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We recently reported the identifica-
tion and characterization of DNA 

replication origins (Oris) in metazoan 
cell lines. Here, we describe additional 
bioinformatic analyses showing that the 
previously identified GC-rich sequence 
elements form origin G-rich repeated 
elements (OGREs) that are present in 
67% to 90% of the DNA replication 
origins from Drosophila to human cells, 
respectively. Our analyses also show that 
initiation of DNA synthesis takes place 
precisely at 160 bp (Drosophila) and 
280 bp (mouse) from the OGRE. We 
also found that in most CpG islands, an 
OGRE is positioned in opposite orienta-
tion on each of the two DNA strands and 
detected two sites of initiation of DNA 
synthesis upstream or downstream of 
each OGRE. Conversely, Oris not asso-
ciated with CpG islands have a single 
initiation site. OGRE density along 
chromosomes correlated with previ-
ously published replication timing data. 
Ori sequences centered on the OGRE 
are also predicted to have high intrinsic 
nucleosome occupancy. Finally, OGREs 
predict G-quadruplex structures at Oris 
that might be structural elements con-
trolling the choice or activation of repli-
cation origins.

Introduction

DNA replication initiates at discrete sites 
called replication origins (Oris), which 
should be activated only once at each cell 
cycle to avoid amplification and maintain 
genome integrity. In bacteria, yeast and 
viruses, the structure and regulation of 
Oris are rather well understood and are 
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characterized by specific DNA sequence 
elements. In Metazoa, Oris occur at spe-
cific locations,1,2 but their genetic charac-
teristics remain unclear.

In bacteria, control of replication initi-
ates by the binding of DnaA, the initiator 
of chromosome replication, to the DnaA 
boxes, which form clusters of three or 
more elements and are located mainly in 
the E. coli Ori. DnaA forms a nucleopro-
tein complex with Ori that results in the 
loading of different components of the 
replisome, leading to DNA replication.3 
The archaeal DNA replication machin-
ery has many similarities and is a simpli-
fied form of the one in eukaryotes.4 The 
archaeal chromosome generally contains 
one Ori that has autonomously replicat-
ing sequence activity, although some 
Achaea contain multiple Oris.5 These 
Oris (termed ORBs) are well conserved 
across many archaeal species and pres-
ent inverted repeat sequence elements 
that are bound by a complex that is 
similar to the eukaryotic origin recogni-
tion complex (ORC).6 ORB is a ~36 bp 
CG-rich sequence near an AT-rich region 
that might act as a melting-prone site. 
From viruses to budding yeast, a specific 
sequence that is necessary for Ori activity 
has been identified. However, the features 
of this sequence vary from one organism 
to the other. DNA viruses are the small-
est self-replicating entities, and specific 
palindromic sequences are required for 
their replication.7,8 In most cases, the 
main initiating protein is encoded by the 
viral genome itself. Its binding to the Ori 
is also actively involved in the regulation 
of viral transcription and chromosomal 
segregation. Notably, the involvement of 
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To further characterize the relationship 
between OGREs and Oris, we evaluated 
their genomic association in the mouse 
and Drosophila genome using the FIMO 
software (see Materials and Methods). 
OGRE occurrences were strongly and sig-
nificantly associated with metazoan Oris 
(Fig. 1B and C). Specifically, 80–90% of 
mouse Oris possessed at least one OGRE. 
Drosophila Oris also exhibited a signifi-
cant association with OGREs. Moreover, 
mouse and fly OGREs were largely inter-
changeable, suggesting that a common 
conserved mechanism acts to specify 
active Oris in metazoans. Several hundred 
new Oris were recently mapped on the 
human ENCODE regions,1 which corre-
spond to about 1% of the human genome. 
We observed that the OGRE occurences 
were also present in the vast majority of 
these Oris (Fig. 1D).

Finally, we determined the density of 
both Ori and OGRE occurrence in mouse 
chromosome 11 and found that they were 
strongly correlated (Fig. 1E). This sug-
gests that the OGRE motif might play 
a role in specifying Oris in large-scale 
domains. Moreover, OGRE density cor-
related also with replication timing,27 as 
higher OGRE density tended to be associ-
ated with early replicating domains.

Initiation of replication takes place 
at a specific position downstream of the 
OGRE motif. We then evaluated the NS 
signal profile around all OGRE motifs 
that occur in the mouse and Drosophila 
genomes (Fig. 2A and B) and found a 
strong initiation peak located ~280 bp 
(mouse) and 160 bp (Drosophila) down-
stream of the OGRE occurrences.

Recently, we reported the presence 
of a nucleotide skew or bias around NS 
peaks2 that was deduced by analyzing 
the sequence of only one DNA strand. 
Specifically, Oris show an over-representa-
tion of G nucleotides upstream and of C 
nucleotides downstream of the NS peaks. 
Drosophila Oris show a T/A skew in addi-
tion to the G/C skew. We thus investigated 
whether such nucleotide skew was a unique 
characteristic of Oris by calculating all the 
regions exhibiting a nucleotide skew in 
the mouse and Drosophila genomes (see 
Materials and Methods). This was not the 
case, as the nucleotide skew was present 
not only in Oris, as previously reported, 

characterized Oris in human cells.1 
Interestingly, initiation of DNA synthesis 
occurs preferentially at the 3' of OGREs. 
These data give a strong support to the 
hypothesis that sequence-specific ele-
ments are also involved in Ori recognition 
or function in metazoans.

Many G-rich motives are predicted to 
form quadruplexes (G4). G4 formation 
involve the association of four guanines 
into a cyclic Hoogsteen hydrogen bonding 
arrangement in which each guanine shares 
a hydrogen bond with its neighbor,20 and 
it can be predicted by computational tech-
niques from DNA sequences.21 Predicted 
G4 are not randomly located in genomes 
and play important physiological roles. 
For instance, they are found in telomeres22 
and have been implicated in regulating 
transcription, translation and replica-
tion.23-26 We found that G4 are highly 
associated with Oris. These data suggest 
that these motifs have a structural role in 
Ori localization or activation.

Results

Metazoan replication origins are charac-
terized by OGRE. We recently mapped 
active Oris at the genomic scale in both 
Drosophila and mouse cells.2 Several 
thousand novel Oris were identified, thus 
allowing the characterization of their gen-
eral features. We reported that Oris were 
significantly enriched in genes vs. inter-
genic regions and also found a large body 
of Oris between genes. Specifically, Oris 
tended to be more abundant in actively 
transcribed genes. We also noticed a strong 
Ori enrichment at transcription start sites 
(TSS) in all mouse cell lines analyzed but 
not in Drosophila Kc cells. However, the 
link with transcription might be indirect, 
as the CpG islands (CGI) embedded in 
TSS, rather than the TSS on their own, 
seemed to be important. Indeed, CGIs 
outside TSS can also be Oris, whereas TSS 
without CGI are not.

We also showed that Oris contain spe-
cific nucleotide sequences. Indeed, con-
sensus motifs were associated with both 
Drosophila and mouse Oris. As these 
motifs are G-rich sequences and highly 
associated with Oris, we propose to name 
them origin G-rich repeated elements 
(OGREs, Fig. 1A).

transcription factors in DNA replication 
has been clearly demonstrated in adenovi-
ruses, papovaviruses, including the simian 
virus 40 (SV40), and papillomaviruses.9,10

In budding yeast, replicators and 
origins are together defined as ARSs 
(autonomously replicating sequences), 
upon which multiple initiation proteins 
are assembled stepwise. This is the only 
eukaryote in which ORC specifically rec-
ognizes a 17 bp T-rich consensus sequence 
called ACS (ARS consensus sequence).11 
Although this motif is necessary for DNA 
replication, it is not sufficient for Ori 
function.12 In contrast to S. cerevisiae, 
S. pombe Oris do not contain a core con-
sensus sequence essential for their func-
tion.13 However, S. pombe Oris are AT-rich 
(from 0.5 to 3 kb in length) and contain 
several functionally important DNA 
sequence elements for their activity.14 In a 
genomic context, a 30 bp-long poly-A/T 
track appears sufficient to specify replica-
tion initiation.15

Until recently, how Oris are defined 
in metazoans remained elusive despite 
considerable efforts to unravel a repli-
cation origin code. The structure and 
initiator role of ORC is conserved in all 
eukaryotes, and in vitro and in vivo stud-
ies indicate that although ORC is essen-
tial for DNA replication, it does not show 
noticeable DNA sequence specificity in 
vitro.16 It seems, however, that the pre-
replication complex (including ORC and 
other proteins of the replication initia-
tion) may have a greater affinity for spe-
cific regions within Oris.16 Oris appear to 
have variable features, since they can be 
extremely site-specific, like the human 
Lamin B2 or c-Myc Oris,17,18 or have a 
broad site specification, like the DHFR 
Ori.19 We recently characterized up to 
2,412 Oris on chromosome 11 in mouse 
ES cells and 6,184 Oris in the Drosophila 
genome by Nascent Strands (NS) purifi-
cation and mapping by microarrays.2 Our 
sequences analysis unexpectedly revealed 
specific G-rich motifs in both mouse and 
Drosophila Oris near initiation sites.2 
Here, we describe new bioinformatic 
analyses, showing that these origin G-rich 
repeated elements (OGREs) allow a good 
prediction of Oris both in the mouse and 
Drosophila genome. OGREs are also 
present in the majority of the previously 
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These data indicate that CGI contain 
multiple OGREs in different orientations 
that could force two potential sites of ini-
tiation of replication.

OGREs are predicted to have high 
intrinsic nucleosome occupancy. An 
interesting concept put forward in recent 

in bimodal (CGI-positive) Oris could 
explain this result (Fig. 3D). Indeed, we 
observed that the vast majority of CGI-
positive Oris contained OGREs posi-
tioned on the (+) strand and also on the (-) 
strand (Fig. 3C). This was not the case for 
Oris that were not associated with CGI.

but also at other areas, indicating that the 
nucleotide skew alone is not a predictive 
value for Oris. However, the OGRE motif 
on its own had a strong skew, and its pres-
ence near NS peaks could be responsible 
for the observed skew at Oris. To test this 
hypothesis directly, we oriented or not 
Oris relative to the sense of the OGRE 
motifs. Non-oriented Oris showed the 
characteristic G/C skew around the NS 
peak (Fig. 2C). However, when oriented 
relative to the OGREs, Oris had only a 
strong G-skew at the 5' of the peak with-
out the C-skew at the 3' (Fig. 2D). This 
clearly indicates that the nucleotide skew 
observed near NS peaks is due to the 
presence of OGREs. In agreement with 
this hypothesis, the nucleotide skew was 
located ~280 pb 5' of the NS peak in ES 
cells, as reported in Figure 2A.

This analysis strongly suggests that the 
OGRE motif might be a genetic element 
that drives the downstream initiation 
of DNA synthesis (Fig. 2E), possibly by 
assembling a still-unknown complex that 
permits the loading of DNA polymerases 
and the activation of DNA synthesis.

Bimodal Oris found at CGI are asso-
ciated with OGREs occurring on both 
strands. In our previous work, we also 
identified a strong association between 
Oris and CGI in mice and CGI-like in 
Drosophila. Indeed, ~60% of CGI cor-
related with active Oris.2 In comparison, 
OGREs had a lesser predictive power 
(41%, Fig. 3A, left diagram). However, 
when combining CGI and OGRE occur-
rence, we could predict a substantial rep-
ertoire of Oris (~25%, data not shown) 
with high confidence. Indeed, about 90% 
of the OGRE/CGI occurrences were asso-
ciated with Oris (Fig. 3A, center).

Moreover, as CGI-associated Oris 
display a bimodal NS profile, suggesting 
the presence of two replication initiation 
sites,2 we asked whether the link between 
OGRE and CGI could explain this bimo-
dality. The NS signal profiles around the 
CGI-positive and -negative OGRE occur-
rences were computed. Strikingly, OGRE 
associated with CGI displayed a bimodal 
NS pattern, whereas OGRE not associ-
ated with CGI had a single 3' peak (Fig. 
3B). The predominant occurrence of the 
OGRE motif on one strand in unimodal 
(CGI-negative) Oris and on both strands 

Figure 1. Metazoan replication origins (Oris) contain an Origin G-rich repeated element (OGRE). 
(A) Description of the consensus elements (OGRE) found in Oris from mouse ES (left part) and 
Drosophila Kc cells (right part). Venn diagrams illustrate the association between Oris in mouse ES 
(B) and Drosphila Kc cells (C) and OGRE occurrences. (D) Presence of the mouse OGRE motif in Oris 
mapped in the ENCODE regions of HeLa cells. The proportion of OGRE-positive and -negative Oris 
is indicated. (E) OGRE density correlates with Oris density and early replication timing.
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genomes using both mouse and Drosophila 
OGRE motifs (data not shown). The pre-
dicted nucleosome occupancy was also 
higher than average, ~200 bp both up and 
downstream of the OGRE motifs.

OGREs are linked to structural 
G-quadruplex (G4) elements. G-rich 
sequences have the potential to form 
G-quadruplexes (G4),20 which are 

lack of in vivo measurements, we decided 
to evaluate the average nucleosome occu-
pancy of OGREs occurences at Oris using 
a computational model of nucleosome 
sequence preferences.28 We found that 
Ori sequences centered on the OGREs 
were predicted, on average, to have high 
intrinsic nucleosome occupancy in both 
mouse (Fig. 4A) and Drosophila (Fig. 4B) 

years is the idea that the DNA sequence 
itself can dictate nucleosome occupancy to 
some extent.28 Models based on this con-
cept allowed predicting, for instance, the 
global nucleosome occupancy at S. cerevi-
siae Oris, with results that were in agree-
ment with the in vivo data,11 although 
occupancy measured in vivo is also influ-
enced by other mechanisms.29 Due to the 

Figure 2. OGRE is localized upstream of metazoan Ori peaks. Nascent Strands (NS) enrichment at OGRE is shown for mouse (A) and Drosophila (B) 
cells. A strong NS peak is found ~280 and ~160 nucleotides 3' of the overall mouse or Drosophila OGRE occurrences, respectively. NS signals were not 
associated with randomized OGRE occurrences. The enrichment value is the negative log of the combined p-value associated with the NS signal. (C) 
OGRE-positive mouse Oris were aligned and centered on the NS peaks. The nucleotide distribution was calculated ±1 kb of the NS peak. Note the pres-
ence of G-(black) and C-rich (blue) sequences 5' and 3' of the NS peaks. In this situation, Oris were not oriented relative to the OGREs. (D) When mouse 
Oris were oriented relative to the OGREs, the nucleotide distribution around NS peaks was characterized by the presence of a strong G-rich strand 
(black) 5' of the NS peak. (E) Schematic representation of OGRE organization relative to the NS peak.



© 2012 Landes Bioscience.

Do not distribute.

662 Cell Cycle Volume 11 Issue 4

structures. An example of G4-forming 
OGRE is depicted in Figure 5C.

Interestingly, most mouse Oris (1784) 
were associated with G4 (Fig. 5D). Oris 
with G4 elements also possessed OGREs 

G3N1– 7G3N1– 7G3N1–7G3 (Fig. 5A). We 
found that most G4 elements (82%) were 
predicted to occur at the site of OGREs 
(Fig. 5B), and that 50% of OGRE ele-
ments had the potential to form G4 

single-strand DNA molecules folded 
in a four-stranded structure con-
nected by small loops. We thus pre-
dicted the G4 genomic occurrence using 
Quadparser21 and the consensus sequence: 

Figure 3. CpG Islands (CGI) and OGRE predict metazoan Oris. (A) Association of mouse ES cell Oris with all OGRE occurrences (left part) and with 
CGI-positive (middle part) or CGI-negative (right part) OGRE occurrences. (B) The Nascent Strands (NS) enrichment at CGI-positive (upper part) and 
CGI-negative (lower part) OGRE occurrences is shown. Note that the dual peak is only seen in the CGI-positive OGRE occurrences. (C) The presence of 
OGRE occurrences on both strands (bidirectional OGRE) and on one strand (unidirectional OGRE) was analyzed for CGI-positive (upper part) and CGI-
negative (lower part) Oris. Note that CGI-positive Oris tend to have more OGRE occurrences on both strands (upper part), whereas CGI-negative Oris 
usually have occurrences only on one strand (lower part). (D) Schematic representation of OGRE organization relative to the NS peaks.
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we find between the OGRE motif and the 
NS peak in Kc cells.

By its wrapping around DNA, ORC 
enhances DNA distortion on one side but 
with reduced accessibility on the other, 
thus promoting DNA unwinding on the 
right-hand side.33 A study in Drosophila 
showed that DmORC binds to negatively 
supercoiled DNA ~30-fold more avidly 
than to linear or relaxed DNA.30 This par-
ticular distortion of DNA also facilitates 
the formation of G-quadruplexes.34 Using 
bioinformatic prediction tools, we iden-
tified a propensity of OGRE sequences 
to form G-quadruplex structures, which 
were predicted to occur in more than 70% 
of mouse Oris. The observation that most 
metazoan Oris contain motifs with a pref-
erential orientation, as seen in Figure 2A 
and B (except for Oris associated with 
CGI sequences), consolidates this hypoth-
esis. G-quadruplexes might function as 
switches, regulating initiation of DNA 
replication. Their stabilization by specific 
proteins might maintain the distortion 
of the DNA complex that stimulates or 
inhibits the recruiting of the ORC com-
plex to Oris.

We then show that Ori sequences cen-
tered on the OGREs are predicted to have 
high intrinsic nucleosome occupancy. 
However, Oris in yeast are preferentially 
located in nucleosome-free region.11 This 
contradiction can be explained by the 
difference in nucleosome occupancy in 
yeast and human regulatory elements.35 
Notably, many human transcription fac-
tor (TF) binding sites have high intrin-
sic nucleosome occupancy, in contrast to 
yeast sites, yet both are depleted in vivo. 
In addition, nucleosomes bind preferen-
tially to GC-rich DNA in vitro,36 but CGI 
have lower than average in vivo nucleo-
some occupancy.35 Nevertheless, some TF 
binding sites are GC-rich and have high 
intrinsic and in vivo nucleosome occu-
pancy, thus arguing for an in vivo prefer-
ence for nucleosome occupancy at OGRE 
sequences. Nucleosomes are expected to 
hinder DNA melting, which is required 
for initiation of DNA replication, and the 
NS peak, located ~160 to 300 pb down-
stream of the OGRE, is a region where 
intrinsic nucleosome occupancy is pre-
dicted to be less abundant than in the 
OGRE region. Further investigations are 

or reversed orientations without affecting 
binding capacity for the ORC1 dimer.30 
The OGRE motif is probably not a direct 
binding site for ORC, as our data show 
instead a depletion of binding sites for 
mouse ORC2 in this sequence (data not 
shown). As the replication initiation site 
occurs at more than 160 bp (Drosophila 
cells) and 280 bp (mouse cells) down-
stream of the OGRE, it is possible that 
a large complex assembles between the 
OGRE and the ORC binding site, cov-
ering this DNA space and governing the 
entry of DNA polymerases (Fig. 2C).

In many organisms, following the 
assembly of ORC complexes on Oris, 
the protein core is wrapped by DNA. 
In A. pernix, this conformational change 
might increase the accessibility of A + 
T-rich regions, resulting in DNA unwind-
ing and beginning of replication.30 Atomic 
force microscopy studies of the S. pombe 
ORC have suggested that approximately 
150 bp of DNA are wrapped around the 
protein complex.31 DNA wrapping of Ori 
binding proteins has been observed also 
with the Drosphila DmORC,32 and this 
could explain the distance of 160 bp that 

(Fig. 5E). Only 1% of Oris contained 
G4 without OGRE. Importantly, the 
OGRE-G4 association predicted over 
70% of Oris, with a predictability of 
51%. Similar to what observed for the 
OGRE motifs, initiation of DNA synthe-
sis showed a clear peak at ~280 bp down-
stream the G4 elements (Fig. 5F).

These data suggest that OGREs could 
have some structural features (similar to 
the G-quadruplex structure) that can 
favor their function.

Discussion

We found that 90% of Oris in mouse 
and human cells and nearly 70% in 
Drosophila cells possess a specific G-rich 
sequence called OGRE.2 This is the first 
study describing a sequence element that 
is conserved in different metazoans spe-
cies. In general, each Ori contains sev-
eral copies of this motif (only 5% of Oris 
have a single OGRE), similar to what was 
observed in other organisms, like Archea, 
where Oris typically contain multiple 
ORB repeats. In addition, and in agree-
ment with our data, ORB can be in similar 

Figure 4. OGREs are predicted to have high intrinsic nucleosome occupancy. The average 
predicted intrinsic nucleosome occupancy was computed for a 1 kb around the most signi!cant 
OGRE occurrences associated with Oris. Shown is the predicted average occupancy for mouse (A) 
and Drosophila (B) Oris centered on the mouse OGRE motif. As a control, a similar number of sites 
were distributed randomly and the average nucleosome occupancy was calculated around these 
sites. The control randomization was repeated 20 times and its mean and standard deviation 
are plotted in red and green, respectively. Nucleosome occupancy was normalized to the mean 
genome occupancy that is 1.
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Figure 5. G-quadruplexes are speci!cally found in the majority of metazoan Oris, in association with the OGRE motif. (A) De!nition of the G-quadru-
plexes (G4) that were used in this study. (B) Venn diagram showing the association of OGRE occurrences and G4 in mouse chromosome 11. (C) Pre-
dicted G4 formed by an Oris-associated OGRE occurrence. (D) The association between Oris and G4 are illustrated with a Venn diagram. (E) Repartition 
of Oris from mouse ES cells based on to the presence of OGREs and/or G4. (F) The nascent Strands (NS) enrichment around G4 occurrences is shown. A 
strong NS peak is found ~260 nucleotides downstream of the G4. A small NS peak is also observed upstream similarly to what described for OGREs (see 
Fig. 2A and B).
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region) and 0 (if not belonging to one spe-
cific region). One sliding window of 70 kb 
was used to compute the data frequency 
per window.2

Nascent strand signal profile around 
specific features. For Drosophila and 
mouse cells, the NS signal profile was stud-
ied around specific features: (1) OGRE 
occurrences; (2) OGRE occurrences over-
lapping or not with CGI;45 G4 elements.

More precisely, for each profile 
(Drosophila and mouse cells), the middle 
of each specific feature was taken as “Local 
center” (Lcent). For each nucleotide posi-
tion around every Lcent (Lcent - 5 kb to 
Lcent + 5 kb), the p-values were retrieved 
(see Sup. Experimental Procedures of 
Cayrou, 2011 #2755) and merged in a 
matrix (rows representing the nucleo-
tide coordinate/position and columns 
representing Lcent). The strand was 
also considered. Thus, when the OGRE 
occurred on the minus strand, the nucleo-
tide positions and the associated p-values 
were reversed. To obtain only one over-
all p-value distribution around the set of 
Lcent, the p-values were combined using a 
Chi-Square distribution.46 To visualize the 
combined p-value distributions around 
specific features, results were plotted using 
the transformation “-log(p-value)” and 
labeled as “NS signal strength.”

Bidirectional/unidirectional oris rela-
tive to OGRE occurrences. Three classes 
of Oris were defined according to the 
profile of the OGRE occurrences overlap-
ping with the Ori sequence. The first class 
included Oris in which OGREs occurred 
mostly on the (+) strand, whereas the 
second class included Oris with OGRE 
occurring mostly on the (-) strand. The 
threshold to define the affiliation to the 
first or second class was 10: i.e., OGRE 
occurring 10 times more frequently in one 
direction than in the other direction. Oris 
affiliated to the first or second class were 
called unidirectional Oris, as the OGRE 
occurrence was mainly oriented in the 
same direction. The third class included 
Oris with OGRE occurring in both direc-
tions. These Oris were thus called bidirec-
tional Oris.

Intrinsic nucleosome occupancy 
prediction. Intrinsic nucleosome occu-
pancy was predicted using a previously 
published model trained on yeast in 

as a background distribution model. From 
5% of mouse and Drosophila Oris, 2 kb 
of DNA sequences centered on the NS 
peak were randomly selected. For each 
motif, an E-value was computed. E-values 
are commonly used for assigning sig-
nificance to the optimal reported motifs. 
The most significant motif for mouse and 
Drosophila Oris was retrieved. Moreover, 
independent analyses were performed to 
show that the results were not dependent 
on the Ori sample. As an additional nega-
tive control, randomly selected genomic 
sequences were also analyzed. Genomic 
frequencies of OGRE motifs were com-
puted using the FIMO software of the 
MEME suite.42 Only occurrences with a 
q-value lower than 1% were used in this 
study. The q-value is the estimated false 
discovery rate if the occurrence is accepted 
as significant.43

G-quadruplex (G4) elements pre-
diction. The G-quadruplex map was 
generated using the free Quadparser 
software44 at http://www.quadruplex.
org. Quadparser identifies putative qua-
druplexes in DNA sequences. The default 
G-quadruplex definition was used: 
G3N1–7G3N1–7G3N1–7G3.

Nucleotide skew computation. The 
nucleotide skew was obtained by com-
puting the following formula by 100 bp 
windows with a shift of 50 bp: (1) skew 
GC: (#G - #C)/(#G + #C); (2) skew 
TA: (#T - #A)/(#T + #A);45 overall skew: 
skew GC + skew TA. Windows with a 
skew above 0.5 (in absolute value) were 
then selected to create the map of skewed 
regions.

Computation of the overlap between 
Oris and genomic features. For each 
profile (Drosophila and mouse cells), the 
overlap of at least 1 bp between Oris and 
different genomic features (OGRE occur-
rences, G4 elements and CGI) was com-
puted. The reciprocal overlap was also 
performed. The associations are illustrated 
by Venn diagrams.

Density of origins and other genome 
features. Density analysis was performed 
to compare specific data distribution along 
chromosome 11 of the mouse genome. The 
coordinates of the specific regions (Oris 
and OGRE occurrence) were retrieved. 
Each nucleotide inside specific regions was 
flagged as 1 (if belonging to one specific 

required to evaluate the relevance of the 
high intrinsic nucleosome occupancy at 
OGREs and the nucleosome positioning 
at Oris around OGREs.

Several proteins of the large helicases 
family can unwind G-quadruplexes. There 
is now good evidence, particularly from 
studies on telomeres, that G-quadruplexes 
form and can slow down or block DNA 
replication in vivo.37,38 In S. cerevisiae, G4 
structures slow down replication forks, a 
reaction that can be counteracted by the 
Pif1 helicase only when G4 are on the 
leading strand template.23,24

In contrast to S. cerevisiae (in which 
no correlation between Oris and G4 was 
observed), metazoan Oris display a G4 at 
160 (Drosophila) (data not shown) and 
280 bp (mouse) 5' from the replication 
initiation peaks. In mammalian cells, two 
DNA helicases, FANCJ and REV1, might 
operate together at the fork to facilitate the 
replication of a subset of G-quadruplex-
forming sequences.39 Interestingly, like in 
S. cerevisiae, the efficiency of replication of 
a plasmid, including the chicken !-globin 
Oris, can be strikingly reduced when a G4 
sequence is placed on the leading-strand 
template but not on the lagging-strand 
template in REV1 mutant cells.40

In view of these data, the presence of a 
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