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G-quadruplexes are four-stranded nucleic acid structures

whose biological functions remain poorly understood. In

the yeast S. cerevisiae, we report that G-quadruplexes form

and, if not properly processed, pose a specific challenge to

replication. We show that the G-quadruplex-prone CEB1

tandem array is tolerated when inserted near ARS305

replication origin in wild-type cells but is very frequently

destabilized upon treatment with the potent Phen-DC3

G-quadruplex ligand, or in the absence of the G-quadruplex-

unwinding Pif1 helicase, only when the G-rich strand is the

template of leading-strand replication. The orientation-

dependent instability is associated with the formation of

Rad51–Rad52-dependent X-shaped intermediates during

replication detected by two-dimensional (2D) gels, and

relies on the presence of intact G-quadruplex motifs in

CEB1 and on the activity of ARS305. The asymmetrical

behaviour of G-quadruplex prone sequences during replica-

tion has implications for their evolutionary dynamics within

genomes, including the maintenance of G-rich telomeres.
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Introduction

The maintenance of genome stability is crucial for normal cell

growth, as revealed by the numerous chromosomal rearran-

gements that are a hallmark of cancer cells (Stephens et al,

2011). Mechanistically, genome stability is supported by the

evolution of complex repair and surveillance cellular mecha-

nisms monitoring faithful replication and lowering mutagenic

DNA damages, induced upon exposure to genotoxic agents or

spontaneously generated inside cells (Aguilera and Gomez-

Gonzalez, 2008). However, from an evolutionary perspective,

genetic variation is a source of diversification within species,

generating subtle or abrupt phenotypic variations suited for

immediate adaptation and Darwinian selection to act on.

A long-standing and puzzling problem underlying the

molecular mechanisms controlling the fluidity of genomes

is the abundant presence in all organisms of nucleotide

sequences ‘at risks’ of rearrangements (Durkin and Glover,

2007). Whether or not these sequences are detrimental or

evolutionary advantageous and how they are propagated and

tolerated within genomes are recurrent questions. At one end

of the scale length are heterochromatin domains, such as

centromeres and telomeres regions, which contain long

highly repetitive sequences at risk of gross chromosomal

rearrangements. On the other end of the scale length are

microsatellite arrays composed of simple repeating DNA

sequences of 1–10 nucleotides, which are prone to small

length changes associated with human diseases. Another

class of puzzling tandem repeats are minisatellite sequences

which are arrays of 10–100 nucleotide motifs present in all

genomes and also prone to contraction or expansion (Richard

et al, 2008; present study). In the human genome, highly

polymorphic G-C rich minisatellites (like hCEB1 studied here)

are overrepresented in subtelomeric regions (Vergnaud and

Denoeud, 2000) but minisatellites are also found in inter-

stitial regions, near or within coding regions (Richard and

Dujon, 2006). Importantly, due to their extended motif

length, minisatellite arrays have great potential to carry

functional information: they can be the substrate of binding

proteins (Law et al, 2011) or encode polypeptides (Richard

and Dujon, 2006). Thus, the addition or deletion of mini-

satellite repeat units in individuals of a population is a potent

mechanism to create genetic polymorphisms.

The molecular mechanisms, which drive the maintenance

and variation of minisatellites, remain poorly understood.

It is well established that the repetitiveness of microsatellite

sequences facilitates polymerase slippage and allows out-

of-register homologous recombination. Repetitiveness is

thought to provide a high local concentration of homologous

templates favouring maintenance. Sequence composition

also matters; within repeat motifs, the embedded sequence-

directed determinants allowing the formation of transient

non-Watson–Crick DNA structure are additional challenges.

The formation of secondary structures, when DNA is single

stranded, can trigger fork pausing and instability. Stable DNA

secondary structures may act as structural impediments to

polymerase progression and their processing yield recombi-

nogenic intermediates (Mirkin and Mirkin, 2007). This is a

well-described challenge for the subset of microsatellites that

can form hairpin secondary structures and hence facilitate

intramolecular slippage of the replicative DNA polymerases

(Samadashwily et al, 1997).

Other nucleic acid secondary structures may also challenge

replication (Mirkin and Mirkin, 2007). Among these are
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guanine-rich repeats, which have the capacity to adopt stable

G-quadruplex structures. G-quadruplexes are composed of

quartets of coplanar guanines (G-quartets) stabilized by non-

canonical Hoogsteen hydrogen bonding. Then, the stacking

of three G-quartets stabilized by monovalent cations (Naþ or

Kþ ) is sufficient to form a G-quadruplex (illustrated in

Figure 1 Orientation-dependent destabilization of CEB1 inserted near ARS305 in pif1D cells. (A) Nucleotide sequence of CEB1 motifs shown in the
50–30 orientation. CEB1 motif: more common motif in the natural CEB1-1.8 minisatellite (Lopes et al, 2006a). The G-tracts involved in the G-quadruplex
formation (Ribeyre et al, 2009) are highlighted. G-mutated CEB1 motif: sequence of the synthetic CEB1 G-mutated motif assembled in the artificial
CEB1-Gmut-1.7 tandem array (Ribeyre et al, 2009). The mutated nucleotides are underlined. (B) Map of the chromosome III region in which the CEB1
arrays were inserted (see Supplementary Methods). (C) Mode of replication of CEB1 by forks emanating from ARS305 upon insertion in orientation I
(left) or II (right). In orientation I, the G-quadruplex-forming strand is the template of leading-strand replication. In orientation II, the G-quadruplex-
forming strand is the template of lagging-strand replication. (D) Behaviour of CEB1-1.8 in orientations I (left) and II (right) in WT (ORT6119-4 and
ORT6135-36, respectively) and in pif1D (ORT6146-1 and ORT6136-8, respectively) cells visualized by Southern blot analysis. The number of colonies
analysed per lane is indicated. The molecular ladder (in kb) allows for the size determination of the DNA fragments at a resolution of±1 motif (40bp).
Genomic DNAs were digested with ApaI/XhoI (orientation I for WTand pif1D cells), ApaI/NcoI (orientation II for WTcells), and ApaI/SacII (orientation
II for pif1D cells). Membranes were hybridized with radiolabelled CEB1 probe. The total rearrangement frequencies (%), and in parenthesis the absolute
number of rearrangements over the total number of colonies analysed, are reported below the blots. Statistical analyses (P-values) of rearrangement
frequencies between strains are reported in Table I. (E) Size effect of CEB1 in orientation I on its rearrangement frequency in pif1D cells. A non-linear,
second order fit has been applied (R2¼0.9133). Strain names and numerical data are reported in Supplementary Tables S1 and S2, respectively.
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Figure 1A). They can adopt a large variety of conformations

depending on the size and sequence of intervening loops and,

accordingly, G-quadruplexes will differ in stability and mole-

cular properties (Burge et al, 2006), and their targeting thus

require specific cognate ligands (De Cian et al, 2008).

Experimental evidence arguing for the in vivo role of G-

quadruplexes, and hence their formation have proven diffi-

cult and remains limited and heterogeneous (Maizels, 2006).

G-quadruplexes regulate telomerase accessibility at the telo-

meres of the Stylonichia lemnae protist, as directly observed

throughout the cell cycle by immunostaining (Paeschke et al,

2008). Also, recent genetic and molecular studies argue that

G-quadruplexes cap compromised telomeres (Sfeir et al,

2009; Smith et al, 2011). Beside their involvement in telomere

homeostasis, G-quadruplexes also appear to promote genetic

instability, as suggested by the presence of G-quadruplexes

motifs in the vicinity of chromosomal breakpoints in humans

(Nambiar et al, 2010; De and Michor, 2011) and in C. elegans

animal defective for dog-1, the homologue of the G-quad-

ruplex-unwinding helicase FANCJ (Kruisselbrink et al, 2008).

This proposal has recently been subjected to experimental

challenges. Site-directed mutational analysis and G-quadru-

plexes stabilization by specific ligands uncovered a direct role

of G-quadruplexes in regulation of gene conversion of the pilin

locus in Neisseria gonorrhoeae (Cahoon and Seifert, 2009) and

in the instability of the hCEB1 minisatellite in S. cerevisiae

(Ribeyre et al, 2009; Piazza et al, 2010; present study).

The next critical issue is how G-quadruplexes are

processed? In vitro several DNA helicases, such as the mam-

malian BLM and WRN RecQ orthologues, PIF1, and FANCJ

unwind G-quadruplex structures (Sanders, 2010; Wu and

Brosh, 2010). In S. cerevisiae, the Sgs1 (RecQ orthologue)

and Pif1 helicases which belong to different helicase sub-

families and work in opposite directionality (30–50 and 50–30,

respectively) unwind G-quadruplexes in vitro (Sun et al,

1999; Ribeyre et al, 2009). In vivo, our previous studies

(and present data) clearly demonstrate that Pif1 is involved

in the processing of the G-quadruplexes formed by CEB1

(Ribeyre et al, 2009; Piazza et al, 2010). Consistently, it has

been recently reported that potential G-quadruplex-forming

sequences are significantly enriched among the numerous

Pif1 and Pif1-helicase dead (pif1-K264A) chromatin binding

regions (1584 and 1153 regions, respectively), with an esti-

mate that B25% (138/558) of the potential G-quadruplex-

forming sequences of the S. cerevisiae genome might be

processed by Pif1 (Paeschke et al, 2011). Why, at last, Pif1

binds to so many chromosomal regions and certainly not only

at G-quadruplex sites remains to be elucidated.

Another issue is to determine in which circumstance

G-quadruplex forms in vivo. The formation of single-stranded

DNA being most favourable circumstances, the folding of

DNA G-quadruplex is most likely occurring during transcrip-

tion and replication (Maizels, 2006). Strong evidences that

G-quadruplex forms during replication remained to be brought.

In this direction, Paeschke et al (2011) recently reported that

in pif1-m2 cells (proficient for the Pif1 mitochondrial func-

tion) but not in wild-type cells, a small fraction (11%) of the

DNA Pol2 occupancy sites overlap regions containing poten-

tial G-quadruplex-forming sequences and that replication

fork progression is slowed in hydroxyurea grown pif1-m2

cells in a regional but not in G-quadruplex site-specific

manner. Here, complementary to the Paeschke et al (2011)

study, we took advantage of the clearest demonstration that

the minisatellite CEB1 can form G-quadruplex in S. cerevisiae

cells (Ribeyre et al, 2009; Piazza et al, 2010) and specifically

address whether G-quadruplexes affect replication and, if

they do so, have different effects upon formation in the

leading or in the lagging-strand template. The temporal

program of replication, which initiates from a limited number

of well-defined origins along the chromosomes being well

established (Raghuraman et al, 2001), our key experimental

strategy was to insert CEB1 in both orientations in an inter-

genic region near the early-firing replication origin ARS305

and monitor its stability. This method was previously devel-

oped to determine the leading- and lagging-strand poly-

merases using a reporter strand-specific mutagenic assay

(Nick McElhinny et al, 2008). Importantly, the selected

chromosomal context further allows to demonstrate the role

of replication by modulating the activities of the replication

origins. Thus, the G-quadruplex-driven tandem-repeat in-

stability assay in S. cerevisiae enabled us to demonstrate

that G-quadruplexes frequently form on the leading strand

in wild-type cells treated with the specific G-quadruplex-

ligand Phen-DC3 and in the absence of the Pif1 helicase.

Results

Experimental system and rationale

To determine the role of G-quadruplexes on yeast replication,

we made use of the G-rich minisatellite CEB1 which is a

sensitive reporter of G-quadruplexes formation and proces-

sing by monitoring its change of length during mitotic growth

(Ribeyre et al, 2009; Piazza et al, 2010). Increase (expansion)

or decrease (contraction) of the total number of CEB1 motifs

(Figure 1A) can be visualized by Southern blot analysis of

DNA extracted from individual or pooled cell colonies (Lopes

et al, 2006a) and allow for the determination of a rearrange-

ment frequency, also referred as ‘instability’.

To examine a potential instability bias upon replication by

the leading or the lagging machinery, we inserted the natural

CEB1-1.8 allele containing 42 slightly polymorphic 39 nt

motifs arranged as direct repeats (for full sequence, see

Lopes et al, 2006a) in an asymmetrical position relatively to

the dynamic of replication between ARS305 and ARS306

(Supplementary Figure S1; Pavlov et al, 2002; Fachinetti

et al, 2010). Specifically, CEB1 was inserted in both orienta-

tions (I and II) in an intergenic region 2.1 kb to the right of

ARS305 and 32.6 kb away from ARS306, the closest down-

stream origin on the left arm of chromosome III (Figure 1B;

Supplementary Methods). As to determine the DNA poly-

merases involved in leading- and lagging-strand replication,

the rationale of this experimental design is that CEB1 will

primarily be replicated by the fork emanating from ARS305,

so that the leading- and lagging-strand templates can be

unambiguously assigned (Nick McElhinny et al, 2008). In

orientation I, the CEB1 G-quadruplex-forming strand will be

the leading-strand template and becomes the lagging-strand

template in orientation II (Figure 1C). The intergenic inser-

tion of CEB1 was chosen to avoid transcriptional interference

and all strains were grown in rich media to avoid eventual

selective pressure. Furthermore, to avoid any risk of back-

ground heterogeneity, all strains were derived by transforma-

tion of the SY2209 haploid strain, previously used to examine

replication dynamics (Fachinetti et al, 2010).

G-quadruplex-induced instability
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Orientation- and size-dependent instability of CEB1 near

ARS305 in Pif1-deficient cells

To examine the role of Pif1 in the stability of CEB1 inserted

near ARS305, we measured the frequency of CEB1-1.8 size

variants in WT and pif1D cells carrying CEB1 in orientation I

or II. In WT cells, CEB1-1.8 is rather stable in both orienta-

tions, showing 0.5% (2/384) and 0.5% (1/192) of rearrange-

ments, respectively (Figure 1D; Table I). In pif1D cells, the

orientation greatly matters. In orientation II, the frequency of

CEB1-1.8 rearrangements (2.0%) is not significantly different

than in WT (0.5%) (P-value pif1D orientation II versus

WT orientation II¼ 0.23). In sharp contrast, it is extremely

unstable in orientation I. The instability reaches 56.3%

(67/119) (P-value pif1D orientation I versus WT orientation

I¼ 1.24e�47 and P-value pif1D orientation I versus pif1D

orientation II¼ 1.69e�33) and yields a large diversity of size

variants (Figure 1D; Table I), which ascertains the indepen-

dent origin of these events. Importantly, when instability

reaches such high levels, our measures are likely under-

estimates. To eliminate potential clonal events, similar size

variants were counted only once (see Materials and methods),

although sequencing showed that they could be different

(Supplementary Figure S5). Thus, in pif1D cells, CEB1 in

orientation I is at least 28-fold more unstable than in orienta-

tion II and than in either orientation in WT cells.

Formally, the lack of CEB1 size variants in orientation II

could be explained by the induction of massive cell lethality.

To test this possibility, we examined cell viability in the WT

and pif1D cells carrying CEB1 in either orientation. We

measured cell viability in a single generation assay by separ-

ating pairs of mother and daughter cells under the micro-

scope and monitoring colony growth (Supplementary Figure

S2A). In both wild-type and pif1D cells, the insertion of CEB1

near ARS305 in either orientation has no effect on cell

viability: over 90% of budded mother cells (a landmark of

entry into S-phase) give rise to viable colonies (Supplemen-

tary Figure S2B). Therefore, induction of cell death in orien-

tation II is not the source of the orientation effect of CEB1.

Next, we investigated the relationship between array size

and stability. As illustrated in Figure 1E, the overall frequen-

cies vary by at least one order of magnitude, from 5.4% for

the shortest allele (11 repeats) to 56.3% for the longest alleles

(CEB1-1.8, 43 repeats) (Supplementary Table S2). Thus, the

rearrangement frequency increases steadily with the number

of CEB1 motifs (P¼ 2.78e�3, Spearman correlation test),

apparently without threshold and in a more-than-linear re-

lationship despite the underestimate of the rearrangement

frequencies for the longer alleles (Figure 1E).

In sum, the above data demonstrate that Pif1 is required

to stabilize CEB1 near ARS305 in an orientation-dependent

manner with rearrangement frequencies tightly correlated to

the number of repeats. With respect to the mode of replica-

tion, the extreme instability corresponds to the orientation in

which the CEB1 G-rich strand is the template of leading-

strand synthesis.

The helicase activity of Pif1 is required to stabilize CEB1

To determine if the helicase activity of Pif1 was required to

stabilize CEB1-1.8, we examined strains carrying the pif1-

K264A mutation that inactivates the Pif1 ATPase/helicase

activity (Schulz and Zakian, 1994). We observed that CEB1

is very unstable in orientation I (27/76, 35.5%) but not in

orientation II (6/192, 3.1%) (P¼ 9.77e�12; Table I). Thus,

the helicase activity of Pif1 has a role in the stabilization of

CEB1 in the G-leading orientation. Compared with pif1D

cells, the frequency of size variant in orientation I was

B2-fold lower in pif1-K264A cells (P¼ 5.3e�3). This may

reflect the fact that the pif1-K264A mutant retains wild-type

level of DNA binding in vitro (Boulé et al, 2005), which could,

to a certain extent, prevent G-quadruplex formation in CEB1

(Ribeyre et al, 2009). Thus, the absence of Pif1 or loss of its

helicase activity results in a CEB1 instability induction that

is 28- and 11-fold, respectively, higher in orientation I than

in orientation II.

Orientation-independent destabilization of CEB1 near

ARS305 in rad27D/FEN1 cells

In a previous study, we found that the absence of Rad27/

FEN1, a 50–30 Flap endonuclease involved in the processing of

Okazaki fragments formed during lagging-strand synthesis

(Kunkel and Burgers, 2008) destabilizes all types of tandem

repeats (microsatellite and minisatellite), including CEB1-1.8

inserted near ARG4 (Lopes et al, 2002, 2006a; Richard et al,

2008). Compared with WT cells, the inactivation of Rad27

increases the frequency of CEB1 rearrangements in both

orientations (Table I), and the difference between the orienta-

tions I (18%) and II (11%) is not significant (P¼ 0.27). These

results demonstrate that the biased behaviour of CEB1 near

ARS305 is specific to the inactivation of Pif1 and, in the

occurrence, not a general feature shared by another mutation

perturbing replication.

Table I Rearrangement frequencies of CEB1 arrays placed near ARS305 in both orientations in WT and mutant strains

Minisatellite Genotype Orientation I Orientation II P-value orientation I versus II

CEB1-1.8 WT 2/384 (0.5%) 1/192 (0.5%) NS
pif1D 67/119 (56.3%)* 5/240 (2%) 1.69e�33

pif1-K264A 27/76 (35.5%)*w 6/192 (3.1%) 9.77e�12

pif1D rad51D 6/191 (3.1%)w 0/192 0.03
pif1D rad52D 1/192 (0.5%)w 1/192 (0.5%) NS
pif1D rad54D 17/167 (10.2%)*w 10/191 (5.2%)* NS
sgs1D 2/192 (1%)w 2/192 (1%) NS
rrm3D 0/192w 0/192 NS
rad27D 14/81 (17.3%)*w 9/83 (10.8%)*w NS

CEB1-Gmut-1.7 pif1D 0/384 ND NA

NA, not applicable; ND, stability not determined; NS, P-value orientation I versus orientation II not significant.
*P-value single or double mutants versus WT o0.05.
wP-value pif1-K264A, single or double mutants versus pif1D o0.05.
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Other helicases, as well as Rev1 polymerase, are not

required to ensure CEB1 stability

To examine whether this orientation-dependent instability of

CEB1 near ARS305 is specific to the absence of Pif1, and not

mutations in other helicases, we assayed the stability of

CEB1-1.8 in both orientations in strains deleted for the

RRM3 or SGS1 helicase genes. Sgs1 was reported to unwind

G-quadruplexes in vitro (Sun et al, 1999), and Rrm3 is, like

Pif1, a member of the SF1 helicase superfamily, reported to

travel with the replication fork and to promote its progression

at pause sites (Ivessa et al, 2003; Azvolinsky et al, 2006).

In the sgs1D or rrm3D cells, CEB1 remained stable in either

orientation (Table I). Hence, the destabilization of CEB1 in

orientation I is specific to the inactivation of the Pif1 helicase.

Additionally, it shows that neither Pif1, nor Sgs1, nor Rrm3

seems required to ensure CEB1 stability when the G-strand is

template for the lagging-strand synthesis (see Discussion).

A recent study suggested that in DT40 chicken cells, REV1,

a polymerase of the Y-family, promotes the replication of

G-quadruplex-forming sequences during leading-strand

synthesis (Sarkies et al, 2010). To address the eventual role

of the orthologous REV1 gene in yeast, we constructed and

assayed the instability of CEB1 near ARS305 in rev1D cells in

the presence or absence of Phen-DC3 treatment. rev1D cells

behaved like wild type (Table II). Thus, further studies will be

required to generalize the role of Rev1 on potentially forming

G-quadruplex sequences.

G-quadruplex-dependent instability of CEB1 near

ARS305 in WT and pif1D cells

Does the orientation-dependent instability of CEB1 near

ARS305 depend on its capacity to form G-quadruplexes

in vivo? To address this issue and to demonstrate the

in vivo formation of G-quadruplexes, we conducted two

independent experimental approaches.

First, we asked whether or not CEB1 near ARS305 could be

destabilized in WTcells upon treatment with a G-quadruplex

ligand, in an orientation-dependent manner. We previously

showed that the potent G-quadruplex-stabilizing compound

Phen-DC3 (Monchaud et al, 2008) efficiently inhibits G-quad-

ruplex unwinding by Pif1 in vitro, and specifically triggers

instability of G-quadruplex-prone CEB1 alleles inserted near

the ARG4 locus (Piazza et al, 2010). Thus to establish that

G-quadruplexes impede the replication machinery, we exam-

ined the stability of CEB1-1.8 inserted in either orientation

near ARS305 in WT cells grown for eight generations with

or without Phen-DC3 at 10mM. Remarkably, compared with

the control samples (with 0.02% DMSO, as in the treated

sample), which showed a single rearrangement out of 192

colonies (0.5%), Phen-DC3 treatment triggered instability of

CEB1 in both orientations but to different extents: in orienta-

tion I, we observed 111/992 rearrangements (11.2%, P-value

versus control¼ 4.5e�8) and in orientation II, 57/1376

rearrangements (4.1%, P-value versus control¼ 7.1e�3)

(Figure 2; Table II). The difference between both orientations

is highly significant (P-value¼ 6.9e�11). These data strongly

suggest that the instability of CEB1 near ARS305 depends on

the in vivo formation of G-quadruplexes promoted or stabi-

lized by the Phen-DC3 compound.

As a second, complementary experimental approach, we

examined the behaviour of a version of CEB1 mutated for its

G-quadruplex-forming sequences (sequence of the G-mutated

motif is shown in Figure 1A; Ribeyre et al, 2009). For this

purpose, we inserted our synthetically built G-mutated CEB1

Table II Rearrangement frequencies of CEB1-1.8 in WT and mutant strains treated or not with Phen-DC3

CEB1-1.8 Orientation I Orientation II

Genotype\treatment Control Phen-DC3 P-value (control
versus Phen-DC3)

Control Phen-DC3 P-value (control
versus Phen-DC3)

WT 1/192 (0.5%) 111/992 (11.2%) 4.5e�8 1/192 (0.5%) 57/1376 (4.1%)** 7.1e�3

rad51D 2/176 (1.1%) 14/576 (2.9%)* NS 2/384 (0.5%) 16/564 (2.8%) 0.013
rad52D 1/192 (0.5%) 1/154 (0.6%)* NS 0/176 0/192* NS
rad54D 0/192 1/384 (0.3%)* NS 5/192 (2.6%) 8/368 (2.2%) NS
pif1D ND ND NA 3/191 (1.6%) 47/480 (9.8%)* 6.7e�5

rev1D 0/192 18/192 (9.4%) 5.0e�6 0/192 4/192 (2.1%) NS

NA, not applicable; ND, not determined; NS, not significant. *P-value versus WT o0.05. **P-value versus orientation I o0.05.

Figure 2 Orientation-dependent induction of CEB1 instability upon treatment of WT cells with the G-quadruplex-ligand Phen-DC3. Southern
blot analyses of CEB1-1.8 behaviour in ORT6119-4 (orientation I) and ORT6135-36 (orientation II) cells treated or not with 10 mM of Phen-DC3.
Genomic DNAs were digested with ApaI/XhoI (orientation I) and ApaI/NcoI (orientation II). Other legends as in Figure 1D.
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allele of 42 motifs, named CEB1-Gmut-1.7 (for the full

sequence of the minisatellite, see Ribeyre et al, 2009), near

ARS305, at the same location as the natural CEB1-1.8 allele.

Mutation of these motifs prevents G-quadruplex formation in

vitro and stabilizes CEB1 inserted at the ARG4 locus (Ribeyre

et al, 2009; Piazza et al, 2010). The CEB1-Gmut-1.7 array,

inserted near ARS305 in orientation I in a pif1D mutant is

stable (0/384), indicating that the high instability (56.3%)

observed with CEB1-1.8 in this context relies on its G-quad-

ruplex-forming potential (Table I).

Consistently and independently, the above data obtained

from pif1D and Phen-DC3-treated WT cells strongly suggest

that G-quadruplexes formed within CEB1 account for its

differential instability behaviour in orientations I and II

near the ARS305 replication origin.

The orientation-dependent behaviour of CEB1 results

from the activity of ARS305 and can be reversed

To rule out the possibility that the orientation-dependent

behaviour of CEB1 could depend on other cis-acting elements

than the replication directionality, we deleted the ARS305

region (Figure 3A; Supplementary Methods). In this context,

it is expected that CEB1 will be mostly replicated from the

closest but nevertheless distant ARS306 origin, and little

from the distant and poorly active ARS300-304 origins (see

Supplementary Figure S1; Poloumienko et al, 2001; Pavlov

et al, 2002). It implies that in ARS305-deleted cells, the

G-strand of CEB1-1.8 in orientation I will be the template of

lagging-strand replication, and vice versa orientation II will be

the template of leading replication (Figure 3A). If only the

mode of replication across CEB1 matters, the prediction is

that the orientation bias will be switched. Indeed, the dele-

tion of ARS305 profoundly modifies the behaviour of CEB1:

it is still destabilized, but in the opposite orientation. In the

absence of Pif1, we observed 6/189 (3.1%) rearrangements

in the CEB1 orientation I and 18/77 (23.3%) rearrangements

in orientation II (Figure 3B). The difference in orientation is

statistically significant (P¼ 3.17e�6). To further establish this

remarkable change of behaviour and the dependency on

G-quadruplexes formation, we also examined the behaviour

of CEB1-1.8 in WT cells treated or not by Phen-DC3.

Consistently, the Phen-DC3 treatment stimulates the instabil-

ity of the CEB1-1.8 array placed in orientation II (18/192,

9.3%, P-value versus control¼ 5e�6) but not significantly in

orientation I (3/192, 1.5%) (Figure 3B). Again, the difference

in orientation is statistically significant (P¼ 1.1e�3).

Together, the above data strongly support the interpreta-

tion that in the absence of Pif1, or upon stabilization of

G-quadruplexes by Phen-DC3 in wild-type cells, G-quadruplexes

form within CEB1 when the G-rich strand is the template for

leading replication and hence destabilize CEB1.

G-quadruplex-dependent accumulation of X-shaped

replication intermediates

To determine whether the presence of CEB1 near ARS305 and

its orientation-dependent behaviour perturb the progression

of replication, we arrested cells in G1 with a-factor, released

them to progress synchronously into S-phase, and then

examined DNA content doubling by FACS analysis as

well as replication intermediates by two-dimensional (2D)-

gel electrophoresis (see Materials and methods). Origin firing

generates ‘bubble arc’ containing forks proceeding bidirec-

tionally and ‘large Y’ molecules resulting from forks migrat-

ing asymmetrically outside of the origin fragment. Other

intermediates such as X-shaped and ‘cone’ signals detected

in connections with various processes such as DNA recom-

Figure 3 The deletion of ARS305 reverses the orientation-dependent behaviour of CEB1. (A) Mode of CEB1 replication upon deletion of
ARS305. CEB1 is replicated by forks emanating from ARS306. In orientation I, the G-quadruplex-forming strand is the template of lagging-
strand replication whereas in orientation II, it is the template of leading-strand replication. This is the opposite of Figure 1C where CEB1 was
replicated by the nearby ARS305. (B) Southern blot analysis of CEB1-1.8 behaviour placed in orientation I or II in WT cells (ORT6165-2 and
ORT6166-52, respectively) treated or not with 10mM of Phen-DC3, and in pif1D cells (ORT6169-2 and ORT6170-8, respectively). Genomic DNA
was digested with ApaI/XhoI (orientation I) and ApaI/NcoI (orientation II). Other legends as in Figure 1D.
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bination (Ivessa et al, 2003; Bzymek et al, 2010) can also be

visualized (Figure 4A).

In WT cells synchronously released from the G1 block,

DNA doubling occurs within B450 as monitored by FACS

(Supplementary Figure S3), and replicative Y-shaped mole-

cules generated by forks emanating asymmetrically from

ARS305 accumulate within 10–300 without detectable differ-

ence between the two strains carrying CEB1 in either orienta-

tion (Figure 4A). CEB1 is asymmetrically placed in the HaeII–

SacII or HaeII–ApaI restriction digests products (see

Figure 4A), implying that the typical increase of signal within

the descending part of the Y arc (corresponding to long and

mostly replicated Y molecules) may mask fork arrest within

CEB1. To specifically address this possibility, we used a

different restriction digestion (ApaI–SpeI) to probe CEB1

replication intermediates in a different position along the Y

arc (Supplementary Figure S4). Signal intensity along the

ascending Y arc was regular and remained constant after

having fully replicated CEB1 in WT cells, indicating that the

CEB1 array per se does not impair replication fork progres-

sion (Supplementary Figure S4).

In pif1D mutants, Y replication intermediates appear with

appropriate kinetics across CEB1 placed in either orientation

(Figure 4A). Strikingly, a signal of X-shaped intermediates

(see arrow in Figure 4A, right panel) accumulates in the

strain carrying CEB1 in orientation I. Along the time course,

the proportion of this X-spike (expressed as the X/Y signal

ratio) increases between 200 and 450, to reach 0.8 at 450

(Figure 4C). In sharp contrast, the X-spike is barely observed

in the strain carrying CEB1 in orientation II, and never

detected in WT strains, even upon longer gel exposure.

Quantitatively, the X/Y signal ratio in pif1D cells is at least

10-fold higher in orientation I than in orientation II. These

data demonstrate that pif1D cells accumulate aberrant inter-

mediates migrating as X-shaped molecules during replication

depending on the CEB1 orientation. Formation of X-struc-

tures correlates with very high frequency of CEB1 rearrange-

ments. Interestingly, the formation of these X-shaped

intermediates in pif1D cells requires intact G-triplets within

CEB1, since such structures are not observed upon replica-

tion of the CEB1-Gmut-1.7 minisatellite in orientation I

(Figure 4B and C; Supplementary Figure S3B).

Using a different restriction strategy (ApaI–SpeI), we

probed CEB1 replication intermediates presenting forks at

CEB1 in the ascending part of the Y arc. The signal intensity

was stronger in the ascending than in the descending part of

the Y arc in pif1D cells (Supplementary Figure S4). This was

not the case with the CEB1-Gmut-1.7 allele. These observa-

tions suggest that replication slows down at CEB1 in the

absence of Pif1 depends on the presence of intact G-triplets

(Supplementary Figure S4).

Finally, we also examined the replication intermediates in

WT cells treated with Phen-DC3. We observed that G1-

arrested cells released into the Phen-DC3-containing media

exhibited a significant delay in S-phase onset, compared with

the control cells (equivalent DMSO concentration of 0.02%)

that seemed unaffected, revealed both by the FACS profiles

(Supplementary Figure S3C) and by the appearance of the

replication intermediates on 2D gel (Figure 4D). This effect

of Phen-DC3 on the S-phase entry is independent of the

presence and the orientation of CEB1. Remarkably, like

in the absence of Pif1, X-shaped structures accumulate in

the Phen-DC3-treated WT cells during the replication of

CEB1 in orientation I, but not in the opposite orientation

(Figure 4E; Supplementary Figure S3D). Thus, the appear-

ance of X-shaped intermediates dependent on the CEB1

orientation in circumstances that impair G-quadruplexes

processing, strongly suggests that G-quadruplexes form

during leading-strand replication and, if not resolved, trigger

CEB1 rearrangements.

The formation of X-shaped molecules and CEB1

rearrangements depend on the homologous

recombination pathway

On 2D gels, molecules migrating in the X-spike have been

related to recombination intermediates such as double

Holliday junctions (dHJ) (Bzymek et al, 2010) or convergent

forks at sites of replication termination (Lopes et al, 2003).

Among these two possibilities, the formation of recombina-

tion intermediates is the only one that require the activity of

the Rad51 and Rad52 proteins, which play a central role in the

repair of DSBs and the restart of stalled replication fork

by homologous recombination (Pâques and Haber, 1999).

Therefore, to distinguish between these possibilities, we

deleted the RAD51 or RAD52 gene in pif1D cells carrying

CEB1 in orientation I and then examined the replication

intermediates. In contrast to pif1D cells, reexamined in

parallel, X-shaped structures were not detected in the pif1D

rad51D and pif1D rad52D double-mutant strains (Figure 4F

and G). We, thus, concluded that X-shaped intermediates

arising in pif1D cells during the replication of CEB1 in

orientation I are recombination intermediates.

The formation of the CEB1 rearrangements also

depends on the homologous recombination pathway

The above results raise the prediction that the occurrence

of CEB1-1.8 rearrangements near ARS305 is also dependent

on the activity of the homologous recombination pathway. To

test this prediction, we examined the instability of CEB1 in

strains deleted for the RAD51, RAD52, or RAD54 genes

(Supplementary Table S1). The Rad54 protein is also involved

in homologous recombination at synapsis and post-synapsis

stages (Heyer et al, 2006). The behaviour of CEB1 in these

various strain backgrounds is reported in Table I. In the

untreated rad51D, rad52D, and rad54D strains, we observed

no or few rearrangements, and the treatment with Phen-DC3

yielded no or few instability (Table II). Accordingly, the

CEB1 instability in orientation I was abolished in the pif1D

rad52D strain, and strongly decreased in the pif1D rad51D

and pif1D rad54D double mutants compared with the pif1D

strain (P-values¼ 7.8e�34, 7.4e�28, and 1.9e�17, respectively;

Table I). Thus, the remaining Rad51- and Rad54-independent

rearrangements are likely produced by break-induced

replication or single-strand annealing mechanisms (Pâques

and Haber, 1999; Malkova et al, 2005). In orientation II, in

all cases the frequencies of rearrangements were low

(Table I).

Again, we examined cell viability. The absence of Rad51

has no detectable effect with CEB1 in both orientations

(Supplementary Figure S2B). However, the double-mutant

pif1D rad51D bearing CEB1 in orientation I exhibited a

markedly reduced viability (67%) compared with pif1D and

rad51D single mutants (P¼ 7.5e�6 and 5.9e�3, respectively),

whereas cells bearing CEB1 in orientation II did not
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(Supplementary Figure S2B). This result suggests that lesions

produced in CEB1 in orientation I in the absence of Pif1 require

the homologous recombination pathway to be repaired, other-

wise leading to cell death or senescence.

We concluded that the production of CEB1 rearrangements

in orientation I generated in the absence of Pif1 or upon

treatment of WTcells by Phen-DC3 and the correlated forma-

tion of the X-shaped structures during replication are fully
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dependent on the activity of the homologous recombination

pathway. Its role is likely to allow the processing of unre-

solved G-quadruplex structures forming during leading-

strand replication, albeit with the consequence to generate

CEB1 size variations by a process of template switch or

synthesis-dependent strand annealing (SDSA) (Figure 5).

Structure of the CEB1 rearrangements produced upon

Phen-DC3 treatment in either orientation

To further explore the behaviour of CEB1 near ARS305 with

respect to its orientation, we also asked whether the size

variants obtained in the Phen-DC3-treated cells carrying the

polymorphic CEB1-1.8 allele in either orientation were of

different types. To do so, we first examined the size distribu-

tion of the variants. Compared with the parental CEB1-1.8

array containing 42 repeats, the size distribution of the

variants, ranging from 3 to E200 repeats (median orientation

I: 38 and median orientation II: 39), is not significantly

different in both orientations and includes a majority of

contraction events (78% in orientation I and 65% in orienta-

tion II, not significantly different). Having screened a large

number of cells, we could also determine the sequence of 12

contraction events in each orientation, and compared them

with the parental array, and with each other. No de novo

mutation was found. As schematically represented in

Supplementary Figure S5, all sequenced contractions retained

their tandem array structure with full-length CEB1 motif, and

are different from each other even if they contain the same

number of motifs (for examples: D4 and DD1 (21 motifs) in

orientation I or D4, D5, and C3 (13 motifs) in orientation II).

As previously observed in rad27D, pif1D, and wild-type cells

carrying CEB1 near ARG4 and treated by Phen-DC3 (Piazza

et al, 2010), we recovered three categories of rearrangements

(simple and double deletions, as well as complex reshuffling

of the parental motifs) in similar proportions. Qualitatively,

looking at the average size of the rearrangements and the

motif shuffling, we did not detected notable difference

between the events produced in orientations I and II. This

analysis gives no evidence that the rearrangements produced

by the Rad51/Rad52 pathway are differently initiated in

orientations I and II.

Discussion

Using complementary genetic, chemical, and physical ana-

lyses, we provide unprecedented insights into the in vivo

consequence of DNA G-quadruplex secondary structures

formation on leading-strand replication and minisatellite

instability. We show that (i) Yeast cells deficient for

G-quadruplex processing, either by interaction with the

Phen-DC3 G-quadruplex ligand or by inactivated for the Pif1

helicase, frequently rearrange the reporter G-quadruplex-

prone CEB1 minisatellite inserted in close proximity to the

early-firing ARS305 in an unexpected orientation-dependent

manner. (ii) The instability is dependent on the G-quadruplex-

forming sequence of CEB1 since site-directed mutations

of the G runs abolish the instability. (iii) The instability

is almost exclusively observed in orientation in which the

G-quadruplex-forming sequence is the template of the leading-

strand synthesis (see Figure 1). (iv) This orientation effect

relies on the cis-effect of ARS305. Deletion of ARS305 not only

modifies the orientation bias but also reverses it because, in

the absence of ARS305, the same region becomes replicated

in the opposite direction from ARS306. (v) The orientation-

dependent behaviour correlates with the formation of abnor-

mal X-shaped intermediates during replication in CEB1.

Formation of these intermediates, as well as the rearrange-

ments, is dependent on the activity of the Rad51/Rad52

homologous recombination pathway.

Model for G-quadruplex formation and its interference

with leading-strand synthesis

In which biological circumstances G-quadruplexes fold in vivo

remain unknown. G-quadruplexes have been implicated in

Figure 4 Recombination-intermediate formation during CEB1 replication depends on the CEB1 orientation and on the formation of G-
quadruplexes. (A) Time-course analysis by 2D-gel electrophoresis of replication intermediates formed in CEB1 arrays in orientations I and II
during S-phase in synchronized WTand pif1D cells. The WT ORT6119-4 (orientation I), ORT6135-36 (orientation II), and the pif1D ORT6136-8
(orientation II) cells carry the CEB1-1.8 array. Due to the very high instability of CEB1-1.8 orientation I in pif1D cells which yields clonal
rearrangements in the cell population (see Table I), the pif1D strain ORT6123-1-5 used here carries the CEB1-1.6 array in orientation I. Cells
were arrested in G1 by a-factor treatment, released into a synchronous S-phase, and aliquots examined by FACS to follow progression into the
S-phase (see Supplementary Figure S4A). Genomic DNA was prepared from cells collected at the indicated times (min). Methods for 2D-gel
analyses are described in Materials and methods. Restriction strategies and expected DNA fragment sizes for CEB1 in orientations I (HaeII/
SacII) and II (HaeII/ApaI) are shown in the top panel. Membranes were hybridized with a radiolabelled CEB1-0.6 probe (Lopes et al, 2006a).
A schematic representation of replication intermediates is presented in the right panel. Arrows on gel images outline abnormal X-shaped
molecules (spike). The low intensity second Y arc in the pif1D strain with CEB1 orientation II corresponds to partially digested DNA.
(B) Time-course analysis by 2D-gel electrophoresis of DNA intermediates formed in CEB1-Gmut-1.7 in orientation I during S-phase in a pif1D
strain (ORT6157-1). Genomic DNAwas digested with HaeII/ApaI. DNA fragments are revealed using a radiolabelled CEB1-Gmut probe (Ribeyre
et al, 2009). Other legends as in (A). FACS analyses reported in Supplementary Figure S4B. (C) Relative time-course quantification of the spike
signal normalized to the Y arc signal observed in experiments in (A) and (B). The spike signal is abundant in pif1D cells carrying the natural
G-quadruplex-forming sequence as template of leading-strand replication (orientation I). (D) Time-course analysis by 2D-gel electrophoresis of
DNA intermediates formed in CEB1 arrays in orientations I (left panel) and II (right panel) in synchronized WTcells, treated or not with 10mM
Phen-DC3. In the Phen-DC3-treated samples, the shift from the 1C to 2C peak is slightly delayed compared with the control sample incubated in
the same final concentration of DMSO (0.02%) (FACS, see Supplementary Figure S4C). Thus, control and treated samples were examined at
different times in order to compare cells with similar progression into S-phase. Other legends as in (A). (E) Time-course quantifications of spike
signal observed in Phen-DC3-treated samples in the experiments of (D). (F) Time-course analysis by 2D-gel electrophoresis of replication
intermediates in synchronized pif1D (ORT6123-1-5) and pif1D rad51D (ORT6139-5) strains carrying CEB1-1.6 in orientation I, and pif1D rad52D
(ORT6153-2) cells carrying CEB1-1.8 in orientation I. Other legends as in (A). The spike signal observed in pif1D cells (A) is confirmed in this
duplicate experiment and is no more observed upon inactivation of Rad51 and Rad52. FACS analyses reported in Supplementary Figure S4D.
(G) Relative time-course quantification of the spike signal normalized to the Y arc signal observed in experiments of (F). The abundant spike
signal in pif1D cells carrying the natural G-quadruplex-forming sequence as template of leading-strand replication (orientation I) depends on
the presence of the Rad51 and Rad52 proteins.
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the regulation of DNA- and RNA-related processes such as

telomere maintenance, genome rearrangements, transcrip-

tion, splicing, and translation (Maizels, 2006; Kruisselbrink

et al, 2008; Paeschke et al, 2008; Cahoon and Seifert, 2009;

Reinhold et al, 2010). Theoretically, the folding of a G-quad-

ruplex DNA may initiate either from duplex or from single-

stranded DNA. A large number of natural proteins have been

found to specifically interact with G-quadruplex structures

(Wu and Brosh, 2010). They can play a sequence-specific role

in destabilizing a target duplex DNA and/or acts to shift the

equilibrium in favour of the G-quadruplex-folded state.

Alternatively, the intramolecular folding of G-quadruplexes

Figure 5 A model for the replication of the CEB1 sequence upon formation of a G-quadruplex in the leading-strand template. CEB1 is
schematically represented as a green (C-strand) and red (G-strand) array. The replication fork moves from left to right, implying that the G-rich
strand of CEB1 is the template for leading-strand replication. Each motif has a certain probability to form a G-quadruplex, which will in turn
stuck the replicative polymerase (Pole). To be noted, in contrast to hairpins, G-quadruplexes fold only in the G-rich strand without an
equivalent counterpart in the opposite strand (i-motif forms only at unphysiological acidic pH; Gehring et al, 1993). In a WTcontext (left part),
Pif1 loads in the downstream single-stranded DNA and, while translocating in the 50–30 orientation, unwind the G-quadruplex. Note that, due
to the presence of Pole upstream of the G-quadruplex, the loading and thus the activity of potential 30–50 helicases (like Sgs1) will require
further processing (removal of the polymerase and 30–50 resection). Thus, in this context, the G-quadruplex is a substrate only for 50–30

helicases. Once the G-quadruplex is unwound, the replication can proceed normally. If the G-quadruplex persists, in Pif1-deficient cells or upon
G-quadruplex stabilization by Phen-DC3 (right part), fork is restarted and the G-quadruplex is bypassed or removed by a template-switch
mechanism. Alternatively, an accidental single-strand break of the leading-strand template or the G-quadruplex cleavage can convert the stalled
fork into a broken fork. Fork will then be restored by a synthesis-dependent strand annealing (SDSA) mechanism. Both of these SDSA and
template-switch mechanisms involve a Rad52-dependent Rad51 nucleofilament formation followed by a Rad54-dependent dsDNA invasion
step during which CEB1 motifs can be misaligned (denoted by an *). The subsequent extension and reannealing of a misaligned invading
strand will lead to the formation of the CEB1 rearrangements. Depending on the resolution of the double Holliday junction (dHJ), one or both
alleles will be rearranged.
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on single-stranded DNA either during transcription or during

replication might be easier without the competition from the

complementary strand which in duplex would favour stan-

dard Watson–Crick base pairing. With this view, our mechan-

istic interpretation of the formation of G-quadruplexes and its

specific interference with leading-strand replication, up to the

ultimate formation of the rearrangement products, is illu-

strated in Figure 5. Globally, it addresses three major ques-

tions: how the G-quadruplex may form during S-phase, how

defective G-quadruplex resolution leads to a recombinogenic

lesion, and finally how the repair of these recombinogenic

lesions generates the variety of rearrangements depicted in

Supplementary Figure S5.

Along this path, the first issue is where single-stranded

DNA might form during replication to promote the formation

G-quadruplexes? During normal replication, the leading

strand is synthesized continuously and the lagging strand

copied in short B200 bp Okazaki fragments which are then

joined together after removal of their 50 ends by the Rad27/

FEN1 Flap endonuclease (Kunkel and Burgers, 2008). During

the unwinding of the DNA duplex by the MCM complex at the

replication fork, single-stranded DNA may transiently forms

between the leading Pole polymerase and the fork and/or

between the lagging Okazaki fragments which are RNA

primed and successively elongated by the Pola and Pold

polymerases (Kunkel and Burgers, 2008). In the case of

CEB1, the sequence context may compromise the ability of

the replicative polymerases to remain processive. We, thus,

propose that the repeativeness of the array would provide

aggravating opportunities to further slow down replication

and ultimately create the more drastic G-quadruplex obstacle.

It is known that G-quadruplexes can hinder DNA poly-

merases progression in vitro (Weitzmann et al, 1997).

Replication pause site can be visualized in 2D gel as a discrete

spot signal along the Y arc that can be localized using

different restriction digests. Here, in most 2D gels

(Figure 4), we observed that the distribution of signal along

the Y arc was homogenous, suggesting the lack of a specific

site for replication pausing within CEB1. However, to be

noticed, using the most asymmetric ApaI/SpeI restriction

digestion that places CEB1 at the distal end of the Y arc,

we noted a slight accumulation of replication intermedi-

ates within the hereof compacted CEB1 region (see

Supplementary Figure S4). Hence, whether or not the wild-

type CEB1 sequence itself perturbs the dynamic of Pole

elongation remains to be further explored. Of concern,

the sensitivity of 2D gel may not be sufficient to detect

low frequency pausing events distributed along the CEB1

array. Differently, the coupling between the replicative heli-

case and polymerase as well as the coupling between the

leading- and lagging-strand synthesis may also be impaired,

leaving additional opportunities to create single-stranded gap

regions or more complex branched molecules. Thus, as

illustrated in Figure 5, we propose that intramolecular

G-quadruplex folds on the leading strand between CEB1

and the fork duplex.

The next critical issue is how G-quadruplexes are processed?

In vitro several DNA helicases, such as the mammalian

BLM and WRN RecQ orthologues, PIF1, FANCJ unwind

G-quadruplex structures (Sanders, 2010; Wu and Brosh,

2010). In S. cerevisiae, the Sgs1 and Pif1 helicases unwind

G-quadruplex in vitro (Sun et al, 1999; Ribeyre et al, 2009).

The present data demonstrate the in vivo role of Pif1 to

ensure CEB1 stability during replication but we found no

effect of inactivating the Sgs1 or Rrm3 helicases. It suggests

that Sgs1 or Rrm3 may have no role in unwinding G-quad-

ruplexes in vivo, act on different G-quadruplex substrates that

remain to be uncovered, or show functional redundancies

with each other or with the other helicases of S. cerevisiae.

Our current mechanistic model is illustrated in Figure 5.

Consistent with the recent report of Pif1 binding to chromo-

somal regions containing G-quadruplex potentially forming

sequences (Paeschke et al, 2011), we propose that Pif1 un-

winds the G-quadruplexes that form during leading-strand

replication either by its direct recruitment to the G-quadru-

plex structure or indirectly, as being part of the ‘replisome

or fork-movement machinery’ in order to resolve such

impediments. The 50–30 directionality of Pif1 would play

an important role in this process (Figure 5). In contrast, in

the absence of Pif1 or in Phen-DC3-treated wild-type cells, the

G-quadruplexes formed by CEB1 will remain unprocessed

and channelled into the recombinational-repair pathway,

otherwise leading to cell death.

The present observations that factors of the homologous

recombination pathways involved in the nucleofilament for-

mation (Rad51 and Rad52) and strand invasion (Rad51 and

Rad54) are required for the production of the accumulation

of X-shaped intermediates, in correlation with the produc-

tion of complex CEB1 rearrangements, demonstrate that

unresolved G-quadruplexes formed in the leading-strand

template lead to a recombinogenic substrate. The 2D-gel

properties of the identified repair intermediates suggest

that they represent X-shaped structures typical of unresolved

joint molecules likely forming between the sister chromatids,

but whether it arises from an initiating nick, a single-strand

gap, or a double-strand break remains to be determined.

As illustrated in Figure 5, out-of-register Rad51-dependent

strand invasion can occur within the array and multiple

cycles of invasion and destabilization events can yield

the large variety of CEB1 rearrangements (Supplementary

Figure S5). In Phen-DC3-treated WT cells as well as in pif1D

cells, the frequency of rearrangements increased with the

size of the CEB1 array (Figure 1; Ribeyre et al, 2009) likely

reflecting the increased probability of longer arrays to

form one or several G-quadruplex structures. Alternatively,

lesions in small alleles may be more frequently repaired in

proper register or be resected into the non-repeated flanking

regions, leading to the preferential restoration of the parental

sequence.

Does G-quadruplexes form in the lagging-strand

template?

The stability of CEB1 inserted near ARS305 in orientation II

(G-strand being the lagging template) was surprising for two

reasons. First, single-stranded DNA inherently forms on the

lagging strand between elongating Okazaki fragments.

Second, Pif1 involvement on the lagging-strand replication

has been suggested by the genetic interactions of PIF1 with

DNA2, POL32, CDC9, POL3, and RAD27 (Budd et al, 2006;

Chang et al, 2009) and investigated in vitro on reconstituted

Okazaki fragment processing machineries (Pike et al, 2009).

Several interpretations can be invoked. It may indicate that

G-quadruplexes do not fold on the template strand during

lagging-strand synthesis. Alternatively, if G-quadruplexes
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form, it may reveal that other helicases than Pif1 are specia-

lized to resolve them on the lagging strand. So far, we have

tested deletion of the SGS1, RRM3, MPH1, and DNA2 (in

combination with the PiF1 deletion) genes and found no

effect of inactivating these candidate helicases (Ribeyre

et al, 2009; Table I). Differently, it may also reveal the higher

tolerance of the lagging-strand replication machinery to by-

pass the block by priming DNA synthesis downstream,

although downstream priming on the leading strand is also

possible (Heller and Marians, 2006).

To further address the possibility that CEB1-G-quadruplex

may be differently processed on the leading and lagging

strand, we also examined the behaviour of CEB1 in WT

cells treated with Phen-DC3 in either orientation. Again, the

instability of CEB1 was significantly more pronounced in

orientation I than in II, but quantitatively the bias was less

pronounced in WT-treated cells than in the absence of Pif1

(B3–8-fold versus 28-fold, respectively; see Tables I and II

and Figure 3) and importantly, it results from a slight increase

of instability in orientation II compared with untreated WT

cells. Mechanistically, it raises the possibility that CEB1-G-

quadruplexes are processed by Pif1 in that strand, but in a

dispensable manner due to the presence of other redundant

G-quadruplex-processing activities.

Implication on the localization of G-quadruplex-forming

sequences within genome

The ‘at risk’ destabilization of CEB1 according to the direc-

tion of replication raises the question where the potential

G-quadruplex-forming sequences are located within the yeast

genome relative to the position of the origins of replication.

To cross these features, we stringently mined the sequence

of the yeast genome with Quadparser (Huppert and

Balasubramanian, 2005) for G-quadruplexes with loops size

p9 nt and then examined the position of the 50 best potential

G-quadruplex-forming sequences relatively to the experimen-

tally validated closest early- and middle-firing 50 and 30 ARS

(Fachinetti et al, 2010). The methods and the source of

information are described in Supplementary Methods. The

resulting information is reported in Supplementary Table S3.

If to be maintained, the G-quadruplex-forming sequences are

preferentially located on the lagging-strand template, we

expected to find them closer to the ARS in 50 than the ARS

in 30. Clearly, no bias towards a particular location on one

side of the interorigin distance exists (P¼ 0.19 Mann–

Whitney–Wilcoxon test). Thus, we conclude that in the

S. cerevisiae genome the location of single G-quadruplex poten-

tially forming sequences is not correlated with the replication

directionality. Another evolutionary feature may reside in the

arrangement of G-quadruplex-forming sequences in arrays

like in CEB1. Indeed, whereas no negative selective pressure

seems to apply for single G-quadruplex-forming sequences in

the human genome (except in exonic coding sequence)

(Huppert and Balasubramanian, 2005), G-quadruplex-prone

tandem arrays are among the most unstable (Weitzmann

et al, 1997), and the number of motifs in these arrays

inversely correlates with the stability of the G-quadruplexes

determined in vitro in nine vertebrate genomes (Bacolla et al,

2008). This correlation is rationalized in S. cerevisiae by the

fact that except the subtelomeres and telomere repeats,

interstitial tandem arrays of potential G-quadruplex-forming

sequences are absent and that the majority of rearrangements

produced upon the Phen-DC3 treatment in WTcells, and even

more in pif1D-treated cells are extensive contractions (Piazza

et al, 2010), all tending to eliminate potentially unstable

G-quadruplex arrays, unless counteracted by functional selec-

tive pressure. Interestingly, along this line, despite the poten-

tial drawback of the G-quadruplex-forming repeats which we

report here, it is remarkable that telomeric repeats in most

eukaryotic phyla are TTAGGG or other potentially forming

G-quadruplex sequences (Tran et al, 2010) and that both the

subtelomeric repeats and the single-stranded overhang are

oriented such that the G-rich strand is replicated by the

lagging-strand machinery (Makovets et al, 2004; Gilson and

Geli, 2007). Together with the utility of these G-quadruplex

sequences to be able to form potentially useful stable struc-

tures in normal or pathological situations (Smith et al, 2011)

such predominant evolution of telomeric repeats may result

from the need to protect chromosome ends from damageable

contractions and overall being replicated by the safer lagging-

strand machinery is an adaptation to the challenge of leading-

strand DNA replication.

Materials and methods

Media and strains
Media were prepared as previously described (Piazza et al, 2010).
Strain was derived by transformation of the SY2209 S. cerevisiae
strain of the W303 background (Fachinetti et al, 2010) and listed
in Supplementary Table S1. Methods of strain construction are
described in Supplementary Methods.

Measurement of CEB1 instability
CEB1 instability during vegetative growth was measured by
Southern blot analysis as previously described (Ribeyre et al,
2009; Piazza et al, 2010). Briefly, cells were suspended at a density
of 2�105 cells/ml into 5ml of rich YPD medium, grown for eight
generations at 301C with agitation, and then plated as individual
colonies on YPD media incubated at 301C. Individual colonies or
colony pools were analysed by Southern blot using the following
genomic digestions: ApaI/XhoI for CEB1-1.8 (orientation I), ApaI/
NcoI or ApaI/SacII for CEB1-1.8 (orientation II), and ApaI/SacII for
CEB1-Gmut-1.7. The membranes were hybridized with radiola-
belled CEB1-0.6 or CEB1 Gmut probes. Signals were detected with a
Typhon PhosphorImager (Molecular Dynamics). To measure CEB1
instability upon Phen-DC3 treatment, cells were grown for eight
generations in liquid SC media containing 10mM of Phen-DC3 or, as
a control, grown in the equivalent concentration of DMSO (0.02%)
(Piazza et al, 2010). For pools of genomic DNA of 8, 12, or 16
colonies/well, a rearrangement is counted if the intensity of the
rearranged minisatellite, quantified with ImageQuant software and
normalized to its size, corresponds to 1/8 or 1/12 or 1/16 of the
total amount of signals measured in the lane. Rearrangements
migrating at the same size are considered as early clonal events,
counted only once, and the remaining counts removed of the total
number of colonies analysed. Sequencing of several of these same-
sized alleles allowed us to confirm their clonal origin in most cases.
However, in mutant strains with very high CEB1 instability (i.e.,
pif1D with CEB1 orientation I), the probability of obtaining two
independent rearrangements of the same size is quite high.
Consequently, the removal of all rearranged alleles of the same
size may lead to an underestimation of the rearrangement
frequency.

Statistical analysis
The rearrangement frequencies measured on Southern blots have
been compared using the two-tailed Fischer’s exact test. The
correlation between the instability and the size of CEB1 has been
tested using the Spearman correlation test. Size distributions of the
rearrangements have been compared using the two-tailed Mann–
Whitney–Wilcoxon median comparison test. All the statistical tests
have been performed using R 2.12.0. An a cutoff of 0.05 has been
applied for each test.
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Sequencing of CEB1 rearrangements
The sequencing of a sample of CEB1 contractions was performed as
previously described (Lopes et al, 2006a). Colonies that carry a
CEB1 contraction visualized by Southern blot were isolated, genomic
DNA extracted and the CEB1 region was PCR amplified and sequenced
using flanking primers. Compared with the sequence of the progenitor
polymorphic CEB1-1.8 allele, the origin of the motifs was defined by
the most parsimonious interpretation to describe the reshuffling of the
parental motifs (see Supplementary Figure S5).

Physical analyses of replication intermediates by 2D gels
After an O/N preculture at 251C in YPD or SC medium, cells were
diluted to 107 cells/ml in fresh medium and grown for 2 h at 251C.
Cell synchronization was performed on diluted cells (107 cells/ml)
by adding a factor (Euromedex) to a final concentration of 3 mg/ml
for about 130min at 251C. In the case of Phen-DC3 or DMSO
regimen, 10mM of Phen-DC3 or the equivalent concentration of
DMSO was added 15min before the end of a factor synchronization.
The release was performed at 301C in YPD, or in SC medium
containing either Phen-DC3 at 10 mM, or 0.02% DMSO. At each time
point, 1ml of cells was taken for FACS analysis (E107 cells) and
200ml cultures were arrested by addition of 2ml of 2% sodium
azide for DNA extraction. Before DNA extraction, cells were washed
with cold water and treated with Psoralen (Sigma). In all, 5ml of
cold water was added to the pellet and cells were transferred in
culture dishes that contain six wells, in ice. In all, 300ml of Psoralen
solution (0.2mg/ml in ethanol 100%) was added and cells were
incubated for 5min in the dark. Cells were irradiated for 10min
with UV light of 365nm. The light source was mounted at a distance
of 6–7 cm above the culture dish, always in ice. The procedure is
repeated three times with a total irradiation time of 40min. Cells
were then transferred in a 50-ml Falcon tube in ice, and washed
with cold water. DNA extraction was performed as described in
‘Method 3’ DNA Extraction Procedures by Lopes et al (2003). 2D-gel
electrophoresis was carried out as originally described by Brewer
and Fangman (1987). DNA was transferred to GeneScreen Pluss

Hybridization Transfer Membrane (Perkin-Elmer) in 10� SCC by
capillarity blotting. Quantification was done using ImageQuant 5.2
(Molecular Dynamics) as previously described (Lopes et al, 2003).

Cell viability assay
To examine cell viability, cells taken from a fresh patch on YPD
plate were suspended to a final concentration of 5�104 cells/ml in
5ml of YPD, and grown O/N at 301C. The exponentially growing
culture was sonicated (Bioblock Scientific sonicator, Vibra Cell
75041) for 5 s, and cells spread on YPD plate at room temperature.
Using a micro-dissector (Singer Instruments), budded cells were
isolated on a grid and regularly examined to separate mother and
daughter cells. After 3 days of plate incubation at 301C, the cells
forming colonies were examined to determine the number of
mother–daughter pairs giving rise to 2, 1, or 0 outgrowth.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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