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ABSTRACT

In Escherichia coli, replication of both strands of ge-
nomic DNA is carried out by a single replicase—DNA
polymerase lll holoenzyme (pol Ill HE). However, in
certain genetic backgrounds, the low-fidelity TLS
polymerase, DNA polymerase V (pol V) gains access
to undamaged genomic DNA where it promotes el-
evated levels of spontaneous mutagenesis prefer-
entially on the lagging strand. We employed active
site mutants of pol Il (pol llla_S759N) and pol V (pol
V_Y11A) to analyze ribonucleotide incorporation and
removal from the E. coli chromosome on a genome-
wide scale under conditions of normal replication,
as well as SOS induction. Using a variety of methods
tuned to the specific properties of these polymerases
(analysis of /acl mutational spectra, lacZ reversion
assay, HydEn-seq, alkaline gel electrophoresis), we
present evidence that repair of ribonucleotides from
both DNA strands in E. coli is unequal. While RNase
HIl plays a primary role in leading-strand Ribonu-
cleotide Excision Repair (RER), the lagging strand is
subject to other repair systems (RNase HI and under
conditions of SOS activation also Nucleotide Exci-
sion Repair). Importantly, we suggest that RNase HI
activity can also influence the repair of single ribonu-
cleotides incorporated by the replicase pol lll HE into
the lagging strand.

INTRODUCTION

Escherichia coli DNA replication is carried out by the single
replicase, DNA polymerase 111 holoenzyme (pol 111 HE),

which is a multi-subunit complex responsible for simulta-
neous and coordinated replication of the leading and lag-
ging DNA strands (1,2). pol III HE contains 2-3 catalytic
cores, and each core comprises three proteins: « polymeriz-
ing subunit (encoded by the dnaE gene), € 3'— 5" exonucle-
olytic proofreading subunit (dnaQ), and 6 stabilizing sub-
unit (holE) (1,2). While the leading strand is believed to be
replicated in a nearly continuous manner, the lagging strand
is synthesized as ~1000 nucleotide (nt) Okazaki fragments,
each starting with a ~10 nt RNA primer (3). Okazaki
fragment maturation is performed by a repair polymerase,
DNA polymerase I (pol I). RNase HI was suggested to play
an auxiliary role during Okazaki primer processing (4,5).
There are three other DNA polymerases in E. coli which
play accessory roles: DNA polymerase II (pol II) is a high-
fidelity polymerase that serves as a backup replicase, while
DNA polymerases IV and V (pol IV, pol V) are low fi-
delity polymerases mainly responsible for translesion syn-
thesis (TLS) (6).

Despite the fact that both DNA strands in E. coli are
replicated by the same replicase, the rates of mutations on
both DNA strands in wild-type E. coli cells are unequal,
with the lagging strand being synthesized with higher fi-
delity (7). Recent studies demonstrated that the frequency
of dissociation of the major replicase from the DNA primer
terminus (8,9) is an important factor responsible for the ob-
served strand bias. Higher frequency of dissociation from
the free primer terminus on the lagging strand enables ad-
ditional options for error removal (e.g. by pol III’s in-
nate proofreading activity) (6,8). On the other hand, the
accessibility of 3’ primer termini on the lagging strand
to other polymerases provides them an opportunity to
replicate regions of undamaged DNA and thereby lead-
ing to a significant change in spontancous mutagenesis
(10-14).
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Apart from ensuring correct base-pairing during DNA
synthesis, DNA polymerases must also select nucleotides
with the right sugar (15). Most DNA polymerases are par-
ticularly adept at excluding ribonucleotides from being in-
corporated into DNA. However, due to their vast intracellu-
lar abundance over deoxynucleotide pools, ribonucleotides
(rNMPs) misincorporated by DNA polymerases during
replication are believed to be the most common endogenous
lesions in DNA, which if not removed, can lead to severe
consequences in all organisms (16,17). On the other hand,
ribonucleotides misincorporated by DNA polymerases can
serve as excellent markers to detect the participation of par-
ticular polymerases and/or repair enzymes on a genome-
wide scale (18).

In many polymerases, the efficacy of ribonucleotide dis-
crimination relies on a single amino acid residue in the ac-
tive site of the DNA polymerase (termed the ‘steric gate’),
whose side chain clashes with the 2'-OH of the incoming
ribonucleotide, limiting the rate of its incorporation into
DNA (15,19). In E. coli replicase’s polymerizing o sub-
unit this activity is provided by Histidine 760 (20,21), while
in pol V, which is comprised of UmuD’,C, the steric gate
residue is Tyrosine 11 in the catalytic UmuC subunit (22).
Mutant DNA polymerases with single amino acid substi-
tutions in either the steric gate (pol V_-Y11A) or an adja-
cent amino acid (pol IIIa_S759N) can readily incorporate
ribonucleotides into DNA both in vitro and in vivo (21,22).
The usage of such mutant variants helped uncover specific
cellular pathway responsible for ribonucleotide recognition
and removal from DNA, called ribonucleotide excision re-
pair (RER). This system was shown to be necessary to
maintain genome stability and proper functioning of both
prokaryotic and eukaryotic cells (23,24).

The primary enzyme involved in RER is ribonucleotide-
specific endonuclease, ribonuclease HII (RNase HII), en-
coded by the rnhB gene in procaryotes (25,26). Unlike its
eukaryotic counterpart, which is capable of recognizing
all kinds of RNA/DNA hybrids, bacterial RNase HII re-
quires the presence of an RNA-DNA junction and cleaves
at the 5-side of the INMP (27). The lack of RNase HII
has no phenotypic effect in otherwise wild-type bacterial
cells, unlike in eukaryotic cells, which exhibit multiple de-
fects resulting from increased genetic instability (16). An-
other enzyme capable of detecting and removing rNMPs
from DNA in bacterial cells is RNase HI (encoded by the
rnhA gene), however its role in RER is limited due to sub-
strate specificity. It can recognize DNA/RNA hybrids as
well as chimeric DNA containing at least 3-4 consecutive
rNMPs, cleaving within the RNA segment in a distributive
manner at the 3'-side of the INMP (27,28). It is believed that
this enzyme does not recognize single rNs, but one in vitro
study suggests that in collaboration with RNase HII it can
be involved in excision of single ribonucleotides (29). Ad-
ditionally, in the presence of a 3’ overhang in the opposite
strand, RNase HI can work as a processive exoribonucle-
ase, which might help with its role in Okazaki primer pro-
cessing (30). However, the major cellular function of RNase
HI in vivo is the removal of R-loops formed during rehy-
bridization of RNA transcripts to DNA template (31,32).
Additionally, in bacteria, RNase HI is involved in replica-
tion of ColE1-type plasmids as well as replication termina-
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tion (33,34). In eukaryotic cells, it participates in telomere
replication, while in mitochondria, it plays a role during the
removal of DNA replication primers as well as separation
of mtDNA (35,36). The lack of RNase HI leads to severe
phenotypic changes in E. coli, e.g., slower growth or un-
scheduled initiation of replication, called constitutive stable
DNA replication (cSDR) (37,38). E. coli mutants deficient
in both RNase HI and HII exhibit stronger negative effects
related to accumulation of DNA lesions containing rINMPs
and replication stress (38,39).

Our understanding of the molecular mechanisms of RER
in E. coli cells was expanded due to the usage of pol
V_Y11A, as well as the steric gate variant of pol V’s ho-
molog, pol Vgrso; (Y13A) (22,40). These studies revealed
that RNase HII plays a key role in RER, with pol I be-
ing responsible for gap-filling synthesis during the repair
process (41). When RNase HII-dependent RER is inactive,
RNase HI-RER and NER can serve as back-up repair sys-
tems (17,41).

In this study, using active site variants of two differen-
tially acting DNA polymerases; pol IIla_S759N variant of
the major replicase (21) and the Y11A steric gate variant
error-prone pol V (10,21,22,42-48), we aimed to uncover
whether the efficiency of the known RER pathways (R Nase
HII, RNase HI, and NER) differs between the leading and
lagging DNA strands during genome duplication in E. coli.
We provide evidence that there is a RER strand bias in E.
coli which is related to the different efficiency of ribonu-
cleotide repair systems on the leading and lagging strand
that persists from normal replication to TLS.

MATERIALS AND METHODS
Escherichia coli strains used in the study

The E. coli strains used in this study are listed in Table 1.

The strains for lacl and lacZ assays using pol V and pol
V_Y11A mutant. The strains used were derived from iso-
genic recA730 lexAS51(Def) AumuDC596::ermGT RER-
deficient strains previously described (22). The full geno-
type of the RER-proficient ‘wild-type’ strain is: recA730
lexA51(Def) AumuDC596::ermGT thr-1 araD139 A(gpt-
proA)62 lacYl tsx-33 ginV44 galK2 hisG4 rpsL31 xyl-5
mtl-1 argE3 thi-1 sulA211. Note that these strains carry
the lacYl allele and should therefore be phenotypically
Lac™. However, the lac Y1 allele is leaky, and bacteria have
a red color appearance when grown on MacConkey lac-
tose plates (unpublished observations). The parental strains
were therefore rendered Lac™ by interrupted bacterial mat-
ing of recipient strains with the E. coli strain BW7261
(proA™ A(argF-lac)169; CGSC#6787 (49)). Sexductants
were selected on Zeocin containing minimal agar plates
lacking proline. Strains were confirmed to be Lac™ by their
light pink color when grown on MacConkey lactose plates.

For the lacl spectrum analysis, the synthetic carbon
source phenyl-B-D-galactopyranoside is broken down by -
galactosidase into phenol and galactose. In order to be able
to utilize galactose, the strains were made ga/K* by PlvirA-
mediated transduction using MC4100 as a donor. We sub-
sequently constructed pairs of strains via transduction, us-
ing a donor strain containing the lacl1Z YA operon inserted
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Table 1. Escherichia coli K-12 strains used in this study

Strain Relevant genotype Reference or source

BW7261 Hfr(PO2A) leu-63::Tnl0 fhud22 ~ CGSC#6787
A(argF-lac)169 ompF627 relAl
spoTl

RW 14482 rnhBYrnhA* uvrA* RW698° x BW7261

RW1450? ArnhB782 RW970¢ x BW7261

RW1632¢ rnhA339::cat RW1044¢ x BW7261

EC107132 AuvrA753::Kan RW1448 x RW1634¢

EC107142 ArnhB782 AuvrA753::Kan RW1450 x RW1634¢

RW1636% ArnhB782::Kan rnhA339::cat RW1092¢ x BW7261

EC10459 as RW1448 but galK* RW1448 x MC41004

EC10460 as RW1450 but galK* RW1450 x MC41004

EC10534 as EC10459 but EC10459 x EC94294
attB::lacIZYA(L)

EC10535 as EC10459 but EC10459 x EC94284
attB::lacIZYA(R)

EC10536 as EC10460 but EC10460 x EC94294
attB::lacIZYA(L)

EC10537 as EC10460 but EC10460 x EC94284
attB::lacIZYA(R)

EC9882 as RW1448 but RW1448 x EC3138¢
attB:lacIZYA(CC105)L

EC9883 as RW1448 but RW1448 x EC3144¢
attB::lacIZYA(CC105)R

EC9886 as RW1450 but RW1450 x EC3138¢
attB::lacIZYA(CC105)L

EC9887 as RW1450 but RW1450 x EC3144°
attB::lacIZYA(CCI105)R

EC10212 as RW1632 but RW1632 x EC3138¢
attB::lacIZYA(CC105)L

EC10213 as RW1632 but RW1632 x EC3144¢
attB::lacIZYA(CC105)R

EC10522 as EC10713 but EC10713 x EC3138¢
attB::lacIZYA(CC105)L

EC10523 as EC10713 but EC10713 x EC3144¢
attB::lacIZYA(CC105)R

EC10524 as EC10714 but EC10714 x EC3138¢
attB::lacIZYA(CC105)L

EC10525 as EC10714 but EC10714 x EC3144¢
attB::lacIZYA(CC105)R

EC10216 as RW1636 but RW1636 x EC3138¢
attB::lacIZYA(CC105)L

EC10217 as RW1636 but RW1636 x EC3144¢
attB::lacIZYA(CC105)R

RW1628° dnaE* 1)

RW1612° dnaE_S7T59N #3))

RW1630° dnaE" ArnhB782::Kan (21)

RW1718P dnaE_ST59N ArnhB782::Kan (21)
yafC502::Tnl0

RW1624° dnaE_S759T ArnhB782 1)
AyafC727::Kan

RW1736° dnaE_S759C ArnhB782::Kan (21)
yafC502::Tnl0

RW1620° dnaE* ArnhB782 dnaQ920 1)
AyafC727::Kan

EC10545° dnaE_ST59N ArnhB782::Kan (21)
dnaQ920 yafC502::Tnl0

EC10426° dnaE* ArnhB782:Kan RW1630 x RW1632
rnhA339::cat

EC10427° dnaE_ST59N ArnhB782::Kan RW1630 x RW1632

yafC502::Tnl0 rnhA339::cat

athr-1 araD139 A(argF-lac)169 tsx-33 supE44 galK2 hisG4 rpsL31 xyl-5
mtl-1 argE3 thi-1 sulA211 lexA51(Def) recA730 A(umuDC)596::ermGT
AdinB61::ble.

thr-1 A(argF-lac)169 tsx-33 supE44 galK2 hisG4 rpsL31 xyl-5 mtl-1 arg E3
thi-1 sulA211 A(umuDC)596::ermGT AdinB61::ble AaraD-polB::QSpc.
“Referenced in (41).

dReferenced in (8).

¢Referenced in (7).

into the phage A attachment site in the two orientations
(Left and Right) with respect to the origin of replication (8).
The isolates were then transduced with plasmids pGB2-lac-
kan, pRW134-lac-kan, or pJM963-lac-kan (seec below).

For the lacZ reversion assay, we used a similar approach,
but transduced the ga/K2 strains with a donor phage lysate
containing lacZ alleles in two orientations (7). For the
analysis of the leading and lagging strand mutagenesis de-
scribed here, we utilized a lacZ missense allele that al-
lows scoring of mutagenesis via reversion to Lac™ by an
A-T—T-A transversion (50). The final step of strain con-
struction was the transformation of recipient strains with
low-copy-number plasmids expressing either wild-type pol
V (pRW134), or the pol V_Y11A variant (pJM963), or the
control vector pGB2.

Strains for HydEn-seq and alkali gel electrophoresis assays
using dnaE active site mutants. The strains are derivatives
of RW732 and share a common genotype: thr-1 A(argF-
lac)169 tsx-33 ginV44 galK2 hisG4 rpsL31 xyl-5 mtl-1 arg E3
thi-1 sulA211 AumuDC596::ermGT AdinB::ble A(araD-
polB)::QSpc ArnhB782.

Media for bacterial culture cultivation

Solid and liquid media were prepared as described in (51).
Minimal medium plates contained 0.5% glucose, 0.5% lac-
tose, or 750 wg/ml p-gal as the carbon source and were
supplemented with 200 pwg/ml casamino acids, 25 pg/ml
thiamine and 100 pg/ml amino acids (arginine, threonine,
histidine, leucine, isoleucine, valine), if necessary. Antibi-
otics, when required during strain construction, were added
at the following concentrations: ampicillin (50 pg/ml);
kanamycin (50 pg/ml or 75 wg/ml, as stated); chloram-
phenicol (25 pg/ml); tetracycline (12.5 pg/ml); zeocin (25
pg/ml) or spectinomycin (50 pg/ml).

Construction of plasmids expressing a kanamycin resistance
gene under the lac promoter

Expression of the lac operon genes is controlled by the pres-
ence of Lacl repressor which binds to the /lacO operator
sequence that overlaps the /lac promoter, blocking its tran-
scription in the absence of lactose. lacO contains two strong
mutational hot-spots at positions +5 and +6 (G— A and
T—C, respectively) (52). Preliminary sequencing revealed
that these mutations constitute ~50% of all mutations oc-
curring (data not shown).

To select against irrelevant lacO mutations, we intro-
duced a kanamycin resistance gene under the lac promoter
(plac-kan) along with the /acO operator sequence on a low-
copy-number vector and then screened for kanamycin resis-
tance (52). In this instance, when p-gal® mutants arise due
to mutation in the chromosomal lac O sequence, the Lacl re-
pressor remains wild-type and can bind to the plasmid copy
of lacO, preventing the expression of the kanamycin resis-
tance gene, and rendering the strains phenotypically KanS.
In contrast, when a p-gal* mutation occurs in the lacl gene,
the mutant Lacl protein binds neither chromosomal, nor
plasmid copy of lacO, and the strains are KanR.



We designed a nucleic acid sequence containing the 165
nt long region upstream of lacZ and the Kanamycin re-
sistance gene from pKD13 (with a point mutation remov-
ing the PstI restriction site) along with a 50 nt long down-
stream fragment. The fragment upstream of lacZ con-
tains lacOl, lacP and lacO3 loci. Pstl restriction sites were
added on both sides and the whole fragment was syn-
thesized as a custom service (Genscript). The plac-kan
sequence was then sub-cloned into pGB2, pRW134 and
pIM963. The correct orientation of the insert, such that
transcription of plac-kan occurs in the opposite direc-
tion to the transcription of the Spectinomycin resistance
gene which creates a head-on collision between the two
transcription machineries, was verified by digestion with
Ncol alone or in combination with Pvul. The new plas-
mids were named pGB2-lac-kan, pRW134-lac-kan and
pIM963-lac-kan.

lacI mutagenesis and mutational spectra analysis

Fluctuation assay for mutation rate estimation. 36 paral-
lel cultures of the appropriate ga/K* lacL/lacR strains were
grown in 2 ml fresh LB with Spectinomycin overnight. 100
wl of —1 dilution was spread on MM + p-gal selective plates
and 100 pl of —6 dilution was spread on MM + glc non-
selective plates. The colonies were grown for 2-3 days at
37°C. Mutation rates were calculated using maximum like-
lihood estimation method and 95% confidence intervals us-
ing inverted likelihood ratio test with the R statistical pack-
age rSalvador (53,54).

Analysis of mutational spectra. We used the method de-
scribed in (8) with modifications. 6-7 independent colonies
for each strain were inoculated in 2 ml fresh LB with Specti-
nomycin and incubated overnight with shaking at 37°C. The
next day, the cultures were diluted 10*-fold, and 10 pl por-
tions of the dilutions (~10° cells) were re-inoculated into
400 wl fresh LB with Spectinomycin in 96-deep-well plates.
The plates were incubated overnight with shaking at 37°C.
10-20 pl of the cell cultures was spread on the quarter-
sectors of minimal plates supplemented with phenyl-B-D-
galactopyranoside and kanamycin (75 pg/ml) using a ster-
ile disposable 10 pl inoculating loop and incubated for 3
days at 37°C. After that time, single colonies closest to
the center of the plate were re-streaked onto fresh minimal
plates supplemented with p-gal and kanamycin (75 pg/ml)
and grown for another 3 days at 37°C.

Single colonies from the latter plates were tooth-
picked and used to PCR amplify the ~1800 bp frag-
ment comprising the /acl coding sequence using primers
lacl133F (TGGGATCAGGAGGAGAAG) and lacO249R
(ATGGGATAGGTCACGTTGG) (8). The PCR reaction
protocol was as follows: 1 cycle of 95°C for 5 min; 30 cy-
cles of: 95°C for 30 s, 64°C for 30 s, 72°C for 1 min; 1
cycle of 72°C for 7 min. DNA sequencing was performed
using primers lacl1F (CATCTTCCGGCGCTACAACQG)
and lacI3R (AAACGACGGCCAGTGAATCC) as a cus-
tom service (TacGen). The contig assembly and analysis
were performed using Sequencher 5.4.6 (GeneCodes). The
results of the analyses are included in Supplementary Files
S2 and S3.
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lacZ reversion assay

lacZ mutation rates for each strain were determined as
follows: two to three independent lacZ isolates for each
orientation carrying the low-copy plasmids expressing ei-
ther wild-type pol V (pRW134), or steric gate mutant pol
V_Y11A (pJM963), or control plasmid pGB2 were used
to assess the Lac™ revertant frequencies. Mutant frequen-
cies for each strain were determined by growing 10-40 cul-
tures from single colonies overnight at 37°C (in 2 ml of LB
medium supplemented with Spectinomycin). 100 wl por-
tions of the cultures were plated on MM + lac plates to
determine the number of Lac™ mutants and 100 wl of -6
dilution was spread on MM + glc non-selective plates to de-
termine the total cell count. The plates were incubated for
2 days at 37°C. Mutation rates were calculated using Max-
imum Likelihood Estimation method and 95% confidence
intervals using inverted Likelihood Ratio Test with the R
statistical package rSalvador (53,54). 95% confidence inter-
vals for the relative mutagenesis levels were determined us-
ing profile likelihood method (55). The results for strains
harboring control vector pGB2 were excluded from further
analyzes due to negligible mutability in all tested genetic
backgrounds.

HydEn-seq method

Cells were thawed from frozen stocks and streaked out on
LB agar plates containing 50 pg/ml kanamycin, 25 png/ml
spectinomycin and 25 wg/ml zeocin. The next day, 5-6
colonies were picked and diluted in 2-3 ml LB medium
supplemented with the aforementioned antibiotics and in-
cubated at 37°C overnight. The culture was diluted to an
ODgpp = 0.05 in 25 ml LB containing kanamycin, specti-
nomycin and zeocin. After 2-3 hours, the cells reached ex-
ponential growth (ODgy = 0.4 — 0.6), at which time they
were centrifuged to pellet and used as the starting material
for the HydEn-seq method (18). Briefly, DNA extraction
was performed using MasterPure™ Complete DNA and
RNA Purification Kit (Lucigen, Epicentre, MC85200). Af-
ter measuring the DNA concentration using the Qubit® ds-
DNA BR Assay Kit (Life Technologies, molecular probes,
Q32853), 1 pg DNA was hydrolyzed using 0.3 M KOH
by incubation at 55°C for 2 h. Ethanol-precipitated DNA
was denatured by 3 min incubation at 85°C. The single
strand DNA containing 5’-OH ends was phosphorylated
using 3 -phosphatase minus T4 polynucleotide kinase (New
England Biolabs, M0236L), incubated at 65°C for 20 min,
washed with beads (GC biotech, CPCR-0050), denatured,
ligated to ARC140 adaptor using T4 RNA Ligase 1 (New
England Biolabs, M0204S), denatured, polymerized using
T7 DNA Polymerase (New England Biolabs, M0274L) and
ARC76/77 oligos, and bead-washed. KAPA HiFi hot-start
ready-mix (2X) kit (KAPA biosystems, 07958935001) was
used to amplify the libraries. Paired-end sequencing was
performed using Illumina NextSeq 500 system.

Sequence data analysis

Trimming for quality and adaptor sequence of all reads was
performed with cutadapt 1.12 (56) Pairs containing one, or
both reads, shorter than 15 nt were discarded. Bowtie 1.2
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(57) was used to align Mate 1 of all remaining pairs to the
list of index primers used to prepare the libraries; all match-
ing pairs were discarded. All remaining pairs were aligned
with bowtie (-v2 —X2000-best) to the E. coli K12, DH10B
reference genome build 2008-03-17 from NCBI. Single-end
alignments were then performed for mate 1 of all unaligned
pairs (-ml, -v2). The count of 5'-ends of all unique paired-
end and single-end alignments was determined for all sam-
ples and shifted one base upstream to the location of the
hydrolyzed ribonucleotide.

For visual comparison of individual libraries, end counts
were normalized to counts per million uniquely mapped
reads (divided by the total of uniquely mapped ends and
multiplied by 10°). To remove reads stemming from free 5'-
ends, scaled end counts from strains with wild-type poly-
merases were subtracted from the steric gate mutants. For
each position where both the forward and reverse strands
presented numeric values, the forward strand value was di-
vided by the sum of the forward and reverse strand values. If
no reads were encountered in both the forward and reverse
reads, a no value was returned. If the forward read was nu-
meric, but the reverse read was not numeric, then 1 was re-
turned, For the inverse scenario where the reverse read was
numeric, but the forward read not, then a 0 was returned.

End-mapped reads were sorted into bins of 10 000 bp af-
ter background normalization using the wild-type strain.
The average fraction of ends mapping to the top strand for
positions 1 690 000 to 3 920 000—corresponding to the ap-
proximate region between TerB (1 684 227 to 1 684 247) and
oriC (392574410 3925975) in MG1655, was calculated for
three biological replicates and referred to as ‘TerB to oriC’.
The average of all other positions (0 to 1 680 000 and 3 930
000 to 4 670 000) was also calculated and referred to as ‘oriC
to TerB’. The results of the analysis are included in Supple-
mentary File S4.

High-molecular-weight genomic DNA isolation

Genomic DNA for RNase cleavage assay was isolated us-
ing MasterPure™ Complete DNA and RNA Purification
Kit (Lucigen, Epicentre, MC85200) according to a modified
manufacturer’s protocol. In brief, 300 nl overnight bacterial
culture was centrifuged and suspended in 300 w1 Tissue and
Cell Lysis Solution with 1 pl manufacturer-supplemented
Proteinase K and incubated at RT for 30 min. After that
time the lysates were incubated for 10 min on ice, 150 wl
MPC Protein Precipitation Reagent was added followed by
another 10 min incubation on ice. The samples were cen-
trifuged at 4°C for 20 min and the supernatant was trans-
ferred to a clean tube using a wide-bore pipette tip. 500 wl
isopropanol was added, and the samples were centrifuged at
4°C for 25 min and washed with 70% ethanol. The dried pel-
let was re-suspended in 35 pl TE. DNA concentration was
measured using the Quant-iT® dsDNA BR Assay Kit (Life
Technologies, Q33130) in a Varioskan™ LUX microplate
reader (Thermo Scientific).

Genomic DNA treatment

500 ng DNA was incubated in a 50 pl reaction volume
for 3 h at 37°C with different enzymes: 2.5U RNase HII

(NEB, M0288L) + 5 wg RNase A (Thermo Fisher, EN0531)
in ThermoPol® Reaction Buffer (NEB) for estimating the
total number of ribonucleotides; 2.5 U RNase H (NEB,
MO0297L) in RNase H Buffer (NEB) for RNase HI cleavage
assay; 5 wg RNase A (Thermo Fisher, EN0531) in TE or TE
with 300 mM NaCl) for RNase A cleavage assay. After incu-
bation, the salt concentration was increased to 500 mM and
DNA was precipitated using 50 wlisopropanol, followed by
centrifugation at 4°C for 25 min. DNA was washed with
70% ethanol and the dried pellet was re-suspended in 20 1
TE.

Alkaline gel electrophoresis and determination of the number
of genome-embedded ribonucleotides

Rehydrated DNA samples were mixed with 4 pl Alkaline
Loading Dye (Alfa Aesar, J62157) and loaded into 0.7%
agarose gel prepared in alkaline buffer (50 mM NaOH, 1
mM EDTA). Alkaline gel electrophoresis was run in al-
kaline buffer (50 mM NaOH, 1 mM EDTA) for 22 h at
1.5V /cm. After separation, the gel was washed twice in neu-
tralization buffer (1.5 M NaCl, 0.7 M Tris—Cl, pH 8.0) for 40
min and then stained for 30 min with SYBR™ Gold Nucleic
Acid Gel Stain (Invitrogen, S11494). Image acquisition was
done using FluorChem® Q Multilmage 11T Gel Imaging
System (Alpha Innotech). Image analysis was done using
ImageQuant™ TL 10.1 (Cytiva).

Determination of the number of ribonucleotides per
chromosome was performed as described previously (21).
To minimize the impact of variability in technical parame-
ters (such as differences in voltage, mobility, buffer temper-
ature, ladder separation, background levels in image acqui-
sition, vignetting close to the edges of the image, etc.) on
the estimates of the average number of ribonucleotides be-
tween different experiments, a paired z-test was used for the
analysis of statistical significance.

RESULTS

The approach used to investigate strand-specific efficiency of
ribonucleotide excision repair in Escherichia coli

In the present study, we aimed to determine the activity of
RER pathways during two major replicative events: nor-
mal replication carried out by DNA polymerase 111 (us-
ing an active site mutant of E. coli replicase’s polymerase
subunit, pol ITIa_S759N), and pol V-dependent SOS mu-
tator activity (using the steric gate mutant of E. coli major
TLS polymerase, pol V_.Y11A). We started with the anal-
ysis of the mutational activity of pol V and pol V_Y11A,
which are error-prone, poorly processive polymerases with
limited access to DNA replication (6,22,58). Because pol
V replicates only short patches of DNA, we assume that
its effect on the overall ribonucleotide content in the whole
genome is rather small in comparison to the replicase, but
at the same time, all of its errors (both ribonucleotides and
mismatched deoxyribonucleotides) must be concentrated in
these small patches of DNA. We can therefore expect that
ribonucleotide excision repair will result in removal of not
only ribonucleotides, but also neighboring mismatched nu-
cleotides. Thus, we investigated ribonucleotide removal in-
directly, via its effect on the repair of adjacent base mispairs
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Table 2. Rates of spontaneous /ac/ mutations in recA730 lexA51(Def) strains carrying plasmid-expressed genes encoding wild-type pol V or pol V_Y11A

mutant

Genotype lacl orientation Vector wt pol V pol V.Y11A

rnhB* lacL 3.77 (3.03-4.59) 38.1(34.2-42.0) 11.3(9.6-13.2)
lacR 4.78 (3.86-5.78) 56.4 (50.8-61.9) 13.0 (10.9-15.2)

ArnhB lacL 4.18 (3.40-5.03) 38.2(33.8-42.5) 55.2(48.9-61.3)
lacR 5.22 (4.33-6.19) 47.0 (40.8-53.2) 54.4 (48.7-60.0)

Mutation rate (x 10%) per lacI locus per cell division along with 95% confidence intervals in brackets was calculated as described in Materials and Methods

using n = 36 cultures per strain.

in the reporter genes, as we have done previously (23,40,41).
To this end, we analyzed pol V- and pol V_Y11A-dependent
forward and reverse mutation rates in lacl and lacZ, respec-
tively, inserted into the chromosome in two orientations,
such that leading- and lagging-strand mutagenesis can be
scored separately.

This assumption does not apply to the pol IIT mutant.
pol I1a_S759N incorporates roughly 1 mutation per 103
nucleotides in a proofreading-defective background and 1
ribonucleotide per 2.4 x 10° nucleotides (21). Thus, in the
case of pol ITTa_S759N, ribonucleotides are unlikely to be
present near mispairs. On the other hand, because pol II1
replicates the whole genome, ribonucleotides in DNA can
be directly investigated on a genome-wide scale: we em-
ployed techniques allowing us to study the amount (RNase
HII cleavage assay with alkaline gel electrophoresis), as well
as the strand-specific distribution (HydEn-seq), of the ri-
bonucleotides across the whole chromosome. The usage of
techniques suited for the specific properties of pol IIT and
pol V allowed us to therefore perform a comprehensive
analysis of the efficiency of RER on both DNA strands.

Leading- and lagging-strand mutational spectra promoted by
pol V and pol V_Y11A steric gate mutant

E. coli pol V is subject to multiple levels of regulation, such
that its activity on undamaged DNA is normally kept to a
minimum (58,59). However, much of this regulation is cir-
cumvented in strains harboring the rec4730 allele, which
encodes a mutant RecA protein (E38K), considered to be
in a constitutively activated (RecA*) state required for pol
V mutasome assembly (48). As a consequence, recA730
strains exhibit high levels of spontaneous mutagenesis that
is further elevated by up to ~50% when combined with a
lexA51(Def) allele, encoding an inactive form of the SOS
repressor LexA (45). Using the pol V_Y11A mutant, it was
shown that bacterial RER can significantly influence the
fidelity of DNA replication by removing not only ribonu-
cleotides incorporated by the steric gate variant of pol V,
but also mispaired deoxyribonucleotides inserted in their
vicinity (22).

As uncovered by the analysis of the mutational spectra
promoted in rpoB, as well as the whole E. coli chromosome,
pol V replication is characterized by a high incidence of
A-T—T-A transversions (44,45). Such events also dominate
the rpoB spectrum of RER-deficient strains expressing pol
V_Y11A steric gate mutant (23). As DNA mutations occur
through the easier to extend Pyr-Pyr mismatches, pol V cre-
ates A-T—T-A transversions predominantly via T-T mis-
pairs rather than A-A mispairs (7,10,60,61). This observa-

tion allows us to discriminate between leading- and lagging-
strand synthesis in various genetic studies.

Here, we employed a recently developed genetic system
that allows us to analyze the specificity of mutagenesis by
scoring for forward mutations in the /acl reporter gene in-
serted into the chromosome in two orientations with re-
gard to oriC (8,62) (Supplementary Figure SIA). Depend-
ing on its orientation, the lacl coding sequence is repli-
cated as a leading strand in one strain and as a lagging
strand in the other strain (Supplementary Figure S1B).
Mutations spanning the ~1,100 bp target that deactivate
the Lacl repressor allow for constitutive expression of -
galactosidase, and therefore also for growth on a synthetic
carbon source phenyl-B-D-galactopyranoside (p-gal) (Sup-
plementary Figure S1D, E).

For this purpose, we used AB1157 derivatives that: (a)
carry chromosomal deletions of lac and umuDC operons,
(b) carry recA730 lexA51(Def) alleles to ensure robust pol
V activation and (c) were additionally made galK* such that
galactose, a product of p-gal metabolism, can be utilized as
a carbon source. We subsequently introduced the lac operon
into the lambda phage attachment site (a7zB) in one of two
orientations, and then transformed strains with plasmids
pGB2-lac-kan (vector), pPRW134-lac-kan (wild-type pol V),
or pJM963-lac-kan (Y11A steric gate mutant of pol V) (see
Materials and Methods). Because constitutive expression
of B-galactosidase can result from mutations in either lacl
or lacO, the plasmids additionally carried Kanamycin re-
sistance gene under the /ac promoter, which ensured that
we only scored lacI mutations (Supplementary Figure S1F)
(52).

We analyzed mutation rates, as well as nucleotide changes
in the lacl reporter gene in strains producing either pol V
or pol V_.Y11A by sequencing ~2300 mutant /acl clones
carrying the previously mentioned plasmids, with an active
(rnhB*) or inactive (ArnhB) RNase HII-dependent RER
pathway. Our study focused on A-T—T-A transversions,
which are particularly responsive to SOS induction and
characteristic for error-prone DNA replication by pol V
(10,44,63). There are 68 A-T— T-A positions with 22 unique
3-nucleotide sequence contexts (Supplementary File S2),
which we assume to be representative of the whole chromo-
some. The rate of lacl mutations in pol V-deficient E. coli is
approximately ~5 x 107® per locus per cell division (Table
2). Expression of pol V from a low-copy-number vector in-
creases the mutagenesis 8- to 11-fold up to ~4-6 x 107,
regardless of the presence (rnhB*), or absence of RNase
HII (ArnhB). This is consistent with the previously reported
lack of phenotype caused by an RNase HII deficiency. Of
all pol V mutations, ~30% are A-T—T-A transversions,
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Figure 1. Share of different types of mutations in mutational spectra of
pol Vand pol V_Y11A. Base substitutions: transition mutations are in grey
while transversions are in various colors. Other mutations: indels, complex
mutations and IS element insertions.

characteristic of the pol V-dependent spontaneous muta-
tor effect (Figure 1, Supplementary File S2). In contrast,
in strains expressing the pol V_Y11A steric gate mutant,
the level of mutagenesis is ~20% of that of wild-type pol
V at ~1 x 10°® (Table 2), and the share of pol V-induced
A-T—T-A mutations decreases to < 10%, along with other
types of base-pair substitutions which now constitute less
than 50% of all mutations (Figure 1). This reiterates pre-
vious observations in hisG4 and lacZ105 reversion assays,
as well as in the rpoB mutational spectra showing that the
steric gate mutations of pol V and its homolog, pol Vgr3g;
have an anti-mutagenic effect (22,40,41). The ‘anti-mutator’
phenotype has been attributed to stimulation of RER path-
ways which, during repair of a target ribonucleotide, also
remove adjacent mismatched nucleotides (Supplementary
Figure S1G) (41). This effect is specific to pol V, which is
a highly mutagenic but poorly processive, distributive poly-
merase, meaning that its errors are concentrated in small
fragments of DNA, and mismatched nucleotides located
in the vicinity of ribonucleotides can be concomitantly
proofread by pol I resynthesizing a portion of DNA af-
ter RNase HII-dependent incision of an rNMP-containing
DNA. Indeed, the lack of RNase HII in strains express-
ing pol V_.Y11A mutant not only increases the mutagene-
sis to levels comparable or slightly above that of wild-type
pol V (120-150%, Table 2), but also restores the wild-type-
like share of A-T—T-A transversions (Figure 1), all consis-
tent with the lack of concomitant repair of mismatches by
RER.

Next, we were interested if the repair of ribonucleotides
(observed indirectly by the levels of mutagenesis) incorpo-
rated by pol V_Y11A differs between the two DNA strands.
We used the rationale described in (8) but focused on the
most typical A-T—T-A transversions. In brief, pairs of
strains denoted as lacL or lacR contain the /ac operon in-
serted into the chromosome in either of the two orientations
such that the coding sequence of lac/ is replicated as a lead-
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Figure 2. lacI A-T—T-A mutagenesis promoted by pol Vand pol V_.Y11A
in lacL and lacR strains. Partial mutation rates were calculated using over-
all mutation rates from Table 1 and the frequencies of transversion events
(separated into these occurring in /acl positions with either A or T in the
coding sequence) from Supplementary File S2. Error bars represent 95%
confidence intervals.

ing strand in the lacR strain and as a lagging strand the lacL
strain (Supplementary Figure S1B). While the observed rate
of A-T—T-A transversions is a sum of T-T or A-A events,
based on the biochemical data described above, we can as-
sume that these mutations occurred mainly via T-T mis-
pairs. By analyzing on which strand the more frequent T-T
mispair occurs, we could ascribe mutational events to ei-
ther the leading- or lagging-strand. For example, if the lacl
coding sequence contained T in a mutational hot spot, we
assume that the mutation in this locus occurred during lead-
ing strand replication in the lacL strain and during lagging
strand replication in the lacR strain, while the opposite is
true for A in the coding sequence (Supplementary Figure
S10).

For the control strains with the wild-type pol V, the rate
of T— A events (originating from a T-T mispair) is higher
on the lagging than on the leading strand (Figure 2, first
graph, 22.9 x 10® in lacR vs. 5.4 x 1078 in lacL strains)
and the same strand bias is observed in both RNase HII
proficient (rnhB*) and deficient (ArnhB) backgrounds. The
observed mutagenic effect of pol V on the lagging strand is
consistent with previous observations in a rec4730 back-
ground, where DNA pol V actively participates in pref-
erential replication of the lagging strand (8,10). In rnhB*
strains expressing the steric gate variant pol V_Y11A, mu-
tagenesis significantly decreases on both strands (Figure 2,
third graph, to 0.6 x 10 and 1.0 x 107 in lacL and lacR
strains, respectively). A more striking effect is observed on
the lagging strand which can be explained by stronger acti-
vation of RER due to a higher content of ribonucleotides
inserted by pol V on this strand. The lack of RNase HII
(ArnhB) in Y11A strains resulted in an increase in mutage-
nesis on both DNA strands, but more so on the leading than
on the lagging strand (Figure 2, fourth graph, 16.9 x 108
in lacL vs. 6.0 x 107 in lacR strains). The strand bias is
reversed in comparison to that observed for the wild-type
pol V and now the level of Y11A-dependent mutagenesis is
higher (and above that of pol V) on the leading strand than
on the lagging strand, where it is only partially restored.
Overall, these results show that repair of ribonucleotides in-
serted by pol V_Y11A into both strands can be successfully
tracked by analyzing its impact on the levels of mutagenesis
promoted by this polymerase in SOS-induced E. coli cells.



Furthermore, the differences in A-T—T-A leading- and
lagging-strand mutation rates between pol V- and Y11A-
producing strains suggests that the repair of ribonucleotides
inserted into both DNA strands by pol V_Y11A might not
be equal.

Leading- and lagging-strand mutagenesis promoted by pol
V_Y11A steric gate mutant in various RER-deficient back-
grounds

For a more precise analysis of how effective the particu-
lar RER pathways (RNase HII- and RNase HI-dependent
RER, or NER) are in removing genome-embedded ribonu-
cleotides from both DNA strands we employed a simpler
lacZ assay that enables us to specifically measure the lev-
els of the most characteristic pol V-dependent A-T—T-A
transversions on both DNA strands by scoring for rever-
sion mutations in the lacZ reporter gene inserted into the
chromosome in two orientations with regard to oriC (7).
We constructed pairs of rec4730 lexA(Def) strains carrying
a lacZ allele which reverts through the defined transversion
and compared the mutation rates promoted by pol V and
pol V_Y11A on the leading and lagging DNA strands in
various RER-deficient backgrounds (Figure 3). Our analy-
sis focused on the relative levels of pol V_Y11A mutagenesis,
which is pol V_Y11A-dependent mutagenesis expressed as
a percent of wild-type pol V-dependent mutagenesis in the
isogenic strain. By always relating pol V_Y11A mutagene-
sis to wild-type pol V mutagenesis in an isogenic strain, we
can disregard all factors except increased ribonucleotide in-
corporation that could potentially influence mutation rates
in each genetic background under study (41). Therefore, we
assume that any difference in mutation rates between pol V
and pol V_Y11A can only be attributed to the repair of ri-
bonucleotides, as well as adjacent mismatched nucleotides
(Supplementary Figure S1G), or a lack thereof. Since pol
V_Y11A is as error-prone, if not more so, than wild-type
pol V (22), we assumed that any pol V_Y11A-dependent
mutagenesis that is lower than that of wild-type pol V is in-
dicative of active RER-dependent processes iz vivo. In con-
trast, relative levels of pol V_Y 11A mutagenesis higher than
wild-type pol V would indicate that RER has been inacti-
vated. This is because when there is no RER activity, nei-
ther ribonucleotides nor adjacent mispairs can be repaired,
and the true extent of pol V_Y11A mutagenesis becomes
exposed.

As expected, in an rnhB* background the presence of the
pol V_Y11A significantly decreases mutagenesis on both
DNA strands (Figure 3). This result is in agreement with
previously reported phenotype of pol V_.Y11A in a His*
reversion assay (41) and corroborates the /acl mutagene-
sis results described above, showing that the impact of pol
V_Y11A on the fidelity of DNA replication is indepen-
dent of the size of the mutational target. The extent of pol
V_Y11A mutagenesis on the leading strand is 45% and on
the lagging strand it is just 8% of that observed for wild-
type pol V, indicating that at least 92% of the pol V_Y11A-
dependent mutations are repaired in the lagging strand. The
lower levels of mutagenesis promoted by the pol V_.Y11A
mutant on the lagging strand may be interpreted as the re-
sult of the greater accumulation of errant NMPs incorpo-
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rated by pol V_Y11A into the lagging strand and the subse-
quent extensive activation of RER pathways on this strand.

In RNase HII-deficient (ArnhB) strains, mutagenesis
promoted by pol V_Y11A is completely restored on the
leading strand and reaches ~180% of wild-type pol V muta-
genesis whereas on the lagging strand it increases only up to
20% of the values observed for wild-type pol V (Figure 3).
Inactivation of either RNase HI-dependent RER (ArnhA)
or NER (AuvrA) in rnhB* strains does not significantly in-
crease the mutagenesis on either DNA strand (Supplemen-
tary Table S1). These observations are in agreement with
the hypothesis that the first line of defense against misincor-
porated ribonucleotides is RNase HII-mediated RER, and
our current studies suggest that this occurs primarily on the
leading strand, while repair on the lagging DNA strand re-
mains efficient even upon RNase HII deletion (80% repair).

Inactivation of both RNases HII and HI further increases
pol V_Y11A-dependent mutagenesis on both DNA strands,
with a stronger effect on the lagging strand (from ~176% to
~434% on the leading strand and from ~20% to ~114%
on the lagging strand). Thus, when RNase HII is inacti-
vated, RNase HI promotes RER on both the leading and
lagging DNA strands, with a slight preference for the lag-
ging strand. Similarly, simultaneous defects in RNase HII
and NER significantly increase the relative levels of pol
V_Y11A-dependent mutagenesis on both DNA strands, to
~365% mutagenesis on the leading strand and ~92% mu-
tagenesis on the lagging strand (Figure 3). Importantly, in
both cases, lagging-strand relative mutagenesis is restored
to levels comparable to wild-type pol V when the RNase HII
deletion is combined with other RER pathway deficiencies.
We conclude that when RNase HII is inactivated, RNase
HI and NER promote ribonucleotide repair on both DNA
strands, with a preference for the lagging strand, suggesting
their overlapping roles in RER.

To summarize, our results from the lacZ system suggest
that RNase HII primarily, but not exclusively, operates on
the leading strand while the role of other repair systems
(RNase HI-RER) and (NER-RER) is more important on
the lagging DNA strand.

Tracking DNA synthesis by pol IIla _S759N using HydEn-
seq: strand specificity, origin of replication, and termination
region identification

The above results, that suggest split roles of RNase HII and
backup repair systems on both DNA strands during RER
under conditions of constitutive SOS induction, are based
on the usage of a pol V variant with a limited, distributive
role in DNA replication and preferential access to the lag-
ging DNA strand. It was therefore possible that at least a
part of the observed effects resulted from our experimental
setup in which we track ribonucleotide repair under specific
conditions and only via their effect on leading- vs. lagging-
strand mutagenesis, which depends on DNA polymerase se-
lectivity. A question therefore arises whether strand-specific
RER happens also during normal replication? To analyze
ribonucleotide incorporation and removal from the E. coli
chromosome under conditions of normal replication, we ex-
tended our analyses by employing an active site variant of
the major replicase responsible for the replication of both
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DNA strands; pol IIIae_S759N, which was recently shown to
incorporate ~8x more ribonucleotides than the wild-type
replicase (21). As pol III replicates the whole genome, we
performed our analyses on a genome-wide scale.

HydEn-seq has been previously used to track the replica-
tion enzymology of variants of yeast replicases (pol «, d and
€) that have an increased propensity to incorporate ribonu-
cleotides into the S. cerevisiae genome (18). The technique
allows for the identification of embedded ribonucleotides in
DNA isolated from strains with defective RER. Using such
an approach, pol € was confirmed to be the main leading
strand polymerase, with pol « and & mainly contributing to
lagging strand synthesis during S. cerevisiae genome dupli-
cation (18,64,65).

In this study, we used the same methodology to track
pol Illa enzymology of the E. coli replicase, pol I1I. Un-
like eukaryotes, which have multiple origins of replication,
E. coli replication is initiated at only one site, oriC, at an
approximate position of 3926 kb (66) (Figure 4A). DNA
replication occurs in a bidirectional manner in E. coli, and
clockwise/counterclockwise forks meet each other ~50 cen-
tisomes from oriC in a region called the terminus. Unlike
the single ori site, several different replication terminators
have been described in the terminus region. 7erB, which
is one of the most well-defined terminators in E. coli (67),
is located at nucleotides 1 684 227-1 684 247 in MG1655
(Figure 4A).

To track the activity of the replicase, we analyzed ribonu-
cleotide incorporation of the dnaE_S759N variant, which
was previously shown to incorporate a high number of ri-

bonucleotides into the E. coli genome, as well as two other
mutants, dnaE_S759C and dnaE_S759T, with higher sugar
selectivity as controls (21). Interestingly, HydEn-seq anal-
ysis of the S759N mutant shows a clear strand bias with
more ribonucleotides in the leading strand (Figure 4B; Ta-
ble 3; Supplementary File S4). This was unexpected, since
pol III replicates both strands equally (1,68—73).

In contrast, neither dnaE_S759C nor dnaE_S759T mu-
tants gave a signal that was sufficient to assign any strand
bias using HydEn-seq (Supplementary Figure S4), consis-
tent with much lower levels of ribonucleotides incorporated
by these variants than the dnaE_S759N mutant (21).

Investigation of the factors influencing ribonucleotide strand
bias observed in a pol ITlae_S759N strain deficient in RNase
HII

The ribonucleotide strand bias revealed by HydEn-seq
analysis of the ArnhB dnaE_S759N strain is puzzling, as
there is no reason to assume that pol III HE is intrinsi-
cally more prone to misinsert rNTPs into one strand, or
the other. Consequently, we expected that the number of ri-
bonucleotides residing in both DNA strands after replica-
tion would be similar. On the other hand, the ribonucleotide
strand bias corroborates our findings from the pol V_.Y11A
studies, which suggested that the lagging strand could be
subject to additional ribonucleotide repair in the absence of
RNase HII.

One immediate possibility is the engagement of backup
RER pathways on the lagging strand (as described in
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previous sections), which would be manifested by the
greater number of ribonucleotides detected on the leading
strand than on the lagging strand in the ArnhB dnaE_S7T59N
strain. Our primary candidate is RNase HI-dependent
RER, as this enzyme is not SOS-regulated and therefore
should be present at constant levels during both normal
replication and TLS.

Proofreading activity of DNA replicative polymerase
could be another important factor that influences ribonu-
cleotide levels in genomic DNA. It has been shown that
newly incorporated ribonucleotides can be proofread by the
yeast replicases, pol € (74) and pol & (75). The mechanism of
preferential proofreading of lagging-strand ribonucleotides
would be the same as the one causing mutator strand bias
in wild-type E. coli, which is the discontinuous mechanism
of the lagging strand replication described in the Introduc-
tion. Since the dnaE_S759N variant was shown to be com-
promised for both base and sugar discrimination (21) it was
interesting to check the possible role of pol 111 proofread-

ing (provided by the DnaQ protein) in removal of ribonu-
cleotides from the E. coli genome.

To test both hypotheses, we first compared the ribonu-
cleotide distribution on both DNA strands (using HydEn-
seq) in ArnhB dnaE_ST759N strains carrying defects in two
additional repair pathways: impaired pol III proofread-
ing activity, or RNase HI deficiency (Figure 4C). We ob-
served a 26% difference in the leading vs. lagging ribonu-
cleotide incorporation pattern between strains with active
(dnaQ™") (0.0207; Figure 4B; Supplementary Figure S2) or
defective (dnaQ920) proofreading activity of pol IIT (0.0154;
Figure 4C; Supplementary Figure S2). In contrast, the
lack of RNase HI activity (rnhA339) completely abolishes
the leading-strand bias observed in the dnaE_S759N strain
(0.0040; Figure 4C; Supplementary Figure S2).

Next, we performed alkaline gel electrophoresis of RNase
HII-treated genomic DNA (Figure 5) and compared the
number of ribonucleotides embedded into genomic DNAs
of strains proficient, or deficient in RNase HI activ-
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Figure 5. Increased ribonucleotide incorporation in dnaE_S759N strains due to an RNase HI deficiency. Genomic DNAs from E. coli strains expressing
wild-type dnaE (marked as ‘S’ in the figure) or dnaE_S759N allele (‘N’) in different combinations with RNase HII- (ArnhB, =), Hl-deficiency (rnhA339),
or impaired proofreading of the replicase (dnaQ920), were isolated, treated with purified RNase HII, and separated in alkaline agarose gel as described in
Materials and Methods. 500 ng DNA was loaded per lane. Electrophoresis migration patterns (A) were converted to densitometry curves (B) as described
in Materials & Methods. Untreated controls separated in non-denaturing (1x TAE) buffer are shown in Supplementary Figure S7.

ity (rmhA*  vs. rnhA339, Table 3). The presence of the
dnaE_S759N allele in cells deficient in RNase HII leads to
increased fragmentation of chromosomal DNA (Figure 5)
and increased ribonucleotide load in the chromosome com-
pared to dnaE* (Table 3), which is consistent with our pre-
vious observations (21). The lack of RNase HI further in-
creases genomic DNA fragmentation (Figure 5) and the
number of embedded ribonucleotides (Table 3). The average
number of ribonucleotides incorporated into DNA isolated
from the ArnhB rnhA339 dnaE_S759N strain (~5 x 10°, Ta-
ble 3, column 6) is significantly higher than the number ob-
served in the ArnhB dnaE_S759N background (~4.2 x 103,
Table 3, column 2). In contrast, no change in DNA frag-
mentation was observed in the ArnhB dnaE_ST59N strain
with defective proofreading activity of pol 111 (dra(Q920)
compared to the ArnhB dnaE_S7T59N mutant (Figure 5).
Consequently, the number of ribonucleotides incorporated
into genomic DNA does not significantly differ between the
ArnhB dnaE_S759N and the ArnhB dnaQ920 dnaE_S7T59N
strains (~4.2 x 10° and ~4.3 x 103, respectively, Table 3).

Based on these results, we conclude that the strand bias
observed in the ArnhB dnaE_S7T59N strain is due to en-
hanced activation of the RNase HI-dependent repair path-
way on the lagging strand. These observations are consis-
tent with the pol V_Y11A results showing engagement of
RNase HI during lagging strand RER and confirm a back-
up repair role for RNase HI on the lagging strand in an
ArnhB dnaE_ST59N background and show that the division
of labor between RNase HI and HII during RER is not spe-
cific to conditions of SOS induction, but rather a more gen-
eral mechanism. On the other hand, the role of proofread-
ing activity of pol III in ribonucleotide removal appears to
be limited.

DISCUSSION

Recent studies have demonstrated that ribonucleotides are
the most common non-canonical nucleotides in DNA (76).
Stretches of RNA can be incorporated into DNA when
RNase HI fails to remove transcripts invading the DNA
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Table 3. Average number of ribonucleotides in the chromosomes of ArnhB strains carrying wild-type dnaE or dnaE_S759N allele and defects in proof-

reading (dnaQ920) or RNase HI (rnhA339::cat)

dnaE* S759N dna Q920 dnaQ920 STSON rnhA339 rmhA339 STSON
Exp. 1 729 3819 832 4638 668 4459
Exp. 2 576 2853 443 3357 434 3924
Exp. 3 1130 5652 929 4801 1222 7265
Exp. 4 636 4383 979 4647 781 4833
Exp. 5 388 3887 632 4024 497 4404
Average 692 + 341 4119 + 1276 763 + 277 4293 + 748 721 + 387 4977 + 1638
P vs STSON 0.569 0.017

Average number was calculated based on the total number of nucleotides in E. coli genome (9.28 Mb). A paired two-sided 7-test was used to calculate P

values.

duplex, but the major source of ribonucleotides in the chro-
mosome is misincorporation by replicative polymerases
(16). The deleterious consequences of lack of RNase HII-
dependent ribonucleotide repair particularly in unicellular
and higher eukaryotes are not observed in Escherichia coli,
which might be related to the existence of backup RER
pathways that rely on the activities of RNase HI and Nu-
cleotide Excision Repair (NER) (17).

In the current study, we were interested in exploring
to what extent particular RER pathways in bacterial cells
are involved in ribonucleotide removal from both DNA
strands. The usage of a steric gate variant of a distributive
but highly mutagenic TLS polymerase pol V, as well as an
active site mutant of the major replicase pol III responsi-
ble for replication of both DNA strands, allowed us to in-
directly (by comparing mutational spectra and the levels of
mutagenesis) or directly (by measuring the number and dis-
tribution of ribonucleotides in DNA with HydEn-seq and
RNase HII cleavage assay combined with alkaline gel elec-
trophoresis) test the efficiency of particular RER pathways
in ribonucleotide removal from both DNA strands.

Pivotal role of RNase HII in leading strand RER

Here, we present evidence that RNase HII primarily, but not
exclusively, operates on the leading strand during RER.
Comparison of pol V_Y11A-dependent rates of lacl mu-
tations in rnhB* to ArnhB strains revealed significant in-
crease in Y11A-dependent mutagenesis (Table 2), observed
preferentially on the leading strand upon RNase HII-
RER knockout (Figure 2). Analysis of the mutational spec-
tra promoted by pol V_Y11A within the lacl target se-
quence confirmed an increase in the share of pol V-specific
A-T—T-A mutations when RNase HII is absent, as partic-
ipation of A-T— T-A mutations in the mutational spectra is
now comparable to those promoted by wild-type pol V (Fig-
ure 1). These observations are based on the analysis of the
level and specificity of mutations arising at >500 detectably
mutable sites throughout a large mutational target (~1100-
bp lacl, Supplementary Files S2 and S3) (8). Introduction
of the pol V_Y11A steric gate variant resulted in a consider-
able decline of pol V-specific transversions on both strands
in an rnhB-proficient background (Figure 2), with a partic-
ularly significant (e.g. 23-fold for T— A in coding sequence,
Figure 2) reduction observed on the lagging strand.
Comparison of the relative extent of the leading strand
pol V_Y11A mutagenesis in rnhB* strains to ArnhB, cal-
culated from A-T—T-A mutation rates in the lacZ reporter

gene (Figure 3), resulted in a 3.9-fold increase in the amount
of pol V_Y11A mutagenesis relative to wild-type pol V on
the leading strand, and a 2.6-fold increase on the lagging
strand in ArnhB strains, recapitulating the lacl spectra re-
sults (Supplementary Table S1).

The data presented in these studies suggest that lead-
ing strand RER is strongly dependent upon the activity
of RNase HII, as a rnhB deletion elevates the relative pol
V_Y11A lacZ reversion rate to ~180% on this strand (Fig-
ure 3). On the contrary, the lack of RNase HII has only
modest impact on pol V_Y11A-dependent mutagenesis on
the lagging strand (increase of mutagenesis to 20% of that
of wild-type, Figure 3), indicating that the lagging strand
is subject to the action of other ribonucleotide repair path-
ways. Due to the accumulation of a significant number of
rNMPs in the lagging strand in strains expressing the pol
V_Y11A mutant, one may expect RER on this strand to
be particularly robust. Indeed, we observe that the relative
level of mutagenesis promoted by pol V_.Y11A in an RER-
proficient background is lower on the lagging (8%) than on
the leading strand (45%) (Figure 3). The abundance of ri-
bonucleotides on the lagging strand could be a signal for the
recruitment of NER and RNase HI during RER, resulting
in increased removal of ribonucleotides, as well as misin-
corporated deoxyribonucleotides. Indeed, when either both
RNases H (I and I1), or RNase HII and NER, are inactive,
the relative levels of pol V_Y 11A lacZ mutation rates signifi-
cantly increased on both DNA strands, to levels comparable
to wild type pol V (Figure 3). The stronger effects of back-
up repair pathway deactivation are observed on the lagging
strand (e.g. 2.5 vs. 5.7-fold effects on the leading and lag-
ging strand, respectively, when comparing ArnhB rnhA339
to ArnhB strains, Supplementary Table S1).

We are aware that the analysis of the activity ribonu-
cleotide repair mechanisms in the genetic tests used here
may be affected by factors such as polymerase mismatch
preference, sequence context, or position of mismatched nu-
cleotides in relation to ribonucleotides, which affects the
likelihood of their ‘accidental’ repair. The analysis of pol
V mutagenesis presented above is based on the assumption
that both the wild-type and the steric gate mutant of pol V
have the same nucleotide misincorporation specificity and
T-T mispairs are made more frequently. We cannot fully
confirm this using in vitro assays as the pol V_Y11A steric
gate mutant exhibits almost no sugar selectivity in vitro (22).
The rate of T-T mismatch formation is virtually impossible
to assess as pol V_Y11A will correctly pair dT with ATP,
which is added to the reaction as a pre-requisite for muta-



1778 Nucleic Acids Research, 2023, Vol. 51, No. 4

some assembly (22). Thus, it would be possible to consider
a situation in which it is the A-A mispair that arises more
frequently as a consequence of pol V_Y11A mutator activ-
ity in vivo. Were that the case, lacl and lacZ mutation rates
for the leading and lagging strand in pol V_Y11A strains
would need to be reversed. This would have a small impact
on our conclusions from the /acZ reversion assay as the ab-
solute values of pol V_Y11A mutation rates are similar in
both lacZ orientations. On the other hand, the pol V_Y11A-
dependent relative mutagenesis levels in the lacl reporter
gene would be 100-130% on both DNA strands (for exam-
ple in ArnhB strains, for T in coding sequence: 4.5 x 108 for
wild-type pol V and 6.0 x 1078 for pol V_Y11A on the lead-
ing strand; 12.6 x 10°® for wild-type pol V and 16.9 x 108
for pol V_.Y11A on the lagging strand, Figure 2), which
would suggest a bigger role of RNase HII in the removal
of lagging-strand ribonucleotides in the /acl assay.

However, another confirmation for a pivotal role of
RNase HII in the leading comes from genome-wide map-
ping of ribonucleotide incorporation in strains carrying
pol III variant (dnaE_S759N). The observed strand bias in
dnaE_S759N ArnhB strains (Figure 4B), with more ribonu-
cleotides observed on the leading strand, that is abolished
when RNase HI is absent (Figure 4C), strongly favors the
hypothesis that RNase HII plays an important role during
RER on the leading strand, while the lagging strand is sub-
ject to additional ribonucleotide removal pathway (RNase
HI-dependent RER) not only during TLS, but also during
normal replication by the replicase. In the latter case, how-
ever, increased participation of RNase HI during RER on
the lagging strand cannot be explained by asymmetric dis-
tribution of ribonucleotides in the chromosome, as pol 111
is the sole replicase responsible for replication of both DNA
strands. Possible scenario will be discussed below.

Role of RNase HI in lagging-strand RER

While RNase HII-dependent RER is the primary path-
way responsible for ribonucleotide repair in E. coli, the
work presented in this manuscript suggests that it plays a
more significant role on the leading DNA strand. Repair of
lagging-strand rNMPs is, in part, dependent on the activity
of backup RER systems, prominently R Nase HI-dependent
RER. This result was somewhat surprising as RNase HI
can only recognize substrates containing multiple consecu-
tive ribonucleotides, which were not expected to be present
in pol IIa_S759N-replicated genome given a lack of ap-
parent stress phenotype in dnaE_S759N ArnhB strains (un-
published observations), as well as the fact that expression
of the dnaE_S759N mutation increases the ribonucleotide
load by only 6- to 8-fold (Table 3, (21)). Nevertheless, to
explore the possibility that pol ITIa_S759N inserts polyri-
bonucleotide tracts into the chromosome, we compared the
fragmentation patterns of genomic DNAs isolated from
rnhA339 ArnhB dnaE_ST59N with rnhA339 ArnhB con-
trols digested with RNase HI or RNase A under either low
salt (RNase AILS), or high-salt (RNase AIHS) conditions.
These enzymes have different specificities: RNase HI can
cleave only RNA patches opposite DNA, RNase AIHS rec-
ognizes single stranded RNA, such as RNA tracts within
DNA where there is a DNA gap on the opposite strand,

while RNase AILS can recognize both these substrates, as
well as single ribonucleotides, albeit with only partial ac-
tivity compared to RNase HII (38). Analysis of the distri-
bution of products of RNase HI and RNase A cleavage
shows no apparent sensitivity of genomic DNAs isolated
from dna E_S759N ArnhB and dnaE_S759N ArnhBrnhA339
strains to either RNase HI or RNase AIHS treatment, and a
partial sensitivity to RNase AILS (Supplementary Figures
S5 and S8). RNase HI activity in the assay was confirmed by
an in vitro cleavage of an oligonucleotide substrate followed
by polyacrylamide gel electrophoresis (Supplementary Fig-
ure S6). This suggests that polyribonucleotide tracts, if any,
must be sporadic and cannot explain a ~20% increase in
the number of ribonucleotides in dnaE_S759N ArnhB upon
RNase HI deletion (Figure 5; Table 3). This raises the ques-
tion of how to explain the involvement of RNase HI on the
lagging strand during RER. RNase HI was suggested to be
involved in the removal of single ribonucleotides in collabo-
ration with RNase HII (29), which, however, is not present
in the tested strains; this prompted us to consider non-
biochemical factors that can be at play. One such mechanis-
tic factor is the discontinuous manner of replication of the
lagging strand which is known to be responsible for higher
fidelity of its replication (6). Novel discoveries strengthen
the hypothesis that RNase HI is involved in the removal of
RNA primers during Okazaki fragment processing, which
has been suggested as early as 1984 (4,30). Even though
RNase HI is not essential in the cell, a polyribonucleotide
primer bound to DNA template is a substrate recognized by
RNase HI (30), and recent evidence shows that RNase HI
can interact with SSB protein which is abundant on the lag-
ging strand (77) and the interaction with SSB allows RNase
HI to localize at the replication forks (78). On the other
hand, in the same study, the authors observed that the lack
of an RNase HI-SSB interaction did not exacerbate the phe-
notype of a pol412(Ts) allele, which encodes a mutant pol
I with poor polymerase activity and no proofreading ac-
tivities, concluding that this interaction is not required for
processing RNA primers by RNase HI (78). Nevertheless,
it is possible that the presence of short RNA patches ev-
ery ~1000 nt may attract RNase HI to the lagging strand,
and in turn, its presence stimulates removal of single ribonu-
cleotides embedded by the replicase.

Other explanations for HydEn-seq bias observed in
dnaE_ST59N ArnhB strain

Participation of other DNA polymerases in genome repli-
cation could influence the ribonucleotide strand bias as pol
[T« is the only mutated polymerase with increased ribonu-
cleotide incorporation rate in the tested strains. Our pre-
vious reports showed increased access of accessory DNA
polymerases to the lagging strand replication (10,12,14,79).
Here we used strains deficient in pol II (ApolB), pol IV
(AdinB) and pol V (AumuDC), so we may assume that the
leading strand is replicated mainly by the pol III variant,
while the lagging strand is replicated by pol III and par-
tially by pol I which is responsible for replication of ~1% of
the lagging strand during maturation of Okazaki fragments
(14). The disappearance of the HydEn-seq strand bias upon
RNase HI removal (Figure 4; Supplementary Figure S2)



could, in principle, be caused by changes in the mecha-
nism of DNA replication: either accumulation of R-loops
and initiation of unscheduled replication (called constitu-
tive stable DNA replication — cSDR) away from the origin
of replication region (80), or direct re-priming of the lead-
ing strand using R-loops, making its replication more dis-
continuous and lagging-strand-like, for what we have pre-
liminary genetic evidence (data not shown; see also (81)).
In the former case fragments of DNA normally replicated
as a lagging strand could be replicated as a leading strand
and vice versa (37,82) such that pol I replication during
Okazaki fragment maturation could be more evenly spread
throughout the whole genome and both DNA strands. In
the latter case pol I synthesis would increase on the leading
strand, on top of its participation in lagging strand synthe-
sis. However, the fact that upon rnhA4 knockout we observe
a further increase (by about 1000 rNMPs) in the total num-
ber of ribonucleotides in DNA (Table 3, columns 2 and 6)
would require pol I to replicate much less genomic DNA in
dnaE_S759N ArnhB rnhA339 strains, which is the opposite
of what we would expect if the lack of ribonucleotide strand
bias in the rnhA339 background was caused by cSDR, or
re-priming. It is also unlikely that replication of ~1% of the
lagging strand during Okazaki fragment maturation by pol
I could result in a 20% difference in the observed number
of genome-embedded ribonucleotides between rnh4* and
rnhA339 backgrounds. Therefore, even if pol I-associated
replication of the lagging strand contributes, to some ex-
tent, to the ribonucleotide strand bias in rnhA339 strains, we
believe that the results of RNase cleavage assay with alka-
line gel electrophoresis suggest that the major driving force
behind HydEn-seq ribonucleotide strand bias is not pol I-
dependent replication of the lagging strand fragments dur-
ing Okazaki fragment maturation, but rather the engage-
ment of RNase HI in ribonucleotide repair (in which pol I
also participates).

Role of ¢SDR in shaping HydEn-seq bias in rnhA339 strains

It has been shown that cSDR affects the replication profile
in strains lacking RNase HI activity due to initiation from
non-canonical ori sites (37,82). A major alternative ori has
been found in the rrn operon region close to oriC, which en-
codes ribosomal RNAs, and is actively transcribed (83). On
the other hand, the sharp peak near the termination region
is associated with RNase HI’s role in replication comple-
tion by processing overreplicated regions of DNA (34). In-
terestingly, even upon cSDR induction, oriC seems to have
a dominant effect as the replication profile is not completely
flat in rnhA339 strains (37,82). A randomness in replication
initiation requires blocking oriC initiation site with the us-
age of a dnaA mutant allele (37,82). Our HydEn-seq data
show that in the dnaE_S759N ArnhB rnhA339 strain the ri-
bonucleotide strand bias disappears such that it is no longer
possible to locate oriC and ter region, even though we did
not introduce any mutations that would affect replication
initiation from oriC (Figure 4). Based on these data we be-
lieve that the disappearance of the ribonucleotide strand
bias in dnaE_ST59N ArnhB rnhA339 strain cannot be at-
tributed solely to ¢cSDR, although it may be responsible
for part of the effect. In any case, both the increase in the
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Figure 6. Model of strand-specific ribonucleotide excision repair in Es-
cherichia coli cells. RNase HII is the major enzyme involved in RER with a
particularly important role on the leading strand. In the absence of RNase
HII, backup RER pathways are triggered: RER dependent on RNase HI,
and under SOS activation conditions, NER. These pathways operate with
higher efficiency on the lagging DNA strand. RNase HI can also remove
primers synthesized by the primase, and its activity on the lagging strand
can indirectly stimulate removal of single ribonucleotides by pol I on this
strand.

number of ribonucleotides by ~1000 upon RNase HI dele-
tion in strain producing pol IIIa_S759N, but not in strain
with wild-type pol I1la, as well as the existence of a ribonu-
cleotide strand bias in dnaE_S759N ArnhB strains in the
first place, suggest additional RER activity on the lagging
strand regardless of cSDR.

Proposed model of RER in E. coli

Based upon the data presented here, we propose the follow-
ing strand-dependent model of RER in E. coli (Figure 6). In
an RER-proficient background, RNase HII-mediated RER
appears to play a crucial role in the removal of leading-
strand ribonucleotides and a lesser role on the lagging
strand. In the absence of RNase HII, RNase HI and the
NER proteins facilitate RER on both DNA strands, with a
preference for the lagging strand. While the role of NER is
more likely to be limited to SOS induced conditions, RNase
HI can also participate in RER during normal DNA repli-
cation. The exact mechanism of RNase HI involvement in
the removal of single ribonucleotides incorporated by the
replicase on the lagging strand is currently unknown, but
is more likely to be indirect, for example as a byproduct
of cleavage of Okazaki primers. The role of 3'—5" exonu-
cleolytic proofreading in reducing the number of genome-
embedded ribonucleotides seems to be limited, but cannot
be fully excluded.

Biological significance of increased RER of the lagging DNA
strand

In bacteria, essential genes are frequently oriented on the
chromosome such that their transcription is carried out in
the same direction as replisome progression, so as to avoid
head-on collisions between replication and transcription
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machineries (84). During co-directional transcription, the
template strand for transcription is also used for synthesis
of the leading strand. The same template strand has been
replicated as a lagging strand during the previous replica-
tion cycle. The impact of ribonucleotide incorporation on
transcription has not been thoroughly studied, however it
has been suggested that ribonucleotides persisting in DNA
may affect the fidelity of RNA polymerase (85). There-
fore, it is possible that tighter control of the number of ri-
bonucleotides incorporated during lagging strand synthesis
might be an additional gatekeeper ensuring cellular fitness
and homeostasis (86).
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