f

Biophysical Journal
physical / Biophysical Society

Probing the Potential Role of Non-B DNA Structures
at Yeast Meiosis-Specific DNA Double-Strand
Breaks

Rucha Kshirsagar,' Krishnendu Khan,' Mamata V. Joshi,”> Ramakrishna V. Hosur,” and K. Muniyappa'”*

1Depar’(ment of Biochemistry, Indian Institute of Science, Bangalore, India; and 2Departmen'( of Chemical Sciences, Tata Institute of
Fundamental Research, Mumbai, India

ABSTRACT A plethora of evidence suggests that different types of DNA quadruplexes are widely present in the genome of all
organisms. The existence of a growing number of proteins that selectively bind and/or process these structures underscores
their biological relevance. Moreover, G-quadruplex DNA has been implicated in the alignment of four sister chromatids by form-
ing parallel guanine quadruplexes during meiosis; however, the underlying mechanism is not well defined. Here we show that
a G/C-rich motif associated with a meiosis-specific DNA double-strand break (DSB) in Saccharomyces cerevisiae folds into
G-quadruplex, and the C-rich sequence complementary to the G-rich sequence forms an i-motif. The presence of G-quadruplex
or i-motif structures upstream of the green fluorescent protein-coding sequence markedly reduces the levels of gfo mMRNA
expression in S. cerevisiae cells, with a concomitant decrease in green fluorescent protein abundance, and blocks primer
extension by DNA polymerase, thereby demonstrating the functional significance of these structures. Surprisingly, although
S. cerevisiae Hop1, a component of synaptonemal complex axial/lateral elements, exhibits strong affinity to G-quadruplex
DNA, it displays a much weaker affinity for the i-motif structure. However, the Hop1 C-terminal but not the N-terminal domain
possesses strong i-motif binding activity, implying that the C-terminal domain has a distinct substrate specificity. Additionally,
we found that Hop1 promotes intermolecular pairing between G/C-rich DNA segments associated with a meiosis-specific
DSB site. Our results support the idea that the G/C-rich motifs associated with meiosis-specific DSBs fold into intramolecular
G-quadruplex and i-motif structures, both in vitro and in vivo, thus revealing an important link between non-B form DNA struc-
tures and Hop1 in meiotic chromosome synapsis and recombination.

INTRODUCTION

Multiple lines of evidence suggest that repetitive DNA
motifs in the genome fold into a variety of non-B DNA
structures, which, in turn, affect many essential cellular pro-
cesses including gene expression, DNA replication, and
recombination (1-3). Defects in one or more of these pro-
cesses can cause mutations and, consequently, lead to
genome instability (1,2). Several different types of non-B
DNA structures have been characterized with respect to
both their structures and properties. Among them, DNA
quadruplex structures have attracted great attention because
of their potential physiological significance (1-3). G-quad-
ruplexes are secondary structures formed in nucleic acids
containing tandem arrays of G residues in which the four
guanine residues associate via Hoogsteen hydrogen bonding
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to form a square planar structure (1-3). Although the exis-
tence of G-quadruplexes in vivo is being debated, there is
compelling evidence for the occurrence of G4 DNA motifs
in nuclear and mitochondrial genomes (4—10). Furthermore,
the presence of a number of proteins/enzymes that selec-
tively bind and/or process these structures is consistent
with their possible functional significance (11-21). Such
observations have led to the identification of a wide range
of natural and synthetic ligands specific for G4 DNA,
which, in turn, interfere with cellular processes such as
DNA replication, transcription, RNA processing, and trans-
lation (22-30). Together, these studies support the idea that
DNA/RNA quadruplex structures regulate processes related
to many important biological functions.

Rapid advances in the fields of genetics, bioinformatics,
and computational biology have revealed the widespread
occurrence of G-quadruplex-forming motifs (hereinafter
referred to as “GQs”) in the genomes of different organ-
isms, and their impact on the normal and pathological
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aspects of nucleic acid metabolism (1-3,30,31). In general,
GQs occur more frequently in eukaryotic genomes than in
prokaryotes (32,33). In prokaryotes, GQs are more prevalent
in promoter motifs of genes regulating transcription, pro-
duction of secondary metabolites, and signal transduction
(33). Notably, DNA recombination between homeologous
pilin genes of Neisseria gonorrheae, resulting in the gener-
ation of antigenic variations, is dependent on the GQ struc-
ture (34). Bioinformatics analyses have revealed that the
human genome contains potential GQ-forming sequences
that are implicated in the regulation of gene expression
and several human diseases. Estimates for the number of
GQ-forming sequences in the human genome range from
35,000 to 55,000 (31,35,36). Some examples of their occur-
rence in regions include immunoglobulin heavy-chain
switch motifs (37,38), telomeric DNA (39,40), rDNA (41),
promoter motifs in wild-type (WT) genes (29,35,42),
and oncogenes (26,43-45). Likewise, a genomewide sur-
vey for conserved GQs in Saccharomyces cerevisiae has re-
vealed ~1400 GQ-forming sequences (6,40). Interestingly,
these motifs are enriched in the promoter regions and
rDNA, and also at mitotic and meiosis-specific double-
strand break sites (DSBs) (6,47.48).

Several studies have reported that the C-rich strand com-
plementary to the G-rich DNA sequence can fold into a
distinct quadruplex structure, called the “intercalated motif”
(i-motif), the stability of which is strongly dependent on pH
(49-53). Further, i-motif structures were found in C-rich se-
quences of telomeres (50), centromeres (54), and in the pro-
moters of oncogenes including retinoblastoma (55), BCL2
(56,57),c-Myc (58,59), and c-kit (60,61). Additionally, recent
studies have revealed that both GQ DNA and i-motifs are
formed simultaneously within the same double-stranded tract
in a variety of DNA templates (62,63). In support of their bio-
logical relevance, various studies have found that the i-motif
plays a regulatory role in gene expression (64—66). Indeed,
a number of proteins have been shown to bind cytosine-
rich strands, possibly i-motif structures. Examples include
hnRNP A1 (67,68), hnRNP K (69,70), hnRNP LL (56), the
Trypanosoma brucei ST-1 protein (71), and the rat nuclear
protein qTBP42 (72). On the basis of the reports described
above, it is apparent that i-motif structures can serve as attrac-
tive drug targets for anti-cancer therapy (56,73,74).

Ample evidence suggests that the meiotic recombination
in S. cerevisiae is initiated by DNA DSBs, and the genetic
exchange between the paternal and maternal genomes in
meiosis I is mediated by the synaptonemal complex (SC)
(75,76). The SC is an electron dense, meiosis-specific tripar-
tite proteinaceous structure formed between paired ho-
mologous chromosomes (76). Multiple studies suggest that
meiotic recombination occurs more frequently in narrow mo-
tifs of 1-2 kb called “recombination hotspots”, where the
frequency of recombination events is higher than elsewhere
in the genome (75,77). Genomewide mapping and analyses
of Spoll-catalyzed DSBs in S. cerevisiae indicate a strong
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positive correlation between DSBs and high G/C-rich
motifs, including when the latter are transposed to DSB-
poor genomic locations (6,48,78-80). A similar relationship
also exists between high G/C-rich motifs and elevated recom-
bination rates in humans (47,81). Strikingly, in humans and
chimpanzees, the hotspot midpoints occur within poly-pu/
py-rich high G/C-rich sequences, indicating that they might
be involved in determining hotspot activity (82). Although
several characteristics such as locally open chromatin struc-
ture and flanking sequences several kilobases away possess
the recombination-stimulating potential, emerging evidence
supports a significant correlation between GQs and meiosis-
specific DSB sites (6,48,82). However, despite the genetic
correlation, very little is known about the structural features
and functional significance of DNA quadruplex motifs and,
even less is known about the identity of meiosis-specific pro-
teins that interact with such motifs.

Here, we reveal that the G/C-rich motif (coordinates
1242544-1242567) associated with meiosis-specific DSB
formation on chromosome IV in S. cerevisiae (6) (hereafter
referred to as “meiosis-specific DSB on chromosome IV”)
folds into mutually exclusive GQ DNA and i-motif structures.
Furthermore, the presence of these quadruplex structures
upstream of the green fluorescent protein (GFP)-coding
sequence markedly reduces the levels of gfp mRNA expres-
sion in S. cerevisiae cells, with a concomitant decrease in
GFP abundance, and blocks primer extension by DNA poly-
merase, indicating the in vivo functional relevance of these
structures. The S. cerevisiae HOP1, a meiosis-specific gene,
encodes a major component of the axial/lateral elements of
SC, and plays a key role in the synapsis of homologous chro-
mosomes as hopl/hopl diploids fail to form viable spores
(83). Our previous studies revealed that full-length Hopl1 is
a structure-specific DNA-binding protein and promotes the
pairing of synthetic double-stranded DNA helices containing
arrays of G-residues (13,84). Here, we show that full-length
Hop1 promotes intermolecular pairing between the G/C-rich
DNA associated with meiosis-specific DSB sites. Strikingly,
the Hopl C-terminal domain but not the N-terminal domain
exhibit strong i-motif binding activity, implying that the C-ter-
minal domain has a distinct substrate specificity. These results
are consistent with the idea that G-quadruplex motifs could
mediate the initial pairing between homologous chromo-
somes that is essential for progression through meiotic pro-
phase 1. Furthermore, these findings extend Hopl function
from being just a structural component of SC to having active
roles in meiotic chromosome synapsis and recombination.

MATERIALS AND METHODS

Biochemicals, bacterial strains, enzymes, and
DNA oligonucleotides

Fine chemicals were purchased from Wipro GE Healthcare (Bangalore,
India), and Sigma-Aldrich (St. Louis, MO). Restriction endonucleases,
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T4 DNA ligase, and T4 polynucleotide kinase were purchased from New
England Biolabs (Ipswich, MA) and Thermo Fisher Scientific (Waltham,
MA). All the reagents used were of an analytical grade. Oligonucleo-
tides (ODNs) were synthesized by Sigma-Genosys (Sigma-Aldrich). The
[7—32P]ATP was purchased from the Bhabha Atomic Research Centre
(Mumbai, India). Escherichia coli expression strains RIL and BL21* and
the expression vectors (pET-22b and pET-28a) were purchased from
Novagen (Madison, WI). The chromatography media, Ni”-NTA, SP, and
Q Sepharose, were purchased from Qiagen, (Germantown, MD), and
Sigma-Aldrich (St. Louis, MO). Fast performance liquid chromatography
columns were purchased from Wipro GE Healthcare.

DNA substrates

The ODNs used in this study are listed in Table S1. The ODNs were labeled
at the 5’ end using [y->>P]ATP and T4 polynucleotide kinase (85). Briefly,
stoichiometric amounts of purified ODNs were annealed by incubation in
100 uL of 0.3 M sodium citrate buffer (pH 7) containing 3 M NaCl at
95°C, and then by slow cooling to 4°C over a period of 2 h. For an
in vitro assay for DNA pairing, the top strand of the duplex DNA was
labeled at the 5" end using [y-**PJATP and T4 polynucleotide kinase.
The labeled strand was annealed to an equimolar amount of an unlabeled
complementary strand. To prepare G4 DNA, the G-rich ODN was labeled
at the 5’ end using [y->*P]ATP and T4 polynucleotide kinase. The labeled
ODN was heated at 95°C in 120 mM KCI containing a water-salt solution
for 5 min and then cooled to 37°C. Similarly, to prepare i-motif DNA, the
C-rich labeled ODN was heated at 95°C in a 50 mM sodium phosphate
buffer (pH 5.5) for 5 min and then cooled to 37°C. In each case, the mix-
tures were subjected to electrophoresis on an 8% (w/v) polyacrylamide
gel in a 45 mM Tris-borate buffer (pH 8.3) containing | mM EDTA at
10 V/cm for 5 h to 12 h. The bands corresponding to the specific substrates
were excised from the gel and eluted into TE buffer (10 mM Tris-HCl
(pH 7.5), 1 mM EDTA). The concentrations of DNA substrates were deter-
mined by absorbance at 260 nm using the molar extinction coefficient
(€260).

Circular dichroism spectroscopy

Circular dichroism (CD) experiments were conducted on a model No. 810
spectropolarimeter (JASCO, Easton, MD) at a scan speed of 50 nm/min
with a response time of 1 s using a quartz cell of a 10-mm optical path
length over a wavelength range of 180-300 nm for G4 DNA, and
220-320 nm for the i-motif-forming ODNs. Before the experiment, reac-
tion mixtures containing G-quadruplex-forming sequences were heated in
the absence and presence of 120 mM KCl at 95°C for 5 min, and then air
cooled to room temperature. An assay was performed in a buffer containing
5 uM of the indicated ODN in 10 mM Tris-HCI (pH 7.5), 0.1 mM EDTA.
Similarly, in the case of i-motif-forming DNA, 5 uM C-rich WT or mutant
ODNs were heated in a 50 mM sodium phosphate buffer (at pH 4.5, 5.5, 6.5,
or 7.5) at 95°C for 5 min, and then air cooled to room temperature. To deter-
mine the T, of i-motif DNA, molar ellipticity values were obtained at
286 nm in the temperature range of 20-90°C. The CD spectrum obtained
for the buffer alone was subtracted from the spectra of the sample.

NMR spectroscopy

For the NMR experiments, 1 mM ODN d(5-TTCCCCTCCCCTTC
CCCTCCCCTT-3") was prepared in a 50 mM sodium cacodylate buffer
(pH 4.5) containing 10% D,O for locking purposes. The one-dimensional
(1D) spectra were recorded at 5°C and 27°C on an 800-MHz AV II spec-
trometer (Bruker, Billerica, MA) equipped with a cryo-probe. Temperature
variation studies were carried out on an AVANCE 500 MHz spectrometer
(Bruker) over a temperature range of 5°C to 47°C. The two-dimensional
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(2D) NMR experiments, TOCSY and NOESY, were carried out on an
800-MHz spectrometer (Bruker). The NOESY spectra were acquired at
two mixing times of 200 ms and 250 ms, and at two temperatures, i.e.,
5°C and 27°C. Water suppression was achieved by using the excitation
sculpting pulse sequence in 1D as well as in 2D experiments. A relaxation
time of 1 s was used. A quantity of 4096 points in the t2 dimension and 512
increments in the t1 dimension were used for the 2D TOCSY and NOESY.
The DNA sample was subjected to 10 times dilution (with plain water) and
the 1D spectrum was recorded again at 27°C. The 2D data were processed
using the software TopSpin 2.1 (Bruker). The t1 dimension was zero filled
to 2048 data points while processing. Apodization in both dimensions
was achieved using a sine-bell with a phase shift of 90°. All the spectra
were referenced externally with respect to trimethylsilyl propanoic acid
dissolved in D,O. All the data were recorded for various temperatures as
indicated on the plots.

Construction of His-tagged Hop1 N-terminal
expression plasmid

The nucleotide sequence corresponding to the N-terminal HORMA domain
(58-750 bp) was PCR amplified from plasmid pNH54-9 (86). The
PCR product was purified from the agarose gel using a gel extraction kit
(Qiagen). The PCR product was digested by Ndel and Xhol and direction-
ally cloned into the expression pET-22b vector. The resulting recombinant
plasmid was designated “pHORMA”. The identity of the recombinant
construct was determined by restriction digestion and DNA sequencing.

DNA binding assays

The reaction mixtures (20 uL) contained 10 mM Tris-HCI (pH 7.5), 0.25 mM
ZnCl, and 0.5 nM of a specified **P-labeled DNA substrate and increasing
concentrations of the specified protein. In the case of DNA binding assays
with G4 DNA, the reaction mixtures also contained 50 mM KCI. The reaction
mixtures were incubated at 30°C for 30 min. Two microliters of a gel loading
dye (0.25% xylene cyanol, 0.25% bromophenol blue in 20% glycerol) were
added to stop the reaction. The reaction mixtures were electrophoresed on a
6% native polyacrylamide gel in a 44.5 mM Tris-borate buffer (pH 8.3) con-
taining 1 mM EDTA at 10 V/cm at 4°C for 3 h. The gels were dried and
exposed to a phosphorimager screen (Typhoon FLA-9000; GE Healthcare),
and the bands were visualized using the software supplied by the manufac-
turer. The data were quantified using the software UVIbandmap (Uvitec Cam-
bridge; http://www.uvitec.co.uk/) and plotted in the software GraphPad Prism
(GraphPad Software, https://www.graphpad.com/).

DNA pairing assays

The reaction mixtures (20 uL) contained 2 nM of the specified **P-labeled
duplex DNA substrate comprising a G/C-rich sequence, 10 mM Tris-HCl
(pH 7.5), and the indicated concentrations of Hop1 or Rad17. After incuba-
tion at 30°C for 30 min, these were deproteinized by the addition of protein-
ase K (0.2 mg/mL) and SDS (0.2%) and were further incubated at 37°C for
20 min. The reaction was terminated by the addition of 2 uL of a gel loading
dye (0.25% xylene cyanol, 0.25% bromophenol blue in 20% glycerol). The
reaction mixtures were subjected to electrophoresis on a 10% native poly-
acrylamide gel (PAGE) in a 44.5 mM Tris-borate buffer (pH 8.3) containing
1 mM EDTA at 10 V/cm at 4°C for 5 h. The gels were dried and visualized
by a Typhoon FLA-9000 phosphorimager. The data was quantified using
the software UVIbandmap and plotted in GraphPad Prism.

Taq polymerase stop assay

The polymerase stop assay was carried out as described in Han et al. (87).
Briefly, the annealing reactions (20 uL) contained 10 mM Tris-HCI (pH 8),
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10 nM of an ssDNA template bearing G-quadruplex (WT), or the corre-
sponding mutant template, 15 nM of a >?P-labeled primer, and specified
concentrations of KCl. The reaction mixture was first heated at 95°C
for 5 min, and followed by slow cooling at room temperature over a
period of 24 h. A primer extension reaction was performed by mixing an-
nealed substrates with an assay buffer (2 uL) containing 5 mM MgCl,,
1.5 mg/mL BSA, and 0.2 mM dNTPs. After incubation with Tag DNA
polymerase for 30 min at 37°C, the reaction was stopped by the addition
of a loading dye (95% formamide, 10 mM EDTA, 10 mM NaOH, 0.1%
xylene cyanol, 0.1% bromophenol blue). The samples were separated on
12% denaturing PAGE. The gels were dried and exposed to a phosphorim-
ager screen (Typhoon FLA-9000), and the bands were visualized using the
software supplied by the manufacturer.

DNA polymerase stop assay with i-motif and its
mutant templates

The annealing mixtures (19 uL) contained the i-motif template or its mutant
template (10 nM), a **P-labeled primer (15 nM), and 5 mM MgCl, in a
50 mM sodium phosphate buffer of pH 4.5, 5.5, 6.5, or 7.5. The reaction
mixtures were heated at 95°C for 5 min and then allowed to cool slowly
at room temperature before the assay. The annealing mixture was mixed
with a reaction buffer (1 uL) containing 1.5 mg/mL bovine serum albumin,
0.2 mM dNTPs, and 0.5 U of KOD-Plus DNA polymerase (Toyobo, Osaka,
Japan). After incubation for 30 min at 37°C, the reaction was stopped by the
addition of a loading dye (95% formamide, 10 mM EDTA, 10 mM NaOH,
0.1% xylene cyanol, 0.1% bromophenol blue). The samples were separated
on 12% denaturing PAGE. The gels were dried and exposed to a phosphor-
imager screen (Typhoon FLA-9000), and the bands were visualized using
the software supplied by the manufacturer.

Construction of GFP reporter plasmids

The gene sequence corresponding to the GFP was amplified by PCR using
gene-specific primers. The PCR product was gel purified and digested with
EcoRI and Xhol. The PCR product containing the GFP cassette was inserted
into a centromeric plasmid pRS416, in which the expression of GFP is
under the control of a TEF promoter. The resulting plasmid was designated
“pGFP”. To clone GQ or i-motif-forming sequences upstream of the GFP
coding sequence, the pGFP was digested with BamHI and EcoRI. The
double-stranded DNA inserts (Table S2) containing GQ or i-motif-forming
sequences were directionally cloned into the pGFP vector. Plasmids with a
G-rich sequence or a C-rich sequence in the sense strand were designated
“G-plasmid” and “C-plasmid”, respectively. Similarly, mutant plasmids
were generated using sequences that had G-T or C-T substitutions. The
names of the constructs used in this study are listed in Table S3.

Confocal microscopy

The recombinant plasmids listed in Table S3 were transformed into the
S. cerevisiae strain W303 and selected on Ura™ plates. One colony
from the transformation plate was inoculated into the SC-Ura™ broth.
Aliquots of 2 mL from the exponentially growing cultures were centri-
fuged and washed three times with 1x phosphate-buffered saline (PBS)
and resuspended in 200 uL PBS. Aliquots of 10 uL. were spotted on a
glass slide. The cells were imaged using a confocal microscope (Carl
Zeiss, Oberkochen, Germany).

GFP measurement assay

S. cerevisiae W303 cells were transformed with the specified recombinant
GFP construct and selected on Ura™ plates. The transformation efficiency
of WT constructs was similar to those of mutant and control plasmids
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(~3.9 x 10° to 4.2 x 10° CFU/ug plasmid DNA). One colony from the
transformation plate was inoculated into the SC-Ura™ broth. Aliquots of
2 mL from the exponentially growing cultures were centrifuged and
washed three times with 1x PBS. The GFP levels were determined
with an Infinite 200 PRO Multimode Reader (Tecan, Mainnedorf,
Switzerland) with serially diluted cells (0.2, 0.4, and 0.6 OD) in a
96-well black plate.

RESULTS

The G-rich ssDNA from S. cerevisiae meiosis-
specific DSB folds into intramolecular
G-quadruplex DNA

In this study, to determine the structure and functional
significance of the G/C-rich motif associated with a
meiosis-specific DSB in S. cerevisiae (6,88), we chose a
meiosis-specific G/C-rich motif on chromosome IV (co-
ordinates 1242544-1242567) (6). We designed a 24-mer
ODN corresponding to the motif above, which contained
four repeats of four contiguous guanine residues. We
also designed a modified ODN of the same length bearing
G to T base substitutions (Fig. 1 A). Similarly, we used a
complementary 24-mer ODN containing four repeats of
four contiguous cytosine residues and its corresponding
modified 24-mer ODN containing the C to T base substi-
tutions (Fig. 2 A). An oligo(dT) homopolymer of iden-
tical length served as an additional negative control for
G-quadruplex and i-motif formation.

To investigate whether the 24-mer G-rich ODN can fold
into a GQ, increasing concentrations of 32p_labeled ODNSs
were incubated in the presence of 120 mM KCI. The reac-
tion products were resolved by native PAGE. Under nonde-
naturing conditions, we found the coexistence of two, to our
knowledge, new species of DNA in a reaction mixture con-
taining G-rich ODNS, albeit at a varying relative abundance:
a major species migrating faster than the 24-mer ODN and a
minor species migrating more slowly. These correspond to
intra- and interstrand GQs, respectively (Fig. 1 B, lanes
5-8). The G-mutant strand (MT) and the poly(dT) ODNs
failed to show new bands in the gel, indicating the involve-
ment of contiguous G residues in quadruplex formation
(Fig. 1 B). Next, we used CD spectroscopy to determine
quantitatively the formation of G-quadruplex DNA. An
analysis of CD spectra revealed that 24-mer G-rich ODN
showed an intense positive peak around 265 nm and a
small negative peak at 240 nm in the presence of KCl
(Fig. 1 C). These results are in agreement with those re-
ported previously for the G-rich hTERT promoter, suggest-
ing the coexistence of two different GQ conformations (89).
Furthermore, we found that the characteristic CD spectro-
scopic signatures of GQ DNA were absent in reaction
mixtures containing mutant 24-mer ODN or lacking KCl
(Fig. 1 C). Additionally, DMS footprinting assays confirmed
the formation of G-quadruplex DNA (Fig. S1). Together,
these results support the idea that the G-rich ssDNA

Biophysical Journal 112, 2056-2074, May 23, 2017 2059



Kshirsagar et al.

A G-rich WT:

5'GAGGGGAGGGGAAGGGGAGGGGAA3!

G-mutant strand: 5'GAGTGTAGTGTAAGTGTAGTGTAA3'
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FIGURE 1

The G-rich motif associated with a meiosis-specific DSB on chromosome IV of S. cerevisiae folds into a G-quadruplex structure. (A) Given here

are nucleotide sequences of G-rich WT, G-MT, and poly (dT). The guanine residues are highlighted in red. The G to T substitution in the mutant strand is
denoted by green. (B) Given here is the EMSA analysis of the G-quadruplex structures formed by increasing concentrations of a >?P-labeled G-rich WT,
G-mutant and poly(dT) ODN:s in the presence of 120 mM KCI. The solid triangle on top of the gel image denotes increasing concentrations of the indicated
ODN. Lanes 1-4 contained 50, 100, 150, and 200 nM poly(dT), lanes 5-8 contain G-rich WT, and lanes 9—12 G-mutant ODN, respectively. The positions of
inter- and intramolecular G-quadruplex and the substrate is indicated on the right-hand side of the image. (C) Effect of KCI on the formation of G-quadruplex
DNA. The CD spectral tracings of the indicated ODNs were obtained in the absence or presence of 120 mM KCI.

associated with meiosis-specific DSB folds predominantly
into an intramolecular GQ in the presence of KCI.

The C-rich ssDNA from S. cerevisiae meiosis-
specific DSB adopts i-motif conformation

Multiple studies have shown that the formation of i-motif
structures by C-rich ODNSs result in a characteristic retarded
mobility of DNA in polyacrylamide gels, and a specific
CD spectroscopic signature with a maximum positive peak
between 280 and 288 nm and a negative peak within 260—
267 nm (63-65,90). After having shown that the G-rich
ssDNA derived from a meiosis-specific DSB folds into
intramolecular GQs, we asked whether the C-rich strand
complementary to the G-rich sequence can adopt i-motif
conformation. Increasing concentrations of “?P-labeled
WT and mutant ODNs were incubated in a 50 mM sodium
phosphate buffer (pH 5.5). As above, a poly(dT) ODN of
equivalent length was used as a control. The formation of
i-motif DNA was monitored by analyzing the reaction mix-
tures by PAGE. Under nondenaturing conditions, the C-rich
ODN exhibited faster mobility with respect to C mutant and
poly(dT) ODNs (Fig. 2 B, lanes 9—12), indicating the forma-
tion of intramolecularly folded i-motif structures (63,64). In
contrast, C-mutant and poly(dT) ODNs displayed relatively
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slow-moving bands under identical conditions (Fig. 2 B,
lanes /-8).

We used CD spectroscopy to determine the secondary
structure in 24-mer C-rich ODN derived from a meiosis-spe-
cific DSB. Fig. 2 C shows the CD spectra obtained at four
different pH values, ranging from pH 4.5 to 7.5. It is evident
that the spectra exhibited significant changes concomitant
with pH change from 7.5 to 4.5. The CD spectra showed
a large increase in ellipticity with a positive band near
288 nm and a negative peak at 262 nm at pH 4.5 and 5.5, which
are the hallmark characteristics of i-motif structure (91-93).
At pH 7.5, the positive maxima shifted to 278-280 nm with
adrastic decrease in molar ellipticity, consistent with an unor-
dered random-coiled structure. The observed red shifts of the
CD bands with pH change from pH 7.5 to 5.5; this is in agree-
ment with the involvement of intercalated C-C ™ basepairs in
the formation of an i-motif conformation (94).

For further characterization of the i-motif structure, we
used a modified 24-mer ODN containing C to T base substi-
tutions. The CD spectra obtained under similar conditions
showed the absence of positive and negative peaks at 288
and 262 nm, respectively, consistent with the notion that
contiguous C residues are essential for the formation of an
i-motif structure (Fig. 2 D). We next sought to determine
if 24-mer C-rich ODN can adopt an i-motif conformation
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FIGURE 2 The C-rich sequence associated with a meiosis-specific DSB on chromosome IV of S. cerevisiae folds into an intramolecular i-motif. (A) Shown
here are the nucleotide sequences of C-rich WT, C-MT, and poly (dT). The C-residues are highlighted in red. The C to T substitution in the mutant sequence is
denoted by green. (B) Shown here is the EMSA analysis of i-motif structures formed by increasing concentrations of a **P-labeled poly(dT), C-mutant, and
C-rich WT ODN s in a 50 mM sodium phosphate buffer (pH 5.5). The solid triangle on top of the gel image denotes increasing concentrations of the indicated
ODN. Lanes 14 contain 50, 100, 150, and 200 nM poly(dT), lanes 5-8 contain 50, 100, 150, and 200 nM C-mutant, and lanes 9-12 contain 50, 100, 150, and
200 nM C-rich WT ODN, respectively. (C) Shown here is the effect of pH on the formation of i-motif by C-rich WT ODN. (D) Shown here is the effect of pH

on the formation of i-motif by C-mutant ODN.

under cell-mimicking molecular crowding conditions. To
this end, we measured and analyzed the CD spectra in the
presence of 20% PEG 3350. The CD data show that
PEG induces the formation of an i-motif conformation at
pH 6.5 (compare Fig. 3 A with Fig. 2 C). These results sup-
port the idea that crowding agents under cellular conditions
can induce the formation of i-motif conformations at a near-
neutral pH (53,95,96).

We next assessed the thermal stability of the i-motif by
following changes in the CD spectra with increasing temper-
atures and at various pH values. Fig. 3 B shows the thermal
denaturation profiles of the i-motif generated by plotting the
fraction of folded i-motif DNA versus temperature. Overall,
these results suggest that i-motif DNA has a significantly
higher melting temperature under acidic pH conditions
with a distinct inverse sigmoidal melting curve at 286 nm.
The higher T}, at an acidic pH is due to the presence of addi-
tional CH":C bp that stabilizes the i-motif structure (53).

NMR evidence suggests that the C-rich ssDNA
associated with a meiosis-specific DSB folds into
the i-motif structure

We used 2D solution-state NMR spectroscopy as a probe
to characterize the i-motif structure. Fig. 4 iA shows the

14.5-16.5 ppm motif of the "H NMR spectrum at 27°C of
24-mer C-rich ssDNA recorded on an 800-MHz spectrom-
eter. The spectrum shows peaks between 14.8 and 16.1
ppm, which is a characteristic feature of C-C™ pairing via
protonation of one of the C-residues at the N3 position
(97). The DNA sequence, which is rich in C-residues, can
pair, either via inter- or intramolecular folding, wherein
the C residues come closer to form C-C™ pairs. To assess
whether both occur, we diluted the sample 10-fold. The
spectrum in Fig. 4 iB shows the identical motif as depicted
in Fig. 4 iA. We therefore conclude that the spectrum in
Fig. 4 i is indicative of a structure formed by an intramolec-
ular folding of the DNA sequence. After dilution, no pH
changes were observed. However, the slight shuffling in
the central peaks on dilution could be attributed to minor
changes in solution conditions after dilution. An examina-
tion of the DNA sequence reveals that C-rich ODN can
fold several times, with thymine residues occupying the
loop positions, so that the four arrays of 4 C residues can
be brought in proximity to form C-C" basepairs.

Fig. 4 ii shows the temperature dependence of the spectral
motif above recorded at 500 MHz. The data suggest that the
structure is highly stable even at 47°C. Approximately four
sharp peaks could be visualized. Thus, the folding of the
DNA sequence leads to a very stable structure, and this
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FIGURE 3 Biophysical characterization of
i-motif formed by a meiosis-specific DSB from
chromosome 1V of S. cerevisiae. (A) A molecular
crowding agent facilitates the folding of C-rich
sequence into i-motif at a near-physiological pH.
Reaction mixtures contained 5 uM C-rich WT
ODN (Fig. 3 A) in 50 mM sodium phosphate buffer
at different pH values. CD spectra were obtained in
the presence of 20% PEG 3350 at several pH
values: green, pH 4.5; magenta, pH 5.5; red, pH
6.5; and black, pH 7.5. (B) Shown here are denatur-
ation profiles of i-motif structures at different pH
values. Molar ellipticity changes in the far UV
CD range plotted against increase in temperature.

seems to implicate the formation of the i-motif wherein one
C-C" duplex formed by two parallel strands interdigitates
with another similar duplex running in the opposite direc-

DR

(ii)

T T T T
16.0 15.5 15.0 PP

FIGURE 4 (i) Given here is the 1D 800 MHz "H NMR spectrum of 1 mM
24-mer C-rich ODN (Fig.2 A) derived from meiosis-specific DSB on chro-
mosome IV of S. cerevisiae. (A) Given here is the spectrum at 1 mM 24-mer
C-rich ODN (Fig. 2 A) at 27°C showing the imino region and (B) the spec-
trum recorded after 10 times dilution with water. (ii) Shown here are the
500 MHz 1D NMR spectra of 1 mM 24-mer C-rich ODN (Fig. 2 A) showing
the imino region (14.5-16.0 ppm) at different temperatures, 5°C, 27°C,
37°C, and 47°C.
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tion. Each of these duplexes contains 4 C-C" basepairs. In
a structure, there will be eight nonequivalent C* imino pro-
tons, and, therefore, one would expect to observe eight
peaks. However, we observed a large number of peaks
(Fig. 4 i), which seems to imply that the chain can fold
into the i-motif in more ways than one. Indeed, as can be
seen in Fig. 5, A and B, one could readily conceive of two
ways that differ in the order of interdigitation of the two
C-C" duplex molecules. In Fig. 4 ii, we observed that the
different peaks have different line widths and they melt at
different rates as the temperature is raised. We can readily
see that the outer peaks around 14.8 ppm are the first to
vanish and these must, therefore, belong to the outermost
C-C™ pairs in the structure. The fact that there are at least
three (if not four) peaks in this region seems to suggest
that there are perhaps two i-motif structures that coexist in
solution. The central peaks that are retained at higher tem-
peratures must correspond to the interior C-C*t pairs in
i-motif structures.

We also recorded TOCSY and NOESY spectra of the
sample with a view to characterizing the i-motif structure
(Fig. 5 C). The spectrum does, indeed, display a large num-
ber of peaks typical of a well-formed stable structure, but
an extensive overlap even at 800 MHz renders a detailed
analysis and sequence-specific assignments impossible.
Evidently, there are peaks at the expected spectral regions,
reflecting imino-imino, imino-amino proton correlations,
and between nonexchangeable protons in the bases and
the sugar rings. Importantly, the set of nuclear Overhauser
effects (NOEs) enclosed in the strip around 11 ppm includes
NOE:s to protons at ~1.5 ppm, which can be readily attrib-
uted to T methyls. Thus, a natural deduction would be that
the peak at 11 ppm belongs to the T-imino proton. Interest-
ingly, this proton also shows NOEs to C"-imino and amino
protons. Clearly, this imino proton is sufficiently stable even
at 27°C. This is significant considering that the T-imino is



A B
3 end
T24 T12
T13
T23
c14
c22
c15
Cc21 c10
C16 cs
e 16
C20, c9
c17 C6
c19 ’cs c17
T18 7
Cc
NOESY 27°C oo
L
T-CH, [ 1] L2
3
Eod
LS5
- : - €
. 7
NCNH,, -e
P CNH, P
10
A n
12
13
14
15
» L 16
17
Y6 15 14 13 12 11 10 5 8 7 & 5 4 3 2 1 ppm
C*NH T-NH

not involved in any kind of basepairing. Thus, the high sta-
bility of the T-imino must be attributed to its poor accessi-
bility to the solvent in the structure. Such a feature must
be expected for the structural models in Fig. 5 C, especially
for the loops involving a single T nucleotide. The NOE pat-
terns from this proton would provide strong support for such
structural models. Altogether, these results support the idea
that the C-rich ssDNA corresponding to a DSB site on chro-
mosome [V adopts an i-motif structure.

G-quadruplex blocks primer extension by DNA
polymerase

Our analyses, thus far, have relied on techniques such as
electrophoretic mobility shift assays, CD, and NMR spec-
troscopy, which are similar to previous studies that probed
the formation of quadruplex structures (1-3). Although
our results revealed the formation of i-motif and G-quadru-
plex structures by ssDNA associated with meiosis-specific
DSB, we sought to determine the functional relevance of
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5 end

FIGURE 5 (A and B) Given here is the sche-
matic illustration of two folding topologies. The
intercalation topology of the cytidine core is iden-
tical in both the cases, although the arrangement of
the CC stretches (folding topology) is not. (C)
Given here is the complete 800 MHz 2D NOESY
spectrum (200 ms) of 1 mM 24-mer C-rich ODN
(Fig. 2 A) recorded at 27°C. External and internal
imino protons involved in C-C™" pairing are marked
NH,. and NH,;, respectively.

these structures. A DNA polymerase stop assay has been
used to examine the effect of quadruplex structures on
DNA replication in vitro (98). Accordingly, to determine
the DNA replication-blocking potential of the sequences
at meiosis-specific DSB on chromosome IV, we designed
66-mer WT and mutant ssDNA templates, placing the
G-rich motifs at the center (Fig. 6 A). Also, we used a primer
sequence complementary to the sequence located at the 3’
end of the template. The template and *?P-labeled primer
(at a template/primer ratio 1:1.5) were annealed in the assay
buffer containing increasing concentrations of KCI. In the
absence of KCl, both the WT and mutant templates sup-
ported the synthesis of a 66-mer product by Tag DNA poly-
merase (Fig. 6 B, lanes / and 6). In the case of WT template,
we found that the readthrough by DNA polymerase was
blocked at a site corresponding to the site of G-quadruplex
formation. Indeed, with the addition of increasing concen-
trations of KCI, the yield of the full-length product
decreased with a concomitant increase in the amount of
truncated product (Fig. 6 B, lanes 2-5). In contrast, the
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A G-richWT : 5'GGAGAGGGGAGGGGAAGGGGAGGGGAAAAGGTAAT
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template containing the mutant G-rich sequence allowed
polymerase to pass without being blocked (Fig. 6 B, lanes
7-10).

The i-motif blocks primer extension by DNA
polymerase

We next asked whether the presence of an i-motif structure
in a template would obstruct DNA polymerase to read
through and synthesize full-length ssDNA. To investigate
this premise, we annealed a *?P-labeled primer to the 3’
end of the 66-mer i-motif forming ODN or to its correspond-
ing mutant template. The primer extension reactions were
performed with KOD-Plus DNA polymerase, which is
active under acidic conditions (99). Consistent with the
results shown in Fig. 6 D, primer extension was blocked
in the case of the WT template at a site coinciding with
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the i-motif formation in the pH range of 4.5-5.5, but not
at higher pH values (Fig. 6 D, lanes 2 and 4). In contrast,
a full-length product was produced with the template con-
taining the mutant sequence (Fig. 6 D, lanes 3 and 5). How-
ever, there was no blocking with the same WT template
when the reactions were performed in pH values from 6.5
to 7.5 (Fig. 6 D, lanes 6 and §). There was no change in
the magnitude of primer extension arrest with time, suggest-
ing that KOD-Plus DNA polymerase was blocked rather
than pausing at the site of i-motif structure, and we did
not observe any shorter products than the full-length product
(data not shown). Collectively, these results support the idea
that the G/C-rich motif derived from the meiosis-specific
DSB folds into G-quadruplex and i-motif structures, which,
in turn, block DNA replication.

Several lines of evidence suggest that G-quadruplexes are
stable under physiological conditions (1-3). On the other



hand, i-motif structures are stable only in a pH range of
4.5-6 because of the need for protonation of the cytosine
residues. We therefore reasoned that the loss of DNA poly-
merase arrest at the site of i-motif formation under neutral
pH could be due to the instability of these structures. Previ-
ous studies have shown that single-walled carbon nanotubes
(SWNTs) can induce human telomeric i-motif formation
under physiological conditions (100). We, therefore, carried
out a polymerase arrest assay at pH 7.5 in the presence of
increasing concentrations of SWNTs. We observed that re-
action mixtures containing the WT template blocked primer
extension in the presence of SWNTs exactly at the site coin-
ciding with the formation of the i-motif structure (Fig. 6 E).
Thus, these results indicate that factors such as the superhe-
lical density of the DNA, the binding of specific proteins,
and macromolecular crowding conditions inside the cell
could facilitate the formation of i-motif structures under
physiological conditions (101,102).

The G/C-rich motif folds into GQ DNA and i-motif
structures in S. cerevisiae cells

After having established that the meiosis-specific G/C-rich
DSB from chromosome IV folds into GQ DNA and i-motif
structures in vitro, we wished to examine if this motif could
fold into quadruplex structures in vivo as well. The in vivo
existence of GQ has been demonstrated using specific anti-
bodies (8,10). However, the in vivo existence of the i-motif
structures and their ability to act as cis-regulatory ele-
ments remains to be elucidated. To examine the effects of
a meiosis-specific G/C-rich DSB on gene expression, we
developed a GFP-based reporter assay. The GQ DNA or
i-motif-forming sequences associated with the G/C-rich
motif along with its 6 bp upstream and downstream motifs
were placed upstream of the GFP coding sequence in plas-
mids optimized for protein expression in S. cerevisiae. In
these constructs, the correct reading frame of mRNA is
maintained during translation. The plasmids with G-rich
or C-rich sequences placed on the sense strand were termed
G-plasmids or C-plasmids, respectively. For comparison,
mutant constructs (GM and CM plasmids) were generated
harboring the corresponding mutations in the G- or C-rich
sequence. Duplex DNA containing a random sequence of
equivalent length, cloned upstream of the GFP coding motif,
served as a control plasmid. Fig. S2 shows a schematic
depicting the potential formation of quadruplex structures
by WT or mutant sequences on sense or antisense strands.
In principle, the folding of the G/C-motif into the GQ or
an i-motif structure should impair RNA polymerase activity
on the DNA template, therefore reducing the expression of
the fused GFP. The constructs were transformed into
S. cerevisiae W303 cells and selected on Ura™ plates. Mid-
exponentially grown cells were examined by fluorescence
confocal microscopy. The results revealed a significant
decrease in the expression of GFP in cells containing the
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G-plasmid or C-plasmid (Fig. 7, L and M), but not those
that contained the corresponding mutant sequences
(Fig. 7, N and O). Further, GFP expression in cells contain-
ing mutant plasmids was similar to the vector control
(Fig. 7, compare K with N and O).

Next, we quantified the levels of GFP expression in mid-
exponentially grown cells containing the recombinant plas-
mids described above by flow cytometry. The cultures were
harvested, centrifuged, and the cell pellet was diluted in
PBS to Aggg = 0.2, 0.4, and 0.6. From the data obtained
from flow cytometry, we calculated the average mean
GFP expression as well as the coefficient of variation.
Fig. 8 shows the relative differences in GFP expression
among the various recombinant plasmids. At all cell
densities, the highest expression was observed in cells con-
taining the GFP-expressing control plasmid. The GFP fluo-
rescence markedly reduced (75-85%) in cells containing
WT G-rich or C-rich sequences upstream of the GFP coding
sequence, compared with the GFP-expressing control
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FIGURE 7 The G-rich or C-rich sequences associated with a meiosis-
specific DSB on chromosome IV of S. cerevisiae fold into G-quadruplex
and i-motif structures, respectively. The S. cerevisiae strain W303 was
transformed individually with a centromeric pRS416 plasmid expressing
GFP or GFP tagged to a G-rich sequence (G plasmid) or GFP tagged to a
C-rich sequence (C plasmid) or GFP tagged to their corresponding mutant
sequences (G mutant or C mutant plasmid). Fluorescence and bright-field
images were acquired with a confocal laser scan microscope. The panels
show bright-field images (A)-(E), GFP fluorescence images (F)—(J), and
merged fluorescence-bright field images (K)—(O) of the constructs above.
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FIGURE 8 The formation of G-quadruplex and i-motif structures in vivo
lead to decreased GFP expression. (A) Given here is a schematic represen-
tation of the experimental design. (B) Histograms depict the coefficient of
variation in the amount of GFP expression in S. cerevisiae cells contain-
ing the indicated recombinant constructs. Exponentially growing cells of
S. cerevisiae strain W303 were serially diluted (ODgyy = 0.2, 0.4, and
0.6) and used to measure GFP fluorescence.

plasmid. Interestingly, in cells containing plasmids with
mutated G-rich or C-rich sequences, GFP expression was
restored to the levels seen in cells containing the positive
control plasmid. Altogether, these results support the
idea that both G-rich and C-rich sequences derived from
a meiosis-specific DSB can fold into GQ DNA and
i-motif structures in vivo, respectively, and independent of
each other, thus leading to a substantial decrease in GFP
expression.

To further confirm if changes in GFP fluorescence reflect
underlying changes in the GFP reporter gene mRNA abun-
dance, we measured the relative levels of gfp transcripts
after the isolation of total RNA from the strains containing
the WT and mutant constructs. The gfp mRNA yield ob-
tained from a construct lacking the GQ DNA and i-motif-
forming sequences served as a positive control. The relative
gfp mRNA levels significantly decreased in cells bearing
WT GQ DNA and i-motif-forming constructs (i.e., a
reduction of ~60% in the case of GQ DNA and ~40%
with i-motif-forming sequences, respectively) compared to
GFP-positive cells (Fig. S3). The reason for these differ-
ences is not clear; however, it could be due to differences
in the relative stability of GQ DNA and i-motif struc-
tures in vivo that need further investigation. Nevertheless,
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it seems that quadruplex formation in vivo efficiently in-
hibits gfp mRNA transcription.

Full-length Hop1 and Hop1CTD associate
preferentially with G-quadruplex DNA formed by
the G/C-rich motif associated with meiosis-
specific DSB

Our previous studies have shown that Hopl possesses a
modular organization with distinct N- and C-terminal do-
mains, called “HORMA” and “HoplCTD”, respectively
(103). Further, the full-length Hopl and HoplCTD asso-
ciate with linear duplex DNA as well as synthetic G4
DNA with high affinity, in the low nanomolar range
(13,103-105). Using purified preparations of full-length
Hopl and its truncated derivatives (Fig. S4), we carried
out electrophoretic mobility shift assays to assess their abil-
ity to bind the G4 DNA motif derived from a meiosis-
specific DSB. The assay was performed with a constant
amount of >*P-labeled GQ DNA or ssDNA and various con-
centrations of full-length Hopl, HORMA, or Hopl1CTD.
Although the full-length Hopl and its truncated derivatives
exhibited little or no G-rich ssDNA binding activity (Fig. 9,
A-C), full-length Hopl formed a discrete band with GQ
DNA (Fig. 9 D), and the HoplCTD bound weakly to GQ
DNA producing a diffuse smear after gel electrophoresis
(Fig. 9 F). Under these conditions, the HORMA domain
showed weaker GQ DNA binding activity even at high pro-
tein concentrations used in the assay (Fig. 9 E).

To evaluate the substrate preference, we quantitatively
determined the apparent dissociation constants for full-
length Hop1 and its truncated derivatives. The results shown
in Fig. 9 G suggest that Hopl associates preferentially with
GQ DNA formed by the G-rich motif associated with a
meiosis-specific DSB, and this preference was reflected by
a K, value of 68.45 nM, which was approximately threefold
lower than that obtained for GQ DNA-Hop1CTD interac-
tion. The K, values determined for full-length Hopl and
HopICTD are in agreement with the previously determined
values (13,103,105). Interestingly, the full-length Hopl was
devoid of significant i-motif binding activity, but Hopl1CTD
bound the i-motif with a reduced affinity (K; = 412 nM)
compared to GQ DNA (Table 1).

The Hop1CTD binds efficiently to i-motif DNA

Given the evidence that the C-rich motif associated with a
meiosis-specific DSB folds into an i-motif structure, we
investigated whether full-length Hopl1 or its truncated deriv-
atives exhibit i-motif binding activity. Using electrophoretic
mobility shift assays, we explored the ability of full-length
Hopl and its derivatives to bind i-motif, its constituent
WT 24-mer ODN, or a mutant form of the i-motif structure.
The full-length Hopl or its truncated derivatives did not
show measurable binding activity to either C-rich ODN or
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FIGURE 9 Full-length Hopl and Hop1CTD, but not the N-terminal fragment of Hopl (HORMA), exhibit efficient binding to the G-quadruplex formed by
a meiosis-specific DSB from chromosome IV of S. cerevisiae. The reaction mixtures (20 uL) contained 0.5 nM 32p_labeled G-rich ssDNA (A-C) or G4 DNA
(D-F). The reaction mixtures were incubated in the absence (lane /) or presence of (lanes 2—11) 20, 40, 60, 80, 100, 120, 140, 160, 180, and 200 nM of full-
length Hopl, HORMA, or Hop1CTD, respectively. In (D)—(F), the reaction mixtures also contained 50 mM KCI. The solid triangle on top of the gel denotes
increasing concentrations of the specified protein. (G) Shown here is a graphical representation of the extent of protein binding to G-rich ssDNA or G4
DNA. The extent of formation of a protein-DNA complex in (A)—(F) is plotted versus varying concentrations of the specified protein. Error bars indicate

mean + SE.

the mutant i-motif structure (Fig. 10, A—F). However, at high
concentrations of full-length Hop1, we noticed only a small
amount of i-motif-protein complex, although these com-
plexes failed to enter the gel indicating possible aggregation
(Fig. 10 G). An estimate of the formation of DNA-protein
complexes revealed that i-motif binding required more
than sixfold-higher concentrations of full-length Hopl to
reach 50% binding relative to GQ DNA (Fig. 10 J). Like
full-length Hopl, HORMA was able to bind weakly to the
i-motif albeit at high concentrations. However, unlike full-
length Hopl, HORMA formed a discrete band on the gel
(Fig. 10 H). Strikingly, Hop1CTD exhibited strong i-motif
binding activity and generated a discrete band in the gel:
its intensity increased with the addition of increasing protein

TABLE1 K, Values for the Binding of Full-length Hop1 and Its
Truncated Derivatives to GQ DNA and i-Motif

DNA Substrate Protein K, (nM)
G-quadruplex Hopl 68.45 = 1.5
i-motif Hopl not determined
G-quadruplex HORMA not determined
i-motif HORMA not determined
G-quadruplex HopICTD 186.57 = 2.8
i-motif HoplCTD 41275 £ 2.3

concentrations and reached a plateau at 1.5 uM (Fig. 10 I).
Under these conditions, and at high concentrations of
HopICTD, a second band of much weaker intensity could
be seen in the wells of the gel (Fig. 10 I) whose structure
remain to be investigated. Nevertheless, the specific associ-
ation of Hop1CTD with i-motif supports the idea that this
activity has some biological relevance to the synapsis of
meiotic chromosomes.

Hop1 promotes the pairing of duplex DNA
segments containing the G/C-rich motif
associated with a meiosis-specific DSB

We have previously demonstrated that full-length Hopl
or HoplCTD promotes an intra- and intermolecular syn-
apsis between linear or circular duplex DNA molecules
(84,103,104). We now asked whether Hopl can promote
pairing between linear duplex DNA segments having the
G/C motif associated with a meiosis-specific DSB. For
this purpose, we designed a 52-bp duplex DNA fragment
with a 24-bp G/C-rich motif placed at the center of the mole-
cule (Fig. 11 A). The sequences flanking the 24-bp G/C-rich
motif represent the sequences in the natural context of the
meiosis-specific DSB on chromosome IV. Likewise, we
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designed a 52-bp duplex fragment with a mixed DNA
sequence (Fig. 11 B). Using mobility shift assays, we first
examined the ability of full-length Hopl to bind 2 nM
32p_labeled 52-bp WT and mutant DNA fragments. Consis-
tent with our previous data (84,103,104), Hopl bound effi-
ciently to both WT and mutant 52-bp DNA fragments in a
concentration-dependent manner (Fig. S5, C and D). To
further confirm the specificity, we used the S. cerevisiae
Rad17 protein. We found that Rad17 bound weakly to the
WT 52-bp duplex DNA fragment, generating diffuse bands
after gel electrophoresis (Fig. S5 E).

Previous studies have shown that full-length Hopl or
Hopl1CTD promote intermolecular synapsis between syn-
thetic DNA segments containing centrally positioned G/C-
rich sequences via Hoogsteen basepairing (Fig. S6). To
determine the ability of full-length Hopl to promote an
intermolecular synapsis between two linear duplex DNA
segments having a G/C motif derived from a meiosis-spe-
cific DSB, a constant amount of >?P-labeled 52-bp WT
DNA fragment (Fig. S7 A) was incubated with a saturating
amount of full-length Hop1 for the indicated time periods
(Fig. S7 B). The reaction mixtures were deproteinized and
the reaction products were separated by electrophoresis on
a 10% native polyacrylamide gel. In good agreement with
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previous data (84,103), we noticed two bands: a lower
band corresponding to the free DNA substrate, and an upper
band to a, to our knowledge, new DNA species whose
migration is consistent with the formation of a side-by-
side synapsis between two 52-bp linear duplex DNA frag-
ments (Fig. S7 B). A quantification of the newly formed
DNA species revealed that its abundance increased in a
time-dependent manner, reaching a maximum of 30% in
~10 min, and plateaued thereafter (Fig. S7 C).

We then sought to determine the effect of various
amounts of full-length Hopl on the formation of a synapsis
product between 52-bp duplex DNA fragments containing
a centrally positioned 24-bp G/C-rich motif and a similar
fragment with a mixed DNA sequence. It is evident that the
synapsis between duplex molecules (Fig. 11 A) increased
with the addition of increasing concentrations of full-length
Hopl (Fig. 11 C). As previously reported, however, the for-
mation of synapsis product did not increase above 30%,
even with high levels of Hopl (Fig. 11 F). Although full-
length Hop1 bound efficiently to the fragment containing a
mixed DNA sequence, it did not promote synapsis between
the duplex DNA molecules (Fig. 11 D). Similarly, although
S. cerevisiae Rad17 bound efficiently to the fragment con-
taining the centrally positioned 24-bp G/C-rich motif, it
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failed to promote synapsis between the duplex DNA seg-
ments (Fig. 11 E). Altogether, these results support the idea
that Hop1 promotes pairing between duplex DNA molecules
containing G/C-rich motifs associated with a meiosis-spe-
cific DSB.

DISCUSSION

In this study, we investigated the ability of a G/C-rich motif
associated with a meiosis-specific DSB to fold into GQ
and i-motif structures. Numerous studies have demonstrated
that G/C-rich motifs of genomic DNA fold into GQs and
impact various processes associated with nucleic acid meta-
bolism (2,3). We reveal, in this study, using a multitude of
approaches, that a G-rich motif associated with a meiosis-
specific DSB from S. cerevisiae chromosome IV folds into
GQ, and the C-rich sequence complementary to the G-rich
sequence forms an i-motif. Further, we found that the
presence of G-quadruplex or i-motif forming sequences up-
stream of the GFP-coding sequence drastically reduce GFP
expression, thereby indicating the existence and in vivo
functional importance of these structures. Surprisingly, the
Hop! C-terminal but not the N-terminal domain exhibited

strong i-motif binding activity, implying that the C-terminal
domain has a distinct substrate specificity. Consistent with a
proof-of-concept study using synthetic substrates (84), we
found that Hop1 promotes intermolecular synapsis between
G/C-rich DNA molecules derived from a meiosis-specific
DSB site. Overall similar results were observed with G/C
motifs derived from chromosome IX and X (data not
shown). Altogether, these results reveal that the G/C-rich
motif associated with a meiosis-specific DSB folds into
mutually exclusive G-quadruplex and i-motif structures,
both in vitro and in S. cerevisiae cells. Additionally, our
data provide, to our knowledge, new insights into the activ-
ities of S. cerevisiae Hopl that further illuminate the
complexity of its role in meiotic chromosome synapsis
and recombination.

As noted in the Introduction, tetramolecular and bimolec-
ular GQs have been extensively studied using a wide variety
of experimental approaches compared to i-motif structures
(2,3). The biological significance of the ubiquitous GQs
has been established in different cellular contexts and in
different organisms (1,31,105-107). The formation of GQ
DNA and GQ RNA have been shown to modulate a variety
of cellular functions such as replication, transcription,
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translation, and recombination (4,30,34,108). One caveat of
interpreting some of these studies is that the occurrence of
GQs in cells employed GQ-specific antibodies, fragmented
genomic DNA, or the quadruplex-specific ligands. There-
fore, it is necessary to provide direct in vivo evidence of
the existence and regulatory role(s) of GQs in processes
associated with DNA or RNA. We began this study with
the goal of determining the ability of a G/C-rich motif asso-
ciated with a meiosis-specific DSB from S. cerevisiae chro-
mosome IV to fold into quadruplex structures. Our data,
obtained through a number of biochemical and biophysical
methods, show that the G/C-rich motif folds into GQ, and
the C-rich motif complementary to the G-rich motif folds
into the i-motif. Furthermore, our studies reveal that the
C-rich sequence folds into i-motif at a near neutral pH in
the presence of a crowding agent. More importantly, we
show that the WT G-rich or C-rich motifs, but not their cor-
responding mutated sequences, placed upstream of the GFP
coding sequence attenuate its expression, and impede the
progression of a replicative DNA polymerase.

Recent advances in the field of nucleic acid structure have
generated much interest regarding the ability of C-rich
strands to adopt i-motif conformation (53). Despite great in-
terest and recent progress in the field of nucleic acid struc-
ture, very little is known about the biological significance
of the i-motif structure. Here, we have characterized the
formation of i-motif through a variety of biochemical, bio-
physical, and molecular and cell biological techniques.
First, we show that the C-rich motif of a meiosis-specific
DSB assumes an i-motif DNA conformation under mild
acidic conditions. Second, the formation of an i-motif
conformation occurs under physiological conditions in the
presence of crowding agents. Third, CD melting experi-
ments suggest that i-motif DNA has a significantly higher
stability and that the 7,, values decrease with an increase
in the pH value. Finally, the analysis of NMR data is consis-
tent with the view that the C-rich ssDNA corresponding to a
DSB site on chromosome IV folds into an intramolecular
i-motif structure.

The functional significance of the i-motif structure,
currently, is less clear compared to the GQ because of its
instability at a neutral pH (2,3). However, it is possible
that specific nuclear proteins could promote and/or stabilize
i-motif structures under physiological conditions in vivo
(56,67-70). The formation of an i-motif structure by a
C-rich motif associated with a meiosis-specific DSB at a
near-neutral pH supports the notion that this structure is
physiologically relevant. We ourselves found unexpectedly,
that Hop1CTD, a known GQ-binding domain, showed a
binding preference for the i-motif structure. Given the fact
that Hopl is a structural component of SC, its binding to
the i-motif implies that it might play a role during chromo-
some synapsis and meiotic recombination. More impor-
tantly, the results of primer extension and GFP expression
with WT sequences are consistent with the notion that the
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i-motif structure formed by the C-rich sequence of a
meiosis-specific DSB is functionally significant. Previous
studies have shown that three closely related proteins of
S. cerevisiae, i.e., Imd2, Imd3, and Imd4, possess C-rich te-
lomeric DNA binding activity (109).

The precise molecular mechanism(s) underlying the
alignment of homologous chromosomes and recombination
during meiosis remain to be fully elucidated. In addition, the
most poorly understood step in the DSB repair pathway is
the functional significance of G/C-rich motifs at meiotic
DSB sites. Several lines of evidence have provided a strong
correlation between the G/C-motif at DSB sites and the high
recombination rates in S. cerevisiae. This was further sup-
ported by the fact that the G/C-rich motifs derived from bac-
terial plasmids display a high frequency of recombination in
meiotic cells (110-113). Previous studies have also demon-
strated that transcription factors play an important role in the
formation of meiosis-specific DSB ends (75,114,115). How-
ever, less is known regarding the occurrence of GQ motifs at
meiosis-specific DSB ends: if they exist, what role do they
play in meiotic chromosome synapsis and recombination?
Consistent with our previous work (84), full-length Hopl
associates preferentially with GQs as well as mediates the
GQ-dependent synapsis between duplex molecules derived
from meiosis-specific DSB sites. On the other hand, the
binding of Hopl1 to the i-motif produces a complex that is
retained in the well of the gel. Previously, we showed that
Hop1CTD interacts with GQ (103), and herein we show
that the same domain binds to the i-motif. Although full-
length Hop1 did not produce a specific complex with the
i-motif, it is possible that the Hop1 structure could change
after its interaction with GQ and unmask i-motif binding
activity.

The ability of chromosomal G/C-rich sequences to form
G-quadruplexes and their widespread occurrence has led
to the question of whether these structures contribute to
the regulation of cellular processes involving DNA or
RNA. A number of studies have established that more
than 20 helicases, including human BLM, WRN, FANC]J,
and Pif1, can bind and/or unwind GQs in vitro, and muta-
tions in these helicases cause genome instability, genomic
instability-associated diseases in humans, and an increased
risk of cancer (2,3,14). Although much is known concerning
the formation and putative roles of GQs, relatively less is
understood about the physical identity and functional prop-
erties of i-motif binding proteins. What could be the role
of Hopl in the processing of meiosis-specific DSB ends?
In principle, there are several possibilities. Genetic and
biochemical studies have shown that Hopl protects DSB
ends and recombination intermediates from exonucleolytic
degradation (106,116-118). Given the fact that both the
i-motif and GQ form simultaneously within the same G/C-
rich motif (62), and Hopl binds as a dimer to DNA (86),
we hypothesize that the C-terminal domain from each
monomer might interact with GQ and i-motif, respectively.



In continuation of this premise, Hopl binding to GQ and
i-motif structures, which exist at the DSB sites or are
produced from the ssDNA generated after meiotic DSB
resection, could prevent the loss of genomic integrity. In
summary, the findings presented in this report, on the one
hand, provide important mechanistic and functional insights
into the connection between meiotic DSBs and the forma-
tion of GQ and i-motif structures and, on the other, Hopl
binding to these structures.
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