examine whether the observed transcriptional changes
occur at fixed times or are correlated to replisome progres-
sion toward the transcribed gene, we analyzed transcription
in cells containing the GALI0 cassette at a different loca-
tion between the lacO and tetO arrays, ~17 kb closer to the
origin (Figure 3C). We found that the overall pattern of 3-
phase transcription dynamics was similar to that seen in the
previous location, but the repression of transcription (L1 to
L2 transition) and its recovery occurred much earlier (Fig-
ure 3C and Supplementary Figure S4). The shifts in repres-
sion and recovery timings were roughly proportional to the
shift in GALI0 location, occurring when the replisome ap-
pears to be >30 kb upstream and ~4 kb downstream from
GALIO0, respectively (Table 1). In practice, since GALI0 is
located just ~22 kb from the adjacent origin (ARS413) in
this strain (Figure 3C), this observation suggests that tran-
scriptional repression takes place approximately with origin
firing. Taken together, these results demonstrate that tran-

scription is partially repressed well before the replication
fork reaches the transcribed gene, and that this repression
depends on the location of the replisome relative to the tran-
scribed gene, rather than being a global decrease of tran-
scription levels during S-phase.

To further validate that replisome progression is indeed
responsible for the patterns of GALI0 transcription ob-
served during S-phase, we examined transcription in cells
containing the GAL10 cassette at the URA3 locus on chro-
mosome V rather than between the lacO and tetO arrays.
In this strain, replisome progression from 4RS413 should
have no effect on GALI0 transcription. Indeed, we found
no evidence of the 3-phase transcriptional pattern seen
in the other strains (Figure 3D) and observed no colo-
calization between the PCP-Envy dot and the lacI-Halo-
SiR and tetR-tdTomato dots as expected (Supplementary
Figure S1C).

In a strain harboring a HO conflict, we found that repres-
sion of GAL10 transcription ahead of the fork takes place in
two phases, the L1 to L2 transition taking place at a similar
timing as the respective CoD strain and L2 to L3 transition
taking place much closer to the GAL10 gene. The degree of
transcriptional repression of L3 appeared to be greater than
in the CoD strains (Figure 3E and Supplementary Figure
S4). This might suggest that in the case of a HO conflict,
which is more severe than a CoD conflict (7,8), unhindered
replisome progression comes at a cost of lower transcrip-
tion during replication. A strain with a HO GALI0 at the
more origin-proximal location showed a somewhat different
pattern, with early decrease of transcription, similar to the
CoD orientation at the same location, and slower recovery
after GAL10 replication (Figure 3F). Such differences may
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Figure 3. GALI0 transcription dynamics during replisome progression. (A) Schematic representation of replisome progression from 4 RS413 during GALI0
transcription. (B) Normalized fluorescent intensity of the transcription site (PCP-Envy dot) as well as the /acO and tetO arrays (lacl-Halo-SiR and tetR-
tdTomato dots, respectively), averaged over 87 cells from a strain with GALI0 in a CoD orientation. The time axis is normalized according to the duplication
times of the arrays. Shaded areas represent standard error of the mean. Dashed vertical lines represent the duplication times of the two arrays and the
GALI0 gene. Dashed black lines represent a fit of the transcription intensity data to a sigmoidal function (see Table 1 for the distance between the phase
transition midpoints and the GAL10 gene). The average transcription levels within the labeled L1, L2 and L3 time windows (see Supplementary Table S1
for the extent of each time window) are significantly different from each other (see Supplementary Figure S4). (C) Similar to (B) but for 97 cells containing
GALI0 in a CoD orientation in an origin-proximal location. (D) Similar to (B) but for 56 cells containing GALI0 at the URA3 locus, rather than between
the lacO and tetO arrays, such that transcription levels do not correspond to replisome location in the A RS4/3-adjacent replicon. (E and F) similar to (B)
but for cells containing GALI0 in a HO orientation, in an origin-distal (E, 89 cells) or origin-proximal (F, 90 cells) location.
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Table 1. Distance of GALI0 transcription repression or recovery from the
GALIO gene

Distance of GAL10 Distance of GAL10
transcription transcription recovery
repression ahead of the following GAL10
Strain replisome (kb) duplication (kb)
CoD distal 27.1 39
HO distal 30.3/10.0¢ 7.1
CoD proximal >22b 4.4
HO proximal >22b 16.1
rpbl-1 CoD? 14.9 3.0
rpbl-1 HO? >22b/5.6° 13.3
rpbl1-1 HO fast? >20b 15.4
rpb1-1 HO slow?® 5.6° 13.7
HO 10 mM HU# >22° 11.3
topl A CoD? >22b 12.6
topl A HO? >22b/3.2¢ -

4Strains containing GALI0 in a proximal CoD or HO orientation.
PSuppression of GALI0 takes place upon or before replication initiation
from ARS413 which is located 22 kb away from GALI0.

¢Second phase of repression taking place at the region of GALI0 gene.

be related to the specific chromosomal environment of the
transcribed gene.

Overall, these results demonstrate that replisome progres-
sion is associated with a significant long-range decrease of
transcription downstream from the fork, and hint at the
possibility of a ‘wave’ of transcriptional repression travel-
ing ahead of the replisome as it progresses. This repression
may reduce the probability of harmful collisions between
the replication and transcription machinery and facilitate
smooth replisome progression through highly transcribed
regions. Notably, transcription is only partially repressed
during replication, highlighting the efficient coordination
between the two processes which enables their coexistence
during gene replication. Following replication of the tran-
scribed gene, transcription levels recover quickly, highlight-
ing the efficiency of replication-coupled chromatin assem-
bly for promoting transcription (34).

Correlations between fork progression and transcriptional ac-
tivity indicate efficient transcription-replication coordination

To study the relationship between fork progression and
transcriptional activity at the single-cell level, we calculated
the degree of transcriptional repression for each cell by com-
paring the average GALI0 transcription levels within vari-
ous time windows before and during the repression phases
(Figure 3 and Supplementary Figure S4, Supplementary
Table S1). We found a significant intra-population corre-
lation between the degree of transcriptional repression in
each cell and its replication time (Supplementary Figure
S5). This correlation was positive, indicating that when a
highly transcribed gene is present in the path of the repli-
some, cells with slower replisome progression tend to also
have deeper repression of transcription while the gene is be-
ing replicated. This result demonstrates that high transcrip-
tional activity does not come at the expense of replisome
progression in WT cells and highlights that proper coordi-
nation of replication and transcription is important for both
processes to proceed normally.

Overall transcription levels are not affected by GAL10 direc-
tionality

While our live-cell imaging approach allows high-resolution
monitoring of GALI0 transcription during replication, the
absolute number of nascent RNA molecules at the tran-
scription site is difficult to measure accurately. To examine
whether differences in replication and transcription dynam-
ics between the CoD and HO strains stem from variations in
absolute transcription levels, we used single-molecule RNA
fluorescence in situ hybridization (smFISH) (35,36) and ver-
ified that transcription site foci colocalizes with the fluores-
cently labeled array dot (Supplementary Figure S6A). This
approach allows measuring the number of nascent RNAs
at the transcription site and was previously used to analyse
transcription sites in the natural GALI0 locus (30). Using
smFISH on mid S-phase cells, we found a very similar num-
ber of RNAs per transcription site in CoD and HO cells
(Supplementary Figure S6), indicating no significant effect
of GALI0 orientation on overall transcription levels dur-
ing S-phase. Additionally, we measured transcription using
gRT-PCR at and around the GALI0 gene under induced
and uninduced conditions. This further verified the similar
transcription levels of CoD and HO strains and validated
that GALI0 transcription is unidirectional and does not ex-
tend beyond the gene itself (Supplementary Figure S7).

Simultaneous transcription from both GAL10 copies follow-
ing gene replication

During S-phase, gene expression was shown to be buffered
against changes in gene dosage due to genome duplica-
tion (2). Nevertheless, in the case of GALI0 we noted that
transcription levels after gene duplication were somewhat
higher than those seen in late-G1/early-S phase, particu-
larly in HO strains (compare L1 and L3, Figure 3 and Sup-
plementary Figure S4). We wondered whether the increased
transcription following gene duplication is due to higher
transcription activity on one of the copies of GALIO0, or
whether transcription can take place simultaneously from
both gene copies. However, our ability to determine whether
transcription takes place on one or two gene copies during
late-S/G?2 is hindered by sister chromatid cohesion, which
ensures colocalization of the two copies. To overcome this
difficulty, we abolished cohesion by depleting Smcl using
the auxin-inducible degron (AID) system following release
of cells into S-phase (Supplementary Figure S8) (20,37). In
the absence of cohesion, the fluorescent dots on each of the
chromatids should visibly separate soon after DNA repli-
cation (27), allowing the detection of transcription from
each GALI0 gene copy separately. Indeed, we found that
Smcl depletion in CoD and HO cells results in early sep-
aration of the lacl-Halo-SiR and tetR-tdTomato dots fol-
lowing array duplication (Figure 4A). Remarkably, we were
able to detect transcription bursts from both GAL10 copies
following gene replication (Figure 4A). Systematic analy-
sis of GALI0 transcription events revealed high frequency
of transcription from both gene copies (Figure 4B). These
results demonstrate that the two gene copies can be tran-
scriptionally active following gene duplication, and effi-
cient transcription can take place simultaneously from these
copies.
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Figure 4. Simultaneous transcription from the two GALI0 gene copies
following gene replication. Transcription was measured in the absence of
cohesion (Smcl-AID) to detect GALI0 transcription from the two sister
chromatids following gene replication. (A) Images of representative yeast
cells at G2 containing GA L0 at the CoD orientation in the absence of co-
hesion. Sister chromatid separation is monitored by the appearance of two
dots of TetR-tdTomato and Lacl-Halo-SiR during G2 phase (left). One
or two dots of PCP-Envy (middle) that colocalize with the replication dots
(right) show transcription from one or two copies of GALI0, respectively;
scale bar is 2 pm. (B) Percentage of time points where 0, 1 or 2 GALI0
transcription dots are detected out of 2688 and 1897 observations from 40
CoD and 30 HO cells, respectively.

Accumulation of RNAPII impairs replication-transcription
coordination

Our results suggest that transcription of the GALI0 gene
is repressed prior to its replication, and this effect may
be related to efficient replication-transcription coordina-
tion. To examine whether proper eviction of RNA poly-
merases from the transcribed gene facilitates this coordi-
nation, we employed our approach to examine the rpbl-1
mutant, which was previously shown to have increased re-
tention of RNAPII on chromatin (10). In accordance with a
previous study (10), we found that replication is significantly
slower in pbi-1 cells upon induction of GALI0 transcrip-
tion in both CoD and HO orientations (Figure 5A).
Analysis of transcription dynamics in rpbI-1 cells with
CoD GALIO transcription during replisome progression
showed a similar pattern to WT cells, with a minor delay
in the appearance of transcriptional repression ahead of the
replisome (Supplementary Figure SOAB and Table 1). Inter-
estingly, analysis of GAL10 transcription dynamics in rpbl-
1 HO cells, revealed a pattern with 4 phases, instead of the
3 seen in the corresponding WT strain (comparison of Fig-
ure 5B and Figure 3F). The repression of transcription ap-
peared to take place in two stages: the L1 to L2 transition,
when the replisome is ~22 kb ahead of GAL10, and the L2
to L3 transition which occurred just ~6 kb ahead of GAL10
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(Figure 5B, Supplementary Figure S9C and Table 1). We
examined the transcription dynamics of the fast-replicating
cells, which exhibit shorter than median replication times
and observed a single transcriptional repression phase be-
ginning ~22 kb ahead of GALI0 (Figure 5C and Supple-
mentary Figure S9D). In contrast, examining the transcrip-
tion dynamics of the complementary slow-replicating cells
showed a relatively strong transcriptional repression occur-
ring relatively late, just before GALI0 replication (Figure
5D and Supplementary Figure S9E). In addition, we found
a significant positive intra-population correlation between
the degree of transcriptional repression and replication time
within the rpbl-1 HO and CoD populations (Supplemen-
tary Figure SI0AB). Overall, these results indicate that the
rpbI-1 mutation impairs the coordination between replica-
tion and transcription at least in some of the cells, leading to
both longer replication times, indicative of fork stalling or
slowdown and deeper repression of transcription in those
cells. However, we did not detect DSBs between the lacO
and zetO arrays in any of the rpbI-1 cells nor increased lev-
els of Rad52 foci (Supplementary Figures S2 and S3).

To verify that the pattern of transcriptional repression,
observed in the slow rpbi-1 cell population (Figure SD), is
not just a byproduct of slower replisome progression but a
result of transcription replication encounters, we examined
transcription dynamics in WT HO cells exposed to 10 mM
hydroxyurea (HU). We found that exposure to HU does
not affect transcription dynamics despite a very significant
slowdown in replisome progression (Supplementary Figure
S10CD), highlighting the effect of fork stalling or slowdown
as a result of the rpb /-1 mutant. Finally, to examine whether
the observed behavior of the rpbl-1 mutant is correlated
with an increase in absolute transcript numbers at the tran-
scription site, we analyzed the rpbl-1 CoD and HO strain
using smFISH. We found no significant change in RNA lev-
els at the transcription site (Supplementary Figure S10E),
further supporting that the presence of the RNAPII com-
plex, rather than overall transcription levels, is the source of
the TRCs observed in the mutant cells.

Overall, these results suggest that efficient coordination
between the replication and transcription machinery re-
quires proper removal of the RNAPII complex from the
chromatin (10). Potentially harmful collisions caused by the
accumulation of RNAPII not only stall replication forks
but also decrease transcription levels during replication of
the transcribed region, further highlighting the importance
of proper coordination for both replisome progression and
continued transcriptional activity.

Efficient coordination of replication and transcription re-
quires topoisomerase I

During replisome progression, the unwinding of DNA gen-
erates positive supercoiling ahead of the replisome, leading
to topological stress. The accumulation of such topological
stress in front of the replisome must be relaxed by topoiso-
merases to prevent harmful TRCs, particularly when repli-
cation and transcription collide in a head-on orientation
(12,38). Indeed, several studies have shown that mutations
in topoisomerases can lead to replication stalling and DNA
breaks at transcribed genes (11,12,39). To examine how
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Figure 5. Replication fork progression and transcription dynamics in rpbi-1 cells. (A) Replication times for rphl-1 CoD (blue) and HO cells (orange)
measured under uninduced or induced conditions (uninduced, 98 cells for CoD and 110 cells for HO, induced, 100 cells for CoD and 97 cells for HO). (B)
Normalized fluorescent intensity of the transcription site and arrays, as described in Figure 3B, averaged over 92 cells from a rpb/-1 HO strain. (C and D)
Normalized fluorescent intensity of the transcription site and arrays for a subpopulation of 45 cells that showed faster than median replication times (C)
and a subpopulation of 47 cells that showed slower than median replication times (D). See Table 1 for the distance between the phase transition midpoints
and the GALI0 gene. See Supplementary Figure S9 for transcription levels within the labeled L1-L4 time windows and their statistical significance, see
Supplementary Table S1 for the extent of each time window. All experiments were performed at 30°C.

topological stress affects the coordination between repli-
cation and transcription in real-time, we deleted topoiso-
merase I (topl A) on the background of both the CoD and
HO strains.

Consistent with a previous study in mammalian cells (11),
we detected significantly slower replication in topl A cells in
the presence of GALI0 transcription in both orientations,
although the effect was significantly more pronounced in
the HO strain (Figure 6A). Detailed analysis of the topl A
HO cells revealed a significant subpopulation of cells in
which no GALI0 transcription could be detected through-
out the cell cycle, despite induction by galactose. Interest-
ingly, replication times in top! A HO transcribing cells were
longer than in non-transcribing cells, indicating slower fork
progression in the presence of GALI0 transcription and
topological stress (Supplementary Figure S11A). The in-
duced WT HO strain also had a sub-population of cells
with no transcription, but these cells showed no difference
in replication times (Supplementary Figure S11A), consis-
tent with the lack of effect of GA L0 transcription on repli-
some progression in WT strains (Figure 2).

Next, we analyzed the transcription dynamics of ropl A
CoD and HO strains. We found that the transitions between
phases were much more gradual in fop! A CoD cells, rela-

tive to the corresponding WT strain (Figure 6B). This may
indicate that the accumulation of topological stress ahead
of the fork is not neutralized by the negative supercoiling
behind RNAPII and still affects the downstream codirec-
tional transcription. This result also highlights the impor-
tance of topological stress in enabling efficient transcrip-
tional repression ahead of the fork. Additionally, complete
transcriptional recovery following GALI0 replication was
dramatically delayed taking place ~30 kb downstream of
GALIO, suggesting that topological stress can also have
significant effects on transcription behind the fork (Figure
6B, Supplementary Figure S11 and Table 1). The topl A
HO strain also showed transcriptional repression similar
to WT strains, except that an additional phase of stronger
repression appeared, precisely overlapping with replication
of GALI0 (L3, Figure 6C and Supplementary Figure S11).
These results suggest that excess topological stress due to
convergent replication and transcription can lead to fur-
ther dampened transcription as the replisome reaches the
transcribed region. To compare absolute transcription lev-
els, we measured the number of nascent RNA molecules at
the transcription site in fop/ A CoD and HO strains using
smFISH. We found a small decrease in the number of RNAs
in topl A strains in both orientations compared to WT cells
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Figure 6. Replication fork progression and transcription dynamics in fopl A cells. (A) Replication times for fopl A cells in CoD or HO orientations, the
corresponding results for WT cells are shown for comparison. Significant slowdown in replication is observed for the topl A cells relative to the WT cells
(105 cells for WT and 122 cells for the ropl A CoD, and 95 cells for WT and 97 cells for the top/ A HO). (B and C) Normalized fluorescent intensity of
the transcription site and arrays, as described in Figure 3B, averaged over 99 cells from a top! A CoD strain (B) and 93 cells from a ropl A HO strain (C).
See Table 1 for the distance between the phase transition midpoints and the GALI0 gene. See Supplementary Figure S11 for transcription levels within the
labeled L1-L4 time windows and their statistical significance and see Supplementary Table S1 for the extent of each time window. (D) Number of RNAs at
the transcription sites in WT and fopl A cells determined using smFISH. The median values (white dots) for each strain are noted, and the boxes indicate
the 25-75% percentile of the population. The number of cells analyzed is 52 472 for WT CoD, 18 094 for topl A CoD, 48 140 for WT HO and 24 682 for
topl A HO strain. The corresponding results for WT cells (Supplementary Figure S6) are shown as a comparison.

(Figure 6D) in accordance with the effect of topoisomerases
on transcription in yeast (40).

Overall, these results demonstrate that topological stress
impairs replication-transcription coordination, leading to
fork stalling or slowdown and lower transcription. Some
topl A cells which maintain GALI0 transcription, despite
the topological stress, suffer from fork stalling or slowdown,
while in others, in which transcription is suppressed, fork
stalling is prevented. The existence of a non-transcribing
topl A HO sub-population with normal replisome pro-
gression highlights the trade-off between transcription and
replication in this strain and demonstrates that replication
and transcription cannot properly coexist on the same tem-
plate unless topological stress is relaxed.

DISCUSSION

In this study, we developed an approach for the real-time
monitoring of replication and transcription at the same lo-
cus in single live yeast cells (Figure 1). This approach en-

ables high-resolution measurements of transcription dur-
ing replisome progression through a transcribed gene and
in parallel, measuring the effect of transcription on repli-
some movement. We applied this approach for measuring
replication fork progression and GAL10 transcription to re-
veal how these two processes are coordinated during an in-
duced TRC. We chose to monitor GALI0 transcription due
to its high activity upon induction (30), allowing the sen-
sitive detection of transcriptional changes during replisome
progression and increasing the severity of the induced TRC.
However, our system is highly modular and thus can be ap-
plied for the real-time measurement of replication and tran-
scription of a variety of other genes at different genomic
loci.

Coordination of replisome progression and transcription

The detection of transcription repression ahead of the repli-
some and its recovery soon after GA L0 replication demon-
strates the tight coordination between replisome progres-
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sion and GALI0 transcription during S-phase (Figures 2
and 3). The transcriptional repression, taking place ahead
of the replisome, may minimize the severity of collision
between the replisome and transcription machinery and
prevent fork stalling. Indeed, our findings that replication
fork progression is not affected by GALI0 transcription
are in accordance with this hypothesis (Figure 2). Previous
genome wide studies in yeast examining fork stalling during
cell cycle progression reported mixed observations. While
one study detected fork stalling at highly transcribed genes
(41), another study found uniform replication fork progres-
sion throughout the genome (42). Our results showing no
significant fork stalling or slowdown highlight the robust-
ness of replisome progression in the face of high levels of
transcription. The fact that we observed no DSBs in any of
our strains suggests that such TRCs (Supplementary Fig-
ures S2 and S3) do not commonly lead to genomic instabil-
ity. DSBs may occur following more severe fork stalling that
is too rare to observe using our system.

Transcription dynamics during replication fork progression

Surprisingly, we found that transcriptional repression of
GALIO can take place up to 30 kb ahead of the replisome
(Figure 3 and Table 1). Previously, it was discovered that a
wave of histone modifications propagates several kilobases
ahead of the moving replisome, promoting gene expression
homeostasis (43). Thus, it is possible that transcriptional
repression, measured in our experiments, is mediated by
a wave of chromatin modifications moving ahead of the
replisome. However, further studies are needed to explore
the nature of this phenomenon. Consistent with GAL10 re-
pression ahead of the replisome, recent studies have shown
that transcription factors are evicted from promoters dur-
ing early DNA replication in yeast (44), and transcription
is reduced during early S-phase in mammalian cells (45).
Transcription repression ahead of the replisome could be re-
lated to minimization of TRCs to prevent harmful collisions
between the machinery. The finding that slower replisome
progression is associated with deeper repression of tran-
scription during replication of the transcribed gene (Sup-
plementary Figure S5) indicates that efficient coordination
enables fast replisome progression concomitant with con-
tinued transcription. Thus, not only is replisome progres-
sion unhindered by active transcription in WT cells (Figure
2), but fast replication is conducive to increased transcrip-
tional activity in the path of the replisome. It is possible
that the transcriptional repression that we observed ahead
of the replication fork, prevents even deeper repression dur-
ing GALI0 replication.

Our observation of fast transcriptional recovery follow-
ing GALIO replication (Figure 3) is in accordance with
studies in yeast showing that transcriptional recovery oc-
curs minutes following gene replication and assists chro-
matin formation (34). Our results showing high frequency
of simultaneous transcription from both GALI0 copies in
cohesion-depleted cells (Figure 4) suggest that buffering of
gene expression following replication does not take place by
restricting access of RNAPII to one of the two GAL10 gene
copies but can be mediated by reducing transcription inten-
sity of each copy during G2 (2).

TRCs exacerbated by RNAPII accumulation on chromatin

While our measurements in WT cells highlight the charac-
teristics of efficient replication-transcription coordination,
the examination of rpbl-1 cells revealed TRC-associated
replication fork stalling or slowdown as well as decreased
transcription during replication of the transcribed gene
(Figure 5). Previously, it was shown that RNAPII itself can
serve as a roadblock for replisome progression during tran-
scription in bacteria (46,47) and in yeast (10). Specifically,
previous analysis of rpbl-1 revealed genome wide defects
in replisome progression, alteration in transcription and in-
creased levels of site-specific recombination (10). The ex-
amination of rpbl-1 in our system allowed the detection
of different behaviors within the HO collision population:
while faster replicating cells showed transcription repres-
sion a long distance ahead of the replisome, slow replicating
cells were characterized by significant but late-onset tran-
scription repression (Figure 5). These results are consistent
with a scenario in which collisions of the moving replisome
with RNAPII can result in replisome stalling on GAL10 and
RNAPII displacement from the DNA, preventing GAL10
transcription. In agreement with this scenario, an in vitro
study in a bacterial system has shown that HO collisions re-
sult in RNAP displacement from the DNA and replisome
stalling (48). The absence of dramatic fork stalling indicates
that after collision, the replisome stays intact and quickly
resumes DNA replication, consistent with the in vitro study
described above (48). Finally, our observation that DSBs do
not occur in any of our strains including rpbI-1 cells (Sup-
plementary Figures S2 and S3), further supports efficient
replication restart following fork stalling or slowdown.
Previous studies in WT and mutant strains, including
rpbl-1, used genetic assays to examine the frequency of site
specific recombination events due to TRCs (8,10). This ap-
proach, relying on the activation of repair pathways, al-
lowed measuring the acute consequences of rare TRCs. In
contrast, our real-time measurements of HO and rpbl-1
cells, performed under non-selective conditions, allow the
direct detection of TRCs in their common forms. The het-
erogeneous nature of these TRCs, with some cells experi-
encing more significant fork stalling or slowdown and tran-
scriptional repression than others, suggests that the repli-
some can encounter different numbers and conformational
states of RNAPIIs in different cells. In agreement with this
possibility, it was shown that during transcription elon-
gation, RNAPII tends to spontaneously pause at specific
DNA sequences (49,50) leading to significant conforma-
tional changes in the complex (51). These conformational
changes can trap RNAPII in a stable and inactive state, in-
creasing the chances of collision with the replisome.

Trade-offs between replication and transcription in the pres-
ence of topological stress

Excess of topological stress, accumulating during replisome
and RNAPII progression on the DNA, was shown to ag-
gravate TRCs in cells, especially in the HO orientation
(11,12,52). Topoisomerase I (Topl), which is localized to
ORFs in yeast (53), is the enzyme that relieves positive su-
percoiling accumulated in front of replication forks and
RNAPII (38,54). Thus, the real-time examination of topl A
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cells allowed us to study the effect of increased topological
stress on replication-transcription coordination. The slow-
down of replisome progression in the toplA cells due to
GALI0 transcription, particularly in the HO orientation
(Figure 6A), is consistent with previous reports of increased
positive supercoiling accumulated in top! A HO cells (12,38)
and stalled replication forks found in mammalian cells de-
pleted of Top1 (11). Interestingly, our single cell zop/ A HO
measurements revealed a trade-off between replication and
transcription, as cells that did not transcribe showed normal
replication rates (Supplementary Figure S11A). This trade-
off was discovered by the identification of two top/ A HO
cell sub-populations with different replication times, high-
lighting the importance of single cell analysis to identify dis-
tinct differences in cellular behavior within an isogenic cell
population.

Finally, the dramatic delay in transcription recovery fol-
lowing GAL10 replication, observed in the topl A CoD cells,
is another manifestation of the altered coordination be-
tween replication and transcription in these cells (Figure
6 and Table 1). One possible explanation is that negative
supercoiling behind the replisome affects transcription dy-
namics leading to a delayed transcription recovery. Indeed,
our smFISH analysis detected reduced GALI0 transcrip-
tion in the fopl A cells (Figure 6D), consistent with a previ-
ous study showing that mutations in zop/ and/or top2 lead
to reduced GALI0 expression (40).

In summary, we developed a live-cell imaging approach
for monitoring replisome progression and transcription
dynamics in real-time during encounters between the
replication and transcription machinery. Our experiments
and analysis revealed long-range transcriptional repression
ahead of the moving fork that may facilitate smooth repli-
some progression through the transcribed gene. In addition,
we monitored conflicts taking place in real-time and found
that efficient transcription-replication coordination allows
both faster replisome progression and higher transcription
levels. Our approach allowed the detection of unique sub-
populations of cells with distinct behaviors and trade-offs
between replication and transcription. This live-cell imag-
ing system can be applied for the study of additional mech-
anisms for prevention of conflicts (e.g. R-loop resolution)
and the examination of conflicts arising from the transcrip-
tion of other genes. Overall, our study sheds new light on the
coexistence of replication and transcription for maintaining
genomic stability during cell growth and division.
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