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Abstract
Non-B DNA structures are a major contributor to the genomic instability associated with repetitive
sequences. Immunoglobulin switch Mu (Sμ) region sequence is comprised of guanine-rich repeats
and has high potential for forming G4 DNA, in which one strand of DNA folds into an array of
guanine quartets. Taking advantage of the genetic tractability of Saccharomyces cerevisiae, we
developed a recombination assay to investigate mechanisms involved in maintaining stability of
G-rich repetitive sequence. By embedding Sμ sequence within recombination substrates under the
control of a tetracycline-regulatable promoter, we demonstrate that the rate and orientation of
transcription both affect the stability of Sμ sequence. In particular, the greatest instability was
observed under high-transcription conditions when the Sμ sequence was oriented with the C-rich
strand as the transcription template. The effect of transcription orientation was enhanced in the
absence of the Type IB topoiosmerase Top1, possibly due to enhanced R-loop formation. Loss of
Sgs1 helicase and RNase H activity also increased instability, suggesting they may cooperatively
function to reduce the formation of non-B DNA structures in highly transcribed regions. Finally,
the Sμ sequence was unstable when transcription elongation was perturbed due to a defective THO
complex. In a THO-deficient background, there was further exacerbation of orientation-dependent
instability associated with the ectopically expressed, single-strand cytosine deaminase AID. The
implications of our findings to understanding instability associated with potential G4 DNA
forming sequences are discussed.
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1. Introduction
Repetitive sequences that can adopt non-B structures in vivo are associated with increased
genetic instability [1, 2]. Non-B DNA structures include triplex or H-DNA formed by
polypurine tracts (for example, GAA triplet repeats), cruciforms formed by inverted repeats,
and left-handed Z-DNA formed by alternating purines and pyrimidines. G-quartets,
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comprised of four guanines assembled into a planar configuration through Hoogsteen
bonding [3], are also an example of a non-B structure forming sequence motifs. When DNA
contains more than four tracts of at least three guanines, it can form a higher order structure
called G4 DNA, which consists of multiple G-quartets stabilized by stacking on top of each
other [4]. Sequences with potential for G4 DNA formation are found throughout the
genomes of bacteria, yeast and higher eukaryotes. Notably, telomeres, rDNA loci,
immunoglobulin heavy-chain switch regions, and G-rich minisatellites have high potential to
form G4 DNA [4, 5]. G4 DNA forming potential also correlates with genomic regions that
are relatively unstable, such as proto-oncogenes and sites of frequent translocation
breakpoints [6]. In particular, chromosomal translocations involving G-rich immunoglobulin
switch regions have been observed in various cancer cell lines [7].

G4 DNA formation requires exposure of the G-rich strand as a single strand, as would occur
during transcription, DNA repair or lagging-strand replication. In the case of transcription,
the limited single-stranded character of a non-transcribed, G-rich strand can be further
enhanced by the relatively stable base pairing between the corresponding deoxyribocytosine
(dC)-rich template and riboguanine (rG)-rich transcript. The higher-order DNA structure
involving G4 DNA on one strand and an extended RNA:DNA hybrid on the other is referred
to as a G-loop [4]. Consistent with a role for RNA:DNA hybrids in G4 DNA formation,
disruption of the strong base pairing between rG and dC by substituting ribo-inosine for rG
has been shown to reduce G-loop structures in vitro [8]. Although recent reports clearly
show that the G-rich sequences of immunoglobulin class switch regions and telomeres can
assume G-loop structures in vitro and in bacterial cells [8], the biological significance of
such structures is not well understood [5]. Because transcription of the G-rich switch region
is required for class-switch recombination (CSR), it has been speculated that co-
transcriptionally formed G-loop structures may be relevant to both regulated CSR and to
unintended chromosomal breaks and rearrangements [4].

In E. coli, formation of G-loop structures requires activated transcription and is inhibited in
the presence of the RecQ DNA helicase and RNase H, which degrades the RNA strand of
RNA:DNA hybrids [8]. Although individual effects of RecQ and RNase H on G-loop
formation were not reported, data are consistent with G4 DNA being directly dissolved by
helicase activity and/or its formation inhibited by RNase H. In vivo, the human RecQ family
DNA helicase BLM, as well as the yeast homolog Sgs1, is important for general genome
stability, especially in maintaining the integrity of G-rich regions such as telomeres and
rDNA repeats [9-13]. In in vitro assays, BLM and Sgs1 have been shown to efficiently
unwind G4 DNA [14, 15]. The yeast Pif1 helicase has also been shown to unwind G4 DNA,
specifically that formed by the human G-rich minisatellite CEB1 [16]. While CEB1 repeats
are very unstable in a pif1 mutant background, loss of Sgs1 has no effect on the stability of
these particular repeats. Finally, the Dog-1 DNA helicase of C. elegans, which is an
ortholog of mammalian FANCJ, stabilizes sequences with high G4-forming potential in this
organism [17].

Valuable insight into mechanisms of genomic instability has come through the use of
Saccharomyces cerevisiae as a model system to examine specific mammalian sequence
motifs. Examples include the CAG/CTG repeat involved in Huntington’s disease and
myotonic dystrophy type 1 [18], the G-rich human minisatellite CEB1 [16], the CGG/CCG
repeat involved in fragile X syndrome [19], the GAA/TTC repeat involved in Friedreich’s
ataxia [20], and the inverted ALU repeats present throughout the human genome [21]. In the
current study, we use a recombination assay to analyze whether sequences with high
potential to form G4 DNA lead to genomic instability in yeast. Results demonstrate that
transcription of the immunoglobulin heavy chain switch Mu (Sμ) sequence is associated
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with an orientation-dependent increase in recombination in some mutant backgrounds,
consistent with the formation of co-transcriptional G-loops.

2. Material and Methods
2.1 Construction of plasmids

pSR886 (lys2::SμF) and pSR887 (lys2::SμR) were constructed by inserting a 750-bp Sau3AI
fragment from pT7-Sμ [22] into a unique BglII site within LYS2 sequences of pSR633 (see
Figure 1A and 1B). pSR633 contains a 3.5 kb XbaI/BamHI lys2Δ3′ fragment in the URA3-
integrating vector pRS306 [23]. pSR953 (lys2::cβ2) was constructed by inserting an 800-bp
BglII/BamHI chicken β-globin 2 cDNA (Cβ2) fragment into the BglII site of a plasmid
containing the previously described lys2-oligo allele [24]. pSR877 (pRS402-lys2Δ3′) was
constructed by inserting a 1.3 kb NotI/SpeI fragment of LYS2 gene into NotI/SpeI-digested
pRS402, an ADE2 integrating vector [25].

The plasmid pESC-LEU-hAIDSc [26] was constructed by cloning the human AID gene
(hAID) engineered to contain favored yeast codons into BamHI/SalI-digested pESC-LEU
(Stratagene) and was a gift from Y. Pavlov (University of Nebraska). To replace the LEU2
maker with a HygR gene, pESC-LEU and pESC-LEU-hAIDSc were digested with EcoRV
and BglII and ligated to a 1.3 kb EcoRV/BglII fragment from the plasmid hphMX4 [27].

2.2 Construction of yeast strains
All yeast strains were derived from YPH45 (MATα ura3-52 ade2-101oc trp1Δ1).
Construction of a strain with the pTET-LYS2 gene positioned at the HIS4 locus near ARS306
on chromosome III was previously described [28]. The LYS2 wild-type allele placed in
opposite orientation relative to ARS306 was replaced with the lys2::SμF, lys2::SμR, or
lys2::Cβ2 allele by standard two-step allele replacement (Figure 1C). pSR877 was digested
with StuI to target insertion of the lys2Δ3′ allele to the ADE2 locus on chromosome XV;
integration of a single copy of pSR877 was confirmed by PCR.

Mutant strains were constructed by one-step gene disruption using PCR-generated deletion
cassettes; primers are available upon request. As appropriate, the loxP-flanked URA3Kl
orTRP1 marker was deleted following transformation with a Cre recombinase-expressing
plasmid [29]. For some strains, the HygR gene originally used to select for deletion of the
endogenous LYS2 locus was replaced with the NatR gene using NotI-digested pAG25 [27].

2.3. Recombination rates
Fluctuation analysis was carried out at 30°C using at least two independent isolates of each
strain. First, 4-5 colonies were used to inoculate 5 ml of non-selective YEP medium (1%
yeast extract, 2% Bacto-peptone, 250 mg/l adenine; 2% agar for plates) supplemented with
2% glycerol plus 2% ethanol (YEPGE). As appropriate, the liquid medium was
supplemented with doxycycline hyclate (DOX; obtained from Sigma) to 2000 ng/ml.
Following overnight growth, cells were diluted to approximately 250,000 cells/ml in the
same liquid medium and six 1-ml aliquots were transferred to separate tubes. Following 3
additional days of growth, appropriately diluted cells were plated on SD-Lys plates to select
for recombinants or on YPD to determine the total number of cells in each culture. Colonies
were counted after 2 days. Recombination rates were determined using the method of
median and 95% confidence intervals were calculated as described previously [30]. 12 to 20
cultures were used for each rate determination.

For the measurement of the hAID-induced recombination rates, two independent isolates of
each strain were transformed with pESC-HYG (pSR926) or pESC-HYG-hAIDSc (pSR927).
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Following selection of transformants on YPD plates supplemented with 0.3 g/l hygromycin
B (Invitrogen), 4-5 colonies were used to inoculate a 5 ml overnight culture. The remainder
of the fluctuation procedure was as described above, except that YEP liquid media was
supplemented with 0.3 g/l hygromycin B, 2 % galactose, 2 % glycerol and 2 % ethanol.

3. Results
3.1. A system for examining effects of switch region sequence on recombination

We chose the immunoglobulin switch region as a model example of a sequence with the
potential to form G-loops during transcription [3, 8]. Switch region sequences are required
for heavy chain CSR and contain degenerate G-rich repeats of several kb in length [31]. To
examine associated instability, we used a 770-bp fragment of the mouse switch mu (Sμ) core
sequence containing 20 copies of the repeat (GAGCT)nGGGGT plus additional degenerate
repeats (Pubmed Accession #J00442 - Figure 1A). This fragment was inserted in both
orientations within a doxycycline (DOX)-repressible pTET-LYS2 gene on chromosome III of
a haploid yeast strain. In this system, transcription is activated by tetR-VP16 binding to tetO
sequence in absence of DOX and repressed by the tetR’-Ssn6 repressor protein binding to
tetO in the presence of DOX [32]. We previously showed that 1000 ng/ml DOX in the
growth medium reduced the transcription of the pTET-LYS2 gene by approximately 1000-
fold [28]. In the pTET-lys2::SμF “forward” construct, the G-rich sequence is on the top,
non-transcribed strand and thus mimics the physiological orientation. In the pTET-lys2::SμR
“reverse” construct, the Sμ fragment is in the inverse orientation, resulting in the C-rich
sequence being on the top strand (Figure 1B). Because G-loop formation has been shown to
occur only when the non-transcribed strand contains the G-rich sequence [8], G-loops have
the potential to form when the SμF construct is highly transcribed but not when the SμR
construct is highly transcribed.

As a control allele with no G4-forming potential, an 800 bp fragment of chicken β-globin 2
cDNA was inserted into the pTET-LYS2 gene (pTET-lys2::Cβ2 allele). The GC content of
this sequence (63%) is similar to that of the Sμ sequence inserted to generate the pTET-
lys2::Sμ alleles (62%), but this sequence has no biased distribution of G’s and C’s between
the two strands. The Cβ2 sequence contains only four widely separated runs of G’s and six
runs of C’s greater than 4 nt, and is not expected to form G4 DNA or G-loops when
transcribed. Finally, to provide a donor sequence for the repair of broken or gapped pTET-
lys2 reporter alleles by homologous recombination, a lys2 allele with a 3′ deletion and under
control of its native promoter (pLYS-lys2Δ3′ allele) was inserted into the ADE2 locus on
chromosome XV. It should be noted that, because the pTET-lys2 and pLYS-lys2Δ3′ alleles
are in different orientations relative to their respective centromeres, crossover products are
inviable (Figure 1C). The systems used here thus measure only rates of noncrossover
recombinants.

3.2. Loss of RNase H activity affects SμF- more than SμR-associated recombination
The RNase H class of enzyme degrades the RNA strand of RNA:DNA hybrids, thus
promoting the reannealing of the two strands of DNA during transcription. Because
formation of a stable RNA:DNA hybrid is a central feature of the G-loop structure, RNase H
activity is predicted to limit the formation and/or stability of G-loops. In yeast, three RNase
H enzymes have been identified [33]. RNase H1 is a single subunit enzyme encoded by
RNH1 gene. RNase H2 is composed of three subunits, with the RNH201 gene (also referred
to as RNH35 or RNH2A) encoding the highly conserved catalytic subunit. Finally, RNase
H70 was identified based on amino acid homology, but RNase H activity has not been
confirmed. Because RNase H1 and RNase H2 appear to have redundant roles in removing
RNA:DNA hybrids in yeast [34, 35], we deleted both the RNH1 and RNH201 genes in
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strains containing the pTET-lys2::SμF, pTET-lys2::SμR or pTET-lys2::Cβ2 construct in
order to study the effect of RNase H deficiency on recombination.

Under low-transcription conditions (+DOX) in a wild-type (WT) background, the
recombination rate for the pTET-lys2::SμF and pTET-lys2::SμR alleles was
indistinguishable, and was approximately 3-fold higher than the recombination rate obtained
with the control pTET-lys2::Cβ2 construct (Table 1). RNase H deficiency under low-
transcription conditions was associated with a small (~2 fold) elevation in the recombination
rates for the pTET-lys2::SμF and pTET-lys2::SμR constructs, and a somewhat larger
increase (~10-fold) for the Cβ2 construct. Under high transcription conditions in a WT
background, the recombination rates of pTET-lys2::SμF, pTET-lys2::SμR and pTET-
lys2::Cβ2 constructs were elevated to similar extents (6.9, 4.6-fold and 3.1, respectively).
When transcription was activated in the RNase H-deficient strains, however, the rate of
recombination was elevated 87-fold for the pTET-lys::SμF construct but only 16-fold for the
pTET-lys:SμR and pTET-lys2::Cβ2 constructs. Under high-transcription conditions in the
RNase H-deficient background, the recombination rate associated with the pTET-lys::SμF
allele was 5.4- and 3.4-fold greater than that obtained with the pTET-lys:SμR and pTET-
lys2::Cβ2 constructs, respectively.

3.3. Effect of Sgs1 loss on SμF-, SμR- and Cβ2-associated recombination
Sgs1 is the only member of RecQ DNA helicase family present in yeast, and we examined
its effect on stability of the pTET-lys2::SμF, pTET-lys2::SμR and pTET-lys2::Cβ2 reporters
under both low- and high-transcription conditions (Table 1). Upon loss of Sgs1 under low-
transcription conditions, recombination rates were elevated by 1.5- to 5- fold, consistent
with the hyper-recombination phenotype observed in other systems [36]. A further increase
in the recombination rate for each construct was observed when transcription was activated
in the sgs1 background. Although not statistically significant, we note that the
recombination rate for the pTET-lys2::SμF construct was 2-fold higher than the rates
obtained with either the pTET-lys2::SμR orpTET-lys2::Cβ2 reporters.

3.4. Increase in SμF-associated instability upon loss of RNase H and Sgs1
Because switch region-associated G-loops in E. coli have been detected in RecQ and RNase
H-deficient, but not in WT cells [8], we examined the rates of Sμ-associated recombination
in sgs1 rnh1 rnh201 triple mutant yeast strains (Table 1). While the recombination rates for
all three constructs were similar under low-transcription conditions, there was a striking
difference under high-transcription conditions. The recombination rate for the pTET-
lys2::SμF construct was 7.7-fold higher than that associated with the pTET-lys2::SμR
reporter, and 5.6-fold higher than obtained with the pTET-lys2::Cβ2 construct. The
orientation-dependent effect of the Sμ region on recombination in the RNase H-deficient
background thus appears to be enhanced upon additional loss of Sgs1.

3.5. Effect of Top1 topoisomerase on Sμ-associated recombination
Yeast Top1 is a Type IB topoisomerase that can relieve both positive and negative torsional
stress in DNA [37]. It covalently attaches to the 3′ end of DNA, creating a single strand
nick, which is quickly religated after swiveling of the DNA strands to remove supercoiling.
During highly activated transcription, positive and negative supercoiling can build up in
front of or behind RNA polymerase complexes, respectively [38]. In absence of Top1,
extensive R-loop formation and regions of DNA helix melting have been observed in the
highly transcribed rDNA repeat locus [39, 40].

In order to determine the effect of accumulated torsional stress on the stability of G-run
containing sequence, we examined the rates of Sμ-associated recombination in Top1-
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deficient strains (Table 1). Under low transcription conditions, there were slight increases
(less than 2-fold) in the recombination rates for the pTET-lys2::SμF and pTET-lys2::Cβ2
constructs. When transcription was activated in the top1 background, the recombination
rates for the pTET-lys2::SμR and pTET-lys2::Cβ2 constructs were elevated by ~4-fold. A
more striking increase (25-fold) was observed for the recombination rate of the pTET-
lys2::SμF construct in a top1 background under high-transcription conditions. The resulting
recombination rate for the pTET-lys2::SμF allele was 10- and 9- fold higher than the
recombination rates for pTET-lys2::SμR or pTET-lys2::Cβ2 constructs, respectively.

3.6. Effect of Pif1 helicase on Sμ-associated recombination
Given the role of Pif1 in maintaining stability of the human CEB1 minisatellite [16], we
explored whether Pif1 is likewise important for limiting recombination associated with the
pTET-lys2::SμF, pTET-lys2::SμR or pTET-lys2::Cβ2 reporters (Table 2). Under low-
transcription conditions, loss of Pif1 elevated pTET-lys2::Cβ2 - associated recombination
45-fold, but increased pTET-lys2::SμF- and pTET-lys2::SμR - associated recombination only
8.5-fold. High levels of transcription in the pif1 background stimulated recombination
involving the pTET-lys2::SμF and pTET-lys2::SμR constructs approximately 4.5-fold, and
had a slightly smaller effect (2.5-fold) on recombination associated with the pTET-lys2::Cβ2
reporter. The stabilizing effect of Pif1 on recombination in our system thus does not appear
to be related to the potential of GC-rich sequences to form co-transcriptional G4 DNA.

3.7. Effect of Mft1 loss on Sμ-associated recombination
THO is a multi-functional protein complex involved in mRNA processing and mRNP
export, as well as in efficient elongation by the RNAP II holoenzyme (reviewed in [41]).
Disabling the THO complex promotes R-loop formation and generally leads to a strong
hyperrecombination phenotype [35, 42]. Mft1 is a component of the THO complex and
deletion of the MFT1 gene results in THO-defective, hyper-recombination phenotype [41].
In an mft1 background under low-transcription conditions, we observed a large, ~40-fold
increase in recombination rates for the pTET-lys2::Sμ constructs, but only a 16-fold increase
for the pTET-lys2::Cβ2 allele (Table 2). Although high-transcription further elevated
recombination in the mft1 background, the effect was greater with the pTET-lys2::SμR than
with the pTET-lys2::SμF construct (3.1- and 1.5-fold increases, respectively). It should be
noted that this is the reverse of the orientation-dependent effect observed in the rnh1 rnh201
double mutant.

We also examined the effect of transcription on recombination in an mft1 sgs1 double
mutant background. Interestingly, Sgs1 loss had opposing effects under low-versus high-
transcription conditions in the mft1 background. Recombination rates were uniformly
reduced in the mft1 sgs1 double relative to the mft1 single mutant under low-transcription
conditions, but uniformly elevated under high-transcription conditions. We currently have
no explanation for this difference. While transcription in the mft1 sgs1 background
stimulated recombination with all three substrates, the effect was again slightly greater for
the pTET-lys2::SμR than for the pTET-lys2::SμF or pTET-lys2::Cβ2 construct (29- versus
12-fold, respectively).

3.8. Effect of AID expression on Sμ-associated recombination rates
Activation-induced deaminase (AID) is a single-strand specific deaminase that converts
cytosine to uracil [43] and is required for the somatic hypermutation (SHM) of
immunoglobulin variable region genes as well as the heavy chain class switch
recombination (CSR) [44]. Transcription is required for both SHM and CSR, and is thought
to facilitate access of AID to single-stranded DNA. AID has previously been shown to
stimulate recombination and mutagenesis in a transcription-dependent manner in THO-
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defective yeast strains [45]. It was also recently shown that a defective THO complex
together with AID expression enhances chromosomal translocations mediated by non-
homologous end joining (NHEJ), presumably by inducing double-strand breaks in the
murine Sμ sequence [46]. In order to examine the effect of AID expression on homologous
recombination, we ectopically expressed the human AID (hAID) in strains containing the
pTET-lys2::Sμ constructs. While there was no stimulation of recombination in a WT
background with the pTET-lys2::SμF construct, there was a 7-fold stimulation of
recombination with the pTET-lys2::SμR construct (Table 3). Deletion of the uracil DNA
glycosylase gene (UNG1) eliminated the hAID-stimulated recombination observed with the
pTET-lys2::SμR construct, confirming that the elevated recombination occurs through the
processing of uracil intermediates.

In an mft1 mutant background where extensive R-loop formation was previously reported
[35], expression of hAID was accompanied by a large stimulation of recombination for both
constructs (Table 3). As in the WT background, however, hAID expression was associated
with an orientation-dependent bias in the stimulation of recombination in the mft1
background. With hAID expression, the recombination rate of pTET-lys2::SμR construct
was ~ 9-fold higher than that of the pTET-lys2-SμF construct. In a top1 background, hAID
expression was associated with similar orientation bias (Table 3). While there was no
stimulation of recombination of the pTET-lys2-SμF construct, the rate of recombination for
the pTET-lys2::SμR construct was stimulated by ~ 16-fold with hAID expression.

4. Discussion
Homologous recombination is a high-fidelity repair process that is initiated by single-strand
gaps or double-strand breaks in duplex DNA, and is a sensitive indicator of DNA damage.
In the current study, a yeast recombination assay has been used to examine genetic
instability associated with the repetitive mouse immunoglobulin Sμ sequence, as well as
with a control, nonrepetitive sequence (Cβ2) of comparable size and GC content. Each test
sequence was engineered into a full-length, chomosomal LYS2 gene, which served as the
recipient of genetic information provided by a truncated lys2 allele on a different
chromosome. According to standard models of recombination, the recipient allele is the site
of the recombination-initiating lesion. By placing the Sμ sequence in both directions within
a pTET-regulated LYS2 gene, we have also been able to discern orientation-specific effects
of this sequence on mitotic recombination rates. The Sμ sequence is in its physiological
orientation in the pTET-lys2::SμF allele, with the G-rich strand being the non-transcribed
strand; the G-rich strand is the transcribed strand in the pTET-lys2::SμR allele.

In the absence of highly activated transcription in a WT background, both Sμ inserts were
associated with a higher recombination rate than was the control Cβ2 sequence. Given the
similar sizes and GC contents of these sequences, and the further enhancement of Sμ-Cβ2
difference in an mft1 background (see below), we suggest that this likely reflects the
repetitive nature of the Sμ sequence. When the transcription was turned on to a high level,
the recombination rate associated with each construct increased a comparable amount (5-10
fold). Under high-transcription conditions in RNase H-defective background, however, there
were many more recombinants generated with the pTET-lys2::SμF allele than with the
pTET-lys2::SμR or pTET-lys2::Cβ2 allele. We suggest that the difference reflects more
efficient formation and/or enhanced stability of co-transcriptional RNA:DNA hybrids (R-
loops) with the pTET-lys2::SμF allele. Increased R-loops could be due to the greater
stability of RNA:DNA hybrids when the RNA strand is the purine-rich strand [47],
enhanced nucleation of R-loop formation by clusters of guanines on the nascent transcript
[48], and/or a stabilizing feature of the single strand of DNA excluded from the R-loop.
With regard to the latter possibility, it should be noted that additional elimination of the
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Sgs1 helicase further enhanced the orientation-dependent effect of Sμ sequences on
recombination. An intriguing possibility is that lack of RNase H in yeast provides greater
opportunity for G4 DNA to form on the nontranscribed strand of the pTET-lys2::SμF allele,
and once formed, Sgs1 can unwind at least some of the G4 DNA. We suggest a situation
analogous to that reported previously in E. coli, where a physiologically oriented murine Sμ
sequence forms co-transcriptional G-loops in cells deficient in RNase H and RecQ [8].
Finally, the recent demonstration that the Sμ sequence efficiently blocks RNA polymerase
when the G-rich sequence is present on the nontranscribed strand [49] suggests another
possible contributor to the orientation-dependent instability of the Sμ sequence in our
system.

The absence of Top1 results in a build up of helical torsion in highly transcribed areas and,
in E. coli, results in extensive R-loop formation that can be relieved by overexpression of
RNase H [50]. In the highly transcribed rDNA locus in yeast, Top1 deficiency results in
extensive formation of R-loops and “topo bubbles” which are regions of strand separation
due to the accumulation of negative supercoils [39, 40]. Similar to the effect of RNase H
deficiency, an orientation-specific increase in instability was observed with the highly
transcribed pTET-lys2::Sμ alleles in a top1 background, with the pTET-lys2:: SμF allele
generating 10-fold more recombinants than the pTET-lys2::SμR. This difference can be
explained by enhanced G4 DNA formation due to more extensive RNA-DNA hybrids on the
transcribed strand and increased single-stranded character on the G-containing non-
transcribed strand of the pTET-lys2::SμF construct.

Another way to promote RNA:DNA hybrid formation is through disruption of the THO
complex [35], which is important for processing nascent transcripts [41]. Unexpectedly,
mft1 mutants with a defective THO complex exhibited a recombination phenotype in our
system that was distinct from that observed in the absence of RNase H activity or Top1.
First, under low-transcription conditions in an rnh1 rnh201 background, the Sμ and Cβ2
constructs were associated with similar recombination rates. By contrast, the Cβ2-containing
construct produced 7-fold fewer recombinants than either the SμF or SμR construct in an
mft1 mutant. Given the similar GC contents of the test sequences, the Mft1-related
difference may reflect the role of the THO complex in promoting transcription through the
repetitive Sμ sequences [51]. Second, whereas there were 5 - 10-fold more recombinants
obtained with the SμF than with the SμR construct under high-transcription conditions in
either RNase H- or Top1-deficient background, there were 2-fold more recombinants with
the SμR than with the SμF construct in the mft1 mutant. A reason for this difference is not
immediately obvious, but could reflect impaired transcription of Sμ sequences that is
unrelated to R-loop formation, or more global changes in gene expression in the absence of
the THO complex.

The yeast Pif1 helicase can unwind G4 DNA in vitro and its absence greatly increases
recombination-dependent instability associated with the human CEB1 minisatellite [16].
Given that Sμ sequences also form G4 DNA in vitro, we anticipated that Pif1 loss would be
associated with an orientation-dependent increase in Sμ-associated recombination. Although
recombination was elevated in the pif1 background, the greater effect we expected to see
with the pTET-lys2::SμF than with the pTET-lys2::SμR construct, especially under high-
transcription conditions, was not observed. G4 DNA structures are known to vary depending
on the primary sequence of the G-rich motifs [52], however, and it is possible that Pif1 is
specific for the CEB1-associated structure. Alternatively, the disparity in the pif1 results
could reflect inherent differences in the two assay systems. In the CEB1 system, the assay
measures the interstitial deletion within repeats where the repair template was presumably
the sister chromatid [16]. In contrast, the repair template in our Sμ system is on a
nonhomologous chromosome. Also, the CEB1 sequence was embedded in a non-transcribed
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region and the formation of the associated G4 DNA was attributed to the process of
replication. In our system, highly activated transcription is necessary to reveal the difference
in stability between G-loop forming (SμF) and non-G-loop forming (SμR) sequences and,
thus, G4 formation is clearly co-transcriptional.

In addition to the potential of Sμ sequences to form non-B DNA structures, these sequences
are also targets of AID, which exhibits single-strand specific cytosine deaminase activity in
vitro. During CSR, the uracils generated by AID activity are excised by uracil DNA
glycosylases and then are further processed by base excision repair enzymes to produce
recombination-initiating breaks in DNA [29, 40]. The uneven distribution of G’s and C’s
between the two strands of the Sμ fragment used here (the C-rich strand contains 358
cytosines but only 117 guanines) allowed us to infer whether AID more efficiently targets
Sμ-associated cytosines when they are on the nontranscribed as opposed to the transcribed
strand of a highly expressed gene. As predicted by its preference for single-standed DNA,
expression of hAID in yeast increased the recombination rate associated with the pTET-lys2-
SμR allele 7- and 16-fold in WT and top1 backgrounds, repectively, but had no effect on
recombination with the pTET-lys2-SμF allele in either background. As seen in prior
experiments [45], the effect of AID on recombination was greatly amplified in an mft1
background. The heterologous expression of AID was recently reported to increase
chromosomal translocations at both the physiologically and inversely oriented Sμ sequence
fragments embedded in THO-deficient yeast strains [46]. Although the extent of instability
observed by Ruiz et al. was higher for the physiologically oriented Sμ sequence, the reverse
of the pattern reported here, this difference could reflect the larger size of the Sμ fragments
used in our assays or basic differences between the two systems.

The genome-destabilizing potential of repeat-containing sequence motifs is closely linked to
their ability to assume non-B DNA structures in vivo. Using yeast as a model system, we
have demonstrated that mitotic instability associated with the murine Sμ sequence is
increased by transcription and exhibits strong orientation dependence. Our data point to two
possible factors that can promote G-loop formation – highly activated transcription and the
associated accumulation of DNA superhelical stresses in the absence of Top1 (Figure 2).
Once formed, RNase Hs function to destabilize G-loops by degradation of RNA, which is
consistent with the formation of RNA:DNA hybrids and co-transcriptional G-loop
structures. G-loops can also be destabilized by Sgs1 helicase, which presumably unwind G
quartets on the non-transcribed strand. Although this system appears to recapitulate some
physiological features associated with Sμ sequences, it is not intended to model the process
of CSR. The assay system used here, however, will be useful in investigating whether the
collision between transcription and replication machineries can influence the stability of G-
loop forming sequences and also in elucidating additional helicases and nucleases that might
function to collapse G-loop structures. The general approach outline in this study can also be
used to study the requirements of maintaining other types of repetitive sequences that have
been associated with genetic instability.
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Highlights

• We have developed a yeast genetic assay system to analyze genomic instability
conferred by the repetitive G-rich immunoglobulin switch Mu region (Sμ)
sequence.

• Activated transcription of Sμ sequence embedded in yeast genome leads to
orientation-specific instability with the higher instability being observed when
G-rich strand is on the non-transcribed strand mimicking the physiological
orientation.

• Under conditions in which extended R-loop formation likely occurs – in the
absence of Top1 or the loss of RNase H and Sgs1 helicase – we observed further
increase in the instability of Sμ sequence and greater orientation bias.
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Figure 1.
System for monitoring Sμ-associated recombination.
A. Sequence of the DpnI fragment of murine immunoglobulin Sμ region inserted into the
BglII site of LYS2 gene. Uninterrupted (GAGCT)nGGGGT repeat units are indicated in bold
italics and 4G runs are underlined.
B. Transcription orientations in the pTET-lys2-SμF and pTET-lys2-SμR constructs.
Transcription bubbles are illustrated with the gray line indicating nascent mRNA. The
single-stranded, non-transcribed strand is G-rich in the pTET-lys2-SμF construct and C-rich
in the pTET-lys2-SμR.
C. Chromosomal configurations of the recombination substrates (see Material and Methods
for details). Black and white circles indicate the locations of centromeres relative to the lys2
alleles on Chr. III and Chr. XV, respectively. Recombination initiated by a gap or break
within pTET-lys2 allele removes the insert to create a LYS+ pTET-LYS2 allele. Removal of
the insert by recombination associated with a crossover event result in unviable acentric and
dicentric products.
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Figure 2.
Regulation of G-loop formation in highly transcribed DNA.
See Discussion for details.
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Table 1

Effect of RNase H, Sgs1 and Top1 on stability of SμF, SμR and Cβ2 substrates

Recombination rate × 10−8 (CI*)

Allele Genotype Low transcription High transcription High/low

lys2::SμF WT 2.94
(2.58 – 3.40)

20.3
(17.2 – 24.4)

6.9

rnh1 rnh201 6.51
(3.88 – 10.4)

566
(289 – 780)

87

sgs1 6.61
(4.73 – 12.6)

38.6
(29.6 – 49.7)

5.8

sgs1 rnh1 rnh201 57.7
(46.7 - 66.8)

1500
( 1190- 2480)

26

top1 5.11
(4.54 – 5.68)

128
(113 – 177))

25

lys2::SμR WT 2.70
(2.51 – 3.02)

12.5
(10.4 – 15.6)

4.6

rnh1 rnh201 6.41
(4.92 – 9.76)

105
(78.8 – 135)

16

sgs1 3.92
(3.46 – 6.11)

18.4
(15.4 – 32.7)

4.7

sgs1 rnh1 rnh201 45.2
(33.0 – 47.0)

195
(163 – 251)

4.3

top1 2.68
(2.24 – 3.05)

12.3
(10.3 – 18.1))

4.6

lys2::Cβ2 WT 1.01
(0.89 – 1.35)

8.55
(8.29 – 12.6)

8.4

rnh1 rnh201 10.3
(8.26 – 16.9)

165
(134 – 215)

16

sgs1 5.01
(3.71 – 10.3)

17.1
(15.7 – 21.7)

3.4

sgs1 rnh1 rnh201 51.1
(24.4 – 54.9)

268
(204 – 344)

5.2

top1 3.19
(2.62 – 3.43)

14.3
(12.2 – 18.4)

4.5

CI* - 95 % confidence interval.
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Table 2

Effects of Mft1 and Pif1 on stability of SμF, SμR and Cβ2 substrates

Recombination rate × 10−8 (CI*)

Allele Genotype Low transcription High transcription

lys2::SμF WT 2.94
(2.58 – 3.40)

20.3
(17.2 – 24.4)

pif1 24.9
(17.8 - 27.9)

107
(87 - 1640)

mft1 124
(115 – 134)

181
(163 – 213)

mft1 sgs1 24.2
(13.2 – 36.0)

320
(242 – 422)

lys2::SμR WT 2.70
(2.51 – 3.02)

12.5
(10.4 – 15.6)

pif1 23.3
(16.3 - 24.4)

111
(80 - 218)

mft1 116
(86.1 – 124)

358
(309 – 410)

mft1 sgs1 37.5
(34.4 – 61.9)

1070
(965 – 1590)

lys2::Cβ2 WT 1.01
(0.89 – 1.35)

8.55
(8.29 – 12.6)

pif1 45.5
(33.0 - 75.1)

114
(88 - 157)

mft1 16.3
(13.0 – 17.8)

67.3
(48.7 – 136)

mft1 sgs1 10.0
(3.57 – 11.6)

124
(21.8 – 456)

CI* - 95 % confidence interval.
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Table 3

hAID and stability of SμF and SμR under high-transcription conditions

Recombination rate × 10−8 (CI*)

Genotype Plasmid lys2::SμF lys2::SμR

WT Empty vector 19.2
(17.4 – 27.8)

14.8
(12.8 – 17.0)

Vector + hAID 20.9
(19.3 – 22.5)

102
(73.2 – 114)

ung1 Empty vector 21.8
(20.1 – 23.8)

11.7
(8.58 – 13.9)

Vector + hAID 20.1
(19.2 – 22.3)

16.7
(10.6 – 21.6)

mft1 Empty vector 89.7
(51.4 – 134)

359
(265 – 594)

Vector + hAID 3020
(1190 – 5400)

26000
(19100 – 29200)

top1 Empty vector 138
(99.7 – 174)

18.0
(15.8 – 19.9)

Vector + hAID 171
(123 – 293)

282
(253 – 294)

CI* - 95 % confidence interval.
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