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1. Introduction 

Ribonucleoside diphosphate reductase (RNR) of Escherichia coli is the prototype of the class I 

reductases common to most prokaryotes and eukaryotes from viruses to man. It is the only 

specific enzyme required, under aerobic growth, for the enzymatic formation of 

deoxyribonucleotides, the precursors for DNA synthesis. DNA replication requires a 

balanced supply of the four dNTPs, which explains the complex allosteric control of 

the enzyme (reviewed in Nordlund & Reichard, 2006). The active enzyme is a 1:1 complex of 

two subunits called proteins R1 and R2, each consisting of two polypeptide chains, coded by 

the genes nrdA and nrdB, respectively (Hanke & Fuchs, 1983). Although about 3000 

nucleotides have to be consumed per second when a bacterium replicates its chromosome 

with two replication forks, only a very small pool of dNTP is accumulated in the cells. This 

pool would permit replication for no longer than half a minute (Werner, 1971; Pato, 1979). 

Channeling of the biosynthesis and compartmentation of the precursors has been proposed 

as explanations of how this shortage may be circumvented (Mathews, 1993; Kim et al., 2005) 

To satisfy the changing demand for the four deoxynucleotides, RNR must be 

closely associated with the replication machinery. In the aforementioned studies, Mathews 

et al., found evidence for the association of this enzyme with others related to the precursor 

biosynthesis, and coined the term dNTP-synthesizing complex (Mathews, 1993).  

The best-known defective RNR mutant in E. coli contains a thermolabile R1 subunit, coded 

by the nrdA101 allele. This allele carries a missense mutation, causing a change in amino 

acid 89 (L89P) (Odsbu et al., 2009). This leucine-to-proline substitution is close to the ATP 

cone domain that is located in the N-terminal region of the R1 protein and is, according to 

the holoenzyme model, located close to the R1-R2 interaction surface (Uhlin & Eklund, 

1994), although no structural analysis of the mutant protein has been performed. 
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The RNR101 protein is inactivated at 42ºC in vitro after 2 min (Fuchs et al., 1972), although a 
thermoresistant period of 50 min has been observed in vivo sustaining a relative increase in the 
amount of DNA up to 45-50% in the nrdA101 mutant strain (Guzmán et al., 2002). 
Furthermore, it has been shown by flow cytometry that the nrdA101 mutant is able to replicate 
the entire chromosome in the presence of rifampicin at 42ºC (Guzmán et al., 2002; Fig. 1). The 
pool of free dNTPs is not responsible for this DNA synthesis, as inhibition of RNR activity by 
hydroxyurea caused an immediate cessation of dNTP incorporation either in the presence or 
in absence of rifampicin (Fig. 1). Marker frequency analysis and flow cytometry show that this 
chain elongation of DNA replication in the nrdA101 mutant does not end at the terminus of 
replication but stops stochastically throughout the chromosome (Guzmán et al., 2002).  
These results are consistent with RNR having a thermoresistance period due to protection 
by some subcellular structure. This enzyme has been proposed to be part of a complex for 
the biosynthesis of dNTP (Mathews, 1993) therefore the association with this complex might 
explain such protection. We have proposed that, as a component of the replication 
hyperstructure, the RNR101 protein would be protected from thermal inactivation and that 
this would suffice to allow chromosome replication for 50 min in restrictive conditions 
(Guzmán et al., 2002; 2003, Molina & Skarstad, 2004; Guarino et al., 2007a; 2007b; Riola et al., 
2007). 
Supporting this model, RNR has been colocalized with the replisome-associated proteins 

DnaB helicase and DNA polymerase τ subunit, and with the fork-associated protein SeqA 
(Fig. 2) (Sánchez-Romero et al., 2010).  
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Fig. 1. (A) Runout DNA synthesis of the nrdA101 strain in the presence of rifampicin (open 
circles) or in the presence of rifampicin and hydroxyurea at 30ºC (open triangles), or after a 
shift from 30ºC to 42ºC in the absence (closed circles) or in the presence of rifampicin (closed 
squares) or in the presence of rifampicin and hydroxyurea (closed triangles). Flow 
cytometry profile after 4h in cephalexin at 42ºC with (B) or without (C) rifampicin. Data 
were adapted from Guzmán et al. 2002. 
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Fig. 2. Fluorescence microscopy of tagged-NrdB and SeqA or DnaB or DnaX. Fluorescence 
microscopy images of (A) CMT935 (nrdB::3×FLAG dnaB::HA) immunolabeled with Cy3-
anti-FLAG (red) and FITC-anti-HA (green), (B) CMT936 (nrdB::3×FLAG dnaX::HA) 
immunolabeled with the same antibodies, (C) CMT931 (nrdB::3×FLAG) immunolabeled 
with Cy3-conjugated anti-FLAG (red) and FITC-anti-SeqA (green) antibodies (C). Cells were 
also stained with Hoechst 33258 for nucleoid visualization. Each group of cells shows 
nucleoid (blue) and, from left to right: both green and red, only green, and only red 
fluorescence. The bar represents 1 μm. Data were adapted from Sánchez-Romero et al., 2010. 

Furthermore, a hyperstructure containing RNR101 impairs replication fork progression even 

at the permissive temperature (Guarino et al., 2007a). Arrest of replication forks is known to 

cause double-strand breaks, DSBs (Bierne & Michel, 1994; Kuzminov, 1995). We have shown 

that the number of DSBs in the nrdA101 recB strain is greater than that in the strain nrdA+ 

recB, consistent with an increase in the number of the stalled forks due to the presence of the 

deficient replication fork reversal (RFR) even at the permissive temperature. These DSBs are 

generated by RuvABC, a specific resolvase for Holliday junctions. According to the RFR 

model (Michel et al., 2004), these results indicate the occurrence of replication fork reversal 

as the mechanism for restarting stalled replication forks. These results indicate that the 

lengthening of the C period in the nrdA101 mutant strain growing at 30ºC results not only 

from the reduced activity of RNR101 but also from the impaired progression of replication 

forks. The Tus protein is known to arrest replication forks through specific interaction with 

ter sequences by antagonizing the activity of the replicative helicase (reviewed by Bussiere & 

Bastia, 1999). Hence, the progression of the replication forks might be improved by the 

absence of this protein.  In support of this idea we have found a decrease in the number of 

stalled replication forks in a nrdA101 recB Dtus triple mutant strain (Table 1).  

 

Relevant phenotype % linear DNA a 

nrdA+ 4.58 ±2.51 
nrdA+ recB 15.18 ±2.83 
nrdA+ recB ruvABC 6.74 ±2.60 
nrdA101 5.72 ±1.41 
nrdA101 recB 24.79 ±7.05 
nrdA101 recB Dtus 12.64 ±4.70 
nrdA101 recB ruvABC 5.94 ±2.19 

Table 1. Growing the nrdA101 recB mutant strain at 30ºC increases RuvABC-dependent 
DSBs. a The  % linear DNA is expressed by its mean ± standard deviation. Data were adapted 
from Guarino et al., 2007a.   
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It is intriguing that rifampicin or cloramphenicol addition, as well as the presence of a 
dnaAts allele, allowed the completion of chromosome replication in the nrdA101 mutant at 
the high temperature (Guzmán et al., 2002, Salguero et al., 2011). Inhibition of RNA and of 
protein synthesis, and inactivation of the DnaA protein all inhibit initiation of chromosome 
replication; therefore, completion of chromosome replication in the nrdA101 strain at 42ºC 
could be ascribed to the inhibition of new DNA initiations (Salguero et al., 2011). We suggest 
that the replication of the entire chromosome that occurs at the non-permissive temperature 
when new initiations are inhibited is due to a more efficient elongation as a consequence of 
the decreasing number of forks per chromosome.  
In studying replication in the nrdA101 mutant, we used several conditions to reduce the 
overlap of replication rounds (n, Sueoka & Yoshikawa, 1965) and, consequently, the number 
of replication forks per chromosome (2n+1–2). We found an inverse correlation between this 
overlap and the amount of DNA that can be synthesized by the nrdA101 strain at the 
restrictive temperature.  
Consequently, we propose that a reduction in the number of forks replicating the 
chromosome results in an improvement in the quality of replication that allows the deficient 
replication hyperstructure of the nrdA101 strain to be more processive at the high 
temperature. This proposal points toward the co-regulation of the elongation rate and the 
initiation frequency as a general control mechanism in prokaryotic and eukaryotic 
replication. 

2. Reduction in the overlap of replication rounds improves fork progression 
at the restrictive temperature in a nrdA101 strain 

We have previously shown that, due to an elongation of the replication period lasting more 

than twice the cell cycle at 30ºC (C = 186 min, τ = 79 min), the nrdA101 strain undergoes 
multifork replication resulting in two thirds of cells containing one or two chromosomes 
with 6 forks per chromosome, and one third of cells with a chromosome containing 14 forks 
(Guzmán et al., 2002). After a temperature shift from 30ºC to 42ºC, these cells replicate their 
DNA for 50 min, giving a runout synthesis of 52 per cent (Table 2). To test whether a 
reduction in the number of replication forks at 30ºC could improve the ability of forks to 
replicate the chromosome at 42ºC in the nrdA101 strain, we reduced that number by 
different methods.  

2.1 Experimental approach 

In contrast with eukaryotic organisms, the time required to replicate a single chromosome 
(C) in E. coli can be longer than the generation time (τ), and in these conditions an overlap of 
replication rounds is obtained. The degree of overlap can be quantified by n, defined as the 

C to τ ratio (Sueoka & Yoshikawa, 1965; Cooper & Helmstetter, 1968). n was determined by 
using the ΔG value, which is defined as the relative runout DNA synthesized after inhibiting 
new initiation events, while ongoing forks are allowed to finish (Pritchard & Zaritsky, 1970). 
This experimental condition can be achieved by the addition of rifampicin (150µg/ml), 
which inhibits RNA polymerase whose activity is known to be required for the initiation 

step. From the experimental ΔG value, n can be calculated from the algorithm 
 ΔG=[2nnln2/(2n-1)]-1 (Sueoka & Yoshikawa, 1965). Thus, the relative amount of the DNA 

synthesized after inhibition of initiation of replication only depends on the number of 

replication cycles per chromosome before the inhibition. The ΔG values under any growth 
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condition were obtained according to Pritchard and Zaritsky (Pritchard & Zaritsky, 1970; 
Zaritsky & Pritchard, 1971), and n was obtained by the use of a computer software 

developed in our lab (Jiménez-Sánchez & Guzmán, 1988). As the ΔG algorithm requires the 
completion of chromosome replications under any treatment, additional flow cytometry 
analysis is necessary to verify this completion. Flow cytometry analysis was performed in 
the presence of rifampicin (150 µg/ml) and cephalexin (50µg/ml) to inhibit cell division. 
Thus at the end of the treatment with the drugs, cells should contain 2(integer n) or 2(integer n+1) 
fully replicated chromosomes if they display synchronous initiation (Skarstad et al., 1985).  
As explained above, the overlap of the replication rounds depends on two parameters, the 

generation time, τ, and the C period. In this study we used conditions that affect both 
parameters. The generation time was altered by growing the cells in glycerol or arabinose 
media. The C period was reduced by several methods such as by the presence of the 
dnaA174 allele, by increasing the number of copies of datA sites in a plasmid, or by deletion 
of the DARS2 reactivating sequence. To determine the effect of several replication overlaps 
on DNA synthesis in the nrdA101 strain at 42ºC, we compared the residual DNA synthesis 

at 42ºC relative to the runout after rifampicin at 30ºC (i.e. 42ºC/ΔG at 30ºC) with the n value 

(the C to τ ratio). 

2.2 Increasing the generation time 

We lowered n by increasing the generation time using different carbon sources, such as 
glucose, arabinose or glycerol. Cultures of the nrdA101 strain were grown at 30ºC, in MM9 
media containing one of the carbon sources, in the presence of 3H-thymidine to label the 
newly synthesized DNA. When cultures reached mid-exponential phase (0.1 OD550), two 
samples were taken, one to be incubated at 42ºC, the non-permissive temperature, and the 
second one to be treated with rifampicin (150µg/ml) at 30ºC to inhibit new initiations of 
chromosome replication. DNA synthesis was measured for 4 h (as the acid-precipitable 
radioactive material) and the values relative to the radioactive material incorporated at the 
beginning of treatment were represented. The values obtained in several strains and growth 
media are given in Table 2. To verify the completion of replication rounds, flow cytometry 
analysis was performed in the presence of rifampicin (150µg/ml) and cephalexin (50µg/ml), 
which inhibits cell division (data not shown).  
As expected from growing the bacteria in a carbon source different from glucose, a 
lengthening of the generation time and a lowering in the number of overlapped replication 
rounds, n, were observed (Table 2). After the shift to 42ºC in these media, the amount of 
synthesized DNA was inversely correlated with the number of previous overlaps. These 
results suggest that a reduction in the overlap of the replication rounds increases the 
capability to synthesize DNA for a longer period of time after the shift to 42ºC. 

2.3 Reducing the C period  
2.3.1 By the presence of dnaA defective alleles  

The presence of dnaA defective alleles has been reported to reduce the time required for 
chromosomal elongation (C period) at permissive conditions and this effect might suppress 
the defects in replication of some DNA elongation mutants (Torheim et al., 2001; Skovgaard 
& Lobner-Olesen, 2005). We used the dnaA174 allele, which codes for a non-thermosensitive 
DnaA protein with a high ATPase activity, which in turn maintains a low DnaA-ATP level 
associated with a decreased the C period (Gon et al., 2006). We found the nrdA101 dnaA174 
double mutant had an overlap of replication cycles at 30ºC that decreased from 2.36 to 1.37 
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and a five fold increased capability to synthesize DNA at 42ºC relative to the nrdA101 single 
mutant (Fig. 3, Table 2).  
When incubated for 4 h at 42ºC in the presence of cephalexin, the DNA content per cell in 
nrdA101 dnaA174 double mutant is higher than observed under completion of the ongoing 
chromosome replication rounds; although the flow cytometry profile showed a broad 
distribution with no discrete peaks corresponding to completed chromosomes, as observed 
in the nrdA101 strain (Fig. 3). 
We have verified that the number of overlapped replication forks per chromosome at 30ºC 
could be also lowered by introducing dnaA46, dnaA5 or dnaA508 alleles in the nrdA101 
background (Table 2; Salguero et al., 2011). After incubation at 42ºC, all nrdA101 dnaAts 
strains exhibited a relative DNA synthesis and a thermoresistant period similar to those 
obtained by rifampicin addition either at 30ºC or 42ºC. As DnaA protein is required for 
chromosomal initiation and as all these alleles code for a thermosensitive DnaA protein, the 
runout value at the restrictive condition is the highest value that can be expected. 
These results suggest that a lowering in the number of replication forks running along the 
chromosome could improve the progression of replication in the nrdA101 mutant at the 
restrictive condition. DnaA is also known to have a regulatory control in the transcription of 
several genes, including dnaA, mioC, rpoH and the nrdAB operon (reviewed in Messer & 
Weigel, 2003; Gon et al., 2006; Herrick & Sclavi, 2007; Olliver et. al., 2010); moreover, the 
nrdA gene is over-expressed in the presence of a defective DnaA protein (Gon et al., 2006, 
Lobner-Olesen et al., 2008). This over-expression is, however, unlikely to be responsible for 
the high residual DNA synthesis found in the nrdA101 strain at 42ºC since the chromosome 
is fully replicated at 42ºC in all studied nrdA101 dnaA strains even in the absence of protein 
synthesis (and hence absence of overproduced NrdA)  (Salguero et al., 2011). 
In addition, over-expression of the nrdAB operon from a plasmid, leading to a doubling of 
enzyme activity as measured in cell-free extracts, causes only a doubling of the dATP, dCTP 
and dTTP pools without any increase in the dGTP pool (Wheeler et al., 2005). Consequently, 
an increase in the replication rate should not be expected as dGTP pool would be limiting. 
Moreover, it is far from certain that an overproduction of RNR outside the replication 
 

Strains τ  ΔG30ºC 42ºC 42ºC/ΔG30ºC n ori/ter C 

nrdA+ 78 0.55 nt nt 1.37 2.58 107 
nrdA101  79 1.03 0.52 0.50 2.36 5.13 186 
nrdA101 arabinose 105 0.59 0.83 1.40 1.46 2.75 153 
nrdA101 glycerol 112 0.35 0.58 1.65 0.91 1.87 102 
nrdA101 dnaA174 78 0.55 1.40 2.54 1.37 2.58 107 
nrdA101 dnaA46 80 0.45 0.48 1.06 1.15 2.21 92 
nrdA101 dnaC2 82 1.00 0.45 0.45 2.30 4.92 188 
nrdA101/pMOR6 81 0.73 0.70 0.95 1.76 3.38 142 
nrdA101 DARS2 85 0.55 0.95 1.80 1.26 2.39 107 

Table 2. Cell cycle parameters from the nrdA101 strain growing in MM9 with different 
carbon sources or containing a second mutant allele. All strain were grown in MM9 medium 

with glucose except otherwise indicated. ΔG30ºC, relative increase of the amount of DNA 
after rifampicin addition at 30ºC. 42ºC, relative increase of the amount of DNA after a shift 
to 42ºC. n, number of replication rounds per chromosome or overlapping degree. ori/ter= 2n 
or number of origins per chromosome. C elongation time (min) from C= nτ.  
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Fig. 3. DNA synthesis (upper panels) after rifampicin addition (dashed line) or incubation at 
42ºC (solid line), and flow cytometry profiles (lower panels) after 4 hours of incubation at 
30ºC in the presence of rifampicin and cephalexin (dashed line) or after 4 hours at 42ºC in 
the presence of cephalexin (solid line) in strains nrdA101, nrdA101 dnaA174, nrdA101 dnaC2, 
nrdA101/pMOR and nrdA101 DARS2 

hyperstructure would increase the supply of dNTP to the replication enzymes (Pato, 1979; 
Mathews, 1993). 
It has been shown that the nrdAB operon is also over-expressed in a dnaC2 mutant and that, 
when incubated at the high temperature, 18 per cent of the cells failed to complete 
chromosome replication (Lobner-Olesen et al., 2008). This observation has been explained 
by the implication of the DnaC protein in the restart of stalled replication forks during 
elongation (Maisnier-Patin et al., 2001). We measured DNA synthesis at 30ºC with 

rifampicin and at 42ºC in the nrdA101 dnaC2 strain; this strain had about the same τ and C, 
hence n, at 30ºC as the parental nrdA101 strain (Table 2). As expected from these cell cycle 
parameters, the amount of DNA synthesized at 42ºC was also similar (Fig. 3). Consequently, 
over-expression of the nrdAB operon cannot explain the extensive thermoresistant 
replication found in the nrdA101 strain when new initiations are prevented. 

2.3.2 By increasing the number of copies of the datA sequence 

The E. coli genome contains 308 DnaA boxes (TTAT(C/A)CA(C/A)A) with variable affinity 
to DnaA (Schaper & Messer 1995). A strong DnaA-binding region, datA (from DnaA 
titration) containing five boxes, has been identified among them (Kitagawa et al., 1996). 
The datA site titrates unusually large amounts of DnaA protein in vivo (Kitagawa et al., 1996) 
and it has been suggested that the datA-bound DnaA molecules act as a reservoir of DnaA 
(Kitagawa et al., 1998). Recently, it has been found that high levels of datA completely shut 
down initiation of replication, whilst moderate levels of datA increase the replication rate 
relative to that of the wild type (Morigen et al., 2001; 2003). Using this feature we 
constructed an nrdA101 strain harboring the pMOR6 plasmid, a derivative of the moderate 
copy number plasmid pACYC177 (Morigen et al., 2001). We found a shortened C period and 
a lower overlap of replication cycles (Table 2, Fig. 3). Consistent with this, the 
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nrdA101/pMOR6 strain synthesizes more DNA at the restrictive temperature than its nrdA101 
parental strain (Fig. 3). After 4 h of incubation at 42ºC we found similar amount of DNA 
synthesis, either in the presence or in the absence of rifampicin at restrictive conditions. This 
result differs from that obtained in the nrdA101 mutant, whose DNA synthesis at 42ºC is half 
of the observed at 42 ºC when new initiations were inhibited (Table 2) (Salguero et al., 2011). 
As DNA initiation is not inhibited in the nrdA101/pMOR6 strain after the shift to 42ºC, none 
fully replicated chromosomes were detected at 42ºC (Fig. 3). 

2.3.3 By deleting the DARS sequence 

The DnaA protein is a member of the AAA+ ATPase family and has an exceptionally high 
affinity for ATP/ADP (Sekimuzu et al., 1987; Kaguni, 2006). The level of cellular ATP-DnaA 
oscillates during the replication cycle, peaking around the time of initiation (Kurokawa et 
al., 1999). 
Katayama's group has recently found two chromosomal intergenic regions termed DARS1 
and DARS2 (DnaA-reactivating sequence) that directly promote regeneration of ATP-DnaA 
from ADP-DnaA by nucleotide exchange resulting in the promotion of replication initiation 
in vitro and in vivo. Deletion of DARS results in decrease in the ATP-DnaA level, causing 
synthetic lethality with dnaAts and suppression of over-initiation in defective seqA, datA and 
hda mutants (Fujimitsu et al., 2009). These effects led us to infer that, in the absence of DARS 
sequences, the nrdA101 DARS mutant would decrease DnaA effective protein and 
consequently a reduction of the C period would be expected. We found the expected 
decrease in the C period and in the overlap of replication cycles at 30ªC, with a reduction in 
the number of chromosomes per cell (Table 2, Fig. 3). After 4 hours of incubation at 42ºC, the 
flow cytometry profile showed a broad distribution of the DNA content per cell, although 
the capability to synthesize DNA at the restrictive temperature increased three times relative 
to the single mutant nrdA101 (Table 2, Fig. 3).  
Our data show that decreasing the number of replication rounds (ori/ter ratio) correlates 
with an improved capacity to synthesize DNA in the nrdA101 mutant at the restrictive 
temperature (Fig. 4). Given that the progression of the replisome is affected in this mutant 
(Guarino et al., 2007a), we propose there is an improvement in the progression of the 
replication forks at 42ºC as a consequence of lowering the number of the replication rounds 
along the chromosome (ori/ter ratio). According to the model where the RNR is a component 
of the replication hyperstructure (Guzmán et al., 2002), it is reasonable to think that the 
defective fork progression observed in this mutant can be alleviated by reducing the number 
of replication forks running along the chromosome. Consistent with this, the presence of 
dnaA defective alleles, dnaA(Sx), suppresses the detrimental effect on DNA replication  
observed in mutants that have problems with the progression of forks due to the presence of 
defective subunits of DNA polymerase III coded by the dnaX gene (Gines-Candelaria et al., 
1995; Blinkova et al., 2003; Skovgaard & Lobner-Olesen 2005).  
Furthermore, a lower availability of wild type DnaA protein induced by the presence of 
extra copies of the datA sequence alleviates replication problems in both the dnaX 
(Skovgaard & Lobner-Olesen, 2005) and the nrdA101 mutant (this work), whilst initiation 
defects caused by deletion of DnaA box R4 suppress replication elongation defects 
(Stepankiw et al., 2009). 
These observations, together with our data, are consistent with the idea that the progression 

of replication forks is not merely responsive to elongation factors (dNTP pools or proteins 

engaged in elongation) but also to the number of forks running along the chromosome. We 
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suggest that the best explanation for the reduction of the C period in the results discussed 

above is a reduction in the number of forks per chromosome or a decrease in the extent of 

overlapping of replication rounds. Thus, under conditions where ori/ter is high the cells 

could experience at least two changes. One could be a possible scarcity of hyperstructure 

components such that increasing the number of hyperstructures increases the probability 

that they are incomplete and relatively ineffective; hence, reciprocally, restricting the 

number of replication hyperstructures would increase the probability they contain all the 

components needed for fully effective replication. In this sense, the suppression of dnaE 

mutation by the deficiency of enzymes engaged in the glycolysis in Bacilus subtilis, has been 

explained by a differential composition of the replication hyperstructures that would affect 

the replication rate (Jannière et al., 2007). Another change could be in the structural 

constraints caused by the proximity of the replication forks belonging to overlapped 

replication rounds (Odsbu et al., 2009). In agreement with our explanation, Zaritsky A. et al. 

have proposed the existence of an ‘eclipse’ in terms of a minimal distance (lmin) that the 

replication forks must move away from oriC before oriCs can ‘fire’ again (Zaritsky et al., 

2007). Our explanation can readily accommodate the proposal of an obligatory, minimal 

distance between replication forks. The greater the number of the replication rounds per 

chromosome, the shorter the distance between the replication forks. Thus, the distance 

between the replication forks could explain the differential progression of the forks along 

the chromosome in the strains discussed here.  
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Fig. 4. Relationship between the residual DNA synthesis at 42ºC relative to the runout after 

rifampicin at 30ºC (i.e. 42ºC/ΔG at 30ºC and the n value (the C to τ ratio) in nrdA101 strain 
growing in the indicated media or containing the depicted alleles growing in glucose MM9 
medium. The black point shows the value of this relationship in the nrdA101 strain growing 
in glucose MM9 medium. 
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3. Stalled multifork chromosomes as the cause of aberrant DNA segregation 
and cell death in the nrdA101 mutant at the restrictive temperature 

Growth of nrdA101 strain at the restrictive temperature causes aberrant nucleoid segregation 
(Guzmán et al., 2003; Riola et al., 2007; Odsbu et al., 2009). This aberrant nucleoid 
segregation leads to breakdown of the coupling between replication and cell division (Dix & 
Helmstetter, 1973; Riola et al., 2007) causing filamentation and cell death. These problems 
could be related to the fact that DNA replication stops stochastically in the nrdA101 strain at 
42ºC to generate stalled replication forks along the multiforked chromosome (Fig. 3). Similar 
problems have been observed under other conditions, including UV irradiation, thymine 
starvation, and mitomycin treatments, inversion of the Ter sequences (Jaffe et al., 1986; Hill 
et al., 1997), and in dnaN59ts and dnaG2903ts mutants, where the problems have also been 
attributed to stalled replication forks (Kawakami et al., 2001; Grompe et al., 1991).  
Cell viability was studied in all the growth media and strains described above. Cells were 
grown at 30ºC and when the cultures reached mid-logarithmic phase (about 0.1 OD550), an 
aliquot of each culture was incubated at 42ºC and the number of viable cells were estimated 
by serial dilution and plating on rich medium at 30ºC. Viability is expressed relative to the 
onset of treatment. Growing nrdA101 cells in different carbon sources resulted in different 
values of cell cycle parameters with a higher number of replication overlaps in glucose than 
in glycerol medium (Table 2) and a greater lethality after the incubation at 42ºC (Fig. 5). Loss 
of viability of the nrdA101 strain at the high temperature was completely suppressed by the 
presence of dnaA174 allele, by extra copies of datA, or by deleting DARS2 sequence from the 
chromosome (Fig. 6). The ensemble of these results (Table 2, Fig. 5, Fig. 6) reveals a direct 
correlation between lethality at high temperature and replication overlapping. This correlation 
might be explained by either the higher number of sensitive targets (i. e. the replication forks) 
at 42ºC, the greater vulnerability of sensitive targets due to more replication overlaps, or by an 
increase in the number of defective replication hyperstructures. These explanations are not 
mutually exclusive and we consider all as equally likely.  
Nucleoid segregation analysis was performed in aliquots of the cultures incubated at 42ºC in 
the presence of cephalexin (50 µg/ml) for 4 hours plus, during the last 20 min, 
chloramphenicol addition(200µg/ml) to condense nucleoids. Micrographs of DAPI stained 
cells show a high number of cells containing an abnormal number of nucleoids randomly 
distributed along the filaments (Fig. 5) (Riola et al., 2007). An increased number of cells 
containing normal and well-segregated nucleoids were found in cells grown in arabinose or 
in glycerol (Fig. 5). The anomalous number and distribution of nucleoids found in the 
nrdA101 strain grown at 42ºC were almost fully suppressed by the presence of dnaA174 
allele, by the presence of plasmid pMOR6, which increases the datA sequence copy number, 
or by the absence of DARS sequences (Fig. 6). 
The above results reveal a good correlation between the overlap of replication rounds and 
aberrant nucleoid segregation and cell lethality. This correlation is consistent with the 
hypothesis that these problems are associated with a highly forked chromosome structure. 
The detrimental effects of such chromosomes are reduced or eliminated by any 
environmental or genetic modification that reduces replication overlap. We therefore 
suggest that the observed morphological alterations of nrdA101 strain at 42ºC could be 
ascribed to the activity of an inaccurate replication apparatus. The impaired replication 
hyperstructure made with a deficient RNR101 protein (Guarino et al., 2007a) stops more 
frequently than a wild type hyperstructure. In cells with a high degree of replication  
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Fig. 5. Cell viability and nucleoid segregation of nrdA101 growing with different carbon 
sources after the shift to 42ºC.  
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Fig. 6. Cell viability and nucleoid segregation of nrdA101 derivatives after the shift to 42ºC. 

overlaps, stalled forks have less opportunity to be repaired and restarted and this interferes 
with subsequent forks. This results in chromosomal abnormalities, disrupted chromosome 
and nucleoid segregation, loss of cell division, and, finally, cell death. 
DNA topology has been found to play an important role in the segregation of duplicated 
chromosomes (Dasgupta et al., 2000; Holmes & Cozarelli, 2000). Consequently, a disturbed 
DNA topology due to a highly forked chromosome structure, could contribute to the altered 
nucleoid segregation observed in the nrdA101 mutant at 42ºC. Fork collisions and 
topological changes would be reduced, or even prevented, in nrdA101 strains at 42ºC by 
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inhibiting new initiations of replication (Salguero et al., 2011), or by diminishing the overlap 
of replication rounds.  

4. The number of replication rounds in the chromosome limits the replication 
rate of individual forks  

In the nrdA101 strain growing at the permissive temperature we have found that the 
number of forks per chromosome was reduced and the elongation rate was increased by the 
presence of the dnaA174 allele or of extra copies of datA and by the deletion of the DARS2 
sequence (Table 2). Reduction of chromosome replication overlaps, with the associated 
lowering of the ori/ter ratio, together with an increased replication rate, have been also found 
in strains containing different defective dnaA alleles, such as dnaA204 (Torheim et al., 2001), 
dnaA46, dnaA174, and dnaA345 (Gon et al., 2006; Morigen et al., 2009), as well as in wild type 
cells containing extra copies of datA sequence which is believed to reduce the availability of 
DnaA protein (Morigen et al., 2003). Similar results have also been obtained in studies of hns 
(Atlung & Hansen, 2002) and ihf mutants (von Freiesleben et al., 2000). Additionally, we 
have also shown by growing the nrdA101 mutant in poor media at 30ºC, that the 
improvement in the replication fork progression is accompanied by a decrease in replication 
overlap.The correlation between these effects has been well established but the mechanism 
remains elusive.  
It is difficult to decide whether the reduction in the number of forks is the consequence of an 

increased replication rate (as ori/ter=2n, n=C/τ), or whether the increase in the replication 
rate is the consequence of the reduction of the number of forks (ori/ter ratio). The first 
proposition implies that the activities of DnaA, HNS, and IHF affect the elongation rate 
directly or indirectly. This is plausible as DnaA protein has 308 binding sites in the bacterial 
genome (Schaper & Messer, 1995) and, furthermore, it is a transcriptional regulator 
controlling the expression of several replication genes (reviewed in Messer & Weigel, 2003). 
Therefore, deficiency of DnaA protein, as well as HNS and IHF, might well allow the 
replication forks to run faster. Moreover, a deficiency of DnaA protein increases nrdAB 
operon expression (Lobner-Olesen et al., 2008; Gon et al., 2006), which might also increase 
the velocity of the replication forks (Herrick & Sclavi, 2008). However, as explained above 
(2.3.1 this chapter), the over-expression of the nrdAB operon does not necessarily increase 
the actual supply of the dNTPs used in DNA replication. In addition, the growth of cells in 
poor carbon source media is not known to affect nrdAB gene expression, and a decrease in 
replication rate in wild type cells has been observed under poor media conditions 
(Michelsen et al., 2003). Furthermore, it has been reported that deletion of DnaA box R4 
suppresses replication elongation defects in gyrB mutant strains as a consequence of the 
lowering of initiation frequency (Stepankiw et al., 2009) indicating that no transcriptional 
factor is required to increase the replication rate. Hence the first proposition, in which faster 
replication forks are responsible for there being fewer forks, is difficult to justify. 
The second proposition is that the elongation rate increased as a consequence of the 
reduction of the number of forks or the replication overlap. This reduction in the number of 
the forks would be caused by the deficiency of any factor required for the initiation step 
since this would result in the delay of the initiation of replication. 
In the above work, we have shown that a decrease in the growth rate of the nrdA101 mutant, 
due to growth on poor carbon sources, improves the elongation rate of chromosome 

replication, which is the same as to say that C decreases when τ increases. From the 
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algorithm C = nτ one can conclude that any increase in the cell doubling time, should lead to a 
decrease in the n value, or the number of forks per chromosome. Nevertheless, we have shown 

that increasing τ also decreases the C value. Even though elongation rate in wild type strains is 
expected to be lower under decreased growth rate (Michelsen et al., 2003) we can infer that a 
reduction in the number of forks per chromosome in the nrdA101 strain with a extremely slow 
replication rate could also be a cause of improvement of the replication rates.  
An unified explanation for all the results presented here is difficult to find. Clearly though, 
the underlying mechanism should explain the precise correlation between initiation and 
elongation that tunes DNA replication to any environmental circumstance. Whatever the 
nature of this mechanism, reduction in the number of forks per chromosome or decreased 
overlapping of consecutive replication rounds might increase the elongation rate by 
providing i) a better overall chromosome structure, including discrete regional organization 
and supercoiling domains, ii) an increased availability of a limiting constituent required for 
replication and/or for segregation, and iii) an increased time for the repair and restart of a 
stalled fork so as to avoid collision with the next fork. This homeostatic regulation between 
the numbers and velocities of forks would also explain how the replication rate compensates 
for widely varying replication origins and activities in eukaryotes (Conti et al., 2007). 

5. Balance between the number of origins and elongation rates as a general 
regulatory mechanism in the control of eukaryotic cell cycle  

In eukaryotic cells, the DNA replication program is organized according to multiple tandem 
replicons that span each chromosome. Each replicon is replicated bidirectionally by a pair of 
replication forks that increase their rates up to three fold towards the end of S phase. 
Furthermore, the rate of the replication fork progression varies up to ten-fold or more 
depending on the distance between origins in different conditions or cell types (Housman & 
Huberman, 1975; reviewed in Herrick, 2010). Two replication regimes with distinct kinetics 
govern duplication of the genome: in the first half of the S phase, when the gene-rich 
euchromatin is predominantly replicated, the density of the activated replication origins 
steadily increases to about twice the initial value; during the second half of the S phase, 
when the gene-poor heterochromatin tends to be replicated, the density of active replication 
origins increases substantially by about ten fold (Herrick & Bensimon, 2008). It has been 
proposed that this mechanism would guarantee the rapid and complete duplication of the 
genome. Nevertheless, in mammalian cells the relationship between origin activation, the 
size of replicons (50-300kb) and the existence of multiple potential origins remains to be 
elucidated (Herrick, 2010). 
The efficient duplication of the eukaryotic genome depends on the orderly activation of the 
origins, estimated to be ten thousand, and on the proper progression of their forks. The 
coordinated activation of origins is insufficient on its own to account for timely completion 
of genome duplication when interorigin distances vary significantly and fork velocities are 
constant. Therefore the coordination and compensation between origin spacing and fork 
progression may be one of the mechanisms for the complete duplication of the genome in 
the limited amount of time of the S phase. By using a single-molecule approach based on 
molecular combing, the interorigin distances and replication fork velocities over extensive 
regions of the genome have been measured in both primary keratinocytes and cancer cells 
(Conti et al., 2007). This study provides evidence for the direct correlation between the 
interorigin distances and the replication rates, insofar as the further the origins are from one 
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another, the faster the forks progress. These results are in agreement with the results of this 
and other studies of E. coli, which show a correlation between the frequency of initiation 
(ori/ter ratio) and the replication fork rates. 
Figure 3 in Conti et al., 2007 shows a significant linear correlation between these two 
parameters in eukaryotic cells, consistent with a biological mechanism that coordinates 
replication fork progression with interorigin distance. The mechanism that allows replication 
forks to adjust their speed is unknown. Nevertheless the possibilities for the nature of this 
mechanism are similar to the ones proposed above for E. coli. A feedback mechanism might be 
based on the accumulation of torsional strain as incoming fork approach each other and the 
length of DNA to be replicated decreases. However, a mechanism based only on mechanical 
stress would strongly limit the possibility of modification and adaptation of the fork rates. The 
concentration of dNTP could also play a role in regulating fork velocity (Anglana et al., 2003). 
Supporting this notion, it has been shown that the kinase Chk1 plays an essential role in S 
phase progression through regulation of RNR2 expression (Naruyama et al., 2008), although 
ectopic expression of RNR2 failed to rescue the S phase arrest observed in Chk1-depleted cells, 
suggesting the presence of Chk1 target(s) for completion of S phase in addition to or other that 
RNR2. The observation of dynamically regulated adjacent forks also supports the idea that 
dNTP pool sizes alone are not implicated in the observed changes in fork velocity (Conti et al., 
2007). Additionally, intracellular dNTP pool sizes are expected to increase (as replication rate 
increase), rather than decrease, during S phase (Malinsky et al., 2001). Therefore, although the 
size of the dNTP pool could be globally responsible for fork velocity, it would not be 
responsible for the local control and dynamic correlation between adjacent forks; this must 
involve other factors, for example, the processivity of DNA helicases and toposiomerases 
(Conti et al., 2007). 

6. Concluding remarks 

In this work we show that reducing the number of replication forks per chromosome in E. coli 
improves the amount of DNA that a thermosensitive nrdA mutant strain is able to synthesize 
at restrictive conditions. Activity of the RNR101 at 42ºC has been proposed to be maintained 
due to the protection of the thermolabile protein by the replication hyperstructure; therefore, 
the effect we have found may be related to the processivity of the replication hyperstructure. 
More specifically, in our hypothesis, the processivity of the replication hyperstructure is 
improved by the lowering of the number of the replication forks along the chromosome, i.e. by 
reducing the overlap. Such a relationship between processivity and the number of replication 
forks could be explained by 1) variations in the availability of some limiting hyperstructure 
component which might lead to assembly of an inefficient hyperstructure when a high 
number of forks compete for this component, or 2) the structural constraints caused by a 
chromosome undergoing several rounds of replication running at the same time. Results from 
other research groups, reviewed above, and comparison with DNA replication in eukaryotes 
provide further evidence that, in widely different systems, the initiation and the elongation of 
chromosome replication are not independent processes. 
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