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ABSTRACT

Fidelity of DNA replication is crucial for the accurate transmission of genetic
information across generations, yet errors still occur despite multiple control
mechanisms. This study investigated the factors influencing spontaneous replication
errors across the Escherichia coli genome. We detected errors using the MutS and
MutL mismatch repair proteins in rapidly proliferating mutH-deficient cells, where errors
can be detected but not corrected. Our findings reveal that replication error hotspots
are non-randomly distributed along the chromosome and are enriched in sequences
with distinct features: lower thermal stability facilitating DNA strand separation,
mononucleotide repeats prone to DNA polymerase slippage, and sequences prone to
forming secondary structures like cruciforms and G4 structures, which increase
likelihood of DNA polymerase stalling. These hotspots showed enrichment for binding
sites of nucleoid-associated proteins, RpoB and GyrA, as well as highly expressed
genes, and depletion of GATC sequence. Finally, the enrichment of single-stranded
DNA stretches in the hotspot regions establishes a nexus between the formation of
secondary structures, transcriptional activity, and replication stress. In conclusion, this
study provides a comprehensive genome-wide map of replication error hotspots,
offering a holistic perspective on the intricate interplay between various mechanisms

that can compromise the faithful transmission of genetic information.
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INTRODUCTION

Genomes constitute intricate ensembles of complex, interdependent, and highly
coordinated genetic information. Consequently, many of the newly generated
mutations are deleterious, disrupting the harmonious functioning of cells and thereby
affecting growth, survival, and reproduction (1). This underscores the critical
importance of accurate genome replication for the faithful transmission of genetic
information across generations. For this reason, replicative DNA polymerases have
evolved with high insertion accuracy and exonucleolytic proofreading to execute high-
fidelity DNA replication (2). Nonetheless, despite efficient replication fidelity control
mechanisms, replication errors can still occur. At a low frequency, DNA polymerases
incorporate noncomplementary nucleotides, leading to the formation of mismatched
base pairs. DNA polymerases can also generate errors by slipping on repetitive
nucleotide sequences, resulting in the formation of single-strand loops on either the
newly synthesized or template strand. Both types of errors, i.e., mispaired and
unpaired bases, may respectively result in substitution and insertion/deletion mutations
in the subsequent round of DNA replication if not repaired beforehand. However,
effective mismatch repair systems, conserved in all domains of life, are capable of
correcting nearly all of these errors. For example, Escherichia coli mismatch repair
system corrects 99 % of DNA replication errors, thereby reducing replication error rates
to approximately 2 per 10'° base incorporation events (3).

E. coli mismatch repair primarily involves three dedicated proteins: MutS, MutL,
and MutH (4, 5). When replication errors occur, the MutS protein homodimer binds to
mismatches, except for C-C mismatches and insertion/deletion loops larger than 4
bases. This process is facilitated by MutS’s direct associations with the replisome,

specifically through interaction with the B-sliding clamp (DnaN protein dimer) (6). This
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interaction is essential for in vivo mismatch repair activity (7). Upon binding to a
mismatch, the MutS protein homodimer binds ATP and undergoes a conformational
change, generating the MutS sliding clamp. Next, the MutS sliding clamp dissociates
from the mismatch and diffuses bidirectionally along the adjacent DNA, recruiting a
MutL protein homodimer onto the DNA. ATP binding-dependent dimerization of MutL
results in the formation of MutL sliding clamps, which may dissociate from MutS sliding
freely along the DNA or remain in a MutS-MutL sliding clamp complex. Subsequently,
the MutH endonuclease binds to MutL clamps. MutH ensures the fidelity of the repair
process by recognizing and incising the first encountered unmethylated GATC site on
the newly synthesized strand. The incision site can be located on the 3' or 5' side of
the mismatch and may be up to several thousand base pairs away from the mismatch
(5). Helicase Il (UvrD) then unwinds the DNA duplex starting from the incision site,
allowing the degradation of the displaced single-strand DNA by different exonucleases
and ensuring the irreversibility of the repair process. The repair process is finalized by
the replicative DNA polymerase Il and DNA ligase, which fills the gap and seals the
nick in newly synthesized DNA, respectively. Inactivation of any of the three genes
coding for the dedicated mismatch repair in E. coli, mutS, mutL, and mutH, results in
up to 100-fold increase in spontaneous mutation rates (8).

DNA replication errors constitute a significant source of spontaneous mutations
(9, 10). Beyond the inherent limitations of its fidelity control mechanisms, DNA
replication fidelity is influenced by various factors, including local sequence context,
DNA topology, balance of dNTP pools, conflicts between replication and transcription,
and other DNA transactions such as recombination, repair, and translesion synthesis
processes (11). Additionally, endogenous mutagens like reactive oxidative species,

along with spontaneous chemical modifications of bases such as depurination, can
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result in alterations or destruction of their coding information, thereby inducing DNA
replication errors. If not repaired, these errors end up causing mutations.

Mechanisms by which spontaneous mutations arise have been studied using
different mutation-detecting assays that employ two main methodologies: phenotypic
assays and DNA sequencing (12—-14). Phenotypic assays identify mutations by
observing altered phenotypes resulting from mutations in target genes, while DNA
sequencing detects genome-wide mutations. However, the reliability of phenotypic
assays is weakened by several factors, including the small size of mutation targets,
bias towards specific mutations in a target gene, distortions in mutation frequency
caused by fitness effects, and the prevalence of neutral mutations lacking observable
phenotypes (15). Whole genome sequencing allows for the avoidance of small target
gene biases, but it is generally still affected by fitness-related distortions in mutation
frequencies. The most reliable approach for estimating mutation rates is the
combination of Mutation Accumulation (MA) with whole genome sequencing, as this
method minimizes the influence of fitness effects (3). However, all these assays have
limitations. They do not provide information on when a mutation occurs or the state of
the cell at the time of mutation emergence. Furthermore, these methods cannot directly
quantify replication errors on a per cell division or per chromosome replication basis.
Consequently, such values can only be inferred based on assumptions, which are
inherently subject to approximations.

We have addressed these limitations and enhanced the accuracy and reliability
of replication error detection in E. coli by harnessing the robust natural replication error
detection system: the mismatch repair system (16, 17). By tagging MutL protein with a
fluorescent protein, we are able to monitor DNA replication errors, which appear as

fluorescent foci, in individual living cells. Previously, we have demonstrated that
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inactivating the mutS gene results in the complete disappearance of MutL fluorescent
foci, confirming that these foci are not aggregates of the MutL protein fusions
independent of mismatches (10, 16). This assay allows for the determination of the
exact moment when a replication error occurs within a single cell, as the MutL
fluorescent focus remains visible for a limited time before disappearing as the
subsequent DNA replication cycle separates the two DNA strands, effectively fixing the
mutations. Importantly, MutL fluorescent foci allow the detection of DNA replication
errors irrespective of their future potential impact on phenotype—be it beneficial,
neutral, deleterious, or even lethal. Finally, inactivation of the mutH gene enables the
detection and binding of the MutS and MutL proteins to mismatches but prevents repair
from progressing to completion, enabling us to detect nearly all DNA replication errors
using MutL-based mutation assay (10, 16). Importantly, while methylation status of
GATC sequences is important for strand discrimination, it is irrelevant for the mismatch
detection and binding by the MutS and MutL proteins.

Therefore, unlike the above-mentioned commonly used mutation detection
assays, which typically have limited time resolution, MutL-binding enables direct
detection of DNA replication errors during each individual genome
replication. Furthermore, it allows for the detection of emerging mutations, i.e., DNA
replication errors before fixation, in contrast to other assays, which only detect fixed
mutations that have escaped multiple error-correcting mechanisms. We took
advantage of this assay to perform genome-wide mapping of sites of spontaneous
DNA replication errors in E. coli. We performed a CFP-MutL-Chromatin
Immunoprecipitation followed by high-throughput sequencing (ChlP-seq) in
populations of mutH-deficient cells growing exponentially under optimal conditions

without exogenous stress. In these cells, mismatches are detected and tagged, but
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cannot be repaired. Genomic regions preferentially enriched by the CFP-MutL ChlP-
seq [further in the text: MutL-associated regions (MutL-ARs)] were analyzed for their
localization within genes/intergenic regions, replichores, and genome macrodomain
regions (18). Additionally, we determined for these regions the GC content, thermal
stability, presence of the single-nucleotide and larger repetitive sequences, density of
the GATC sites, and the presence of G-quadruplex (G4)-prone sequences (19). Data
from published studies were also incorporated in our analysis to investigate whether
MutL-ARs were enriched for HupA, HupB, Fis, and the histone-like nucleoid
structuring (HN-S) proteins binding sites (20), GapR binding sites (21), ssDNA gaps
(22), GATC methylation (23), data from RNA-Seq (24), RNA polymerase subunit
(RNAP) RpoB and GyrA binding sites (20), and G4-prone sequences (25). The goal of
this study was to identify genomic regions with particular properties and cis-acting

mechanisms that render some genome regions DNA replication error hot spots.
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MATERIALS AND METHODS

Strain construction

Strains used in this study were derived from the E. coli K-12 MG1655 strain. For the
microscopy analysis, we used the mutL218::Tn10 AlacZ::Pja-CFP-mutL::FRT
AmutH::FRT dnaN-mCherry::FRT and the AmutS::kanamycin-resistance cassette
mutL218::Tn10 AlacZ::Pjac-CFP-mutL::FRT AmutH::FRT strains. For the ChIP
experiment, we used the mutL218::Tn10 AlacZ::Pac-CFP-mutL::FRT AmutH::FRT
strain. As a control for antibody specificity, we used the MG1655 strain and its
AmutS::streptomycin/spectinomycin-resistance  cassette and mutL218::Tn10
AmutH::kanamycin-resistance cassette derivatives. The construction of the CFP-
mutL:.chloramphenicol-resistance cassette-reporter fusion and the procedure to
integrate the MutL reporter fusions into the chromosome under the control of the
lactose promoter were previously described in (17). The mutL218:Tn10 (Tn10
provides tetracycline resistance), AmutH::kanamycin-resistance  cassette,
AmutS::kanamycin-resistance and AmutS::streptomycin/spectinomycin-resistance
cassette alleles are from our laboratory collection. The dnaN-mCherry::kanamycin-
resistance cassette-reporter fusion was kindly provided by C. Lesterlin (26). These
alleles and reporter fusions were introduced into the final strains using P1 transduction
(27). Transductants were selected based on appropriate antibiotic resistance. When
antibiotic resistance cassettes were flanked by FRT (Flippase Recognition Target)
sites, we used Flp recombinase enzyme to remove the resistance cassettes, leaving

behind a single FRT "scar" (28).

Growth Conditions
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For microscopy and ChIP-Seq assays, bacterial cultures were initiated from glycerol
stocks and grown at 37°C in LB medium supplemented with 0.1mM isopropyl-3-D-
thiogalactopyranoside (IPTG), with shaking at 150 rpm. The following day, overnight
cultures were diluted 1/400 (v/v) in LB supplemented with 0.1 mM IPTG, and incubated
at 37°C with shaking until reaching the exponential growth phase (ODsoonm = 0.200 to

0.215).

Microscopy and image analysis

Microscopy experiments were carried out as described previously (10). Briefly,
exponential phase cultures were washed with a 102 M MgSOQ4 solution and inoculated
on microscope chamber slides composed of a 102 M MgSO4 1.5% agarose matrix.
Cells were observed using a 100x objective lens on an Axiovert 200 inverted
microscope (Carl Zeiss) equipped with a Photometrics CoolSNAP camera (Princeton
Instruments). Images were captured and analyzed using following softwares:
MetaMorph version 7.10.2.240 and ImagedJ version 1.52C with Microbed version 5.12d
plugin. We quantified number of replication forks per cell using dnaN-mCherry reporter.
Due to a large number of replication forks in rapidly growing cells, it is likely that several
forks can be present within one fluorescent spot. However, because chromosomal
replication in E. coli is highly coordinated in both time and space, the number of
replication forks per cell can easily be calculated from the number of DnaN-tagged
forks, even if all of them cannot be visualized individually. Therefore, we used the
following criteria to determine subpopulations of cells having different growth rates: (i)
Cells without DnaN foci are nongrowing cells. (i) The presence of one DnaN focus
means that there are two forks in cell, which occurs in slow-growing cells with an

origin/terminus ratio of 2. (iii) If 3 to 6 DnaN foci are visible, there are 6 forks per cell,
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which is typical of fast-growing cells with an origin/terminus ratio of 4. (iv) If 7 or more
DnaN foci are visible, there are at least 14 forks per cell, which happens in growing
cells where origin/terminus ratio is 8, but also in cells suffering from endogenous
stressors that perturb DNA replication and cell division, such as those that induce SOS
response (29, 30). Cells were considered as filamenting if their length was higher than

2*Median of all observed cells.

ChIP assay

Samples of bacterial cells were processed following the protocol published by Diaz et
al. (31). Briefly, cells from exponential phase cultures of the mutL218::Tn10 AlacZ::Pjac-
CFP-mutL::FRT AmutH::FRT strain were crosslinked with 1% formaldehyde for 5 min
(22.5°C, 90 rpm) and subsequently quenched with 0.5 M glycine for 10 min (22.5°C,
90 rpm). Cell pellets were collected by centrifugation (15 min, 4°C, 4000 rpm), washed
three times with cold phosphate buffered saline (PBS), and then resuspended in 250
pL of CHIP BUFFER (0.2 M Tris, 1 mM EDTA, protease inhibitor cocktail, 0.5 % SDS).
To shear the chromosomes, cells were sonicated using a Diagenode Bioruptor at 30-
second intervals for 7 cycles, keeping samples stables at 4°C using a temperature-
controlled water bath. After sonication, cell debris was discarded by centrifugation (10
min, 4°C, 14000 g). The supernatant was diluted in dilution buffer (0.1 mM EDTA, 250
mM NaCl and protease inhibitor cocktail) to obtain a SDS concentration lower than 0.2
%, according to the antibody manufacture recommendations. A total of 50 pyL was
taken out prior to the addition of the antibody as an Input control. Immunoprecipitation
(IP) was performed using alpaca anti-CFP nano-antibody fusion to magnetics beads,
a ChIP-validated antibody (32) (GFP-Trap® Magnetic Particles M-270 CHROMOTEK,

ProteinTech), at a concentration of 12.5 uL of beads per 5 mL of culture. IPs were
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rotated overnight at 4 °C. After incubation with the antibody, the beads were
magnetically collected and several washes were performed. First, the beads were
washed with 300 pL of 2x IP BUFFER (50 mM Hepes-KOH pH 7.5, 150 mM NacCl, 1
mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 1 mM PMSF) by
incubating at 4°C for 10 min with end-over-end rotation. Two additional washes were
performed using WASH BUFFER 2 (50 mM Hepes-KOH pH 7.5, 500 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 1 mM PMSF).
Afterwards, an additional washing was performed using the WASH BUFFER 3 (10mM
Tris—HCI pH 7.8, 250 mM LiCl, 1TMm EDTA, 0.5% IGEPAL CA-630 (Sigma-Aldrich),
0.1% sodium deoxycholate, 1 mM PMSF), and the final wash was with WASH
BUFFER TE (10 mM Tris pH 7.5, 1 mM EDTA). After the washes, 300 pL of elution
buffer (50 mM Tris—HCL pH 7.5, 10 mM EDTA, 1% SDS) was added, and the beads
were incubated at 65°C for 20 minutes with shaker. The eluates of the IP and the Input
were then treated with RNase A (10 mg/mL) and proteinase K (10mg/mL) at 37°C for
1 hour with shaking, followed by overnight incubation at 65°C with gentle agitation.
This step at 65 °C is optimal for both the function of proteinase K and reversal of cross-
linking. The following day, the supernatant was magnetically collected and DNA was
purified using the Quick Kit (Qiagen) according to the manufacturer’s instructions. The
quality of the extracted DNA was assessed using a NanoDrop spectrophotometer and
an Agilent 2100 Bioanalyzer. The quantity of DNA was measured using a Qubit 3
Fluorometer (Life Technologies). As a control for antibody specificity, cultures of the
MG1655 strain and its AmutS and AmutL AmutH derivatives lacking the fluorescent
epitope were also submitted to ChIP, and the DNA obtained from IP and Input samples
was quantified following the same protocol used for the mutL218::Tn10 AlacZ::Pjac-

CFP-mutL::FRT AmutH::FRT strain. As expected, no DNA was detected in the IP of

11
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the control samples. Only Input and IP samples from the mutL218::Tn10 AlacZ::Pjac-

CFP-mutL::FRT AmutH::FRT strain were used for library preparation and sequencing.

Library preparation and sequencing for ChiP-seq

Library preparation for ChlP-seq was performed using the True Seq Nano DNA library
prep kit with IDT-ILMN True Seq DNA UD indexes (96ind) (lllumina) according to the
manufacturer’s instruction. ChiP-seq samples were sequenced using the lllumina
NextSeq 500/550 Sequencing system at the Biomics Platform, C2RT, Institute
Pasteur, Paris, France. Each sample was pair-end sequenced, producing datasets of

paired-end 75 bp read pairs.

ChlP-seq bioinformatic analysis

Sequencing adapters were removed using version 0.23.4 of fastp (33) and raw reads
were trimmed bidirectionally by 4 bp window sizes across which an average base
quality of 20 was required to be retained. Further retention of reads required at least
50% base pairs with phred scores at or above 20. The reads were then mapped to
the E. coli K-12 MG1655 genome (accession number: NC_000913.3) using version
0.7.17-r1188 of bwa (34) with default parameters, followed by sorting using version
1.19 of samtools (35). ldentification of MutL-ARs was performed using three different
software tools: version 3.0.0 of MACS3 (36) with default parameters except a cutoff of
0.05 and a genome size of 4641652; version 2.40.0 of mosaics (37) with default
parameters except for a False Discovery Rate threshold of 0.05; and version 0.0.52 of
epic2 (38) with default parameters except for a genome size of 4641652. For all three
software tools, each IP sample was normalized to Input samples. The final list of MutL-

ARs (Sup. Table 1) included only the overlapping regions detected by at least two of
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the software tools and with a size lower than 15000 bp. Log2 ratio (IP/Input) after Signal
Extraction Scaling (SES) was obtained using deepTools tool bamCompare (version

3.5.4) (39) with a bin size of 200 bp.

Provenance of data tested for association with MutL-ARs

HupA, HupB, Fis, H-NS, RpoB, and GyrA binding sites were obtained from proChlPdb
v1.0.0 (20). GapR binding sites were obtained from Guo et al. (21). ssDNA regions
were obtained from Pham et al. (40). RNA-seq data was obtained from Niccum et al.
(24). G-quadruplex sequences were obtained from Kaplan et al. (25) and identified
using G4Hunter (19). Macrodomain regions were obtained from Espeli et al. (18). GC
content and melting temperature were calculated using 200 bp bins. Melting
temperature was estimated with nearest neighbor thermodynamics described by
Breslauer et al. (41) using the R-package TmCalculator. Microsatellites and GATC
regions in the E. coli genome (accession number: NC_000913.3) were identified using
the R-package Biostrings version 2.70.1. GATC methylation was obtained from Cohen

et al. (23). Cruciform prone sequences were identified using CIRI (42).

Gene enrichment analysis

Gene enrichment analysis was performed using the EcoCyc database version 27.5
(43). EcoCyc, which is regularly updated by manual curation, provides enrichment
analysis for Gene ontologies, pathways, and transcriptional regulators. As an input for
this analysis, we considered the genes within the peak regions detected by the ChIP-
seq analysis (Supp. Table 2). For pathways and transcriptional regulators enrichment,
the reference gene set used was all genes assigned to any metabolic pathway or

directly regulated by a transcriptional factor in E. coli. For Gene ontologies, the
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reference gene set used was genes with assigned Gene ontology terms. Statistical
significance was assessed using a Fisher’s exact test, followed by Benjamin-Hochberg
correction for multiple comparisons. Only adjusted p-values below 0.05 were

considered as statistically significant.

Statistical analysis

Statistical analysis were performed in the statistical software R version 4.3.0 using the
R-packages regioneR (44) and rstatix. Permutation test using the R-package regioneR
was performed with 1000 permutations, the randomization function
randomizeRegions, the evaluation function numOverlaps, and E. coli genome
NC_000913.3 as input genome. The parameter count.once was defined as TRUE for
testing the against regions with a region size larger than the smallest MutL-AR. For
each permutation a new set of MutL-ARs is created, with the exact same size as the
original MutL-ARs but randomly distributed in the E. coli genome, followed by
calculation of the number of overlaps between the criteria tested and the new set of
MutL-ARs. Finally, the distribution for the number of overlaps between the MutL-ARs
and the regions of interest obtained in the permutations is compared with the observed
for the original MutL-ARs. The strength of the association (Z-score) is calculated as
the number of standard deviations between the expected mean overlap between the
MutL-ARs and the regions of interest obtained from the permutations and the observed
overlap between the MutL-ARs and the regions of interest. Principal Component
Analysis (PCA) was performed with scaling, using as input data the relative coverage
of proteins binding sites in each MutL-AR and the GC content and melting temperature

calculated for each MutL-AR. The statistical tests used are indicated in the main text
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analysis and calculated as described in the main text and/or figure legends.
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RESULTS AND DISCUSSION

Visualizing and quantifying replication errors in individual cells

We first quantified cell-to-cell heterogeneity in DNA replication errors using a fully
functional CFP-MutL translation fusion reporter and fluorescent microscopy. We
analyzed asynchronous populations of the mutL218::Tn10 AlacZ::Pjac-CFP-mutL::FRT
AmutH::FRT dnaN-mCherry::FRT that were growing exponentially under optimal
conditions in rich LB medium without exogenous stress. Asynchronous bacterial
populations may contain cells with different growth rates, resulting in different numbers
of replication forks per cell. Although the number of DNA replication errors per cell may
vary depending on the number of replication forks, we decided not to synchronize DNA
replication using standard methods, such as using replication initiation proteins
temperature-sensitive mutants or treatment with hydroxyurea, because they are highly
invasive and can disrupt normal cellular functioning. Instead, we opted to visualize
DNA replication forks in individual cells using a fluorescently tagged mCherry-DnaN
protein. DnaN, the B subunit of DNA polymerase lll holoenzyme, forms dimers to
create the sliding clamp, facilitating the linkage of the core polymerase to DNA and
enabling rapid, processive DNA replication (45). Utilizing this replication fork reporter
enabled us to identify subpopulations of cells based on the number of replication forks,
and therefore to determine the number of replication errors per cell within each
subpopulation.

E. coli initiates bidirectional chromosome replication from a single replication
origin (oriC) and completes chromosome replication within a termination zone (ter). In
slowly growing cells, where the oriC/ter ratio is 2, two replication forks per cell are
typically observed. However, in rapidly growing cells, new rounds of replication start

before the initial two replication forks reach the fer region. Consequently, fast-growing
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cells, which divide every 20 minutes, exhibit an oriC/ter ratio of 4 and possess six
replication forks per cell (29). Finally, some cells may harbor more than six replication
forks per cell, such as those that are exposed to endogenous stressors. We analyzed
93,861 cells from 53 independent experiments and quantified the number of mCherry-
DnaN and CFP-MutL fluorescent foci per cell (Fig. 1A, Supp. Table 3). We found that
0.6%, 6.3%, 78.9%, and 14.2% of cells harbored 0, 2, 6, and greater than or equal to
7 replication forks per cell, respectively (Fig. 1B). Within these four categories, 17.6%,
38.8%, 44.8%, and 55.4% of cells exhibited at least one CFP-MutL focus, respectively
(Fig. 1C). We were able to detect up to 10 CFP-MutL foci per cell. Taken together, our
data showed that the majority of the cells were rapidly growing, with an oriC/ter ratio
of 4, and that about 46% of all cells had at least one replication error under our
experimental condition (Fig. 1D). The distribution of the observed number of MutL foci
per cell in the total population reasonably fits a Poisson distribution calculated from the
measured number of MutL foci per cell (Fig. 1D). The mean number of MutL foci per
cell was 0.6. However, there was a small excess of cells (469 out of 93,861 cells)
observed with four or more MutL foci compared to what would be predicted by the
Poisson distribution (Fig. 1E). This suggests that there may be an increased likelihood
of multiple errors occurring in a small subpopulation of individual cells beyond what
would be expected purely from a uniform Poisson distribution of events. We cannot
exclude the possibility that, with light microscopy, we may not be able to distinguish
between two or more closely positioned foci. Consequently, cells with multiple MutL
foci may occur more frequently than observed. Moreover, while this study examined
cells growing under optimal conditions, it does not mean that detected spontaneous
DNA replication errors were not caused by endogenous stresses that can both damage

DNA and impede DNA replication machinery (10). This hypothesis is supported by our
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finding of a significantly higher frequency of filamentation in cells with four or more
MutL foci (11.5%) compared to cells with fewer than four MutL foci (1.5%) (Proportion
test, p = 9.2 x 10%). Filamentation is known to be induced by various stress conditions
(46) that also trigger the SOS response (47). The induction of the SOS response could
potentially lead to an increased number of MutL foci due to elevated mutation rates
resulting from the activation of error-prone DNA polymerases.

We have previously tested the possibility that MutL fused to different fluorescent
proteins might interact with DNA structures other than mismatches by investigating
whether MutL fluorescent foci are still present in AmutS cells. For this we used MutL-
eGFP and MutL-mCherry reporters and we found no MutL fluorescent foci in AmutS
cells (10, 16). In the present study, we tested if this is also the case with MutL-CFP
and found no foci in 1113 AmutS AmutH cells. Therefore, it is unlikely that our results

are affected by non-specific binding of MutL-CFP to non-mismatch DNA structures.

Identification of the MutL-ARs

To pinpoint the genome-wide locations of the MutL-ARs, we conducted CFP-MutL-
ChlP-seq experiments in the mutL218::Tn10 AlacZ::Pjac-CFP-mutL::FRT AmutH::FRT
cells that were growing exponentially under optimal conditions in rich LB medium
without exogenous stress. Immunoprecipitation was performed using alpaca anti-CFP
nano-antibody, and the enriched DNA samples were sequenced using the lllumina
NextSeq technology. We performed two independent experiments. The identification
of the MutL-ARs was conducted using three different software tools: MACS3 (36),
Mosaics (37), and Epic2 (38). Analysis using only the MACS software tool, which is
the most frequently used to detect ChlP-Seq peaks, provided by far the highest number

of identified peaks (Fig. 2A-B). However, the use of a single software to detect ChlP-
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Seq peaks may lead to the detection of false positives, which could affect the
downstream analysis. To mitigate potential false positives inherent in relying solely on
one software, and to identify the strongest replication error-prone regions in the
genome, we retained for further analysis only those MutL-ARs that were identified by
at least two software tools. Although this conservative approach results in a lower
number of detected ChIP-Seq peaks, it provides higher confidence that the MutL-ARs
detected are genomic regions strongly bound to MutL. Using this stringent criterion, a
total of 38 MutL-ARs (Fig. 2A-B, Supp. Table 1) were identified, with a median size of
2463 bp (Supp. Fig. 1). From the 38 MutL-ARs, 21 overlapped between the two
independent experiments (Supp. Table 1).

The size and shape of the MutL-ARs peaks detected by CFP-MutL-ChIP-seq
can be influenced by several factors. In vitro studies have shown that MutS and MutL
proteins scan DNA bidirectionaly, both from the 5' to 3' and from the 3' to 5', from a
mismatch. When these proteins encounter a hemimethylated GATC sequence, the
MutH protein cuts the unmethylated strand. The distance between mismatches and
MutH incision sites has been reported to extend up to 2 kb in vitro (48, 49) and up to
approximately 6 kb in vivo in wild-type cells (50). In vivo, this distance is also
determined by an outcome of the competition between Dam methylase and MutH
protein. However, in the absence of MutH protein, which is the case in our study, the
distance between a mismatch and hemimethylated GATC sites should not affect the
size of the MutL-ARs. In addition, when MutS and MutL scanning is not stopped at
hemimethylated GATC sites, it can even continue beyond. This is exemplified by our
previous observation that the introduction of the MutHE56A mutant protein, which acts
as a steric block on the DNA by binding to hemimethylated GATC sites without cleaving

them in mutH-deficient cells, causes a decrease in the amount of MutL in fluorescent
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foci (17). Finally, closely located multiple mismatches can generate overlapping repair
events, thus also generating long MutL-ARs.

The Log2 ratio (IP/Input) distribution of MutL-ARs exhibited diverse patterns,
including narrow, broad, and multiple interconnected peaks (Fig 2C). Single peaks
likely result from the migration of successive MutS sliding clamps followed by MutL
sliding clamps from a single mismatch bidirectionally towards hemimethylated GATC
sequences (Fig. 2C). Overlapping peaks likely emerge in replication error-prone
regions, where numerous errors at different sites are anticipated to occur. In a
population of asynchronously replicating cells, the genomic regions with the highest
Log2 ratio (IP/Input) are expected to occur around individual replication error hotspots.
This allowed us to narrow down the locations of replication errors within the larger
regions of the MutL-ARs (Fig. 2C).

Finally, we observed that nine MutL-ARs peaks exhibited asymmetry, with
higher levels observed towards oriC compared to ter (Fig. 2C). While in vitro studies
suggest that MutL-ARs peaks should be symmetrical on both sides of mismatches
(51), in vivo results show that the mismatch repair machinery preferentially searches
for the hemimethylated GATC site located closer to the replication fork, which
advances toward the ter region, and that DNA degradation proceeds back toward the
mismatch and oriC (50). Therefore, the asymmetry in some of the MutL-ARs observed
in our study could be explained by this directional search for the hemimethylated GATC
sites. This directionality may stem from the interaction of the MutS and MutL proteins
with the DNA polymerase B-sliding clamp, which is essential the for in vivo mismatch

repair activity (7).
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Global chromosome structure and nucleoid-associated proteins in the MutL-
ARs

The E. coli chromosome is organized into four distinct insulated macrodomains (MD):
Ori, Right, Left, and Ter, and two less constrained regions: nonstructured right (NSR)
and left (NSL) (18, 52). We examined the distribution of MutL-ARs within chromosomal
MD (Fig. 3A-B). We found that the highest number of MutL-ARs was detected in the
Left MD (11 regions), followed in descending order by NSL (7 regions), Ori (7 regions),
Right (6 regions), NSR (4 regions), and Ter (3 regions) MDs (Supp. Fig. 2A). We also
calculated what fraction of each MD is covered by the total cumulative length of MutL-
ARs and found the highest fraction in the NSR MD, followed in descending order by
Ori, Left, NSL, Right, and Ter MDs (Supp. Fig. 2B).

The MutL-ARs peaks were identified based on the Log2 ratio (IP/Input), which
normalizes the number of ChlIP-seq reads in IP versus Input samples across all
chromosomal positions. Therefore, the observed difference in the number of MutL-ARs
between different MDs should not be a direct result of varying DNA amounts in different
MDs, such as the descending amounts of DNA from oriC towards the ter region in
replicating genomes. This normalization approach suggests that other factors or
mechanisms may be influencing the enrichment of MutL-ARs in different chromosomal
regions (53, 54).

Chromosome folding and compaction result from a combination of processes,
including the binding of nucleoid-associated proteins (NAPs). NAPs constitute a
diverse class of proteins capable of wrapping, bridging, or bending DNA. They play
roles in both nucleoid structuring and transcription regulation (55). The binding of NAPs
can protect DNA from mutagenic processes, but it can also remodel DNA topology,

thereby rendering DNA more prone to mutations (56). Their impact on gene regulation
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can also indirectly affect mutation generation, as transcription has been found to be
associated with mutagenesis (57). We focused on key E. coli nucleoid-associated
proteins (NAPs): HupA and HupB, the subunits of the HU protein complex that plays a
crucial role in chromosome organization and compaction; Fis protein, which is involved
in shaping the nucleoid structure, forming topological domain barriers, and regulating
gene expression; and H-NS protein that contributes to chromosomal structuring and
acts as a repressor of gene expression. Highlighting that the binding of these proteins
may impact mutagenesis, we found that HupA (Permutation test, p = 0.001, Z-score =
6.1) and HupB (Permutation test, p = 0.001, Z-score = 7.9), Fis (Permutation test, p =
0.001, Z-score = 5.3), and HN-S (Permutation test, p = 0.004, Z-score = 4.2), binding
sites are enriched in the MutL-ARs (Fig. 3A-B, Supp. Fig. 2C-F).

It was previously observed that the mutational density in E. coli mismatch repair
deficient strain was high in regions of the chromosome where gene expression is
responsive to NAPs (58). The authors of that study interpreted this enrichment as a
consequence of modified chromosome structure rather than being directly related to
gene expression itself. Similarly, the enrichment of NAPs binding sites in the MutL-
ARs may also result from the role of NAPs’ in shaping nucleoid structure, contributing
to the increased replication errors. However, we cannot fully exclude that NAPs impact
on gene expression may also impact replication fidelity. Direct evidence of the exact
mechanisms by which NAP binding may lead to mutagenic consequences requires
further research.

Finally, to enhance our understanding of MutL-ARs localization, we also used
data on the distribution of DNA positive supercoiling, which accumulates ahead of the
replication and transcription complexes (21, 59). In these studies, the E. coli genome

was mapped using the Caulobacter crescentus protein GapR as a probe, which binds
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to positive supercoiled regions. We found that GapR binding sites are enriched in the
MutL-ARs (Permutation test, p = 0.005, Z-score = 2.7) (Fig. 3A-B, Supp. Fig. 2G).
While the direct relationship between positive DNA supercoiling and replication fidelity
is not fully elucidated, it's clear that the topological state of DNA may impact the
replication process by causing local DNA structural changes that affect fork

progression (60).

Local DNA sequence properties of the MutL-ARs

Macromolecular machines such as DNA and RNAP must separate two DNA strands
to synthesize new strands of DNA or RNA during replication or transcription. This
process is facilitated by dedicated proteins like helicases, as well as by the local
sequence composition, i.e., AT-rich segments are less stable than GC-rich segments,
which determines the stability of double-stranded DNA (dsDNA). For example, E. coli
genome replication initiation occurs in the AT-rich oriC sequence (61). It was also
reported that the local DNA thermodynamic stability varies significantly along the E.
coli chromosome and that the gradient of DNA thermodynamic stability correlates with
the polarity of chromosome replication (62). So, we investigated whether the local base
pair composition influences the localization of DNA replication errors detected by our
MutL-ChIP assay (Fig. 4A-B). We found that the GC content and the melting
temperature in the MutL-ARs are significantly lower when compared to the whole
genome (Wilcoxon test, p = 2.6 x 10-'° for GC content, p = 1.3 x 10° for melting
temperature) (Fig. 4A-B, Supp. Fig. 3A-B), suggesting that DNA replication errors
occur more frequently in regions with relatively lower thermodynamic stability. We
found that HN-S binding sites, which are AT-rich (63), are highly enriched in the MutL-

ARs (Fig. 3A-B, Supp. Fig. 2F).
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Direct repeats of short DNA sequences, known as microsatellites, are highly
prone to mutations due to DNA polymerase slippage during replication. The slippage
process happens when the nascent DNA strand dissociates from the template strand
and realigns incorrectly during DNA synthesis. This misalignment can result in the
insertion or deletion (indel) of repeat units, leading to changes in the number of repeats.
It was previously reported that the rate of indel formation at direct mononucleotide
repeats in E. coli genome increases exponentially with the length of the repeat, with
any repeat of 4 nucleotides or more being a potential indel hotspot (3). We observed
a significant enrichment of mononucleotide repeats of 4 nucleotides or more in the
MutL-ARs (Permutation test, p = 0.001, Z-score = 4.5) (Fig. 4A-B, Supp. Fig. 3C).
Given the efficiency of mismatch repair in detecting small loops resulting from
misalignments in mononucleotide repeats, our result strongly validates the
effectiveness of MutL ChlP-seq in detecting hotspots of DNA replication errors.

Inverted sequence repeats have the potential to generate secondary structures
such as hairpins or cruciforms that cause the DNA polymerase to stall. Mismatch repair
mechanisms can bind to these structures, particularly when small loops or base pair
mismatches occur within the stem portion of the secondary structure. Our analysis
showed an enrichment of the cruciform formation-prone sites in the MutL-ARs
compared to the whole genome (Permutation test, p = 0.001, Z-score = 6.0) (Fig. 4A-
B, Supp. Fig. 3D). Importantly, as stated above, we also found that DNA replication
errors occur more frequently in regions with relatively lower GC content and lower
melting temperature (Fig. 4A-B, Supp. Fig. 3A-B). As lower melting temperatures
facilitate the formation of alternate secondary structures, this may help explain why
regions containing direct and inverse DNA repeats are enriched in replication error-

hotspots.
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Besides lower thermodynamic stability, the formation of secondary structures
such as hairpins or cruciforms requires the initial creation of the single-stranded DNA
(ssDNA) stretches. For this reason, we investigated whether ssDNA gaps sites were
enriched within MutL-ARs. For this analysis, we utilized data from a published study in
which regions with high ssDNA coverage were identified using non-denaturing bisulfite
treatment combined with deep sequencing of samples treated with RNAse (22). We
found a significant enrichment of regions with high ssDNA coverage within MutL-ARs
(Permutations test, p = 0.002, Z-score = 3.2) (Fig. 4A-B, Supp. Fig. 3E). How are
these MutL-ARs-associated ssDNA regions generated? ssDNA can arise as
intermediate structures during DNA replication, recombination, repair, and
transcription. Two key findings from the above-cited study support that normal
replication activity does not generate detected ssDNA genomic hotspots (22). (i) No
significant difference was observed in the amount of ssDNA between leading and
lagging replication strands. (ii) The average length of ssDNA stretches was
approximately 108 nucleotides, which is considerably shorter than the average length
of Okazaki fragments, typically around 1,000-2,000 nucleotides long in E. coli (64).
Furthermore, the lack of enrichment for RecA-binding sites in these ssDNA regions
(40) suggests that RecA-mediated homologous recombination is also unlikely to be
responsible for generation of the ssDNA. These findings point to other potential
sources for the observed ssDNA regions, such as DNA repair processes or
transcription-related events. However, regardless of how ssDNA stretches are
generated, themselves or/and proteins involved in their processing may cause DNA
replication errors detected by MutL-binding. Further research is needed to elucidate
molecular pathways linking ssDNA formation, replication errors and mismatch repair

activity in vivo.
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Adenine methylation, or absence of methylation, within GATC sequences is
used by E. coli mismatch repair system to discriminate between template and newly
synthesized strands (5). For this reason, E. coli mismatch repair system is also called
methyl-directed mismatch repair system. Adenines in GATC sites in newly synthesized
DNA strands are transiently unmethylated because adenine methylation by Dam
methylase lags several minutes behind replication, while those in template strands
remain methylated. Given the importance of GATC sequences for the mismatch repair
system, we compared the number of GATC sites present in the MutL-ARs and the
whole genome. Interestingly, we found that GATC sequences are depleted in the MutL-
ARs (Permutation test, p = 0.001, Z-score = -4.4) (Fig. 4A-B, Supp. Fig. 3F). However,
the observed depletion of GATC sequences in these regions is not expected to impact
the efficacy of mismatch repair as the distances between different GATC sites vary
from 4 bp to 4 kbp (65) but are present at an average every 2.5 kbp (66). Therefore,
the mismatch repair machinery can efficiently span the mismatch site and the strand
discrimination site, even across the widest spacing of GATC sequences. Importantly,
it has also been observed that the majority of GATC sequences in E. coli genome are
highly methylated during growth of E. coli (23), and we found no differences in the
GATC methylation when comparing the MutL-ARs with the whole genome (Wilcoxon
test, p = 0.57) (Fig. 4A-B, Supp. Fig. 3G). In addition to being bound and cut by the
MutH protein, hemimethylated GATC sequences in newly replicated DNA are also
bound by the SeqA protein (67). On average, several hundred SegA proteins bind to
200-400 GATC sites behind replication forks. This binding of SeqA to long stretches of
DNA has been proposed to prevent the premature separation of newly replicated
chromosomes, which is important for protecting the integrity of replication forks,

particularly when DNA polymerase is stalled by a roadblock (68). Importantly, it has
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been reported that there exists a negative correlation between SeqA binding and
RNAP binding (69). This raises the possibility that SegA binding prevents the rapid re-
establishment of transcription complexes after replication disrupts ongoing
transcription. This problem could be attenuated by depletion of the GATC sites in the
highly expressed regions. This hypothesis is supported by the observation that highly
expressed ribosomal RNA-coding operon rrnC exhibits a lower GATC content
compared to its surrounding DNA (69). Therefore, the observed depletion of the GATC
sequences in the MutL-ARs may be a consequence of high transcriptional activity in

these regions.

Transcription activity within MutL-ARs

Highly transcribed genomic regions present a challenging environment for the
replication machinery due to increased DNA unwinding, formation of secondary
structures and altered nucleoid states. All these factors can reduce the fidelity of DNA
replication in the highly transcriptionally active regions compared to less
transcriptionally active genomic regions (57, 70). For example, high mutation rates in
highly expressed genes have been observed in genome-wide studies of E. coli (71),
Salmonella typhimurium (72), Saccharomyces cerevisiae, and the human germline
(73). Therefore, we investigated whether there is a difference in transcriptional activity
between MutL-ARs and the rest of the genome. We first used published RNA-Seq data
of E. coli growing in rich LB medium (24) and found that highly expressed genes are
enriched in MutL-ARs (Wilcoxon test, p = 2.9 x 10°) (Fig. 5A-B, Supp. Fig. 4A).
Because this RNA-Seq data did not include transcription levels of ribosomal RNA-
encoding genes and two other genes (24), we conducted additional analysis using a

genome-wide map of the RNAP 3 subunit, RpoB, binding sites (20) and found their
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enrichment in MutL-ARs (Permutation test, p = 0.001, Z-score = 4.8) (Fig. 5A-B, Supp.
Fig. 4B). Furthermore, it was observed that DNA gyrase cleavage sites are enriched
downstream of the highly transcribed genes (74). DNA gyrase relaxes positive
supercoils that accumulate ahead of moving RNA and DNA polymerases. We used a
genome-wide map of the GyrA binding sites (20), which similarly displayed enrichment
in MutL-ARs (Permutation test, p = 0.001, Z-score = 4.4) (Fig. 5A-B, Supp. Fig. 4C).
This result corroborates our previous results for GapR, which also interacts with
positively supercoiled DNA, in which we observed an enrichment for GapR binding
sites in MutL-ARs (Fig. 3A-B, Supp. Fig. 2G).

Transcriptional activity can impact replication fidelity because it requires
separation of dsDNA into ssDNA. The non-transcribed strand, which is not protected
by the proteins associated with transcription, is expected to be more vulnerable to
premutagenic chemical modifications (75, 76), such as deamination (77, 78), oxidation
(79) and alkylation (80). These damages in ssDNA can create mismatches in the
dsDNA during realignment or replication, which are detected by mismatch repair.
Additional mechanisms by which ssDNA may be exposed in cells include DNA repair
processes that remove these DNA damages from dsDNA, leading to the creation of
ssDNA gaps, which we observed to be enriched within the MutL-ARs (Fig. 4A-B,
Supp. Fig. 3E). Besides being chemically unstable, ssDNA facilitates DNA polymerase
slippage on mononucleotide repeats and formation of secondary structures, which
increase likelihood of DNA polymerase stalling.

Another potential source of replication errors due to transcriptional activity is the
collision between DNA replication and transcription machineries. In bacteria, DNA
replication and transcription occur simultaneously on a common DNA template, and as

the DNA replication machinery moves 10 to 20 times faster than elongating RNAP,
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frequent collisions are unavoidable (81). Highly deleterious head-on collisions are
greatly avoided because E. coli highly expressed genes are oriented to be transcribed
in the same direction as chromosome replication (81). Co-directional collisions that
cause replication stalling are less deleterious but they do occur at highly expressed
loci such as ribosomal RNA operons (82, 83). Both types of collisions are aggravated
by the R-loop formation, which is stabilized by the formation of G-quadruplex (G4)
sequences within ssDNA stretches (84). We found an enrichment of G4-prone
sequences, previously identified by Kaplan et al or predicted using the software
G4Hunter (19, 25), in the MutL-ARs (Permutation test, p = 0.001, Z-score = 10.6, data
from Kaplan et al; p = 0.002, Z-score = 3.4, G4Hunter) (Fig. 5A-B, Supp. Fig. 4D-E).
However, we observed no difference in the gene transcription orientation relative to
replication direction in the MutL-ARs compared to the rest of the genome (Binomial
test, p = 0.24) (Supp. Fig. 4F).

Co-directional collisions that cause replication stalling can also be caused by
backtracked RNAPs and by transcription terminators. Backtracking is a fundamental
property of RNAP implicated in the control of transcription elongation, pausing,
termination and proofreading, and fidelity (85). However, RNAPs can also backtrack
when encountering roadblocks such as DNA-bound proteins and DNA damage. It was
shown that the co-directional collisions between the replication machinery and
backtracked transcription elongation complexes can result in double-strand breaks on
both plasmid and chromosome in E. coli (86). Repairing double-strand breaks is
normally a high-fidelity process, but it can switch to a mutagenic mode in stressed cells
when error-prone DNA polymerases are involved in the repair process (87). Finally, it
was observed that transcription terminators disrupt replication of E. coli plasmids when

they were co-oriented with replication (88). Therefore, although bacteria possess
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multiple mechanisms that have evolved to deal with transcription-replication conflicts
(81), they are clearly not failproof.

Despite extensive knowledge about molecular mechanisms involved in
transcription-associated mutagenesis cited above, several mutation accumulation
(MA) studies have shown weak or no correlation between high transcription and
mutation rates (3, 70, 71). Several important differences between our experimental
approach and MA experiments may explain these discrepancies: First, we detect
emerging mutations, i.e., DNA replication errors before fixation, while MA studies
identify only fixed mutations. Second, in our study, replication errors are detected by
MutS and MutL proteins that, in the absence of the MutH protein, remain bound to
DNA. This likely prevents other DNA repair mechanisms from removing replication
errors prior to mutation fixation, which allows us to detect a vast majority of replication
errors. In contrast, MA misses errors that are corrected by DNA repair mechanisms
other than mismatch repair. Third, our assay can detect even errors that eventually
give rise to lethal mutations, which is impossible using the MA approach that requires
cell growth and division. Fourth, to study the impact of transcription on mutation rates,
we corroborated gene expression levels with RpoB binding and GATC depletion,
providing a more comprehensive view of transcriptional activity. MA studies typically

relied solely on gene expression data.

Genes and gene functions localized within the MutL-ARs

We have shown that high transcription activity is enriched in MutL-ARs compared to
the rest of the genome, and it is known that transcriptional activity can differ depending
on the gene function. The highly expressed genes in E. coli are primarily involved in

the core cellular processes of transcription, translation, and metabolism, all of which
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are essential for rapid growth and cellular proliferation. Pathway and gene ontology
(GO) enrichment analysis of the genes located within the MutL-ARs revealed
enrichment of these functional categories, especially those related to rRNA and tRNA-
coding genes (Fig. 6A). Furthermore, transcription factor enrichment analysis
identified an enrichment for several transcription factors that directly regulate the genes
located in the MutL-ARs (Fig. 6A), including Fis and HN-S NAPs, further validating the
association we observed for their binding sites and the MutL-ARs (Fig. 3A-B, Supp.
Fig. 2E-F).

We also found that there is an enrichment of the intergenic regions within MutL-
ARs (Paired Proportion test with Holm’s correction, p < 2 x 107'%) (Fig. 6B).
Furthermore, the enrichment of intergenic regions is also observed if we consider only
the MutL-ARs’ summits, i.e. the location in the MutL-ARs with the highest Log2 ratio
(IP/Input) (Paired Proportion test with Holm’s correction, p = 0.0015) (Fig. 6B).
Because intergenic regions play crucial roles in the regulation of gene expression by
providing biding sites for the regulatory proteins, including NAPs, as well as for RNAP,
it is plausible that the enrichment of the NAPs’ biding sites in the MutL-associated
replication error hotspots sites (Fig. 3A-B, Supp. Fig. 2C-G) results from their impact
on transcription.

Highly expressed genes are crucial for bacterial fithess and generally tend to
evolve more slowly compared to genes with lower expression levels (89, 90). So, it is
intriguing that we found genes coding for tRNA and rRNA operons to be replication
error hotspots. However, it was already observed that genes encoding rRNA and
ribosomal proteins exhibit a positive correlation between substitution mutations and
gene expression level in mismatch repair deficient E. coli (91). Additionally, these

authors also found that several genes coding for tRNA have high mutation rates
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primarily due to mononucleotide runs. Could this be explained by the fact that highly
expressed genes coding for rRNA and tRNA are replication error-prone, but these
errors are particularly efficiently repaired by the mismatch repair system? While there
is no direct experimental evidence for this, the observation that the loss of the
mismatch repair system leads to a more significant increase in mutation rates in coding
DNA compared to noncoding DNA in E. coli (3, 92) suggests that this may be the case.
Highly expressed genes are also under strong purifying selection because any
deleterious mutations in these genes can have significant fitness consequences for the
organism, which explains their lower phylogenetic divergence. However, by using our
MutL-based assay, we can detect replication errors that are highly deleterious and
even lethal, before they have any impact on cell functioning and therefore are invisible
to purifying selection.

We identified 223 genes within MutL-ARs (Supp. Table 2). Importantly, 167 of
these genes (71.6%) were previously found mutated in MA study using mismatch
repair deficient E. coli strain (91). These 223 genes were similarly distributed between
two replisomes, each representing one of the two replication arms stretching from oriC
to the ter region, with a small enrichment in genes of the right replication arm (Binomial
test, p = 0.049) (Fig. 6C). This enrichment most likely results from the localization of 5
out of 7 ribosomal operons in the right replication arm. In E. coli, highly expressed
genes, such as rRNA and tRNA-coding genes, are typically transcribed in the same
direction as replication, which helps prevent harmful head-on collisions. However, we
found that certain genes within MutL-ARs are transcribed opposite to the direction of
replication, which has the potential to stall and disrupt replication. This is not surprising
as, unlike in B. subtilis, where transcription is co-oriented with replication for 75% of all

genes, in E. coli, this co-orientation is only 55% (93). We verified and found that there
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is a lower frequency of genes transcribed opposite to the direction of replication within
the MutL-ARs (84 out of 233, 36%) when compared to the rest of the genome (2013
out of 4494, 45%) (Binomial test, p = 0.008).

Transcription-replication conflicts occur frequently during co-directional
encounters and they are not always benign. It was observed that co-directional
conflicts at highly transcribed rRNA operons in B. subtilis can disrupt replication (82).
Importantly, these conflicts were detected under fast growth conditions but not under
slow growth conditions, which reduce the transcription of rRNA genes, highlighting the
role of high transcriptional activity. We have also previously shown that increasing
transcription rates of rRNA operons cause DNA replication blockage, massive DNA
breakage at the rRNA operon sites, and increased mutagenesis due to the involvement
of low-fidelity DNA polymerases in E. coli (83). Besides being responsible for RNAP
traffic jams, the genes encoding rRNA and tRNA may also act as replication blockage
hotspots due to the presence of inverted DNA repeats within their sequences. These
inverted repeats are crucial for the proper folding and three-dimensional structure
formation of the RNA molecules, which is essential for their functional roles in protein
synthesis. The stem-loop DNA structures formed by the inverted repeats can
potentially cause stalling or blockage of the replication machinery.

Our findings highlight a delicate trade-off resulting from the intricate balance
between necessity to preserve functional integrity over evolutionary timescales and the
elevated mutation rates associated with high expression levels that are essential for
rapid growth, allowing responses to ecological challenges. This balance is
orchestrated by the interplay between evolutionary constraints, such as purifying
selection, and the complex molecular processes governing gene expression, DNA

replication, and repair mechanisms. High mutation rates associated with high
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766  expression levels may, when needed, facilitate rapid evolution of new functions as it
767  was shown for rapid evolution of tRNA coding genes allowing to meet novel translation

768 demands in S. cerevisiae (94).
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CONCLUDING REMARKS
Our study provides a comprehensive map of replication error hotspots across the E.
coli genome (Fig. 7), along with associated genomic features and proteins. We
recognize that these features and proteins are often interconnected and may not act
independently (Fig. 7A). For example, Fis binds to DNA and shapes nucleoid structure,
which in turn affects RNAP's access to different genomic regions, potentially explaining
its proximity to the RNAP  subunit, RpoB, in the PCA Biplot (Fig. 7A). Rather than
considering each feature contribution to replication fidelity in isolation, they should be
considered within the broader context of dynamic processes, such as global and local
chromosomal architecture and transcriptional activity, which collectively shape
replication fidelity. Some of them may even not be associated directedly with
replication fidelity but with the processes that impact replication fidelity. For instance,
transcription activity generates negative supercoiling behind the transcribing enzyme,
promoting the formation of DNA structures that are known to promote replication
errors, such as cruciforms and G-quadruplexes (Fig. 7A). Although all these features
clearly influence the emergence of replication errors, the genomic regions
preferentially bound by MutL exhibit idiosyncratic patterns, as demonstrated by the
differing presence or absence of specific features in the MutL-ARs (Fig. 7B-C).
Acknowledging these higher-level interconnections helps avoid oversimplifying or
misinterpreting the roles of individual factors and promotes a more integrated
understanding of the mechanisms driving replication errors.

The relevance of our findings is underscored by the observation that the
accumulation of genetic diversity in the genomes of natural E. coli isolates is
predominantly associated with errors in DNA replication (9). Although we used a

mismatch repair-deficient E. coli strain, the implications remain broadly applicable
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because mismatch repair-deficient strains are common in natural populations of
various bacterial species, including E. coli (1, 95). Additionally, the mismatch repair
system can become inoperative due to the suppression of MutS protein synthesis by
small regulatory RNAs under stress conditions (96, 97), or because the amount of MutL
protein becomes insufficient to support efficient mismatch repair due to its titration by
an excess of replication errors (98, 99). The replication error hotspots we identified in
the E. coli genome have the potential to cause mutations, which may impact its ability
to colonize, persist, resist to antibiotics or cause disease in the host. However, this
potential is expected to fluctuate, contingent upon factors such as environmental
conditions affecting the metabolic state of bacterial cells, the presence of stressors,
and the specific DNA polymerase involved (54, 100). Therefore, it is imperative to
investigate in future studies how the ever-changing environmental factors within E. coli
natural habitat, the mammalian gut, influence the distribution of replication error

hotspots and their mutational consequences.
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FIGURE LEGENDS

Figure 1. Visualization and quantification of replication forks and replication
errors in mutH-deficient E. coli. A) Representative microscopy images showing E.
coli cells expressing mCherry-DnaN and CFP-MutL fluorescent foci tagging replication
forks and replication errors, respectively. Scale bar is 1 ym. B) Frequency of E. coli
cells with 0, 2, 6, or = 7 replication forks per cell, obtained from 93,861 cells. The
numbers above the bars indicate the number of cells in each category. C) Frequency
of MutL foci per cell, in cells with 0, 2, 6, or = 7 replication forks obtained from 93,861
cells. D) Frequency of MutL foci per cell, in 93,861 cells. The red line and dots indicate
the predicted Poisson distribution. E) Q-Q plot of the observed MutL foci per cell
obtained from 93,861 cells and the theoretical quartiles when following a Poisson
distribution. The red line indicates the expected distribution if the data have a Poisson
distribution. For panels B, C, and D, a square root transformation was performed in the

y-axis for better visualization of the lower frequencies.

Figure 2. Localization and patterns of the MutL-ARs. A) Circular map of E. coli K-
12 MG1655 and B) zoomed section showing the localization of MutL-ARs and the Log2
ratio (IP/Input) after scaling with Signal Extraction Scaling (SES). The order of the rings
(from outside to inside) is: Combined (MutL-ARs predicted by at least two software),
MutL-ARs predicted by MACS3, MutL-ARs predicted by MOSAICS, MutL-ARs
predicted by epic2, and the Log2 ratio (IP/Input) after scaling with SES for two
independent experiments. The numbers located on the outermost ring indicate
genome coordinates in megabase pairs (Mbs). C, D, and E) Different shapes of the
MutL-ARs peaks. The upper row of panels C, D, and E contains schematic drawings
demonstrating how the number of the replication error sites (mismatches), as well as

the position of a mismatch relative to the replication fork, may be responsible for the
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appearance of the different shapes of MutL-ARs peaks we observed in this study
(bottom row). Bifurcating arrows indicate the loading site and the sliding of MutS and
MutL protein clamps away from the mismatch site. Schematic drawings in panels C
and D show bidirectional symmetrical sliding of MutS and MutL protein clamps from a
single mismatch, as supported by in vitro data (51): C same localization of a single
mismatch in different genomes, resulting in a single-summit MutL-AR peak (bottom),
and D different but close localization of single mismatches in different genomes
resulting, in overlapping MutL-ARs peaks (bottom). Schematic drawing in panel E
shows asymmetric sliding of MutS and MutL protein clamps away from the mismatch
site towards replication fork, as supported by the in vivo data (50), resulting in an
asymmetric MutL-AR peak with a summit shifted towards replication origin (bottom).
Examples of observed MutL-ARs’ peaks shown in the bottom row of panels the C, D,
and E correspond to peaks number 33, 28 and 32, respectively. Two different colored
lines show that the shapes of the MutL-ARs’ peaks were practically identical in two

independent experiments.

Figure 3. Global chromosome structure and nucleoid-associated proteins
binding sites in the MutL-ARs. A) Circular map of E. coli K-12 MG1655 and B)
zoomed section showing the localization of MutL-ARs, the Macrodomains and
nucleoid-associated proteins binding sites. The order of the rings (from outside to
inside) is: macrodomains, MutL-ARs, HupA, HupB, Fis, H-NS, and GapR binding sites.
The numbers located on the outermost ring indicate genome coordinates in megabase

pairs (Mbs). NSL, non-structured left. NSR, non-structured right.

Figure 4. Mapping the local DNA sequence properties of the MutL-ARs. A)
Circular map of E. coli K-12 MG1655 and B) zoomed section showing the localization

of (from outside to inside) MutL-ARs, GC content per 200 bp (ranging from 0 to 1),
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melting temperature per 200 bp (ranging from 70 to 120), number of microsatellites
(mononucleotide repeats of 4 nucleotides or more) per 1000 bp (ranging from 0 to 35),
number of cruciform-prone sequences per 1000 bp (ranging from 0 to 20), ssDNA
location, and number of GATC sites per 1000 bp (ranging from 0 to 23). The numbers

located on the outermost indicate genome coordinates in megabase pairs (Mbs).

Figure 5. Mapping the transcription activity within MutL-ARs. A) Circular map of
E. coli K-12 MG1655 and B) zoomed section showing the localization of (from outside
to inside) MutL-ARs, RNA-Seq (ranging from 0 to 6), Log10 of transcription level),
RpoB binding sites, GyrA binding sites, G4-prone sequences from Kaplan et al. (23),
and G4-prone sequences identified by G4Hunter. The numbers located on the

outermost ring indicate genome coordinates in megabase pairs (Mbs).

Figure 6. Genes and gene functions localized within the MutL-ARs. A) Enriched
Gene Ontology Biological Process (GO - BP), Gene Ontology Cellular Component (GO
- CC), Gene Ontology Molecular Function (GP - MF), Pathways, and Transcriptional
Regulators (TR (direct)) obtained after gene enrichment analysis of the MutL-ARs
using the EcoCyc database. The x-axis indicates the number of genes in the MutL-
ARs that belong to the different categories indicated in the y-axis. B) Relative
frequency of coding region in the genome, in MutL-ARs, and in the MutL-ARs summits.
C) Relative frequency of genes in the right and left replication arm. For panel B a
pairwise Proportion test with Benjamin-Hochberg’s correction was used. For panel C

a Binomial test was used.

Figure 7. Sequence properties and protein interactions at MutL-associated
replication error hotspots. A) Principal Component Analysis (PCA) Biplot of MutL-

ARs and associated features. The first two principal components (Dim1 and Dim2) are
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displayed on the axes, explaining the largest amount of variance (52.7%). Dim1
explains 32.5% of the variance and is primarily driven by factors related to DNA
structure and stability (GC content, Melting temperature, GyrA, HupA, HupB, and
GapR). Dim2 explains 20.2% of the variance and is primarily driven by regulatory
elements (H-NS, Fis, Microsatellites and GATC sites). The lower left quadrant features
elements that influence or respond to transcription activity, while the lower right
quadrant features elements that impact or respond to supercoiling. Each numbered
point corresponds to a specific MutL-AR (see Supp. Table 1). Black points indicate
MutL-AR that include genes coding for ribosomal and/or tRNAs, while grey points
indicate MutL-ARs containing other genes. The blue arrows represent the features
associated with MutL-ARs. The direction of each arrow indicates the direction in which
each feature increases, while the length of the arrow represents the strength of each
feature’s influence on the principal components. Arrows that are closely located or
point in the same direction suggest a positive correlation between those factors.
Arrows pointing in opposite directions indicate factors that are negatively correlated.
B-C) Two genomic regions showing representative MutL-ARs (number 1 and 6), their
DNA sequence properties, distribution of protein binding sites and gene expression
levels, which are enriched or depleted in these regions. These examples emphasize
the involvement of the high transcription activity and presence of sequences prone to
form secondary structures in the localization of replication error hots spots. B) The
MutL-ARs summit positions colocalize with highly expressed genes and an enrichment
of inverted repeats prone to cruciform formation. The intergenic region immediately
upstream from the MutL-ARs summit position colocalize with sequences of low thermal
stability, ssDNA gap region, sequences enriched for microsatellites, and the

localization of Fis, GapR and RpoB binding sites. C) The colocalization of the MutL-
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ARs summit position within the tRNA coding gene array with high gene expression,
sequences enriched for microsatellites, and inverted repeats prone to cruciform
formation, alongside the depletion of the GATC sequences. The intergenic region
immediately upstream from the tRNA coding gene array colocalizes with sequences of
low thermal stability, and the localization of Fis, HupB and RpoB binding sites. The
grey rectangles indicate the MutL-ARs. The grey dashed rectangular lines highlight a
portion of the MutL-ARs around the summit of each ChiP-Seq replicate, for which an
overlap of several factors shown to be enriched or depleted in the MutL-ARs is
observed. Values for RNA-seq represent the Log10 of transcription. GC content and
melting temperature are represented is 200 bp bins. Gene arrows are represented to

scale.
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Supplementary Figure 1. Distribution of MutL-AR sizes. Histogram with 15 bins for
the MutL-AR size. The dashed red line indicates the median MutL-AR size (2463 bp).
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Supplementary Figure 2. MutL-AR distribution in macrodomains and nucleoid-
associated proteins binding sites enrichment in MutL-AR. A) Relative frequency of
each macrodomain (MD) in the E. coli genome and in the MutL-AR. B) Fraction of MutL-
AR coverage in each macrodomain. C-G) Histograms representing the Permutation test
for nucleoid-associated proteins binding sites C) HupA, D) HupB, E) Fis, F) H-NS, and G)
GapR. The grey bars indicate the number of overlaps observed after 1000 permutations.
The black curve indicates the normal distribution of the permutations. The black vertical
line indicates the mean number of overlaps after 1000 permutations and the red line
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indicates the observed number of overlaps in the MutL-AR. The y-axis represents the
relative likelihood of observing values within different regions of the data range (Density),
and the x-axis represents the number of overlaps between the randomized/original MutL-

AR and the criterion tested for association (Number of overlaps).
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Supplementary Figure 3. Local DNA sequence properties of the MutL-AR. A) Density
plot showing the GC content distribution in E. coli genome and in MutL-AR. GC content
was calculated using 200 bp bins. B) Density plot showing the melting temperature
distribution in the E. coli genome and in MutL-AR. Melting temperature was calculated
using 200 bp bins. C-F) Histogram representing the Permutation test for C) the location
of microsatellites (mononucleotide repeats of 4 nucleotides or more), D) the location of
cruciform regions (obtained using CIRI), E) the location of ssDNA, and F) the location of
GATC sites. G) Violin plots showing the frequency of GATC methylation (1) for the
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genome and MutL-AR. For panels C, D, E, and F, the grey bars indicate the number of
overlaps observed after 1000 permutations. The black curve indicates the normal
distribution of the permutations. The black vertical line indicates the mean number of
overlaps after 1000 permutations and the red line indicates the observed number of
overlaps in the MutL-AR. The y-axis represents the relative likelihood of observing values
within different regions of the data range (Density), and the x-axis represents the number
of overlaps between the randomized/original MutL-AR and the criterion tested for

association (Number of overlaps).
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Supplementary Figure 4. Transcription activity within MutL-AR. A) Density plot
showing the Log10 transcription levels per gene in E. coli genome and in MutL-AR.
Transcription level per gene was obtained from Niccum et al. (2). B-E) Histogram
representing the Permutation test for B) the location of RpoB binding sites, C) the location
of GyrA binding sites, D) the location of G4-prone sequences from Kaplan et al. (3), and
E) the location of G4-prone sequences identified by G4Hunter. (F) Relative frequency of
gene orientation in the genome and in MutL-AR. For panels B-E, the grey bars indicate
the number of overlaps observed after 1000 permutations. The black curve indicates the
normal distribution of the permutations. The black vertical line indicates the mean number
of overlaps after 1000 permutations and the red line indicates the observed number of
overlaps in the MutL-AR. The y-axis represents the relative likelihood of observing values
within different regions of the data range (Density), and the x-axis represents the number
of overlaps between the randomized/original MutL-AR and the criterion tested for

association (Number of overlaps). For panel F a Binomial test was used.
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