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Abstract 

 

Arrest of replication fork progression is one of the most common causes for 

increasing the genomic instability. In bacteria, PriA, a conserved DEXH-type 

helicase, plays a major role in recognition of the stalled forks and restart of DNA 

replication. We took advantage of PriA’s ability to specifically recognize stalled 

replication forks to determine the genomic loci where replication forks are prone 

to stall on the Escherichia coli genome. We found that PriA binds around oriC 

upon thymine starvation which reduces the nucleotide supply and causes 

replication fork stalling. PriA binding quickly disappeared upon readdition of 

thymine. Furthermore, BrdU was incorporated at around oriC upon release from 

thymine starvation. Our results indicate that reduced supply of DNA replication 

precursors causes replication fork stalling preferentially in the 600 kb segment 

centered at oriC. This suggests that replication of the vicinity of oriC requires 

higher level of nucleotide precursors. The results also point to a possibility of slow 

fork movement and/ or the presence of multiple fork arrest signals within this 

segment. Indeed, we have identified rather strong fork stall/ pausing signals 

symmetrically located at ~50 kb away from oriC. We speculate that replication 

pausing and fork-slow-down shortly after initiation may represent a novel 

checkpoint that ensures the presence of sufficient nucleotide supply prior to 

commitment to duplication of the entire genome. 
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Highlights 

 

1 Upon thymine starvation, PriA protein binds around oriC, suggesting that replication 

forks stall preferentially near oriC shortly after initiation. 

2 PriA dissociates from oriC upon readdition of thymine to thymine-starved cells. 

3 BrdU incorporation assays show forks are restarted at around oriC after release from 

thymine starvation, consistent with the fork stall near oriC. 

4 Symmetrically located specific replication fork pause/ arrest sites were detected at 

~50 kb away from oriC in unperturbed growth. 
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Introduction 

 

Various internal and external insults can stall the progression of replication forks, which 

could threaten the stable maintenance of genomes [1-3]. Indeed, it has been reported 

that oncogenic stress induces DNA replication stress in very early stages of 

tumorigenesis, and loss of proper cellular responses to replication fork stalling leads to 

more extensive genomic instability and tumor progression [4,5]. Normal cells are 

equipped with layers of protective systems that deal with the replication failure to 

overcome the fork blocks and facilitate the completion of the replication of the entire 

genome. 

 In bacteria, where replication is normally initiated at a single loci, stalled 

forks cannot be rescued by another replication fork, unlike in the case for eukaryotic 

cells. Thus, replication fork restart plays a major role in dealing with a stalled 

replication fork [6,7]. PriA, originally discovered as a factor essential for conversion of 

single-stranded φX174 phage to duplex RF form, has been known to play essential roles 

fork restart reaction in E. coli [7,8]. PriA recognizes stalled forks by specifically 

recognizing the 3’-hydroxyl group at the nascent leading strand at the branch point [7, 

9-11]. Although PriC-dependent system can restart the fork in vitro from a stalled fork 

with a single-stranded gap on the leading strand template [12,13], priC null mutant is 

not defective in fork restart [14]. Thus, the PriA pathway plays a major role in fork 

restart in cells. Fork regression through multiple pathways would bring the 3’-hydroxyl 

group of the leading strand to the branchpoint, generating an optimum substrate for 

PriA-dependent fork restart [7].  

 On the eukaryotic genomes, regions where genomes are more vulnerable to 

genotoxic stress have been identified. These regions are often late-replicating and are 

prone to stall the replication fork more frequently than others. They may also be 

slow-replicating segments (replication slow zones [RSZs] in budding yeast; 15). On 

mammalian genomes, they are known as fragile sites [16]. Extreme high-affinity of 

PriA to the stalled DNA fork structure prompted us to search for similar segments on 

the E. coli genome by determining genome-wide PriA binding sites through ChIP 

analyses using PriA antibody. 

 PriA did not bind to specific genomic segments during normal growth, but 

bound around oriC upon thymine starvation that limits the amount of DNA replication 
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precursors. Direct labeling of nascent DNA with BrdU after release from thymine 

starvation and immunoprecipitation of the labeled DNA also indicates stalling of 

replication forks near oriC. Analyses of DNA synthesis with unperturbed E. coli cells 

suggest the presence of fork arrest signals and slow replication fork progression in this 

segment even during the normal growth. The results suggest potential novel regulation 

of replication fork progression in the vicinity of oriC.  

 

Materials and Methods is described in Supplementary Materials. 

 

Results 

 

Development of antibody against E. coli PriA protein 

In order to conduct ChIP analyses of PriA protein, we have developed specific antibody. 

We overexpressed the full-length PriA protein, purified it and used as an antigen to 

develop rabbit polyclonal antibody against PriA. The serum was further 

affinity-purified by the antigen protein. The serum and purified antibody were used to 

detect PriA protein in the total lysate of E. coli cells as well as in the 

immunoprecipitated fractions. PriA in the lysate was detected by both antibody 

solutions. Non-specifically reacting band at ~120 kDa detected by serum did not appear 

with the purified antibody. Lower molecular weight bands detected in the 

immunoprecipitates probably represent the heavy chains and their degradations. PriA 

was not detected in the supernatant of the immunoprecipitation when the purified 

antibody was used, suggesting that the efficiency of immunoprecipitation is quite high 

(Supplementary Figure S1). The antibody was used also for immunostaining. The 

endogenous PriA signal was detected along the entire nucleoid. The signal was lost or 

significantly reduced in priA null cells (Supplementary Figure S2), validating the 

signals. 

 Next, using the affinity-purified antibody, we examined whether thymine 

starvation affects the abundance of PriA protein. We did not see any effect of thymine 

starvation on the level of the endogenous PriA protein, consistent with the absence of 

SOS-responsive elements in the promoter region for priA (Figure 1 A-D). 

 

ChIP-chip analyses of PriA binding after thymine starvation and release. 
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We conducted the ChIP-chip analyses using the developed PriA antibody to determine 

the PriA binding locations before and after thymine starvation. We used thyA cells, 

which requires thymine in the media for growth due to mutation in thymidylate 

synthase. In this strain, depletion of thymine in the medium results in limited supply of 

TTP, leading to replication fork arrest. There was no significant chromatin binding of 

PriA in unperturbed growth, as expected from its role in replication fork stress condition. 

In contrast, PriA bound to the oriC region after thymine starvation. Binding summit was 

at around oriC and binding was distributed for 200-300 kb (or sometimes more) on both 

sides (Figures 1E, 2A). This peak was not detected in PriA null cells, verifying the 

authenticity of the signals (Figure 1F). 

 When cells were released from thymine starvation, the observed PriA binding 

gradually decreased and was almost gone in 10 min after release (Figure 2A). The 

binding of PriA to the oriC region after thymine starvation and its dissociation after the 

release was verified by qPCR analyses of ChIP signals (Figure 2B). The result suggests 

that DNA replication is restarted from the arrested replication forks, which may 

represent iSDR (inducible Stable DNA Replication) [17], but is not initiated at oriC, 

since release was conducted in the presence of rifampicin and chloramphenicol, the 

inhibitors of transcription and protein synthesis, respectively. This result also indicates 

that PriA is no longer needed after replication restart, consistent with its role as a 

recruiter of the DnaB helicase [18]. 

 We did not see any significant PriA binding to ter sequences, although it is 

known that ter can block DNA replication in the cells [19]. This may be because fork 

arrest at ter may be very rare events during normal growth. Alternatively, the ter-tus 

system normally mediates “programmed” fork arrest which may not elicit PriA binding 

probably because the forks are “protected”. 

 

Genome-wide thymidine incorporation in release from thymine starvation and in 

unperturbed growth 

We then used eCOMB [20], in which genetic modification permits efficient 

incorporation of thymidine derivatives including BrdU, to directly measure DNA 

synthesis. BrdU was incorporated around oriC, in the first 2 min after release from 

thymine starvation in the presence of chloramphenicol (Figure 3, upper [red]), 

consistent with resumption of DNA synthesis from the arrested forks accumulated 
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around oriC. When exponentially growing cells were labeled with BrdU, we observed a 

valley of incorporation in the region centered at oriC (~600 kb wide). This result 

indicates that the relative ratio of newly synthesized DNA to the total amount of 

genomic DNA is low over the ~600 kb segments surrounding oriC (Figure 3, lower 

[green]). The genome-wide analyses of copy number have shown general increase of 

the copy number around oriC, reflecting the initiation of DNA replication [21-23]. The 

values shown in our ChIP results are the ChIP signals corrected by the input genomic 

DNA, and thus the copy number increase could account for lower signals in the oriC 

region. However, the signal reduction was more than two-fold, pointing to decreased 

rate of BrdU incorporation around oriC compared to other segments. Interestingly, a 

small peak was observed at oriC along with the two sharp bottom points symmetrically 

located relative to oriC (~50 kb away from oriC; Figure 3, lower [green]). This 

suggests the presence of fork blocks on both sides of oriC and the neighboring 

slow-replicating segments of 600 kb. Interestingly, the fork blocks appear to function 

only in the unperturbed growth. We did not observe any “valley” of BrdU incorporation 

in release from thymine starvation (Figure 3A). We also observed a small peak of BrdU 

incorporation near ter after thymine starvation. This may represent replication from 

“oriK”, putative replication origins for iSDR [22] 

 

Discussion 

 

PriA is conserved throughout the eubacteria and plays essential roles in restart of stalled 

replication forks [7,8]. In vitro it binds to arrested fork DNA containing 3’-hydroxyl 

group of the nascent leading strand at the branch point with a high affinity. Here we 

attempted to determine the fork-stall sites on the E. coli genome by analyzing the in 

vivo binding sites of PriA by ChIP. We first developed a specific antibody and validated 

it. The developed antibody is highly specific to PriA protein and works for Western, 

immunoprecipitation, and immunostaining (Figures 1, S1 and S2). 

 We induced replication fork arrest by starving thymine from the media in 

thyA cells. This treatment is known to induce iSDR [17]. Unexpectedly, we have 

observed significant PriA binding around oriC after thymine starvation (Figures 1 and 

2). Since we did not synchronize the cell cycle, this means that replication forks tend to 

stall shortly after initiation at oriC under the condition where the supply of materials for 
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DNA synthesis are limited, while they can proceed through other segments of the 

genome. The width of the PriA binding peak is ~600 kb. Similarly, BrdU incorporation 

after thymine starvation peaked at oriC and extended over a 600 kb segment (Figure 3). 

Similar PriA binding around oriC was observed also in cells treated with hydroxyurea 

(an inhibitor of ribonucleotide reductase known to inhibit DNA replication by depletion 

of dNTPs; Figure 4). This suggests that higher concentration of nucleotide precursors 

may be required for the replication of the oriC-proximal segments. In contrast to 

thymine starvation or HU treatment, UV irradiation did not result in binding of PriA at 

any specific locations on the genome (Figure 4), suggesting that forks may be more 

stochastically stalled on the entire genome after UV treatment. 

 Upon addition of thymine, replication restarted and PriA binding around oriC 

was lost. The binding mostly disappeared in 10 min. Assuming the 200 kb segment is 

replicated during 10 min, the average fork rate is 20 kb/min (330 bp/sec), which is about 

a half of the known fork movement rate in E. coli [20], suggesting that the fork moves 

slowly in the vicinity of oriC. 

 We have identified the two bottoms of BrdU incorporation after 2 min 

labeling of the exponentially growing eCOMB cells that are located symmetrically at 

~50 kb away from oriC. This may represent a Tus-ter-like programmed replication 

termination (pausing) event, although we did not find ter-related sequences in the 

corresponding regions. The low rate of BrdU incorporation around oriC is consistent 

with the slow fork movement near oriC. 

It has been known that thymine starvation induces thymineless death in E. 

coli thyA mutant cells [21]. It was recently reported that the specific loss of the genome 

segments surrounding oriC correlates with the cell death induced by thymine starvation 

[21, 24]. Under our experimental conditions, no significant loss of cell viability is 

observed after thymine starvation (data not shown). PriA binding to oriC is observed 

also after HU treatment (Figure 4). Thus, PriA binds to stalled replication forks around 

oriC, but not to the fragmented oriC DNA that may have been caused by thymine 

starvation. The unusual pattern of BrdU incorporation around oriC in unperturbed E. 

coli cells also indicates the presence of intrinsic unique replication fork regulation near 

oriC. However, it would be possible that degradation of the oriC-proximal sequences 

after prolonged thymine starvation may be triggered by fork-stalling nature of these 

sequences. 
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The mechanism for fork stall around oriC under limited nucleotide supply is 

not clear at the moment. However, it would be worthwhile to point out a few 

possibilities. E. coli chromosomes are known to be composed of macrodomains, which 

may constitute chromosome structural and functional units [25-27]. The sequences near 

oriC generate a specific macrodomain structures that may generate a spatially secluded 

domain. This special domain may be related to intrinsic slow fork movement around 

oriC. It is also known that the two replisomes colocalize immediately after the initiation 

at oriC [28,29]. The clustering of the replisomes may result in rapid depletion of 

nucleotide pools locally around oriC, causing preferential fork arrest under nucleotide 

depletion. More detailed characterization of chromatin structures around oriC would be 

needed to test these possibilities. 

 In summary, we show here that PriA binds around oriC after replication fork 

block caused by reduced nucleotide precursors. It appears that higher concentration of 

nucleotide precursors are required to go through the replication of initial ~600 kb after 

initiation at oriC. There may be strong fork arrest signals ~50 kb away from oriC that 

may function primarily during unperturbed growth. In addition, the initial ~600 kb may 

be replicated more slowly than other segments. Alternatively, there may be multiple 

weak fork barriers in the ~600 kb segment centered at oriC, which may pause or slow 

down the moving replication forks. The significance and mechanism of this replication 

fork regulation are not clear at the moment. It may represent the additional layer of a 

checkpoint regulation that may ensure the presence of sufficient level of nucleotide 

precursors before commitment to entry into the “no-return” replication cycle of the 

entire genome. In eukaryotes, addition of hydroxyurea to asynchronous cultures results 

in uniform arrest in early S phase with limited replication from early-firing origins. This 

situation is very similar to what we have observed in E. coli, suggesting that similar 

regulation may operate in eukaryotes as well. Dr. Masahiro Akiyama and his colleagues 

also made similar findings in their independent studies (Akiyama et al., personal 

communication). 

 

 

Supplementary Materials for this article is available online.  
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Legends to Figures 

 

Figure 1. Development of anti-PriA protein antibody and ChIP-on-chip analysis of 

PriA protein chromatin binding after thymine starvation. 

The newly developed anti-PriA antibody was used in immunoprecipitation (IP) 

experiments. Immunoprecipitated proteins were analyzed on SDS-PAGE and were 

detected with silver staining (A and C) or western blotting (B and D). (A) Proteins 

immunoprecipitated with anti-PriA antibody or control IgG from normally growing 

cells (in LB medium). (B) The same fractions (as in A) were analyzed by western 

blotting using the anti-PriA antibody. (C) The immunoprecipitated proteins from 

normally growing or thymine-starved cells. (D) The immunoprecipitated proteins (as in 

C) were analyzed by western blotting. The position of PriA is indicated by arrow. In (B) 

and (D), purified PriA protein (1 ng) was also loaded as a control (lane 1). Precipitated 

PriA protein is indicated by arrows. In (B) and (D), affinity-purified anti-PriA antibody 

was used for Western analyses. In (E) and (F), chromatin immunoprecipitation (ChIP) 

with the affinity-purified anti-PriA antibody was conducted with the indicated strains. 

(E) AQ634 (priA+ thyA). Red, cells exponentially growing in M9 medium at 30°C; blue, 

cells washed and released into M9 without thymine for 3 hrs. Genomic DNA was 

extracted and fragmented before immunoprecipitation with anti-PriA antibody for 

microarray analyses. (F) AQ8851 (priA1::kan thyA) cells were treated and analyzed as 

described in E. Purple, exponentially growing; light blue, thymine starved. Intensity of 

the signal from ChIPed sample was divided by that from the input DNA and values 

were plotted as log ratio on the whole genome scale. Moving average was calculated 

and drawn as thick line (window size, 1 kb). The positions of oriC and ter sequences are 

indicated. Note that about 800kb sequences surrounding oriC (shown by a 

double-arrowed line) are inverted on the map in this figure and in Figures 2A, 3 and 4, 

because W3110 was used as a reference genome (see also “Materials and methods”). 

Tall spikes are noise signals. 

 

Figure 2 ChIP-on-chip analysis of PriA protein chromatin binding after release 

from thymine starvation. 

(A) KH5402-1 (thyA) cells were treated and analyzed as described in A. Brown, 

exponentially growing; dark blue, thymine starved; blue-green, released for 5 min; 
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dark-green, released for 10 min. Intensity of the signal from IP sample was divided by 

that from input DNA and values are plotted as log ratio on the whole genome scale. 

Intensity of the signal from ChIPed sample was divided by that from the input DNA and 

values were plotted as log ratio on the whole genome scale. Moving average was 

calculated and drawn as thick line (window size, 1 kb). The positions of oriC and ter 

sequences are indicated. (B) KH5402-1 was grown in M9 media without thymine for 3 

h and transferred to the media containing 8 µg/ml of thymine along with with 200 µg/ml 

of rifampicin and 150 µg/ml of chloramphenicol to restart DNA synthesis (iSDR). Cells 

were collected at the indicated time (0 [red], 10 [pink] and 20 [pale red] min) and fixed 

for lysate preparation before ChIP analysis. Quantitative PCR was conducted with 

ChIPed samples from cells indicated. The position of each primer set is indicated at the 

bottom on the genome scale bar. Values from the anti-PriA antibody ChIPed samples 

were divided with those from IgG ChIPed samples. 

 

Figure 3. BrdU incorporation in cells released from thymine starvation and in 

those growing exponentially. eCOMB (ΔthyA ΔyjjG-deoB) cells were grown in 

M9CAA with tryptophan and washed with M9 salt, and incubated without thymine for 

3 hrs. Cells were then released into media containing 50 µg/ml BrdU and 150 µg/ml 

chloramphenicol for 2 min, and then NaN3 was added at 2%. Cells (200 ml) were 

harvested and DNA was sheared by sonication. Purified fragmented DNA was 

immunoprecipitated with 2 µg of anti-BrdU antibody and the precipitated DNA was 

analyzed on microarray after amplification (red; release from thymine starvation). 

eCOMB cells (50 ml) growing exponentially were labeled with 50 µg/ml BrdU for 5 

min, and then cells were treated as above (green; normal growth). Intensity of the signal 

from anti-BrdU antibody ChIPed sample was divided by that from the input DNA and 

values were plotted as log ratio on the whole genome scale. Moving average was 

calculated and drawn as thick line (window size, 1 kb). The positions of ter sequences 

and oriC are marked on the genome scale bar. 

 

Figure 4. ChIP-on-chip analysis of PriA protein chromatin binding in the presence 

of HU or after treatment with UV.  

Chromatin immunoprecipitation (ChIP) with anti-PriA antibody was conducted with 

AQ634 (priA+ thyA). Red, cells exponentially growing in M9 medium at 30°C; blue, 
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cells washed and released into M9 without thymine for 3 hrs. The same strain was 

treated with UV and incubated in the same medium for 70 min (purple; see “Materials 

and methods”), or incubated in the presence of 80 mM HU for 4 hrs (green). Genomic 

DNA was extracted and fragmented before immunoprecipitation with anti-PriA 

antibody for microarray analyses. Intensity of the signal from ChIPed sample was 

divided by that from the input DNA and values were plotted as log ratio on the whole 

genome scale. Moving average was calculated and drawn as thick line (window size, 1 

kb). The positions of oriC and ter sequences are indicated. 
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Supplementary Material 

 

Materials and Methods 

 

Strains and oligonucleotides 

Bacterial strains and oligonucleotides used in this study are summarized in 

Supplementary Table 1. 

 

Media 

Strains were grown in LB or M9 media (M9 supplemented with required amino acids, 

20 µg/ml thymine, and 0.4% glucose) or M9CAA (M9 supplemented with 0.2% 

casamino acid, 50 µg/ml tryptophan, 20 µg/ml thymine, and 0.4% glucose). 

 

Anti-PriA antibody 

The PriA full-length protein was overexpressed, purified as described previously [30] 

except that the final heparin fraction was further purified by MonoQ column (GE 

healthcare) and flow though fractions were collected as the final purified material, and 

were used as antigen for development of rabbit polyclonal antibody. Antisera obtained 

from immunized rabbits were purified with the same antigen by using NHS-activated 

HP column (GE healthcare) according to the manufacturer. 

 

Immunoprecipitation with anti-PriA antibody 

Lysates were incubated with 0.5 µg of PriA antibody or normal rabbit IgG (Santa Curz 

Biotechnology) and proteins bound to nProteinA Sepharose FF beads (GE healthcare) 

were extracted by washing with SDS-PAGE sample buffer. A half of the eluate was 

loaded onto 12% SDS-PAGE. Gel was visualized by silver staining or PriA was 

detected by Western blotting with anti-PriA antibody serum or purified anti-PriA 

antibody.  

 

Thymine starvation 

Strains carrying thyA mutation was incubated in LB or M9 media and exponential 

growing cells were harvested, washed with M9 salt (M9 without any nutrients) and 

released into the same medium without thymine. After incubation for 3 h, 
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immunoprecipitation was conducted as described above. 

 

Microarray analyses 

Microarray slide was designed and produced by Agilent Technology Limited (custom 

number #035583). Probes were arrayed in 4 x 44 k format. Each probe size is 60 

nucleotides and distances between probes are ~ 100 bp.  

 

ChIP-on-chip analyses 

Cells growing exponentially in M9 media at 30 ºC were thymine starved for 3 hrs. In 

release from thymine starvation, DNA synthesis was restarted by addition of 8 µg/ml 

thymine along with 200 µg/ml rifampicin and 150 µg/ml chloramphenicol. Cells were 

harvested at the times indicated after release, and immunoprecipitation was conducted 

as follows. To the 200 ml culture, 50 ml of the 5x fix solution (5% formaldehyde in 50 

mM sodium phosphate buffer) was added and incubated for 10 min at room temperature, 

washed twice with PBS and treated in 0.5 ml (per OD600 = 0.1) of 2 mg/ml of lysozyme 

in solution A (10 mM Tris-HCl [pH 8.0], 10 mM EDTA, 500 mM NaCl, 10% sucrose, 

and 2 mM DTT) for 1 hr on ice. After addition of an equal volume of 2 x IP buffer (100 

mM Tris-HCl [pH 7.0], 10 mM EDTA, 500 mM NaCl, 2% Triton X-100, 1 mM PMSF), 

cells were divided into 1.5 ml tubes (1 ml of the sample each) and subjected to three 

times repeat of freeze/thaw cycle and sonication (amplitude 35%, 6 repeats [with 3 min 

intervals] of 15 cycle of “0.4 sec on and 0.6 sec off”). After centrifugation, antibodies (2 

µg) were added to 250 µl of lysate diluted to 1 ml with 1 x IP buffer. A part of lysate 

(40 µl) was collected for "input DNA" sample. After incubation for 1 hr at room 

temperature, 35 µl of nProtein A Sepharose FF beads (GE healthcare) as 50% slurry 

(17.5 µl as beads) was added. After incubation for 1 hr at room temperature, beads were 

recovered and washed with 1 ml of ice-cold 1 x IP buffer four times and 1 ml of TE 

twice and dissolved in 50 µl of 1% SDS/TE. After incubation at 65 ºC for 30 min, 

supernatant was recovered in a new tube. The collected “Protein-DNA complexes 

(immunoprecipitate; IP)” and “input DNA” fractions were further incubated at 68 ºC for 

12 hrs after addition of 150 µl of TE with 1% SDS to reverse cross-linking. The 

samples were further incubated in 400 µl of 0.5% SDS, 200 mM NaCl, 50 µg/ml 

glycogen, and 200 µg/ml RNaseA (final concentration) at 37 ºC for 1 hr to remove 

RNAs. After addition of 0.5 mg/ml Proteinase K and incubation at 65°C for 2 hrs, the 
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samples were extracted by phenol, precipitated with ethanol and purified by using 

MinElute Reaction Cleanup Kit (QIAGEN). Purified DNA was eluted by 20 µl or 40 µl 

of TE for the immunoprecipitate or input DNA sample, respectively, and used for 

amplification with GenomePlex Complete WGA Kit (Sigma-Aldrich) according to 

instruction from manufacturer. Amplified DNA samples were labeled and scanned by 

Agilent SureScan Microarray Scanner (Agilent) and signals were quantified by Agilent 

Feature Extraction software. Intensity of the IP sample was divided with that of input 

DNA and values were plotted as log ratio by Genomic Workbench software (Agilent). 

We have used the genome sequence of K-12 W3110 (accession number, AC_000091.1) 

as a reference sequence. This strain has an inversion between rmD and rrnE [31,32] and 

oriC is located on the complement strand (3710706-3710937). 
 

Quantitative PCR 

Lysate preparation and immnoprecipitation were performed as described above. 

KH5402-1 (thyA) was grown in M9CAA without thymine for 3 hrs and DNA synthesis 

was released by addition of 8 µg/ml thymine along with 200 µg/ml of rifampicin and 

150 µg/ml of chloramphenicol. Real-time PCR was conducted with SYBR Premix Ex 

Taq (TaKaRa Bio) on a LightCycler 480 (Roche) using primer sets shown in 

Supplementary Table 1. 

 

BrdU incorporation 

eCOMB (∆thyA ∆yjjG-deoB), kindly provided by Dr. Akiyama at Nara Institute of 

Science and Technology, was grown in M9CAA supplemented with 2 µg/ml thymidine 

and washed with M9 salt for thymine starvation. After 3 hr starvation of thymine, cells 

were released into M9CAA with 50 µg/ml BrdU, and 150 µg/ml chloramphenicol for 2 

min. DNA synthesis was terminated by addition of 2% sodium azide and cells (200 ml) 

were collected for DNA preparation. For labeling in normal cells, 50 µg/ml BrdU was 

added to eCOMB cells exponentially growing in M9CAA for 5 min before harvest of 

the cells (50 ml). Chromosomal DNA was sheared with sonication and fragmented 

DNA was used for immunoprecipitation with 2 µg anti-BrdU antibody (MBL). 

Precipitated DNA was analyzed on microarray after amplification as above. 

 

Indirect immunofluorescence microscopy 
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Immunostaining was conducted as described previously [33]. In brief, exponential 

growing AQ634 (priA+ thyA) or AQ8851 (priA1::kan thyA) cells were fixed with 80% 

ice-cold methanol overnight, collected and spotted onto APS coated slide glass. 

Immobilized cells were treated with 2 mg/ml lysozyme in 25 mM Tris-HCl (pH 8.0), 50 

mM glucose, and 10 mM EDTA for 5 min at room temperature. After wash with -20 ºC 

methanol and acetone, slide was dried and blocked with 2% BSA in PBSTE (PBS 

containing 0.01% Tween 20 and 10 mM EDTA) for 20 min at room temperature. The 

blocking regent was removed and treated with 30 µl of 6 µg/ml affinity purified 
anti-PriA antibody for 1 hr at room temperature with cover glass in moisture chamber. 

After washing with 2.5 ml of PBSTE, the second-step antibody, anti-rabbit IgG (goat) 

labeled with Alexa 546 (Life Technologies), diluted to 500 fold with 2% BSA in 

PBSTE and precleared with the lysate from KH5402-1 to remove any antibodies 

cross-reacting with E. coli cells, was overlaid onto cells and incubation was continued 

with cover glass for 1 hr in a dark box. The cells were washed with 2.5 ml of PBSTE 

and also stained with 10 µg/ml of DAPI for 1 min and, after wash with PBSTE, 

mounted with mounting medium (Fluoromount/Plus, Diagnostic BioSystems). Slide 

glasses were stored at -30 ºC in dark box until observation. Pictures were taken with an 

appropriate filter set for Alexa (PriA) or DAPI (nucleoid). Phase contrast was also 

monitored to detect cell shapes.  

 

UV irradiation 

Exponentially growing cells (AQ634; 200 ml) were harvested and resuspended in 15 ml 

of M9 salt. Cell suspension were placed in a clear 10 cm dish, irradiated by UV (254 

nm) at 30 J/m2, and returned to 200 ml of M9CAA for further incubation for 70 min. 

The cells were placed in dark in the 70 min post-incubation period to prevent 

photoreactivating reactions. 
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Legends to Supplementary Figures 

 

Supplementary Figure S1. Western blotting analysis with serum or purified 

antibody against Escherichia coli PriA protein. To determine antibody specificity, 

anti-serum (serum [1/1000 dilution], lanes 1 - 8) or affinity purified antibody (purified 

Ab [100 ng/ml], lanes 9 - 16) was used in Western blotting on the indicated samples 

which were run on 12% SDS-PAGE. Lysates, IP (immunoprecipitates) and IP sup 

(supernatants after immunoprecipitation), derived from 5 x 107, 1 x 109 and 5 x 107 cells, 

respectively, were loaded onto gel. Purified PriA protein (10 ng) was also applied as a 

control (indicated by arrow) in each set (lanes 1 and 9). The positions of molecular 

weight marker are indicated to the left of the gel. 

 

Supplementary Figure S2. Indirect immunofluorescence microscopy of PriA 

protein. Immunostaining of PriA protein was conducted as described in the text. 

Exponentially growing AQ634 (priA+ thyA) and AQ8851 (priA1::kan thyA) as well as 

BL21 harboring pRA45 (expressing the full-length priA gene under control of T7 

promoter [34]; transcription induced by addition of IPTG for 3 hrs) cells were fixed 

with methanol, incubated with anti-PriA antibody and then with Alexa 546 to visualize 

PriA protein (red; see “Materials and methods”). Cells were also stained with DAPI to 

visualize nucleoid (blue). The right-most panel shows cell shape (phase contrast). A 

portion of the image (shown by small squares) is enlarged in the left-upper insets. 



Supplementary Table 1　E. coli strains and primers used in this study

Strain Relevant genotype Source of reference
AQ634 thyA [35]
AQ8851 thyA priA1::kan [35]
KH5402-1 ilv thyA thr thrA[amber] trpE9829[amber] metE deo supF[Ts] [36]
eCOMB ΔthyA ΔyjjG-deoB [20]

Primer Sequence (5' -3')
26 fwd ATCAGGCGGGTATCCAGTTTAGGAT
26 rev CTTCAGTCCCATTTGGGTAACAGCA
31 fwd GCGAACGCTGTTTTCTTAAGCACT
31 rev AGTTAACTTTGGCTGAAGGCTCGTG
32 fwd GATAATAAAACGCGCTGGCAGGTGA
32 rev CAGCAACAGCGGATGATAAACACGA
33 fwd ATGATGTCGCAAAGCAAGCTCAATC
33 rev CCGAAAGTGAAATAATCCGGGCTGT
35 fwd ATGTTAGTCGCTGCCAAAGAGATCG
35 rev AAGCCGCAAGTGGTGGGTATTTATC
37 fwd TTCAGTACCGGCACAACTTCGAGAT
37 rev ATTACCATCAAAGCGCAAAGCGTG
40 fwd TTCCGCTCAACTTATGGATTGCACG
40 rev ATTGCATAACATTCAGGGCCGACA
43 fwd TTTTTGCCGGAGGATAGCAGCAGAT
43 rev AATGCGTACTGACTCTTCGCCTTCA
44 fwd AACAAACAACACGCGATAGCAACC
44 rev ACCGATCCATCTTTCCAGCACCTAT
45 fwd ATTCGCGGGCGCATTTTGTTATCT
45 rev TGAATCTTTCTCTGGCCTGACCACT
46 fwd TGTGAATATTTTGGTGGCACGGGA
46 rev TACTCTCTTTGCTGTTGCTGGGGAT
47 fwd ATTGGGCGGTGAAAACTATGTCCTG
47 rev ACTGTTTCAGGAAGCCATAGACCGT
48 fwd ATCGCAATCATCATGCGCTGCAACA
48 rev AAATTGCCACCATCATGCAGAACCC
49 fwd ACTTCTACGCCAGCACCAAAAGAGA
49 rev GCTGACCATTACGCGTCGTTTCATA
50 fwd GTACGAATAGTTGGGCAAGCAAGGT
50 rev AACGCAGACCTGGGATGATTACACA
51 fwd ACTAAATACTGGCGCAGCCTGTTGA
51 rev ACACAAACAGGGCAACACTACCAAG
52 fwd AAAAAGATGGCTTACGCTTTCGGC
52 rev TCACGAAGGCAAGGTTTACGAACTG
53 fwd AGGACTTAATGCCGATACACCCCAT
53 rev AATTCAGGCGTCAGGCAAAAGAGGT
Primer sets (frd and rev) used for ChIP-qPCR in Figure 3B at each genomic location are listed.








